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Abstract 

 
Numerous plants, plant extracts, and plant-derived compounds are being explored for their 

beneficial effects against overweight, liver diseases, and aging. Obesity is associated with the 

increased prevalence of non-alcoholic fatty liver disease (NAFLD), becoming the most 

common liver disease in Western countries. Obesity and NAFLD are closely associated with 

many other metabolic alternations such as cardiovascular diseases and endothelial dysfunction. 

Aging is a multifactorial phenomenon characterized by degenerative processes closely 

connected to oxidative damage and chronic inflammation. Many herbs are widely employed as 

food and spices in the Mediterranean area, but also in folk medicine, and their use for the 

management of metabolic disorders is well documented. Thymbra spicata L., a member of the 

Lamiaceae family, is rich in phenolic compounds as carvacrol, and a popular remedy to prevent 

and/or counteract hyperlipidemia and oxidative stress. Hereby, the present PhD focused on 

studying the protective effects of carvacrol on in vitro cellular models of hepatic steatosis and 

endothelial dysfunction, investigating the effect of in vitro gastrointestinal digestion on the 

phenolic profile and biological activities of T. spicata, and demonstrating the effect of in vivo 

supplementation of polyphenol-enriched extracts from T. spicata on lifespan extension in 

Drosophila melanogaster. The outcome of this PhD shows that T. spicata could be promising 

bioactive products to develop natural therapeutic agents or dietary supplements to treat 

NAFLD, obesity-related metabolic disease, and aging.  
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Chapter 1 Introduction 
 

Medicinal plants have a long history in traditional medicine for the management of 

diseases. Lamiaceae is the largest family of the Lamiales order, including more than 7000 

species, mostly shrubs and herbs. Lamiaceae are typically cultivated as ornamental plants, but 

many of them are used as food and spices [1]. Many bioactive molecules have been isolated 

from Lamiaceae including alkaloids, phenolic acids, phenyl propanoids, flavonoids, terpenoids 

and other compounds such as hydrocarbons, sugars, lignans, and lignins. Plant parts (leaves, 

stems, or roots), extracts, and/or isolated compounds from Lamiaceae have been largely 

investigated for their pleiotropic biological effects, mainly antimicrobial, anti-inflammatory, 

antioxidant, and cytotoxic activities. A large body of studies has suggested the potential of the 

Lamiaceae in ameliorating metabolic disorders and aging-related dysfunctions.  

1.1.    Lamiaceae: General aspects of the family 

Lamiaceae is a plant family belonging to the Lamiales order, and it consists of 236 

genera and 7200 species [2]. The family was known for a long time as Labiatae (nomen 

conservandum) or the mint family, but in the 1820 the name was changed to Lamiaceae. 

Lamiaceae includes the highest number of aromatic herbs, shrubs, and trees with quadrangular 

branches. The most important genera of this family are Salvia, Scutellaria, Stachys, 

Plectranthus, Hyptis, Teucrium, Vitex, Thymus, and Nepeta [3].  

Lamiaceae inhabit different ecosystems and are widely cultivated [4], but it has been 

noticed that the major distribution of Lamiaceae species is in the Mediterranean area. Most of 

the species are aromatic plants and contain a mixture of bioactive compounds which led to their 

use in the cosmetic, pharmaceutical, and food industries, mainly under the form of essential 

oils [5]. Moreover, Lamiaceae species are promising potential sources of natural antioxidants, 

owing to their high polyphenol content. Natural antioxidants from various botanical sources 
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have been widely investigated as a potential alternative to synthetic antioxidants; for this 

reason, plants of Lamiaceae are regarded as a source of functional foods. We wish to emphasize 

this as the WHO suggests that plants with a long history of applications in folk medicine should 

be thoroughly evaluated for possible use in the treatment and prevention of diseases, and the 

Lamiaceae perfectly fall into this field. 

1.2.    Thymbra spicata L. 

The genus Thymbra includes many thyme-like plants native to the Mediterranean 

region, mainly Lebanon, Turkey, and Greece [6]. Thymbra spicata L. (known in Lebanon as 

wild Za’atar shown in Figure 1.1) is traditionally used as a food and herbal tea, and in folk 

medicine as an antiseptic agent and to relieve headaches, toothaches, colds, asthma, and 

rheumatism, and this can be greatly attributed to its richness in phenolic compounds including 

phenolic acids (rosmarinic acid), phenolic monoterpenoids (carvacrol, thymol), and flavonoids 

(both glycosides and aglycones) [7].  

The species T. spicata has gained much popularity as a remedy to combat 

hypercholesterolemia, oxidative stress, inflammation, and other health-promoting activities 

that are held accountable for potentially affecting the longevity of the individual. In vivo studies 

conducted on high-fat diet (HFD) fed mice showed that both ethanolic and aqueous extracts of 

T. spicata aerial parts possess anti-hypercholesterolaemic, antioxidant, and anti steatohepatitic 

potentials by reducing the plasmatic cholesterol, LDL, triglyceride levels and by increasing the 

plasmatic HDL and reduced glutathione (GSH) [8], [9]. A recent in vitro study proved that both 

the ethanolic and aqueous extracts of T. spicata aerial parts act as lipid lowering agents in a 

model of NAFLD by reducing the cytosolic lipid accumulation and the number of lipid 

droplets, the excess of intracellular free radicals and the consequent  lipid peroxidation [10].  
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Figure 1.1 Thymbra spicata L. description. 

1.3.    Metabolic disorders linked to excess energy intake 

Excess energy intake correlates with the development of many metabolic disorders. 

Different energy-dense foods have different effects on metabolism. Well known are the effects 

of both a high-fat diet, and a high-fructose diet as well as their combination (high-fat/high-

fructose diet). Obesity is an independent high-risk factor for metabolic diseases, such as type 2 

diabetes and nonalcoholic fatty liver disease. The prevalence of nutritional imbalance-induced 

obesity is increasing worldwide due to a change in the constituents of our modern diet.   

1.4.    Obesity  

Excess energy intake is thought to be a major contributor to obesity, a condition 

characterized by the excessive accumulation of fat in the body. The World Health Organization 

(WHO) began sounding the alarm on global obesity in the 1990s and introduced the term 

“epidemic” in reference to obesity. Indeed, in 2016, more than 1.9 billion adults worldwide 

were overweight, and over 650 million out of these were obese, with the worldwide prevalence 

of obesity having nearly tripled between 1975 and 2016. In 2020, about 39 million children 

under the age of 5 were overweight or obese.  

A reliable way to determine whether a person has too much body fat is to calculate the 

body mass index (BMI), which is a measure of body fat based on height and weight and is 
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defined as the body mass (in kilograms) divided by the square of the body height (in meters) 

and expressed in units of kg/m². BMI accounts for the fact that taller people have more tissue 

than shorter people, and so they tend to weigh more.   

Obesity is a complex, chronic disease with several causes that lead to excessive body 

fat and poor health. Overweight and obesity are caused by many factors including behaviors 

like eating patterns, lack of sleep or physical activity, and some medicines, as well as genetics 

and family history. Unhealthy lifestyle habits, such as not getting enough physical activity and 

eating high-calorie, low-nutrient foods and beverages, can raise your risk of overweight and 

obesity. Lifestyle changes that can reduce weight include following a heart-healthy eating plan 

lower in calories and unhealthy saturated fats and increasing physical activity. The Food and 

Drug Administration (FDA) has also approved medicines and other treatments for weight loss. 

Surgery may also be a treatment option but is not available for everyone. However, due to the 

poor adherence to long-term weight loss diets there is significant interest in identifying 

therapeutic agents for the treatment of obesity. Currently, interest in plant-based food has grown 

in recent years due to their primary prevention potential. Indeed, more than 20,000 plant species 

are considered as putative reservoirs for new drugs [11]. A panel of pre and clinical studies 

showed the efficacy of different medicinal plants on several diseases like obesity, diabetes, and 

coronary diseases [12].  

The global burden of obesity impacts across multiple organs and diseases (as described 

in Figure 1.2), and the main consequence is the metabolic syndrome, a clustering of disorders 

such as nonalcoholic fatty liver disease (NAFLD), diabetes mellitus, cardiovascular disease, 

stroke, cancers [13].  

Mice fed with high energy food are used as a model system to understand the 

mechanisms of the impairment of metabolic homeostasis. However, in vitro cellular models 
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have also been considered reliable models as they mimic what is occurring in the liver during 

high fat feeding and/or obesity.  

1.5.     Nonalcoholic fatty liver disease  

Non-alcoholic fatty liver disease (NAFLD) is described by ectopic fat accumulation, 

mainly in the form of triglycerides (TGs), in hepatocytes of subjects who do not consume 

excess alcohol. Steatosis is histologically defined by the visible accumulation of macro- and/or 

microvascular lipid droplets (LDs) in cytosol of more than 5% in liver parenchyma [14].  

NAFLD encompasses a large spectrum of liver abnormalities which range from the 

simple steatosis to nonalcoholic steatohepatitis (NASH), and may progress toward cirrhosis 

and hepatocellular carcinoma [15], [16].  In molecular terms, steatosis occurs when the rate of 

hepatic fatty acid uptake from plasma and/ or de novo fatty acid synthesis is greater than the 

rate of fatty acid oxidation and export, thus steatosis represents an imbalance in the complex 

network of metabolic events [17].  

Recently, the “double-hit” hypothesis has been replaced by the “multiple-hit” 

hypothesis, offering a more comprehensive delineation of the pathogenesis of NAFLD [18]. 

Indeed, NAFLD is a multisystemic disease where hepatocytes, adipocytes, and endotheliocytes 

are involved causing an increase in the risk of several chronic diseases, which in turn worsen 

hepatic metabolism alterations. [18]. Indeed, NAFLD is a multisystemic disease where 

hepatocytes, adipocytes, and endotheliocytes are involved causing an increase in the risk of 

several chronic diseases, which in turn worsen hepatic metabolism alterations. Recently, the 

“double-hit” hypothesis has been replaced by the “multiple-hit” hypothesis, offering a more 

comprehensive delineation of the pathogenesis of NAFLD [18]. Indeed, NAFLD is a 

multisystemic disease where hepatocytes, adipocytes, and endotheliocytes are involved causing 
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an increase in the risk of several chronic diseases, which in turn worsen hepatic metabolism 

alterations.  

 

Figure 1.2 A representative scheme describing the effect of high fat diet (HFD) intake across multiple tissues 

and organs. Excess energy intake is stored in the adipose tissue (AT) in the form of triglycerides (TG). As AT 

acts as an endocrine organ, it secretes a panel of soluble factors including cytokines, which affect other organs. 

The multiple pathways of adipose-liver crosstalk contribute to the development and progression of liver 

diseases. Steatosis is characterized by the ectopic fat accumulation in fat droplets that might develop into 

nonalcoholic steatosis (NASH) by the action of lipotoxicity. 

To date, no ideal pharmacological treatment is available for NAFLD [19]. Therefore, 

lifestyle modification, which includes a healthy diet and vigorous physical activity along with 

weight reduction, remains the first line treatment for NAFLD. However, due to the poor 

adherence to this type of treatment, especially for long-term weight loss diets, some of which 

may have harmful effects on the liver, there is significant interest in identifying therapeutic 

agents for the treatment and/or prevention of NAFLD progression. The potential adverse 

effects of conventional medical therapies led to identify novel complementary therapies that 

are both natural and safe products, such as herbal medicine and functional foods (e.g., fruits, 

vegetables), dry materials or their extracts [20].  
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1.6.    Cardiovascular disease 

Obesity is a chronic health condition that raises the risk for heart disease — the leading 

cause of death in the United States. Obesity-associated changes in cardiac function have been 

described as the “cardiomyopathy of obesity” as the cardiovascular complications primarily 

occur indirectly due to metabolic comorbidities of obesity [21].  

During high-fat diet intake, the excessive uptake of FAs may overwhelm the hepatocyte 

capacity to store the TG leading to ectopic lipid deposition in key target-organs of 

cardiovascular control (heart, blood vessels, and kidneys) [22]. The development of 

atherogenic dyslipidemia, especially elevated plasma TG and remnant lipoprotein cholesterol 

levels, and small dense LDL particles that infiltrate the arterial wall promote the development 

of atherosclerotic plaques. Altered glucose metabolism and insulin resistance, hallmarks of 

NAFLD, can further exacerbate CVD risk  [23]. Hyperlipidemia and hyperinsulinemia both 

stimulate FFAs transport into cardiomyocytes, where the excess of lipid accumulation causes 

cardiac dysfunction via several mechanisms, including the generation of ROS and the 

production of lipid metabolites such as diacylglycerols, ceramides, or acylcarnitines. At this 

stage, the heart tissue is exposed to high levels of fatty acids and carbohydrates, and lipids are 

deposited in vesicles in the myocardium (cardiac steatosis) [24].  

Among treatment options, medicinal plants are frequently used, especially in developing 

countries. The cardio-protective properties of the various herbs are possibly due to their anti-

oxidative, antihypercholesterolemic, anti-ischemic activities, and inhibition of platelet 

aggregation that reduce the risk of CVD. 

1.7.     In vitro cellular models of metabolic disorders 

1.7.1.    Cellular models for NAFLD   
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NAFLD represents the most common liver disease in Western countries. However, the 

regulatory pathways underlying the pathogenesis of this chronic disease are not fully 

understood. Accordingly, in an attempt to elucidate the mechanistic behind the progression of 

NAFLD, different in vitro models have been developed. A plethora of studies have shown that 

exposing hepatocytes to high concentrations of FAs in vitro can overload the cells with lipids 

mimicking in vivo the conditions of overweight/obesity. 

For that reason, we set a simplified in vitro model using FaO hepatoma cell line, which 

express a broad array of liver-specific mRNAs maintaining hepatocyte-specific markers [25]. 

It is noteworthy that basal lipid content of FaO cells is much lower than that of primary 

hepatocytes, thus, steatogenic treatments resulted in a more rapid and pronounced triglyceride 

accumulation with respect to primary cultured hepatocytes. This model consists of lipid loading 

the hepatocytes by an oleate/palmitate mixture (2:1 molar ratio, final concentration 0.75 

mmol/L) for 3hrs. Thereafter, steatotic cells were incubated for 24hrs with the tested extract or 

compound [26].  

1.7.2.    Cellular models for vascular disease   

Endothelium is a semi-permeable barrier between the blood and the tissues, and acts as 

a metabolically active organ regulating vascular homeostasis. Endothelium dysfunction (ED) 

can occur in NAFLD [27], [28] as a consequence of Insulin Resistance (IR) which impairs 

various pathways leading to vascular endothelium damage and atherosclerosis [29], [30]. In 

fact, steatotic hepatocytes release several factors, FAs and TGs in primis, but also soluble 

mediators and membrane vesicles known as extracellular vesicles (EVs), into the blood that 

are then distributed in periphery [31]. 

In our idea, the cross-talk between the metabolically-dysfunctional steatotic liver and 

the vascular endothelium might unravel the pathogenetically-relevant mechanisms linking liver 
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and vascular system [32]. To do this, we developed an in vitro cellular model using HECV as 

an human endothelial cell-line isolated from the umbilical vein.  

1.7.3.    Aging  

Aging is a natural physiological process triggered by different molecular pathways and 

biochemical events that are promoted by both environmental and genetic factors. Aging is 

characterized by a time-dependent decline of functional capabilities and impaired stress 

resistance, that damage biomolecules compromising cellular homeostasis. The factors involved 

in aging are commonly referred to as the “hallmarks of aging”. Among them, oxidative stress 

and inflammation have been widely investigated. In 1956 Denham Harman [33] proposed “The 

Free Radical Theory of Aging” that has been updated in recent years to include the suggestion 

of a central role for reactive oxygen species (ROS) produced by mitochondria [34]. On the 

other hand, the term “inflammaging” has been created to indicate the significant contribution 

of low-grade, systemic inflammation to normal aging [35]. Besides, an impair in the body 

weight control seems to be strictly associated to a reduction in lifespan also through triggering 

the risk of many metabolic disorders [36].  

The findings that the modification of environmental factors, such as diet, can increase 

lifespan, make natural dietary compounds extraordinary potential tools in the major healthcare 

challenge of delaying aging. Over the past 20 years, many studies have suggested that dietary 

polyphenols may exert beneficial effects as anti-aging compounds through the modulation of 

the hallmarks of aging, including inflammation, oxidative damage, and cell senescence [37]–

[39].  
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Chapter 2 Beneficial Effects of Carvacrol on In Vitro Models of 

Metabolically-Associated Liver Steatosis and Endothelial 

Dysfunction: A Role for Fatty Acids in Interfering with Carvacrol 

Binding to Serum Albumin 
 

2.1.    Introduction 

Thyme-like plants are edible vegetables widely employed in the Mediterranean area as 

functional food and medicinal plants because of their antioxidant, antimicrobial, and 

cardioprotective properties [40], [41]. Carvacrol (2-methyl-5-(1-methylethyl)-phenol),  a 

natural monoterpenic phenol (Table 2.1), is one of the main components of Thymbra spicata 

leaves representing around 60% of the volatile compounds, and around 25% of total 

polyphenols [10], [42]. Carvacrol is present in many other aromatic plants such as oregano 

Origanum, Satureja and Thymus species [43], [44]. Recently, we described the 

hepatoprotective potential of the ethanolic extract of T. spicata aerial parts enriched in carvacrol 

[10]. 

Nonalcoholic fatty liver disease (NAFLD) is the buildup of extra fat in liver parenchima 

(steatosis) that is not caused by alcohol [45]. In a percent of subjects, simple steatosis (SS) may 

progress to steatohepatitis (NASH) till to cirrhosis and hepatocellular carcinoma [46], [47]. 

With the worldwide spread of sedentary lifestyle and diet westernization, the prevalence of 

NAFLD has increased in many countries [48]. Moreover, NAFLD is strictly linked with high 

risk factor for atherosclerosis and cardiovascular disorders through the onset of endothelial 

dysfunction  [49]. Nowadays, there are no definitive pharmacological therapies for NAFLD 

and lifestyle interventions can be the most effective approach [50]. Therefore, the use of 

medicinal plant extracts or functional food for metabolic disorders such as NAFLD is of 

growing interest [51], [52].  
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The possible application of T. spicata extracts on human health strictly depends on the 

bioavailability of the bioactive constituents, which are mostly vehiculated through serum 

binding proteins. Albumin is the most abundant plasmatic protein acting in transport and 

deposition for many endogenous and exogenous molecules including fatty acids [53], amino 

acids, steroid hormones, metals, drugs and phytochemicals [54].Therefore, serum albumin 

plays important regulating the pharmacokinetics and distribution of many drugs in the body 

[55]. 

Because of its hydrophobicity, carvacrol as well as its isomer thymol and other 

monoterpene phenols, requires albumin to be transported to peripheral tissues [56], [57], and 

this binding is affected by other ligands, especially fatty acids (FAs). In physiological 

conditions, the human serum albumin (HSA) may bind approximately 0.1–2.0 moles of FAs 

per mole [58]. FA levels are significantly elevated in overweight/obese subjects compared to 

their healthy counterpart (the blood TGs increase from 0.82 to 2.38 mmol/L) [59], and also in 

NAFLD patients the serum FA levels increased from 2.4 mg/mL in overweight NAFLD 

patients to 2.7 mg/mL in obese NAFLD patients [60]. At high serum levels of FAs a molar ratio 

FA/HSA > 2 moles FAs per mole HSA has been hypothesized [58], [61]. In light of this, we 

hypothesized that excess circulating FAs might compete with carvacrol for binding HSA 

through `competitive-like' allosteric interaction thus decreasing its bioavailability and 

pharmacodynamics.  

In order to evaluate the hepatoprotective and lipid lowering effects of carvacrol we used 

a well-established in vitro model for hepatic steatosis consisting in rat hepatoma FaO cells 

challenged with a mixture of oleate/palmitate [10], [62]. We used also human endothelial 

HECV cells exposed to hydrogen peroxide as an in vitro model of endothelium dysfunction, 

which is characteristic of metabolic syndrome [63], [64]. The binding rate of CVL to human 

serum albumin was assessed with the aim to verify if high concentration of long-chain fatty 
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acids that typically are found in vivo in NAFLD patients might affect the HAS/carvacrol 

binding. 

Table 2.1 Structures of the different compounds. Chemical and 2D structure of carvacrol (CVL) and fatty 

acids employed in the study: Oleic acid (OA-C18), Docosanoic acid (DA-C22), Myristic acid (MA-C14), ), 

Eicosanoic acid (EA-C20), Palmitic acid (PA-C16), and Stearic acid (SA-C18) [65]. 

Name 

Chemical 

formula 

Chemical structure 

Oleic acid C18H34O2 

 

Docosanoic 

acid 

C22H44O2 

 

Myristic acid C14H28O2 

 

Eicosanoic acid C20H40O2 

 

Palmitic acid C16H32O2 

 

Stearic acid C18H36O2 

 

Carvacrol C10H14O 
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2.2.    Materials & Methods 

2.2.1.    Chemicals 

All chemicals, unless otherwise indicated, were supplied by Sigma-Aldrich Corp. 

(Milan, Italy). 

2.2.2.    Cell culture and treatments 

FaO cells (European Collection of Authenticated Cell Cultures-ECACC- Salisbury, 

Wiltshire, UK) are a rat hepatoma cell line maintaining hepatocyte-specific markers. Cells were 

grown in a humidified atmosphere with 5% CO2 at 37°C in Coon's modified Ham's F12 

medium supplemented with L-Glutamine and 10% fetal bovine serum (FBS). For treatments, 

cells were grown until 80% confluence, and then incubated overnight in serum-free medium 

with 0.25% bovine serum albumin (BSA). HECV cells (Cell Bank and Culture-GMP-IST-

Genoa, Italy) are a human endothelial cell line isolated from umbilical vein; they were grown 

at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium High Glucose (D-MEM) 

supplemented with L-Glutamine and 10% FBS. To mimic in vitro the effect of a high fat diet, 

FaO cells were treated for 3 h with a mixture of oleate/palmitate at a final concentration of 0.75 

mM (2:1 molar ratio). To induce oxidative stress, HECV cells were incubated for 1 h with H2O2 

(100 μM). Thereafter, cells were incubated for 24h with increasing concentration of carvacrol 

(0, 1, 10 and 100 μM) [66]. For each experiment, treatment was performed in quadruplicates.  

MTT assay was performed on FaO and HECV cells to exclude any cytotoxicity of the 

different treatments and of carvacrol. No significant changes were observed (data not shown). 

2.2.3.    Protein quantification 

The protein content was determined by the Bradford assay using BSA as a standard 

[67]. 

2.2.4.    Quantification of triglycerides 
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At indicate times, FaO cells were scraped, centrifuged and lysed and lipids were 

extracted in chloroform/methanol (2:1), then chloroform was evaporated [62]. Then, TG 

content was determined using the ‘Triglycerides liquid’ kit (Sentinel diagnostic, Milan, Italy). 

Spectrophotometric reading was performed with UV-VIS spectrophotometer. In parallel, TG 

content was determined in the culture medium. Values were normalized for the protein content. 

Data are expressed as percent TG content relative to controls. 

2.2.5.    Bodipy and DAPI staining 

Cells grown on coverslips were rinsed with PBS and fixed with 4% paraformaldehyde 

for 20 min at room temperature. Neutral lipids were stained by incubation with 1 μg/mL 

BODIPY 493/503 (Molecular Probes, Life technologies, Monza, Italy) in PBS for 30 min [68]. 

After washing, nuclei were stained with 4′,6-diamidino-2-phenylindole DAPI, 5 μg/mL, 

(ProLong Gold medium with DAPI; Invitrogen), mounted and examined by using Olympus 

IX53 light microscope (Olympus, Milano, Italy), equipped with the standard epifluorescence 

filter set up. Representative images were captured with a CCD UC30 camera and a digital 

image acquisition software (CellSens Entry). 

2.2.6.    ROS quantification by DCF 

The oxidation of the cell-permeant 2’-7’ dichlorofluorescin diacetate (DCF-DA, Fluka, 

Germany) to 2’-7’dichlorofluorescein (DCF) allowed to quantify in situ the production of 

H2O2 and other ROS [69]. Stock solution of DCF-DA (10 mM in DMSO) was prepared and 

stored at -20°C in the dark. At the end of treatment, cells were scraped and gently spun down 

(600xg for 10 min at 4°C). After washing, cells were loaded with 10 mM DCF-DA in PBS for 

30 min at 37°C in the dark. Then, cells were centrifuged, suspended in PBS and the 

fluorescence was measured fluorometrically (lex=495 nm; lem=525 nm). All measurements 

were performed in a LS50B fluorimeter (Perkin Elmer, USA) at 25°C using a water-

thermostated cuvette holder. 
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2.2.7.    Lipid peroxidation 

Lipid peroxidation was determined spectrophotometrically through the thiobarbituric 

acid reactive substances (TBARS) assay which is based on the reaction of malondialdehyde 

(MDA; 1,1,3,3-tetramethoxypropane) with thiobarbituric acid (TBA) [70]. Briefly, 1 vol. of 

cell suspension was incubated for 45 min at 95°C with 2 vol. of TBA solution (0.375% TBA, 

15% trichloroacetic acid, 0.25 N HCl). Then, 1 vol. of N-butanol was added and the organic 

phase was read at 532 nm in a UV-VIS spectrophotometer at 25°C using Peltier-thermostated 

cuvette holder. The MDA level was expressed as pmol MDA/mL/mg protein. 

2.2.8.    Nitrite/Nitrate (NOx) Levels 

NO production was measured by spectrophotometric measurement of the end products, 

nitrites and nitrates, using the Griess reaction [71]. After treatments, nitrite accumulation (μmol 

NaNO2/mg sample protein) was calculated against a standard curve of sodium nitrite (NaNO2). 

All spectrophotometric analyses were carried out at 25°C recording absorbance at 540 nm. 

2.2.9.    Wound healing assay 

The effect of H2O2 and CVL on HECV migration was evaluated using the wound 

healing assay [72]. The cells were seeded on 35×10 mm tissue culture dishes and incubated 

until confluence was reached, the cell monolayer was scraped with a p100 pipet tip making two 

crossing straight lines to create a ‘‘scratch’’. Then, five views on the cross were photographed 

by an inverted Olympus IX53 microscope (Olympus, Milan, Italy) and representative images 

were captured with a CCD UC30 camera and a digital image acquisition software (CellSens 

Entry). After scratching, cells were incubated with fresh medium containing 100 μM H2O2 for 

1 hour, and then the medium was replaced with fresh medium in the absence or presence of 

CVL (0, 1, 10 and 100 μM). Set of images were acquired at 0, 6 and 24 h. To determine the 

migration of HECV, the images were analyzed using ImageJ free software 

(http://imagej.nih.gov/ij/). Percentage of the closed area was measured and compared with the 



Beneficial Effects of Carvacrol on In Vitro Models of Metabolically-Associated Liver 

Steatosis and Endothelial Dysfunction: A Role for Fatty Acids in Interfering with Carvacrol 

Binding to Serum Albumin 

 

36 |  
 

value obtained before treatment. An increase of the percentage of closed area indicated the 

migration of cells. Data are means ± S.D. of at least three independent experiments. 

2.2.10.    Binding assays for CVL and HSA 

Stock solutions of both high purity Carvacrol (>99%) (5 mg/mL), and of single long-

chain fatty acids (5 mg/mL) were prepared in ethanol (96%). The following free fatty acids 

(FAs) were employed for the analyses: Myristic acid (MA-C14), Palmetic acid (PA-C16), Oleic 

acid (OA-C18), Stearic acid (SA-C18), Eicosanoic acid (EA-C20), Docosanoic acid (DA-C22). 

Stock solution of human serum albumin (HAS) (1 mg/mL, 15 µM) was prepared in 50 mM 

potassium phosphate buffer (pH 6.8) according to Mohammadi et al., 2009 with slight 

modifications [73].  

2.2.11.    UV-VIS absorption spectroscopy 

Differential spectra allowed characterizing the binding of CVL to HSA in the presence 

and in absence of different FAs. Differential UV spectra were recorded in the range 240-350 

nm using a Cary Varian1 spectrophotometer (Agilent, Milan, Italy) at room temperature (25°C). 

No differences were observed above 350 nm (data not reported). Briefly, tow double-

compartment (A and B) quartz cuvettes containing 1 mL of 15 µM HSA and 150 μM of each 

single FAs were added thus obtaining 1:10 molar ratio HSA/FA. 1 mL of HSA in the presence 

and in absence of FFAs and phosphate buffer solutions were put in compartments A and B, 

respectively, of each cuvette and then the baseline was recorded. 

In the first cuvette, the solutions in the two compartments were not mixed and carvacrol 

was added gradually (10μL each add) to compartment B and gently mixed inside the 

compartment. In sample cuvette (second cuvette), the contents of the two compartments were 

mixed together after each carvacrol addition and the UV spectra was recorded after each 

addition. The final concentration of CVL were 0, 0.16, 0.32, 0.48, 0.64, 0.80 and 0.96mM.  

2.2.12.    Fluorescence Spectroscopy 
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Binding between CVL and HSA was measured by the quenching of the intrinsic 

fluorescence of HSA induced by the presence of CVL. The measurements were carried out 

using a Hitachi 4500 spectrofluorimeter (Hitachi, Tokyo, Japan). Fluorescence quenching of 

HSA (15 μM in 50 mM potassium phosphate buffer, pH 6.8) was measured in quartz cuvette 

by recording the emission upon addition of increasing concentrations of Carvacrol (0, 0.16, 

0.32, 0.48, 0.64, 0.80 and 0.96 mM). For the quenching measurements, fluorescence spectra of 

15 µM CVL-HSA binding were recorded in the absence or in the presence of 150 μM of each 

single FAs (1:10 molar ratio HSA/FA). 

Emission spectra were recorded in a range 290 and 450 nm (λem) with λex=285 nm 

[74]. The fluorescence data were corrected for inner filter effect using the following equation:  

F c = 1/ F obs  e
(Aex/Aem)/2             Eq. 1

 

where Fc and Fobs are the corrected and observed fluorescence intensity while  Aex and Aem 

are the optical densities of the samples at the excitation and emission wavelengths. 

Fluorescence quenching constants were calculated using the Stern-Volmer plot following the   

Equation [75].  

F0/F = 1+Kq 0 [carvacrol] =1 + Ksv[carvacrol]   Eq. 2 

where F0 indicates the fluorescence intensity before addition of the quencher, F is the total 

fluorescence intensity after addition of quencher to HSA, Kq is the bimolecular quenching rate  

constant 0 is the average lifetime  of the fluorophore (Trp-214) alone and its value is around 

10-8 s for most biomolecules. Ksv is the Stern-Volmer quenching constant, and [carvacrol] is 

the concentration of carvacrol (quencher).  
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The binding constant was calculated from the modified Stern-Volmer equation. 

1

(𝐹0−𝐹)
=  

1

𝐹0 
+ 

1

(𝐾𝑏 𝐹0)

1

[𝑐𝑎𝑟𝑣𝑎𝑐𝑟𝑜𝑙]
                  Eq. 3 

where Kb is the binding constant of Carvacrol to HSA in presence or in absence of different 

FAs, that can be calculated from the rate of intercept/slope values obtained from the plot 1/(F0-

F) vs 1/[carvacrol]. Furthermore the number of bound carvacrol to HSA (n) where determined 

by plotting the double log graph of fluorescent data using the equation [76].  

log
[𝐹0−𝐹]

𝐹
= log K + nlog [carvacrol]        Eq. 4 

 

2.2.13.     Statistical analysis 

Data are means ± S.D. of at least three independent experiments. Statistical analysis 

was performed using ANOVA with Tukey’s post-test (GraphPad Software, Inc., San Diego, 

CA, USA). 

2.3.    Results 

2.3.1.    Carvacrol ameliorates steatosis and oxidative stress in hepatocytes 

As expected, the exposure of FaO cells to oleate/palmitate mixture (0.75 mM) for 3 h 

induced a mild steatosis displayed as intracellular TG accumulation (+59% compared to 

control; p≤0.01) in steatotic cells (SC) (Figure 2.1A). When steatotic cells cell were treated for 

24h with increasing concentrations of carvacrol (1, 10 and 100 μM) we observed a reduction 

in TG accumulation of -34% and -56% (p≤0.01), and -46% (p≤ 0.05), respectively, compared 

to SC. The lipid lowering effect of carvacrol was not dose-dependent, with the largest effect 

produced by the intermediate dose of 10 μM.  As an attempt to counteract the excess lipid 
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accumulation, steatotic cells increased the TG secretion into the culture medium (+50% 

compared to control cells; p≤0.05), and incubation with carvacrol reduced the TG over 

secretion of about -50% (p≤0.05), -62% (p≤0.01) and -55% (p≤0.01) for CVL 1, 10 and 100 

μM respectively, compared to steatotic cells (Figure 2.1B).  

In parallel, cytosolic lipid droplets (LDs) were visualized in situ by fluorescent staining 

with BODIPY. The micrographs (Figure 2.1C) showed that the number and size of LD 

increased in SC cells (+224% of fluorescence intensity with respect to control; p≤0.0001), 

while carvacrol significantly reduced the fluorescence of about -110% and -86% (p≤0.0001) 

for 10 and 100 μM doses, respectively (Figure 2.1D). Also in this case we did not observe a 

dose dependence effect for carvacrol, and the largest effect was observed for the intermediate 

dose of 10 μM. 

The protective effect of carvacrol against the fat-induced excess generation of ROS was 

tested fluorometrically using DCF probe (Figure 2.2A). Among the three tested concentrations, 

only the intermediate carvacrol concentration (10 μM) significantly counteracted the excess 

ROS generation (-38% compared to SC cells, p≤0.01). ROS production, visualized in situ by 

fluorescence microscopy of DCF-stained cells (Figure 2.2B) showed a higher and diffuse DCF 

fluorescence in SC cells compared to controls (+ 156%; p≤0.0001 of fluorescence intensity 

with respect to control), and DCF signal was reduced after treatment with carvacrol 10 and 100 

μM with respect to control (-151% and -59% fluorescence intensity, respectively; p≤0.0001) 

(Figure 2.2C). 



Beneficial Effects of Carvacrol on In Vitro Models of Metabolically-Associated Liver 

Steatosis and Endothelial Dysfunction: A Role for Fatty Acids in Interfering with Carvacrol 

Binding to Serum Albumin 

 

40 |  
 

 

 

Figure 2.1  Effects of carvacrol on lipid accumulation in hepatic cells. In control and steatotic FaO cells (SC) treated 

with CVL (0, 1, 10 and 100 μM) for 24h we quantified: (A) intracellular TG content and (B) extracellular TG release 

into the medium by spectrophotometric assay; (C) neutral lipid accumulation by BODYPI staining and fluorescence 

microscopy. Images were acquired at Leica DMRB light microscope equipped with a Leica CCD camera DFC420C 

(Leica, Wetzlar, Germany), magnification 100x; Bar: 100μm. (D) Average fluorescence intensity of Lipid Droplets 

per cell calculated using ImageJ free software (http://imagej.nih.gov/ij/). Values are mean ± S.D from a least three 

independent experiments. Significant differences are denoted ,by symbols: *p≤0.05; **p≤0.01; ***p≤0.001; 

****p≤0.0001. 
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Figure 2.2 Effects of carvacrol on reactive oxygen species production in hepatic cells. The 

intracellular level of ROS, mainly hydrogen peroxide, were quantified (A) by spectrofluorimeter assay 

of DCF-stained FaO cells incubated in the absence (SC) or in the presence of CVL (1, 10 and 100 μ

M). Values are mean ± S.D from a least three independent experiments. Significant differences are 

denoted by symbols: *p≤0.05; **p≤0.01; ****p≤0.0001 (B) the ROS level was visualized in situ by 

fluorescence microscopy. Images were acquired at Leica DMRB light microscope equipped with a 

Leica CCD camera DFC420C (Leica, Wetzlar, Germany), magnification 100x; Bar: 100μm. (C) 

Average fluorescence intensity of in situ ROS per cell were calculated using ImageJ free software 

(http://imagej.nih.gov/ij/). Values are mean ± S.D from a least three independent experiments. 

2.3.2.    Carvacrol protects the endothelial cells from the radical-dependent 

oxidative stress and dysfunction  

Endothelial cells were exposed to 100 μM H2O2 for 1h to mimic an oxidative insult. 

The intracellular ROS production was quantified by fluorimetric analyses of DCF-stained 
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HECV cells after treatments with carvacrol for 24 h (0, 1, 10 and 100 μM) (Figure 2.3A). 

Exposure of endothelial cells to H2O2 resulted in a significant increase in DCF fluorescence 

(+32%; p≤0.05), that was reduced by carvacrol leading to a significant decrease of -38% 

(p≤0.05) and -68% (p≤0.0001) for 1 and 10 μM concentrations, respectively. A slight and not 

significant decrease of DCF was observed upon carvacrol 100 μM treatment. 

 

Figure 2.3 Effects of carvacrol on oxidative stress in endothelial cells. HECV cells exposed to H2O2 (100μ

M) for 1h were then treated with CVL (1, 10 and 100 μM) for 24h and analyzed. (A) ROS production was 

quantified fluorometrically on DCF-stained cells as Fluorescence intensity arbitrary unit. (B) Intracellular 

MDA level was quantified by TBARS assay as pmol MDA/mL x mg of sample protein; (C) Nitric oxide 

production was quantified in the medium of HECV cells as μmol NaNO2/mg sample protein by Griess 

reaction. Values are expressed as % of control. Values are mean ± S.D from a least three independent 

experiments. Significant differences are denoted by symbols: *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001. 

The down-stream effects of a ROS excess were assessed by quantifying the lipid-

peroxidation in terms of MDA production. In details, HECV cells exposed for 1h to 100 μM 
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H2O2, showed a marked increase in MDA level (+76%; p ≤ 0.001) with respect to control 

(Figure 2.3B) However, treatment of H2O2-insulted HECV cells with increased concentrations 

of carvacrol (1, 10 and 100 μM) decreased significantly the MDA level about -109%, -139%, 

and -134% respectively; (p ≤ 0.0001). 

 

Figure 2.4 Effect of carvacrol on wound healing. HECV cells treated as described above were subjected to 

wound healing assay as described in Materials and Methods. (A) Images were acquired at 0, 6 and 24 h from 

the beginning of the assay using Leica DMRB light microscope equipped with a Leica CCD camera DFC420C 

(Leica, Wetzlar, Germany), magnification 4x; Bar: 100μm. T scratch assay representative images: the dotted 

lines define the areas lacking cells, the table reported the wound size as percentage of control at t0. 

The effect of carvacrol on NO production; an important regulator in various types of 

inflammatory processes, was also assessed in HECV cells using Griess reagent. In H2O2-

insulted cells, we observed a stimulation of NO release (+77% with respect of control, p ≤ 

0.001) (Figure 2.3C). Treatment with carvacrol decreased the NO release compared to H2O2-
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insulted cells of about −89% and -85% (for 1 and 10 μM, respectively; p≤0.001) and of −79% 

(for 100 μM; p≤ 0.01). 

 

Figure 2.4 (B) Graphs representing the percentage of the closed area as compared to time=0. Values mean ± 

S.D from at least three independent experiments. Significant differences are denoted by symbols: *p≤0.05. 

The possible effect of carvacrol on cell proliferation and migration was tested by T-

scratch assay (Figure 2.4 A). Induction of moderate oxidative stress with H2O2 resulted in a 

significant impair of the wound healing process at 24h (-16% of wound repair with respect to 

control p≤ 0.05), while no significant differences in cell migration rates were noticed at 6h after 

the scratch. Interestingly, only the lowest concentration of CVL (1μM) was able to accelerate 

the wound healing resulting in a wound repair  significantly higher to that of H2O2-insulted 

cells (at t24, +18 % wound repair compared  to H2O2-insulted HECV cells; p≤ 0.05) ((Figure 

2.4 B).   
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Figure 2.5 Carvacrol binding to human serum albumin in the absence and in the presence of FAs. Spectra for 

CVL/HSA binding in absence or in presence of different FAs. Each successive curve was recorded after 

accumulative addition of carvacrol (covering the range from 0 to 0.96 mM) to HSA solution (15 μM) in 

absence or in presence of different fatty acids (150 μM of each FA; molar ratio HSA:FAs 1:10): Myristic acid 

(MA-C14), Palmetic acid (PA-C16), Oleic acid (OA-C18), Stearic acid (SAC18), Eicosanoic acid (EA-C20), 

Docosanoic acid (DA-C22). (A) Differential absorbance spectra were recorded in the range 240-350 nm using 

a Cary Varian1 spectrophotometer. (B) Fluorescence spectra were recorded using a Hitachi 4500 

spectrofluorimeter. All experiments were conducted in 50 mM potassium phosphate buffer (pH 6.8) at room 

temperature (25°C). Direction of the arrows shows the increase of HSA-CVL concentration. 
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2.3.3.    Exogenous FAs modulate Carvacrol−HSA binding 

Carvacrol binds serum albumin for its transport in the blood, but also long-chain non-

esterified fatty acids are vehiculated by albumin. In order to investigate if high levels of 

circulating FAs may interfere with the carvacrol binding to albumin we employed absorption 

and emission spectroscopy. For the analyses we employed the most common dietary long-chain 

fatty acids: Myristic acid (MA, C14:0), Palmitic acid (PA, C16:0), Oleic acid (OA, C18:1), 

Stearic acid (SA, C18:0), Eicosanoic acid (EA, C20:0) and Docosanoic acid (DA, C22:0) 

(Table 2.1). The analyses were performed using either low (15 μM) or high (150 μM) 

concentrations of each FA. 

Differential absorption spectra of HSA in the presence of carvacrol at increasing 

concentrations (from 0 to 0.96 mM) were recorded in the absence or in the presence of distinct 

FAs. As shown in Figure 2.5A, the CVL/HSA complex leads to a maximum of absorbance at 

272 nm. The increasing binding of CVL to albumin produced the increase of 272 nm peak in 

the differential absorption spectra. From the spectra we calculated the intrinsic binding constant 

(Ka) of carvacrol to HSA using equation 1 reported in Materials and Methods paragraph. When 

the Ka values were recorded in the presence of different FAs at high concentration (1:10 

HSA/FA molar ratio), we obtained the Ka values listed in Table 2.2. A Ka value of 1.82 103 M-

1 was recorded for CVL/HSA in the absence of FAs, while the Ka values dramatically decreased 

in the presence of 150 μM of each FA: 0.403 (for DA), 0.286 (for EA), 0.765 (for MA), 0.636 (for 

OA), 0.519 (for PA) and 0.205 (for SA) 103 M-1. The largest interfering effects were produced 

by the saturated fatty acids EA and SA which reduced Ka of about 8, times comparing to 

CVL/HSA alone. On the other hand, a Ka reduction of about 3 times was observed for the other 

FAs.  
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The possible interfering effects of FAs on CVL/HSA binding were also investigated by 

emission spectroscopy int the above conditions. As shown in Figure 2.5B, after each addition 

of carvacrol, a gradual decrease in the fluorescence intensity and a blue shift (from 342nm to 

312nm) with the appearance of isosbestic point at 326 nm, were observed in the emission 

spectra of HSA. When the binding constant (Kb) for CVL/HSA was calculated we found a Kb 

of 3.154 103 M-1, which was approximately three times higher than that calculated in the 

presence of different FAs.  The Kb values for CVL/HSA were reduced to 1.37, 1.108, 1.747, 1.95, 

1.484, and 1.09 103 M-1 in the presence of 150 μM of DA, EA, MA, OA, PA and SA respectively 

(Table 2.2). Therefore, the fluorescence analyses confirmed the spectrophotometric 

measurements showing that the largest interfering effects were produced by the saturated fatty 

acids EA and SA which reduced Kb of about 3 times, while a lower effect was observed for the 

other FAs.  

From all the results we can conclude that carvacrol has a rather low affinity for albumin 

(the binding constants Ka and Kb are rather low), and that this binding is further reduced   as 

by the presence of high concentrations of FAs in solution (1:10 HSA/FA molar ratio). 

For a deeper understanding of the interfering effects of FAs on the CVL binding to 

serum albumin, we recorded the fluorescence quenching in the absence or in the presence of 

different FAs, as described in Materials and Methods section (Figure 2.5 B). The quenching 

constant Ksv for HSA/CVL was 540.9 103 M-1, and it was reduced in the presence of FAs. In 

details, the Ksv decreased to 396.8, 315.6, 429.9, 345.5, 519.6 and 200.5 103 M-1 in the presence of 

DA, EA, MA, OA, PA and SA, respectively (Table 1). As well, quenching analyses confirmed 

that SA and EA showed the highest interfering potential against HAS/CVL binding. The 

number of binding sites (n) for CVL in the HSA molecule was calculated by Eq.3 and Eq.4 as 
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described in Materials and Methods (Table1). The n value is about 1 (~ 0.7) both in the absence 

or in the presence of FAs. 

As control, we carried out the same experiments of CVL/HSA binding in the presence 

of low concentrations of FAs (1:1 equimolar with HSA) corresponding to those observed in 

humans in physiological conditions. We did not observe any relevant interfering effect of FAs 

at low concentration on CVL/HSA binding (data not shown).      

Table 2.2 For carvacrol (CVL) binding to human albumin (HSA) we listed the binding constants calculated by 

absorption (Ka) and fluorescence spectroscopy (Kb), the fluorescence quenching constant (Ksv) and the 

number of binding sites (n). All the values were calculated in the absence and in the presence of 150 μM of 

each of the following long chain fatty acids: Myristic acid (MA-C14), Palmetic acid (PA-C16), Oleic acid (OA-

C18), Stearic acid (SA-C18), Eicosanoic acid (EA-C20), Docosanoic acid (DA-C22). 

Sample 

Ka 

(103 M-1) 

Kb 

(103 M-1) 

Ksv 

(103  M-1) 

n 

CVL+HSA 1.82 3.154 540.9 (± 33.3) 0.70 

CVL+HSA-DA 0.403 1.37 396.8 (± 27.4) 0.73(±0.08) 

CVL+HSA-EA 0.286 1.108 315.6 (± 17.0) 0.81(±0.07) 

CVL+HSA-MA 0.765 1.747 429.9 (± 18.4) 0.76(±0.05) 

CVL+HSA-OA 0.636 1.95 345.5( ± 16.9) 0.70(±0.08) 

CVL+HSA-PA 0.519 1.484 519.6 (± 11.3) 0.82(±0.06) 

CVL+HSA-SA 0.205 1.09 200.5 (± 12.5) 0.60(±0.08) 

        

2.4.    DISCUSSION 

In order to explore novel nutraceutical candidates, we tested the beneficial effect of 

carvacrol in cellular models of metabolic disorders. Our results show that carvacrol ameliorated 

lipid accumulation and oxidative stress in a model of hepatic steatosis and protected against 
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oxidative stress and dysfunction in a model of endothelial dysfunction. As further insight, we 

observed that the binding of carvacrol to serum albumin is reduced by the presence of high 

concentrations of long-chain fatty acids, which are known to be increased in patients with 

metabolic disorders. 

A wide range of biological and pharmacological activities has been already descripted 

for carvacrol [77]. Many studies described the beneficial effects of this polyphenol in metabolic 

disorders linked to fatty liver. Kim et al., [78] reported the protective effect of carvacrol against 

hepatic steatosis in mice fed with high-fat. Moreover, many cellular and animal studies reported 

the hepatoprotective[79], [80] antihyperlipidemic [81], anti-inflammatory [82] and antioxidant 

[83] proprieties of carvacrol.  

Simple hepatic steatosis, defined as an excess of fat stored in the hepatic parenchima, 

is the initial step of NAFLD, a condition that may progress to steatohepatitis, fibrosis, and 

ultimately cirrhosis [84]. Liver steatosis in humans is often associated with the metabolic 

syndrome and becomes predictive of increased cardiovascular risk. A definitive therapy for 

NAFLD is missing so far, although several drugs and nutraceuticals are being tested alone or 

in combination [47].  

In order to test the beneficial effects of carvacrol we used rat hepatoma FaO cells 

exposed to a mixture of oleate/palmitate, which represent a reliable in vitro model for hepatic 

steatosis that has been widely employed in previous studies of our group [26], [85]. Data from 

intracellular TG quantification and LD microscopical analysis showed that all the carvacrol 

concentrations were effective on reducing the moderate steatosis. However, the intermediate 

concentration (10 µM) was the most effective leading to a fat reduction of about -50% 

compared to steatotic cells. Excess fat accumulation in hepatic cells is typically accompanied 

by increased oxidative stress [86]. We observed an increase in the intracellular ROS production 
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in steatotic cells compared to controls and a reduction when steatotic cells were treated with 

carvacrol. Also in this case the intermediate carvacrol concentration (10 µM) was the most 

effective. 

Endothelial damage is typically observed in metabolic syndrome as vascular 

endothelium is a major target of body oxidative stress which results from excess fat 

accumulation in the liver and adipose tissue [87]. ROS-induced endothelial dysfunction can 

increases vascular endothelial permeability and promotes leukocyte adhesion promoting early 

stage of atherosclerosis [88]. Endothelial cells exposed to hydrogen peroxide can mimic what 

happens in vivo in early atherosclerosis [89]. We showed that the H2O2-induced ROS 

generation and lipid peroxidation in HECV cells was counteracted by carvacrol treatment. 

Although all carvacrol concentrations reduced lipid peroxidation, the intermediate 

concentration (10 µM) was the most effective. Endothelium dysfunction is typically associated 

to changes in NO release, and we measured an increase in NO release upon exposure of HECV 

cells to oxidative insult such as H2O2, which was counteracted by carvacrol at all test 

concentrations. Chronic and non-healing wounds are associated with many disorder conditions 

and pathologies such as diabetes, obesity, and cardiovascular diseases [90]. Interestingly, our 

results showed that carvacrol was able to accelerate the wound repair after oxidative insults 

such as hydrogen peroxide.  In HECV cells, carvacrol accelerated the cell migration that was 

impaired by H2O2. In particular, the lowest concentration of carvacrol (1 µM) was the most 

effective dose. This result suggests that carvacrol ameliorates the wound healing process in 

insulted endothelial cells, which represent a potential therapeutic agent against many disorders 

where oxidative stress and chronic wound are involved. Taken together, the data indicate a 

good potential of carvacrol as lipid lowering agent in steatotic hepatocytes and as antioxidant 

and anti-inflammatory agent in endothelial cells. We would emphasize as oxidative and 
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nitrosative stress pathways represent a link between the fatty liver and chronic inflammatory 

conditions that characterize metabolic syndrome such as endothelial dysfunction and 

atherosclerosis.  

 

Figure 2.6 3D structure of human serum albumin and binding to carvacrol. The three dimensional (3D) 

structure of human serum albumin was downloaded from Protein Data Bank (PDB: 

https://www.rcsb.org/structure/4K2C). Localization of the three domains I, II and III and the seven major fatty 

acid binding sites (FABS 1-7) were shown. Carvacrol binding to the FABS 5 according to molecular docking 

study. 

In searching for novel nutraceuticals with beneficial potential against fatty liver and 

metabolic disorders their transport in the blood must be tested as it largely influences bio-

distribution, circulatory half-life and, consequently, pharmacokinetics of the compounds. 

Albumin is able to bind a wide variety of exogenous and endogenous substances and transport 
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them across the body. As carvacrol has a poor water solubility (1.25 mg/mL at 25 °C), it needs 

albumin for the transport in the blood [91]. Our experimental data by spectrophotometric and 

fluorimetric analyses found low binding constant values (Ka and Kb, respectively) for 

CVL/HSA binding of suggesting a rather low affinity of carvacrol for albumin. This low 

affinity may guarantee the efficient transport of carvacrol in the blood, but also its release in 

peripheral tissues.   

Also long chain fatty acid are vehiculated by albumin which can bind up to seven FAs 

at the fatty acid binding sites (FABS) identified from 1 to 7. Each FABS shows a different 

affinity for FA binding (Figure 2.6). The subdomain IIIA is the preferential high affinity-

binding site for FAs, while drugs prefer to bind the subdomains IIA and IB. However, the FA 

binding sites could overlap with the drug binding sites (Sudlow's sites I and II) [92], [93]; 

moreover, the binding of FAs could induce conformational changes in HSA resulting in the 

formation of new drug binding sites [94], [95]. Studies of molecular docking indicated that 

carvacrol preferentially binds to the FABS5 in the albumin 3D structure [96] (Figure 2.6). Our 

hypothesis was that the presence of high levels of fatty acids binding to HSA could influence 

the binding of CVL and interfere with its transport to the peripheral tissues. Both cooperative 

and competitive interactions between fatty acids and different classes of ligands have been 

reported in a number of studies on HAS [97], [98].  

We tested the hypothesis that CVL/HSA binding might be altered by the simultaneous 

binding of FAs by spectrophotometric and fluorimetric measurements. At low concentrations 

(1:1 molar ratio with HSA) FAs did not significantly affect the carvacrol binding to HSA. We 

observed a decrease in the binding constants Ka and Kb, as well as in the fluorescence 

quenching constant Ksv, for CVL/HSA interaction in the presence of high levels of FAs. This 

may depend on the modification of HSA conformation due to FA binding which hinders the 
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insert of carvacrol molecule in the pocket of HSA. The larger effects were described for the 

saturated fatty acids EA (C20) and even more for SA (C18), which were able to reduce the 

binding constants (Ka and Kb) and the fluorescence quenching constant (Ksv) more than other 

FAs. In a previous paper, Rizzuti et al. [99] performed  multiple molecular dynamics 

simulations and they found that SA binds with high affinity preferentially the FABS5 site, the 

same site of CVL. Therefore, our data suggest that CVL and SA may compete for the same 

binding site in HSA that could explain the lower binding force of CVL in HSA pre-complexed 

with high concentration of SA. In the same manner, we hypothesized that also EA can bind 

tightly to HSA at the FABS5 thus competing with CVL.  

Therefore, we can conclude that, in the presence of high levels of circulating fatty acids, 

as it occurs in patients with metabolic disorders, the transport of carvacrol by albumin is less 

efficient and this has to be considered for defining the dose of carvacrol to be used as 

nutraceutical in patients with high fatty acid plasma levels such obese and NAFLD patients. 

However, further translational and clinical research needs to clarify tis important issue. 
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Chapter 3 Influence of Simulated In Vitro Gastrointestinal 

Digestion on the Phenolic Profile, Antioxidant, and 

Biological Activity of Thymbra spicata L. Extracts 

 

3.1.    Introduction 

Dietary phytochemicals are found abundantly in fruits, vegetables, grains, plant-based 

foods, and beverages [100]. Consumption of phytochemicals plays a main role in healthcare 

by preventing many chronic diseases including non-alcoholic fatty liver disease (NAFLD) 

[101], cardiovascular disease [102], neurodegenerative diseases [103], and some types of 

cancer [104]. For this reason, extracts from plants or plant parts have been largely tested to 

develop new functional foods for preventing/counteracting many chronic disorders [20]. 

Phenolic compounds (PCs) are the most abundant phytochemicals in many edible and 

medicinal plants, and they are the main responsible agents for the beneficial effects, especially 

the defense against oxidative stress [105]. PCs include numerous varieties of compounds 

classified into flavonoids and non-flavonoids: flavonoids include flavonols, flavones, flavan-

3-ols, flavanones, and anthocyanins; non-flavonoid compounds include phenolic acids, volatile 

phenols, stilbenes, lignans, and coumarins [106]. 

Importantly, the bioavailability of several plant extracts as a source of PCs is likely 

affected by changes occurring during the gastrointestinal (GI) transit. Foods and nutraceuticals 

introduced by the oral route undergo digestive processes throughout GI compartments and 

cross physiological barriers that are able to influence their delivery [107]. Indeed, the main 

challenges for bioactive compounds are the rate and degree of absorption, as well as their 

solubility, stability, and permeability across the mucosal and intestinal barriers [108]. 

Moreover, metabolites can show completely different bioavailability compared to the parental 

phenolic compounds due to the physiological environment and cofactors [109], [110]. 

Experimental approaches using in vitro GI models can overcome difficulties associated with 
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human studies that are often poorly reproducible and comparable, expensive, time-consuming, 

and might generate ethical issues, depending on the study design and food being tested [111]. 

In fact, several digestion methods have been proposed in the literature review, often differing 

in the applied conditions. To give an example, the origin of the used enzymes (porcine, rabbit, 

or human); the environmental factors (pH, ionic strength, and digestion time); and other 

parameters such as the presence of phospholipids, digestive emulsifiers vs. their mixtures (e.g., 

pancreatin and bile salts), and the ratio of food bolus to digestive fluids, which alter enzyme 

activity, may considerably alter the results. While modifying some of these parameters with a 

possible and major impact on the matrix release or digestibility of some compounds, we were 

concerned with applying a standardized and practical simulated in vitro GI digestion method 

based on physiologically relevant conditions that can be applied for various endpoints and may 

be amended to accommodate further specific requirements mainly developing a more accurate 

in vitro human digestion model, taking into consideration the intestinal microbiota presence 

and conditions. 

Lamiaceae is a family of mostly shrubs and herbs with a wide distribution worldwide, 

especially in the Mediterranean basin [1]. In this family, Thymbra spicata L., locally known as 

“Za’atar”, is employed in the folk cookery (as salad or tea infusion), but also in traditional 

medicine, mainly for its antimicrobial and antiseptic properties [20]. Recent studies have 

revealed several beneficial properties of T. spicata L. leaves such as antioxidant, 

hypocholesterolemic, and anti-steatotic activities [10], as well as anti-inflammation [112], anti-

proliferative, and pro-apoptotic [42] potential. The abundancy of PCs in T. spicata L. leaves 

including phenolic acids (rosmarinic acid), phenolic monoterpenoids (carvacrol, thymol), and 

flavonoids (both glycosides and aglycones) stand behind the wide array of its pharmacological 

activities [7], [113]. The beneficial effects of T. spicata L. as herbal medicine or nutraceutical 
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preparation might be modified during the GI transit where the bioconversion is elicited by low 

gastric pH, digestive enzymes, and the microbiota [109]. 

In this context, our study aimed to assess if and how two different extracts from T. 

spicata L. aerial parts were modified after applying a simulated in vitro GI digestion method. 

The extracts before and after digestion were characterized for their composition in bioactive 

compounds and their antioxidant potential. The biological effects were assessed by cellular 

studies focusing on the antiproliferative capacity on different cancer cell lines. 

3.2.    Materials and Methods 

3.2.1.    Reagents and Enzymes 

All reagents otherwise indicated, including enzymes, were purchased from Sigma- 

Aldrich Corp. (Milan, Italy). All reagents were of analytical purity. 

3.2.2.    Sources and Activities of Enzymes: 

• α-Amylase from human saliva (A0521-500 units/mg). α-Amylase catalyzes the 

hydrolysis of α-1,4 glycosidic linkage in oligosaccharides. 

• Pancreatin from porcine pancreas (P3292-100G). Pancreatin contains 

enzymatic components including trypsin, amylase and lipase, ribonuclease, and protease, 

produced by the exocrine cells of the porcine pancreas. 

• Pepsin from pig gastric mucosa (≈2500 units/mg protein). Pepsin is an aspartic 

endproteinase used for the unspecific hydrolysis of proteins and peptides in acidic media. 

3.2.3.    Plant Collection 

Aerial parts of Thymbra spicata L. were collected from flowering plants growing in 

“Maarakeh”, South Lebanon. Voucher specimen (L1.125/1) was authenticated by Prof. G. 
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Tohme (CNRS, Beirut, Lebanon) and was kept in the Herbarium of the Botanical Department-

Lebanese University (Beirut, Lebanon). The in vitro gastrointestinal (GI) digestion of T. spicata 

aerial parts was performed according to protocol [114] with slight modifications in order to 

sequentially simulate the mouth, stomach, and small intestine digestion. The composition of 

buffers is reported in Table 3.1. 

Table 3.1 Chemical composition of the buffer employed in the simulated digestion. SSF: salivary fluid; SGF: gastric 

fluid; SIF: intestinal fluid. 

Volume (mL) 

Simulated 

Digestion Fluid 

pH KCl 

(0.5M) 

KH2PO4 

(0.5M) 

NaHCO3 

(1M) 

NaCl 

(1.5M) 

MgCl2(H2O)6 

(0.15M) 

Na2CO3 

(0.5M) 

SSF 7 15.1  3.7 6.8 - 0.5 0.06 

SGF 3 6.9 0.9 12.5  11.8 0.4 0.5 

SIF 7 6.6 0.8 42.5 9.6 1.1 - 

 

3.2.4.    In Vitro Simulated Digestion 

3.2.4.1.    Oral Digestion 

To mimic the oral digestion, 25 g of T. spicata dried and powdered aerial parts were 

mixed with 25 mL SSF and 3 mL (stock 75 U/mL) α-salivary amylase (from human saliva), 

0.2 mL CaCl2, and 5.8 mL distilled H2O and then incubated for 2 min at 37 °C on a magnetic 

stirrer. 

3.2.4.2.    Gastric Digestion 

To mimic the gastric digestion, 40 mL SGF, 7 mL pepsin (stock 25,000 U/mL), 0.03 

mL CaCl2, and 3 mL distilled H2O were added to the oral outcome and the pH was lowered to 
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3.0 by HCl; the mixture was incubated for 2 h at 37 °C on a magnetic stirrer, and the pH was 

checked regularly. 

3.2.4.3.    Intestinal Digestion 

To mimic the intestinal digestion, 50 mL of gastric outcome was mixed with 50 mL of 

SIF, 20 mL of pancreatin (stock 100 U/mL), 10 mL bile salt (stock 10 mM), 0.024 mL CaCl2, 

6 mL distilled H2O, and 0.7 mL of 1 M HCl to neutralize the pH to 7.0. 

3.2.4.4.    Extract Preparation 

The obtained mixture was incubated for 2 h at 37 °C on a magnetic stirrer. Then, the 

mixture was heated to 90 °C for 10 min to inactivate the enzymes used in the digestion process. 

At the end, the samples were centrifuged for 20 min at 7000 rpm. The pellet was incubated 

with ethanol (96%) at room temperature for 24 h with agitation. The solution was centrifuged 

for 20 min at 7000 rpm, obtaining a precipitate (TE) that was discharged, and the ethanol in the 

digested ethanolic extract (TE-dig) was removed using a rotavapor before the lyophilization of 

the residue. The supernatant obtained from the digestion process was divided into two parts. 

One part was lyophilized, obtaining the crude digested aqueous extract (TW-dig); the other one 

was dialyzed with membrane cut-off 3.5 kDa (Spectra/Por molecularporous membrane tubing, 

Thermo Fisher Scientific, Milan, Italy) against 250 mL of water for 24 h at 4 °C to separate the 

low molecular weight (mw) fraction (<3.5 kDa) and the high mw fraction (>3.5 kDa). The 

solutions inside the dialysis tube (>3.5 kDa) and out of the tube (<3.5 kDa) were lyophilized. 

To prepare the undigested aqueous and ethanolic extracts (TW and TE, respectively), 

the same procedure was followed for extraction without the first part of enzymatic digestion. 

The detailed scheme of in vitro digestion and the obtained extracts and fractions is illustrated 

in Figure 3.1. 
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3.2.4.5.    Total Carbohydrate Content (TCC) 

TCC was determined by the phenol-sulfuric acid colorimetric method [115]. Briefly, 

0.5 mL of sample (1 mg/mL) was mixed with 0.5 mL 5% aqueous phenol and 2 mL of H2SO4 

(96%). After incubation for 30 min at room temperature, the absorbance was read at 320 nm 

using a UV–VIS microplate reader (FLUOstar Optima, BMG Labtech, Ortenberg, Germany). 

The results were derived from a glucose calibration curve (0–200 µg/mL). Values are expressed 

as µg/mg extract. 

 

Figure 3.1 A schematic presentation describing the steps of the simulated digestion in the three phases: mouth, 

stomach, and intestine, in order to obtain the digested ethanolic (TE) and aqueous (TW) extracts. The same 

procedure was followed for preparation of crude extracts without the use of enzymatic digestion. The TW and 

TW dig were subjected to a membrane dialysis with a cut-off of 3.5 kDa to obtain low and high mw fractions. 



Influence of Simulated In Vitro Gastrointestinal Digestion on the Phenolic Profile, 

Antioxidant, and Biological Activity of Thymbra spicata L. Extracts 

 

60 |  
 

3.2.5.    Total Protein Content (TPrC) 

The protein content was determined by Bradford colorimetric method, using bovine 

serum albumin (BSA) as standard [67]. Briefly, 0.5 mL from each extract (1 mg/mL) was mixed 

with 0.5 mL of Bradford reagent; after 30 min incubation, the absorbance was measured at 595 

nm using a UV–VIS microplate reader (FLUOstar Optima, BMG Labtech, Ortenberg, 

Germany). Data are expressed as µg/g. 

3.2.6.    Total Phenol Quantification (TPC) 

TPC was determined using the Folin–Ciocalteu method [116]. Briefly, 25μL aliquots of 

sample (1 mg/mL) were incubated with 125 μL of 10% (w/v) Folin–Ciocalteu reagent for 5 

min; after adding 125 µL of Na2CO3 (10% w/v), the sample was incubated for 30 min in 

darkness at room temperature, and the absorbance was read at 320 nm using a UV–VIS 

microplate reader (FLUOstar Optima, BMG Labtech, Ortenberg, Germany). The results were 

derived from a gallic acid calibration curve (0–1000 ug/mL) prepared from a stock solution (1 

mg/mL in ethanol). Values are expressed as mg of gallic acid equivalents (GAE) per gram of 

dried weight extract (mg of GAE/g extract). 

3.2.7.    Total Flavonoid Quantification (TFC) 

TFC was determined using the aluminium chloride colorimetric method [117]. Briefly, 

a 1 mL aliquot of sample (1 mg/mL) was mixed with 0.2 mL of 10% (w/v) methanolic AlCl3 

solution, 0.2 mL (1 M) potassium acetate, and 5.6 mL distilled H2O. After incubation at room 

temperature in darkness for 30 min, the absorbance was read at 320 nm using a UV–VIS 

microplate reader. The results were derived from a calibration curve of quercetin (0–

200 μg/mL) prepared from a stock solution (5 mg/mL in methanol). Values are expressed as mg 

of quercetin equivalent (QE) per gram of dried weight extract (mg of QE/g extract). 
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3.2.8.    Total Hydroxycinnamic Acid Content (THAC) 

HCA was determined using the method by Custódio et al. [118]. Briefly, in a 96-well 

plate, 20 µL of sample (5 mg/mL) was mixed with 20 µL of 95% ethanol containing 0.1% HCl. 

After the addition of 160 µL of 2% HCl and 10 min incubation, the absorbance was read at 320 

nm using a UV–VIS microplate reader. The results were derived from a calibration curve of 

rosmarinic acid (0–500 µg/mL) prepared from a stock solution (1 mg/mL in ethanol). Values 

are expressed as mg of rosmarinic acid equivalents (RAE) per gram of dried weight extract 

(mg of RAE/g extract). 

3.2.9.    HPLC–MS Analysis 

High-performance liquid chromatography coupled with tandem mass spectrometry 

(HPLC–MS/MS) was performed using an Agilent 1100 HPLC-MSD Ion Trap XCT system, 

equipped with an electrospray ion source (HPLC-ESI-MS) (Agilent Technologies, Santa Clara, 

CA, USA). Separation of extracts was performed on a Jupiter C18 column 1 × 150 mm with 

3.5 μm particle size (Phenomenex, Torrance, CA, USA). As eluents, we used water (eluent A) 

and MeOH (eluent B), both added with 0.1% formic acid. The gradient employed was 15% 

eluent B for 5 min, linear to 100% eluent B in 35 min, and finally hold at 100% eluent B for 

another 5 min. The flow rate was set to 50 μL/min with a column temperature of 30 °C. The 

injection volume was 8 μL. Ions were detected in the positive and negative ion mode, in the 

m/z 100–800 range, and ion charged control with a target ion value of 100,000 and an 

accumulation time of 300 ms. A capillary voltage of 3300 V, nebulizer pressure of 20 psi, drying 

gas of 8 L/min, dry temperature of 325 °C, and 2 rolling averages (averages: 5) were the 

parameters set for the MS detection. MS/MS analysis was conducted using an amplitude 

optimized time by time for each compound. From the chromatograms, the percentage of PC 

for each extract was calculated based on the peak area. 
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3.2.10.    Radical Scavenging Activity Assays 

The radical scavenging activity was measured using the 1,1-diphenyl-2-picrylhydrazyl 

(DPPH) method [119]. In a 96-multiwell plate, 50 µL aliquot of sample (0–2 mg/mL) or of the 

standard Trolox (0–100 mg/mL) was added to 200 µL of DPPH solution (0.1 mM in methanol). 

After incubation in darkness for 30 min at 37 °C, the absorbance was measured at 490 nm using 

a UV–VIS microplate reader against DPPH solution as a blank. Values are expressed as half 

maximal inhibitory concentration IC50 (µg/mL) and Trolox equivalent (µg TE/mg dry extract). 

The radical cation scavenging activity of each extract was measured using the 2-2′-

azino-bis (3-ethylbenzo-thiazoline-6-sulphonate) diammonium salt (ABTS) method [120]. In 

a 96-multiwell plate, 50 µL aliquot of sample (0–2 mg/mL) was added to 200 µL of ABTS 

solution (5 mM). ATBS solution was prepared by oxidizing ABTS with MnO2 in distilled water 

for 30 min in the dark, and then the solution was filtered through filter paper. After 20 min 

incubation in darkness at room temperature, the absorbance was determined at 734 nm using a 

UV–VIS microplate reader against ABTS solution as a blank. Values are expressed as half 

maximal inhibitory concentration IC50 (µg/mL) and Trolox equivalent (µg TE/mg dry extract). 

3.2.11.    Ferric Reducing Antioxidant Power (FRAP) Assay 

The reducing power was evaluated according to the ferric reducing antioxidant power 

(FRAP) assay [121]. In a 96-multiwell plate, 25 µL aliquot of sample (0–2 mg/mL) or of 

standard Trolox (0–100 µg/mL) was added to 175 µL of FRAP working solution containing 

300 mmol/L acetate buffer (pH 3.6), 20 mmol/L ferric chloride, and 10 mmol/L TPTZ (2,4,6-

tri (2-pyridyl)—S-triazine) made up in 40 mmol/L HCl. The three solutions were mixed at a 

10:1:1 ratio (v:v:v). The mixture was incubated in darkness for 30 min at 37 °C and then the 
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absorbance was determined at 593 using a UV–VIS microplate reader against FRAP solution 

as a blank. Values are expressed as Trolox equivalent (µg TE/mg dry extract). 

3.2.12.    Cell Culture 

The human cancer cell lines MDA-MB-231 (breast adenocarcinoma), A375 

(Melanoma), and HCT116 (colorectal carcinoma) were gently supplied from Prof. Bramucci 

(Laboratory of Physiology, University of Camerino). The cancer cells were routinely 

maintained in Dulbecco’s modified Eagle’s minimum essential medium (DMEM) or in RPMI-

1640 (Sigma-Aldrich, Beirut, Lebanon) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS), 2 mM glutamine, and 1% P/S at 37 °C in a humidified incubator containing 5% 

CO2. 

3.2.13.    Cell Proliferation Assay 

The cytotoxicity of T. spicata extracts was assessed by the 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) method [122]. Stock solution (50 mg/mL) of 

extracts were prepared in dimethyl sulfoxide (DMSO) or in sterile distilled water. In addition, 

the pure Carvacrol was used as positive control. Briefly, cells were seeded in a 96-well plate 

(104 cells per well), and after 24 h, they were treated with increasing concentrations (0, 50, 

100, and 200 µg/mL) of each extract for 24 h. At the end, 20 µL of MTT reagent (5.0 mg/mL) 

was added, and the mixture was incubated for 3 h at 37 °C. After removing the unreacted MTT 

dye, 100 µL DMSO was added to solubilize purple formazan crystals, and the absorbance was 

recorded at 570 nm. The IC50 value (concentration that causes 50% growth inhibition) was 

estimated as that leading to 50% absorbance decrease as compared to the control. Cell viability 

was expressed in percentage with respect to the control. 

3.2.14.    Quantification of ROS Production 
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2′,7′-Dichlorodihydrofluorescein diacetate (H2DCF-DA; molecular probe) was 

employed to assess ROS generation [69]. Briefly, cells were seeded on a 96-well plate (105 

cells/mL) and incubated overnight. After the treatments, cells were washed twice with PBS and 

then incubated with 10 µM of H2DCF-DA (in PBS) for 30 min at 37 °C. Then, ROS production 

level was measured fluorometrically using a microplate reader (lex = 495 nm; lem = 525 nm). 

3.2.15.    Quantification of Nitrite/Nitrate Levels 

The nitric oxide NOx (nitrites and nitrates) level was measured by spectrophotometric 

measurement using the Griess reaction [71]. Briefly, 105 cells/mL were seeded on a 96-well 

plate and incubated overnight. After the treatments, NOx level in the medium was calculated 

using NaNO2 as a standard curve. Spectrophotometric analyses were performed at 546 nm 

using a microplate reader. 

3.2.16.    Statistical Analysis 

All results were expressed as mean ± SD of at least three independent experiments. 

GraphPad Prism 8.0.1 software was used for statistical evaluation. Comparisons between 

different conditions were performed using ANOVA with Tukey’s post-test. Difference between 

percentages was calculated by chi-squared test. The possible correlation between the measured 

parameters was tested by a two-tailed Pearson’s correlation coefficient analysis. All statistical 

analysis were performed by GraphPad Software Prism 8.0.1, Inc. (San Diego, CA, USA). 

3.3.    Results 

3.3.1.    Characterization of T. spicata Extracts before and after Simulated 

Digestion 

\ 



Influence of Simulated In Vitro Gastrointestinal Digestion on the Phenolic Profile, 

Antioxidant, and Biological Activity of Thymbra spicata L. Extracts 

 

65 |  
 

  

  

 

Figure 3.2 Quantification of total carbohydrate contents (TCC) (A), total protein content (TPrC) (B), total phenol content (TPC) 

(C), total flavonoid content (TFC) (D), and total hydroxycinnamic acid content (THAC) (E) of TW and TE, and dialyzed fractions 

before and after simulated in vitro digestion. All the contents were quantified spectrophotometrically and expressed as µg/mg of 

the dry extract, µg/g of dry extract, mg of gallic acid equivalent per g of dry powder extract (mg GAE/g dry extract), mg of 

quercetin equivalent per g of dry powder extract (mg QE/g dry extract), and mg of rosmarinic acid equivalents (RAE) per gram 

of dried weight extract (mg of RAE/g extract), respectively. Samples were measured in triplicate, and significant differences 

between digested and undigested extracts are denoted by symbols: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.  
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Figure 3.3 HPLC–UV chromatographic profiles for both ethanolic and aqueous extracts of Thymbra spicata 

before and after digestion wherein their pure polyphenols were recorded at 280 nm: (A) Chromatogram of the 

ethanolic extract (TE and TE-dig) showing the following peaks: 1: carvacrol; 2: thymusin; 3: rosmarinic acid; 

4: eriodictyol. (B) Chromatogram of the aqueous extract (TW and TW-dig) showing the following peaks: 1: 

salvalonic acid I; 2: rosmarinic acid; 3: carvacrol; 4: vicenin; 5: rutin. 

We characterized the aqueous and ethanolic extracts from T. spicata aerial parts before 

(TW and TE) and after (TW-dig and TE-dig) the simulated digestion. For TW, we also assessed 

the low (<3.5 kDa) and the high (>3.5 kDa) mw fractions obtained by dialysis. 

The aqueous and ethanolic crude extracts exhibited a similar content of carbohydrates. 

The simulated digestion significantly reduced the TCC in the ethanolic extract (from 26.4 in 

TE to 19.2 µg/mg in TE-dig), without affecting the aqueous extract. However, upon simulated 

digestion, we observed a different distribution of carbohydrates between the two fractions: 

TCC was reduced in the high mw fraction (from 40.4 in TW to 17.6 µg/mg in TW-dig) and 

increased in the low mw fraction (from 25.2 in TW to 33 µg/mg in TW-dig) (Figure 3.2A). 

Moreover, the protein content was roughly similar in the crude extracts, and the simulated 



Influence of Simulated In Vitro Gastrointestinal Digestion on the Phenolic Profile, 

Antioxidant, and Biological Activity of Thymbra spicata L. Extracts 

 

67 |  
 

digestion did not affect it considerably. However, the aqueous extract showed a redistribution 

of the protein content between the two mw fractions, leading to a TPrC reduction in the high 

mw fraction (from 10.8 in TW to 2.4 µg/g in TW-dig) and an increase in the low mw fraction 

(from 22.7 in TW to 33.9 µg/g in TW-dig) (Figure 3.2B). 

As expected, the ethanolic extract was richer in phenolic compounds compared to the 

aqueous one (353 vs 201.4 mg GAE/g). After simulated digestion, the TPC significantly 

decreased in both the ethanolic (250 mg GAE/g) and the aqueous (138.9 mg GAE/g) extracts 

((Figure 3.2C). For the aqueous extract, the simulated digestion reduced the TPC in the high 

mw fraction (from 148.7 to 81.6 mg GAE/g). By contrast, the aqueous extract was richer in 

flavonoids than the ethanolic extract (172.88 vs 123.84 mg QE/g). 

After simulated digestion, the TFC significantly decreased in both the ethanolic (to 

85.18 mg QE/g) and aqueous (to 111.26 mg QE/g) extracts, as well as in both the high (from 

117.03 to 25.75 mg QE/g) and low mw fractions (from 278.13 to 236.24 mg QE/g) ((Figure 

3.2D). The hydroxycinnamic acid content was higher in the ethanolic than in the aqueous 

extract (89.2 vs 35.4 mg RAE/g, respectively). The simulated digestion reduced the THAC in 

the crude ethanolic extract (76.5 mg RAE/g in TE-dig), while in the aqueous extract, the 

digestion redistributed the THAC between the two mw fractions (from 101.6 to 95.2 mg RAE/g 

for low mw fraction, and from 31.4 to 17.8 mg RAE/g in the high mw fraction) ((Figure 3.2E). 

3.3.2.    HPLC–MS Characterization of the Phenolic Compounds 

Both the extracts were characterized by HPLC–MS/MS analysis before and after 

digestion (Figure 3.3). In the ethanolic extract, we detected 14 PCs in both the undigested and 

digested preparations. The most abundant PCs were monoterpenoic phenols (carvacrol), 

polyphenolic acids (rosmarinic acid), flavonoids, and their derivatives (rutin, thymusin, and  
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Table 3.2 Phenolic compounds identified in TE (A) and TW (B) before and after digestion using HPLC–MS/MS in the negative ionization mode. 

(A): Ethanolic Extract (TE) 

a 

RT 

(min) 

Measured 

m/z 

MS/MS fragments 

Proposed 

Compound 

TE 

Area (% ) 

TE-dig 

Area (%) 

TE 

Peak Area 

TE-dig 

Peak Area 

1 14.1 593 575 503 473 383 

353 

Vicinin 2 0.34 2.89 46 137 

2 14.5 303 285 177 125 Dihydroquercetin 

(taxifolin) 

7.19 1.87 982 89 

3 17.1 417 371 287 263 Eriodictyol 

derivative 

8.69 2.84 1187 135 

4 18.5 609 301 Rutin 2.04 4.04 278 192 

5 19.1 359 223 197 179 161 

133 

Rosmarinic acid 5.73 10.53 782 500 

6 19.7 287 269 151 135 107 Eriodictyol 6.09 4.07 831 193 

7 21.5 329 314 Thymusin 21.20 14.64 2894 695 

8 23 285 257 243 151 Apiginin 0.85 0.63 116 30 

9 22.8 269 201 181 149 Luteolin 6.64 2.40 906 114 

10 23.3 343 328 313 300 285 Unknown 0.97 0.93 132 44 

11 24 165 149 P-cymene-2,3-diol 2.23 1.14 305 54 

12 24.3 343 328 313 Cirsilineol 1.38 0.82 189 39 

13 25.7 – – Carvacrol 34.81 52.94 4752 2513 
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14 27.3 329 314 299 286 271 3,4,3’,4’-

tetrahydroxy-5,5’-

diisopropyl-2,2’-

dimethylbiphenyl 

1.85 0.25 253 12 

(B): Aqueous Extract (TW) 

1 8.1 305 225 Gallocatechin 2.35 1.16 114 33 

2 12.2 387 369 225 207 163 Tuberonic acid 

glucoside 

0.00 0.00 0 0 

3 14 593 575 503 473 383 

353 

Vicenin 2 5.68 8.40 275 239 

4 15 637 461 351 285 Luteolin-O-

diglucuronide 

0.00 0.00 0 0 

5 15.4 537 493 339 Salvalonic acid I 19.51 42.27 945 1203 

6 15.7 477 397 373 343 301 Quercetin-

glucuronide 

0.00 0.00 0 0 

7 16.3 595 473 429 287 Eriodictyol-

rutinoside 

0.62 2.14 30 61 

8 16.5 623 433 287 Luteolin-

glucuronide-

hexoside 

0.23 0.88 11 25 

9 17 717 537 519 475 365 

339 

Salvalonic acid E\B 1.94 3.34 94 95 

10 17.4 461 285 Luteolin 7-O-

glucuronide 

0.00 0.00 0 0 

11 17.6 593 285 Luteolin-O-

rutioside 

0.00 0.00 0 0 
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eriodictyol derivative, etc.). The aqueous extract contained less PCs; 19 PCs were detected in 

both the undigested and digested preparations, which can be classified into three main groups: 

phenolic acids, phenolic monoterpenoids, and flavonoids. Carvacrol is the most abundant PC 

in the ethanolic extract (34.8% in TE and 52.9% in TE-dig), rosmarinic acid in TW (57.4%), 

and salvalonic acid in TW-dig (42.3%). 

To compare the chromatograms of the two extracts, we normalized them for their TPC. 

The analysis revealed some differences in the percentages of the major PCs (Table 3.2). The 

simulated digestion led to an enrichment in carvacrol abundance in the ethanolic extract (from 

34.8 to 52.9%; p ≤ 0.01) and to a reduction in rosmarinic acid abundance in the aqueous extract 

(from 57.4% to 18.8%; p ≤ 0.01). In TW, the reduction in rosmarinic acid was almost balanced 

by the increase in salvalonic acid (from 19.5% to 42.3%; p ≤ 0.01). Moreover, a redistribution 

12 17.9 441 418 405 373 305 

225 175 

Unknown 0.00 0.00 0 0 

13 18.1 521 359 179 161 Rosmarinic acid-

glucoside 

0.00 0.00 0 0 

14 18.5 609 301 Rutin 7.80 7.48 378 213 

15 19.1 359 223 197 179 161 

133 

Rosmarinic acid 57.41 18.80 2781 535 

16 19.7 549 387 Tuberonic acid 

derivate 

1.09 1.09 53 31 

17 19.8 607 559 427 299 284 Methyl kaempferol 

O-rutinoside 

1.03 1.65 50 47 

18 21.6 491 443 311 267 Salvalonic acid C 1.09 2.57 53 73 

19 25.7 – – Carvacrol 1.24 10.22 60 291 
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in phenols, flavonoids, and hydroxycinnamic acids was observed between the two mw 

fractions, with the low mw fraction being enriched in both TPC (from 1.53 to 2.06) and TFC 

(from 1.61 to 2.12), balanced by a reduction in the high mw fraction of TFC (from 0.68 to 0.23) 

and THAC (from 0.89 to 0.54) (Figure 3.4) 

3.3.3.    Effect of Simulated Digestion on Antioxidant Proprieties 

The antioxidant potential of each extract before and after the simulated digestion was 

evaluated by three different spectrophotometric assays. A higher antioxidant activity was 

observed for the ethanolic extract compared to the aqueous one. Both extracts showed 

significant changes in the antioxidant potentials upon digestion, as well as between the mw 

fractions obtained by dialysis before and after digestion (Table 3.3A). 

 

Figure 3.4 Normalized total phenol content (TPC), total flavonoid content (TFC), and total hydroxycinnamic 

acid content (THAC) of high and low mw fractions of the aqueous extract by the TPC of the corresponding 

extracts. Significant differences between digested and undigested extracts are denoted by symbols: ***p < 

0.001 and ****p < 0.0001. 
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Table 3.3 (A) The radical scavenging activity of the T. spicata extracts before and after digestion. Values are reported as Trolox equivalent (µg 

TE/mg dry extract). (B) Pearson correlation (two-tailed) between TFC, THAC, TPC, and antioxidant parameters (DPPH, ABTS, and FRAP). All 

values are mean ± SD from at least three independent experiments. Samples were measured in triplicate for each experiment. Significance is 

denoted by symbols: *p < 0.05, **p < 0.01, and ***p < 0.001. 

(A)Radical Scavenging Assays 

Assays DPPH ABTS FRAP TPC 

Samples 

Trolox 

equivalent 

Trolox 

equivalent/TPC 

SD SD/TPC 

Trolox 

equivalent  

Trolox 

equivalent/TPC 

SD SD/TPC 

Trolox 

equivalent  

Trolox 

equivalent/TPC 

SD SD/TPC 

 

TW (total) 90 0.446872 12.3 0.061072 210.6 1.0456802 32.4 0.1608739 73.5 0.364945 15.6 0.077458 201.4 

TW<3.5kDa 90.8 0.295381 9.8 0.031880 234 0.7612232 25.9 0.0842550 146.1 0.475277 18.9 0.061483 307.4 

TW>3.5kDa 80.3 0.540013 7.9 0.053127 250 1.6812374 32.4 0.2178884 78.5 0.527909 10.8 0.072629 148.7 

TW dig 83.8 0.603312 9.5 0.068395 173.7 1.2505400 19.1 0.1375090 62.8 0.452124 9.2 0.066235 138.9 

TW 

dig<3.5kDa 86.4 0.301781 11.1 0.038771 182.4 0.6370940 

17.5 

0.0611247 140.9 0.492141 16.1 0.056235 286.3 

TW 

dig>3.5kDa 65.1 0.797794 7.9 0.096814 250  3.0637255 32.4 0.3970588 42.3 0.518382 7.6 0.093137 81.6 

TE 89.5 0.253541 12.1 0.034278 250 0.7082153 32.4 0.0917847 92.2 0.26119 6.1 0.01728 353 

TE dig 94 0.376000 12.4 0.049600 210.7 0.8428000 23.9 0.0956000 88.3 0.3532 7.9 0.0316 250 

(B) Pearson Correlation (Two-Tailed) 

TFC THAC TPC ABTS DPPH FRAP 

TFC  0.6797 0.6274 0.3923 0.5646 

THAC 0.6797  0.9375*** 0.4215 0.6726 

TPC 0.6274 0.9375***  0.5867 0.7612* 

 

* 

 

* 

* 

 

** 

** 

 

 

* 

 

* 

* 

 

* 
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After normalizing the Trolox equivalent values for the TPC in each extract, we 

appreciated a higher antioxidant activity for the digested extracts than for the crude ones. 

Briefly, in the ethanolic extract, DPPH increased from 0.25 (TE) to 0.37 (TE-dig), and in the 

aqueous extract from 0.44 (TW) to 0.60 (TW-dig). 

Regarding the FRAP assay, ethanolic extract showed an increase in the reducing 

capacity after digestion from 0.26 (TE) to 0.35 (TE-dig). Conversely, the ABTS assay of the 

aqueous extract showed a reduction in the high mw fraction from 3.06 (TW-dig > 3.5 kDa) to 

1.68 (TW-dig > 3.5 kDa) (Table 3.3A). 

Finally, the correlation analysis between the phytochemical contents (in terms of TPC, 

THAC, and TFC) and the three antioxidant activities (evaluated as DPPH, ABTS, and FRAP) 

for all the extracts showed a significant and strong correlation between DPPH and TPC (r2 = 

0.7612). Moreover, a good correlation was calculated between FRAP and the phytochemical 

contents: FRAP and TFC (r2 = 0.8952), FRAP and THAC (r2 = 0.8913), and FRAP and TPC 

(r2 = 0.7755) (Table 3.3B). These results indicate that the phenolic compounds contained in 

the extracts are the major contributor for the antioxidant capacity. 

Table 3.4 IC50 values (50% cell viability inhibitory concentration) determined for T. spicata ethanolic extracts (TE 

and TE dig) and Carvacrol (CVL) in the three cell lines over long-term (24h) under analysis. 

Cell-lines TE TE-dig CVL 

MDA-MB 231 58.447 112.103 23.278 

HCT116 110.238 147.51 59.625 

A375 31.443 107.067 19.912 
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Figure 3.5 Antiproliferative activity of TE, TE-dig, and CVL on three representative human cancer cell lines: 

breast (MDA-MB 231), colon (HCT 116), and melanoma (A375) cells. The cell viability was expressed as a 

percentage (%) with respect to the control. Data represent the mean of at least five independent experiments. 

Statistical analysis for cell viability data was performed using two-way ANOVA followed by Tukey’s post-test 

(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 

3.3.4.    In Vivo Effects: Cytotoxic Activity and Oxidative Stress in Cancer 

Cells 

The anti-proliferative effects of the different extracts before and after digestion were 

assessed using three human cancer cell lines representative of the most common human 

cancers, i.e., MDA-MB 231, HCT116, and A375 cells (Figure 3.5). No significant cytotoxic 

effects were observed for the aqueous extract (data not shown). By contrast, all the ethanolic 
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extracts, both undigested and digested, significantly reduced the cell viability of all cancer cell 

lines in a concentration-dependent manner. Carvacrol is the most abundant component of the 

ethanolic extract, and it was employed as a positive control. After 24 h of treatment at the 

highest concentration (200 µg/mL), both the extracts (TE and TE-dig) and carvacrol 

dramatically reduced the cell viability in MDA-MB 231 (to 20.1%, 28.8%, and 17.9%; 

respectively), in HCT116 cells (to 22.3%, 41.1%, and 7.8%, respectively), and in A375 cells 

(to 38.2%, 26%, and 21.6%, respectively). From the IC50 values listed in Table 3.4, we can 

deduce that carvacrol is the most cytotoxic agent for A375 cells at 24h (IC50 of about 19.912 

µg/mL), as well as for MDA-MB 231 cells (IC50 about 23.278 µg/mL) and HCT 116 cells 

(IC50 about 59.625 µg/mL), and other intermediate inhibitory effects have been exhibited on 

the other cell lines. 

In attempt to decipher the mechanisms sustaining the cytotoxic effects, we assessed the 

oxygen and nitrogen radical production. A dose-dependent increase in ROS production was 

detected in the breast cancer cell line MDA-MD 231 treated with either the crude or digested 

extracts. At the highest concentration (200 µg/mL), ROS production increased to +158.1% for 

TE-dig and +154.1% for TE, but carvacrol was more efficient in inducing ROS production 

(+238.8%). Similar results were recorded for the colon cancer cell line.  

 

On HCT116, carvacrol stimulated ROS production (+253.8%) more than the crude and 

digested extracts (TE +151.9% and TE-dig +163.6%) at the highest concentration. Moreover, 

for the melanoma cancer cell A375, carvacrol stimulated ROS production (+293.4%) more than 

the crude and digested extracts (+191.7% for TE-dig and +142.7% for TE) at the highest 

concentration (Figure 3.6A). 
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Figure 3.6 Pro-apoptotic effects of TE, TE-dig, and CVL on three cell lines: MDA-MB 231, HCT116, and A375, were assessed by 

measuring the ROS (A) and NO production (B) using spectrophotometric and fluorometric analyses, respectively. Values are 

expressed as % of control. Data represent the mean of five independent experiments. Statistical analysis for cell viability data was 

performed using two-way ANOVA followed by Tukey’s post-test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.001). 
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An opposite trend was observed in terms of NO release. In this case, the extracts, at the 

highest concentration (200 µg/mL), were stronger than carvacrol in triggering the NO release 

in MDA-MB231 (+283.% for TE-dig, +310.4% for TE, and +251.6% for CVL), as well as in 

HCT116 and A375 cells, where the release was maximum for TE (+242.7% and +292.6%, 

respectively) followed by TE-dig (+190.4% and +250.4%, respectively) and by CVL (+165.3% 

and +151.7%, respectively) in the three cell lines (Figure 3.6B). 

3.4.    Discussion 

Although many studies emphasized the uncountable positive effects on human health 

of the phenolic compounds contained in certain edible or medicinal plants, only a few reports 

have investigated the possible influence of the gastrointestinal digestion on their efficacy. The 

main finding of our study using a simulated in vitro GI digestion is that the digestion boosters 

the antioxidant activity of T. spicata extracts, while it reduces the antiproliferative potential. 

We may attribute these differences in the biological activity of the extracts to the modifications 

in the phenolic profile caused by the simulated digestion. 

To our knowledge, no studies have previously documented the possible changes in 

bioactivity of T. spicata extracts or preparations after transit in the gastrointestinal tract. In this 

context, we assessed the content of the main macromolecules and the phenolome in ethanolic 

and aqueous extracts from T. spicata leaves, and for the aqueous extract, we also distinguished 

between the low and high mw fractions. 

Regarding the ethanolic extract, the simulated digestion led to a significant decrease in 

almost all components, while in the aqueous extract, it led to a reduction of only phenols and 

flavonoids. Although the simulated digestion reduced the carvacrol content in the ethanolic 

extract in absolute terms, carvacrol became the most abundant PC in relative terms. On the 

other hand, in the aqueous extract, the simulated digestion significantly increased the content 
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of salvalonic acid, which became the most abundant PC in relative terms (Table 3.2). The 

increase in salvalonic acid content likely depends on the reduction in the RA upon digestion, 

taking into consideration the fact that salvalonic acid derives form condensation of two units 

of RAs, and this compound appears to be the precursor to many related salvianolic acid 

derivatives [123]. Therefore, we could hypothesize that the reduction in the rosmarinic acid 

(RA) upon digestion had been balanced by the increase in the SA. 

We wish to emphasize as the biotransformation of parental phenolic compounds during 

the digestive process could mainly depend on the enzymes and the physiological environment 

of the GI tract (pH, temperature, and electrolytes) [124]. Indeed, Karas et al. [125] suggested 

that about 10% of the PCs remain undigested in the plant matrix, with only 90% of them being 

digested and released. However, the effects of digestion might vary according to the plant 

materials, and in the literature, we found two different outcomes: one stating the increase in 

phenolic compounds upon digestion [126], and the other one showing a reduction [127]. 

Indeed, our data are in accordance with reports showing a reduction such as those showing a 

reduced PC content in Brassica oleracea [128], as well as in Chilean white strawberry [129] 

upon digestion. 

The idea is that the GI digestion may be unable to release all PCs, leaving a considerable 

amount of non-extractable polyphenols (NEPs) being trapped by dietary fibers, 

macromolecules (i.e., proteins), or polysaccharides through hydrophobic, hydrogen, and 

covalent bonds [130]. Therefore, NEPs reach the colon nearly intact [131]; however, only the 

phenolic components released from the matrix are absorbable from the GI barriers, and this 

could explain the enrichment in the secondary metabolites that we observed in the low mw 

fractions (mainly carbohydrates and proteins). NEPs may be released from the food matrix in 

the colon by the action of microbiota thus becoming bioavailable, absorbed, and bioactive 
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[132], and this point specifically will inform our upcoming investigations. In conclusion, our 

findings indicate that the effect of digestion was greater on the ethanolic extract, and this was 

likely to due to degrees of solubility of different phyto-constituents. 

In a previous paper [10], we demonstrated the great antioxidative potential of the T. 

spicata ethanolic extract, being higher than the aqueous one. Interestingly, the antioxidant 

potential of both the ethanolic and aqueous extracts was boosted by the simulated digestion. 

This could be related to the noticeable enrichment of each extract in terms of bioactive 

compounds, namely, carvacrol in the digested ethanolic extract, and salvalonic acid in the 

aqueous digested extract according to previous scientific reports [133]. 

Although polyphenols are generally considered as antioxidant compounds, at very high 

concentrations, they are known to play a prooxidant effect that might promote apoptosis, 

especially in highly proliferative cells such as cancer cells [134], [135]. A previous study of 

our group reported remarkable antiproliferative and pro-apoptotic effects on tumor cell lines 

for the ethanolic extract from T. spicata when tested at a rather high concentration (100 mg/mL) 

[42]. In the present study, we verified that the in vitro cytotoxic activity of the ethanolic extract 

on cancer cell lines was maintained after the simulated digestion, but with lower efficacy 

compared with the crude extract. As widely reported, the antiproliferative activity of a plant is 

firmly correlated with the PCs [136]. Accordingly, we observed a decreased antiproliferative 

potency for the digested extract compared to the crude one, and this result parallels well with 

the reduced PC content upon digestion, in particular the reduction in carvacrol, which is the 

most potent antiproliferative agent in our study. 

We evaluated the free radical production to clarify the mechanisms sustaining the anti-

proliferative activity of the ethanolic extract before and after digestion. The results of the 

present study showed that the pro-oxidant property of the ethanolic extract was not only 
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maintained after the digestion, but it was even bigger in terms of ROS production when 

compared to TE-dig. On the other hand, the NO release was higher in the crude extract 

compared to the digested one. 

Interestingly, we observed that both the crude and digested ethanolic extracts were less 

potent in ROS production compared to carvacrol, while in terms of NO release, the extracts 

were more potent than carvacrol. This can indicate that the antiproliferative potential of T. 

spicata is exerted by acting as ROS-mediating apoptosis and inducing the release of cytotoxic 

mediators. Nevertheless, further studies should be performed at this level to have a clear idea 

about the mechanistic mode of action. 

3.5.    Conclusions 

In summary, although we observed a reduction in the PCs and modulation in the 

phenolome of both ethanolic and aqueous T. spicata extracts upon the simulated GI digestion, 

the antioxidant activity was significantly enhanced. However, the antiproliferative potential of 

the ethanolic extract was reduced. Accordingly, we can come to an assumption that the 

digestion process had an impact on the nutritional value of T. spicata, but it kept its biological 

effectiveness. 

As a final word, we can confidently say that T. spicata can represent a good and 

considerable source of PCs with potent antioxidant and antiproliferative bioactivities. In 

particular, the detected panel of bioactive compounds in T. spicata makes this edible plant a 

potent candidate to be used as a dietary supplement for different therapeutic purposes. 
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Chapter 4 Supplementation with Thymbra spicata extract 

ameliorates lifespan, body-weight gain and Paraquat-induced 

oxidative stress in Drosophila melanogaster: an age- and sex-

related study 
 

4.1.    Introduction 

Aging is a natural physiological process resulting from an imbalance between stressors 

and stress buffering mechanisms bringing on accumulation of unrepaired damages [137]. The 

oxidative stress is one of the factors involved in aging processes, and it is mainly derived from 

an excess of free radicals and oxidants such as the reactive oxygen species (ROS) leading to 

an imbalance of cell homeostasis [138]. Oxidative stress triggers inflammation processes 

through the activation of a variety of genes implicated in many pathways [139]. On the other 

hand, a ROS overproduction induces a network of defense responses including the expression 

of genes coding for antioxidant enzymes such as heme oxygenase (HO) and thioredoxin 

reductase (TrxR) [140], [141], pro- and anti-inflammatory cytokines such as tumor necrosis 

factor alpha (TNF) and other interleukins [142]. An impair in the body weight control seems 

to be strictly associated to a reduction in lifespan also through triggering the risk of many 

metabolic disorders [36]. 

Food-based antioxidants are known to boost the antioxidant defense thus they might 

increase the longevity [143], [144]. Dietary polyphenols are plant-derived bioactive 

compounds that have emerged as promising anti-aging candidates. In this context, Thymbra 

spicata L., a medicinal plant member of Lamiaceae family, has gained popularity for its health-

promoting properties that are held accountable for potentially affecting the longevity of the 

individual. T. spicata is traditionally used in flavoring a variety of food either as a single plant 

e.g. herbal tea and salad, or in a combination of a group of blended plants and spices making 

the most well-known Lebanese herbal mixture; Za’atar [20]. Evidences from cellular and 
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animal studies have highlighted that T. spicata possesses potent antioxidant and anti-

inflammatory activities that have been described in models of endothelial dysfunction and 

fatty-liver disease [8]–[10]. In particular, a previous study of our group showed that the two 

polyphenol-enriched extracts from T. spicata (aqueous-TW and ethanolic-TE) were able to 

decrease both the lipid accumulation in steatotic hepatocytes, and the release of nitric oxide in 

dysfunctional endothelial cells [10]. Based on these reports, we could hypothesize that T. 

spicata might act also on mechanisms being associated with age-related cellular and molecular 

dysfunctions. 

Drosophila melanogaster, commonly known as "fruit fly” has served as an excellent 

model for many diseases including obesity, diabetes, and aging [145], [146]. Indeed, the flies 

share with humans a panel of highly conserved genes and as a result a large number of key 

metabolic pathways [147]. Particularly, oxidative stress and antioxidant defense responses are 

rather conserved from Drosophila to mammals. Moreover, Drosophila model is quite relevant 

for the ability to be genetically manipulated, multiple life stages, and a short lifespan, knowing 

that lifespan analysis is a rate-limiting step [148]. The use of Drosophila as an in vivo model 

to study the potential health-promoting effects of food-derived polyphenols has been widely 

noticed [37], [149], [150].  

In the present study, starting from previous in vitro studies, we translated the 

investigation to an in vivo model, using Drosophila, in an attempt to deepen our knowledge on 

the molecular pathways sustaining the beneficial effects of T. spicata. Therefore, both young 

(1-week old) and early-adult (3-weeks old) flies were fed with diet supplemented with either 

aqueous and ethanolic extracts from T. spicata. This fly model allowed us to investigate in vivo 

the properties of both extracts as anti-aging, antioxidative, and weight loss potential, taking the 

sex differences into account. 
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4.2.    Materials and Methods 

4.2.1.    Chemicals 

All chemicals, unless otherwise indicated, were supplied by Sigma-Aldrich Corp 

(Milan, Italy). 

Table 4.1 Most abundant bioactive phenolic compounds in T. spicata extracts identified by HPLC-

MS/MS as previously reported [10]. 

ETHANOLIC EXTRACT (TE) 

Bioactive Phenolic Compounds Percentage of abundance (%) 

Carvacrol 36.84 

Thymusin  20.25 

Eriodictyol derivative 9.45 

Luteolin 7.95 

Eriodictyol 6.8 

AQUEOUS EXTRACT (TW) 

Bioactive Phenolic Compounds Percentage of abundance (%) 

Rosmarinic acid 38.6 

Salvalonic acid I 10.17 

Rutin 7.17 

Salvalonic acid E/B 5.85 

Luteolin-O-diglucuronide 4.81 

4.2.2.    Plant collection and extraction 



Supplementation with Thymbra spicata extract ameliorates lifespan, body-weight gain and 

Paraquat-induced oxidative stress in Drosophila melanogaster: an age- and sex-related study 

 

84 |  
 

The fresh Arieal parts of Thymbra spicata were collected from flowering plants 

growing wild in “Maarakeh”- South Lebanon, 280m above sea level (33° 16′35.59″N and 35° 

19′02.89″).  

After authentication for taxonomic identity by Dr. G. Tohme, President of the National 

Council for Scientific Research (CNRS) of Lebanon, a voucher specimen was deposited in the 

Herbarium of the Faculty of Sciences at the Lebanese University, Hadath-Beirut, Lebanon 

(voucher number L1.125/1).  

The leaves were chopped, and shade dried at room temperature for 3 weeks and then 

grounded to coarse powder to ease the extraction. The plant materials were extracted with two 

different solvents  following a well-standardized procedure [151]. Two different extracts were 

prepared using either ethanol (100%) or distilled water as solvent as previously described [10]. 

Both extracts were freeze-dried in Alpha 1–4 LD plus lyophilizer (CHRIST, Osterode am Harz, 

Germany) and stored at 4 °C until use. Table 4.1 resumes the major polyphenols identified in 

the two extracts. The total phenol content (TPC) was assessed previously for both extracts by 

spectrophotometric assays showing that the TPC of ethanolic extract is higher than to that of 

aqueous extract [10]. 

4.2.3.    Fly strains, husbandry, and rearing  

The Drosophila melanogaster Canton-S wild-type strain was kindly provided by Prof. 

Daniela Grifoni (University of L’Aquila, Italy). Fly eggs and larvae were maintained at constant 

temperature (25°C) and humidity (60%) under 12/12h light-dark on a standard Formula 4–24 

® media (Carolina Biological, Burlington, NC, USA). The composition of the diet, listed by 

the manufacturer is as follows: oat flour, soy flour, wheat flour, other starches, dibasic calcium 

phosphate, calcium carbonate, citric acid, niocinamide, riboflavin, sodium chloride, sodium 
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iron pyrophosphate, sucrose, thiamine, mononitrate, brewer’s yeast, emulsifier preservatives, 

mold inhibitor, and food coloring. Yeast granules (Saccharomyces cerevisiae) were added to 

each vial after diet hydration. Newly eclosed males and females were collected every 24 hrs, 

anesthetized by FlyNap (Carolina Biological), and then separated under the stereomicroscope 

according to the sex. Adult flies were reared in control medium at a density of 30 individuals 

per vial until the start of the supplementation. At least 10 vials per each experimental group/sex 

were prepared to obtain the desired numbers of flies (n=250) in each experimental group.  

A stock solution (6 mg/mL) of each extract was prepared in dimethyl sulfoxide (DMSO) 

or in water, for TE and TW respectively, and kept at 4°C. For supplementation, the stock 

solutions were diluted in water obtaining the “supplemented water” containing the final 

concentration of extract (15µg/mL) that was used to soak the medium. The extracts were tested 

on two distinct age cohorts: 1-week (representing the young flies), starting from the first day 

of 1 week old flies and 3-week (considered early-old flies) starting from the first day of 3 weeks 

old flies (each group of 250 flies/sex/group). The diet of control groups was lifelong soaked 

only with water. Figure 4.1 summarizes the experimental setup.  

4.2.4.    Longevity assay 

A total of 1500 female and 1500 male fruit flies were randomly divided into 3 groups 

of study assuming: control diet (CTRL), TE-supplemented diet (TE), and TW-supplemented 

diet (TW), for each age category: 1- week (1W) and 3-weeks (3W). The flies were transferred 

into fresh medium twice a week and scored for deaths virtually on each day of transfer until all 

flies were dead.  
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4.2.5.    Food intake evaluation   

Food rates of consumption were measured using the capillary feeder method (CAFE) 

as previously described [149]. The assay was performed on flies never supplemented (7 days 

old male and female flies). On the day of the experiments, flies were separated into CAFE vials 

(three replicates of ten flies for vial: 30 flies sex/treatment), weighted, and starved for two 

hours. After the starvation, flies were fed for six hours with 2.5% sucrose (Ctrl) or 2.5% sucrose 

+ TE extract (TE) or 2.5% sucrose + TW extract (TW), respectively. Then flies were transferred 

back on the regular food medium (Formula 4–24 ® media soaked with water) till the day after. 

The trial has been repeated three times on three consecutive days. To account for evaporation 

of the liquid food, three vials were set up with feeding capillaries but without flies. Fly’s 

feeding consumption was evaluated measuring the amount of liquid consumed from the 

microcapillary tube (in mm) as described by Fiocca et al. [152] and data were reported as 

μL/mg of fly weight/hour. 

4.2.6.    Body weight measurement 

Body weights of flies were measured once a week starting from the first day of 

treatment (T0). In details, the weight of a single fly was estimated by calculating the difference 

between the vial weight before and after flies’ transfer, to be divided by the total number of the 

remaining alive flies.  
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Figure 4.1: Experimental design. A representative scheme summarizing the experimental setup of our in vivo 

study with Drosophila melanogaster. The newly eclosed males and females were collected every 24hrs and 

then separated under the stereomicroscope according to the sex. A total of 1500 female and 1500 male fruit 

flies were randomly divided into 3 groups of study where at least 10 vials per each experimental group/sex 

were prepared with a density of 30 individuals per vial to obtain the desired numbers of flies (n=250) in each 

experimental group, assuming: control diet (CTRL), ethanolic extract-supplemented diet (TE), and aqueous 

extract-supplemented diet (TW), for each age category: young (1-week old) and early-old (3-weeks old). The 

flies were transferred into fresh medium twice a week and scored for deaths virtually on each day of transfer 

until all flies were dead. 

4.2.7.    Paraquat-induced oxidative stress 

A stock solution of 2.5mM Paraquat (1,1'-Dimethyl-4,4'-bipyridinium dichloride), a 

herbicide triggering mitochondrial oxidative stress and decreasing motor ability [153], was 

prepared in 2.5% sucrose solution. For the experiments, two groups of young (1W) females 

(n=180) were fed with a diet supplemented with the T. spicata aqueous extract (TW) for 2 

weeks, or without supplementation (CTRL). The early-old flies (3W) were then subdivided 

into a double series of new vials utilized for the capillary feeder method (CAFE) prepared as 

described previously [149]. Briefly, after 2hr of starvation, microcapillary tubes were inserted 

into the vials through a 200µL pipette tip in the foam plug. For both TW-supplemented or 
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control-diet flies, four microcapillary tubes were used per vial after filling with 2.5% sucrose 

in the presence (TW) or in the absence (CTRL) of the 2.5mM Paraquat solution. These flies 

had access to the two different solutions for 40 hr. The number of dead flies was recorded. 

4.2.8.    Climbing assay  

After the oxidative stress assay, the surviving flies were transferred without anesthesia 

to 10 cm high tubes (10 flies for tube) for the Climbing assay [154]. Flies were allowed to 

recover for 5 min and then they were forced to the bottom of the tubes by tapping the tubes on 

a foam pad resting on a rigid surface. Flies’ locomotion was observed for 10 seconds and the 

number of flies that reached or passed the five-centimetres line within this period as well as the 

total number of flies were recorded. The test was repeated ten times with a rest interval of one 

minute between one test and the next [154] and the percentages of flies able to reach or pass 

the five-centimetres line were calculated. 

4.2.9.    TBARS assay 

Samples were prepared by homogenizing the full-body of each group of flies being 

collected and frozen during the study following a standard protocol [155]. In details, 0.1 M of 

potassium phosphate buffer pH 7.4 was added to the fly sample in a ratio of 1:5 (mg fly body: 

µL buffer). The homogenate was obtained using Teflon Potter-Elvehjem homogenizer. The 

lipid peroxidation end products were quantified using the thiobarbituric acid reactive 

substances (TBARS) assay, which is based on the reaction of malondialdehyde (MDA; 1,1,3,3-

tetramethoxypropane) with thiobarbituric acid (TBA) [70]. Briefly, 1 vol. of sample 

homogenates were incubated at 95ᵒC for 60 mins with 2 vol. of TBA solution (0.75% TBA, 

10% trichloroacetic acid, 0.1 M HCl) for color development. After cooling, samples were 
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centrifuged (8000 x g for 10 mins) and the absorbance of the supernatant was measured at 532 

nm. TBARS tissue levels were expressed as nmol MDA/mg protein.  

4.2.10.    Protein content quantification 

The protein content was determined by the Bradford assay using serum bovine albumin 

(BSA) as a standard [67]. 

4.2.11.    RNA extraction and quantitative real-time PCR 

The total RNA was extracted from flies being collected and frozen at specific time 

conditions during the study: T0, T1 (2 weeks after supplementation), and T2 (4 weeks after 

supplementation). The frozen fly samples were mechanically homogenized and then, the 

mRNA was isolated using RNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany). NanoVue 

Spectrophotometer (GE Healthcare, Milano, Italy) was used to measure the yield and purity of 

the RNA. Only samples with ratios A260/A280>1.8 were used.  

For each sample, 1μg of total RNA was reverse transcribed to obtain cDNA using iScript cDNA 

Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) following the manufacturer’s 

instructions. The subsequent polymerase chain reaction (PCR) was performed in a total volume 

of 10μL containing 2μL of dH2O RNAsi free, 2.5μL (12.5ng) of cDNA, 5μL SsoAdvanced 

Universal SYBR Green Supermix (Bio-Rad Laboratories), and 0.5μL (500nM) of each primer. 

The relative quantity of target mRNA was calculated using the comparative Cq (represents the 

cycle number at which the amount of amplified target reaches the fixed threshold) method and 

was normalized for the expression of ribosomal protein L32 (rpl32).  The expression of the 

target genes was then calculated as relative quantity of mRNA (fold induction) with respect to 

controls (at T0). The used primer pairs are illustrated in Table 4.2. 
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Table 4.2 List of primers for real-time PCR. 

Gene Primer Name 

Primer Sequence 

5’-> 3’ 

HO 

 Fwd ATGTCAGCGAGCGAAGAAACA 

Rev TGGCTTTACGCAACTCCTTTG 

TrxR1 

Fwd TGGATCTGCGCGACAAGAAAG 

Rev GAAGGTCTGGGCGGTGATTG 

TotA 

 Fwd AACTGCTCTTATGTGCTTTG 

 Rev TCAGCAATTCTAAGGTTGTC 

RPL32 

Fwd GCCCACCGGATTCAAGAAGT 

Rev CTTGCGCTTCTTGGAGGAGA 

4.2.12.    Statistical analysis 

All results were expressed as mean ±SD. GraphPad Prism 8.0.1 software was used for 

statistical evaluation. Comparisons between different conditions were performed using one-

way ANOVA with Tukey’s post-test. Difference between two different conditions was 

calculated by student’s t-test. All statistical analysis were performed by GraphPad Software 

Prism 8.0.1, Inc. (San Diego, CA, USA). For lifespan assessment, Kaplan–Meier survival 

curves were generated by OASIS2 [156].   

4.3.    RESULTS 

4.3.1.    T. spicata supplementation ameliorates the D. melanogaster lifespan 

The possible anti-aging effect of T. spicata extracts was tested on both young and early-

old (1 week- and 3 week-old, respectively) male and female flies upon feeding a standard diet 

supplemented with either TE or TW (15µg/mL in total polyphenols). The flies that were reared 

on food containing only water were taken as control (Figure 4.2). The results reported different 
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effects on the lifespan depending on both the fly sex (male vs female) and the extraction solvent 

(water vs ethanol). In details, we observed an extended lifespan (+ 5.8%; p<0.05) in young 

females feeding TW-supplemented diet with respect to control (Figure 4.2A), whereas no 

effects could be appreciated on the young males (Figure 4.2B). For the early-old flies, no effects 

could be appreciated for both female and male flies. On the other hand, the ethanolic extract 

TE did not exert any considerable effect on both young and early-old flies.   

 

Figure 4.2: Effects of T. spicata supplementation on the D. melanogaster lifespan 

Survival curves of young (A) and early-old (B) female and male Drosophila reared on different diets. The flies 

were supplemented with either 15µg/mL of ethanolic extract (TE) or aqueous extract (TW), or only standard 

diet. Data are represented as percentage of survival of flies (%) as a function of time (in days). The Kaplan–

Meier test was used to detect the significant differences among the three groups of the flies (OASIS2). Lifespan 

improved significantly in young female flies supplemented with TW (A: p<0.05). 
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Figure 4.3: Effects of T. spicata supplementation on the D. melanogaster body-weight gain 

Effect of TE and TW on the body-weight gain of young (A) and early-old (B) female and male Drosophila. 

Data are reported as percentage of body weight (%), which was studied by calculating the percentage of the 

average of the recorded weights of each group of flies with respect to T0 (day of supplementation), as a 

function of time (in weeks). Significant differences are denoted by symbols: Ctrl-1W/Ctrl-3W vs different 

treatments # p<0.05, ## p<0.01, ### p<0.001, and #### p<0.0001, and inner Ctrl vs treatments * p<0.05 and 

** p<0.01. 

 

4.3.2.    T. spicata supplementation reduces the D. melanogaster body-weight 

gain  

Based on the lipid lowering activity previously described in vitro for the T. spicata 

extracts [10], here we tested in vivo their weight-loss potential on both young and early-old 

flies (Figure 4.3).  We observed a slight but significant reduction in the body-weight gain of 

the TW-supplemented young females at the third week (-15% vs inner Ctrl, and -11% vs 1W; 

p<0.01 and p<0.05, respectively), whereas the TE supplementation led to a remarkable 

increase in the body-weight gain at the fourth week (+24% vs inner Ctrl and +20% vs 1W; 
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p<0.01 and p<0.05, respectively) (Figure 4.3A). An increase in the body-weight gain was 

observed also in the young males feeding TE-supplemented diet starting from the third week 

(+29% vs inner Ctrl and +34% vs 1W; p<0.05 and p<0.0001, respectively). (Figure 4.3B).  

On the other hand, both TE- and TW-supplementation led to a general increase in the 

body-weight gain of the early-old females starting from the fifth week compared to the third 

week (+23% and +19% vs 3W; p<0.05, respectively) (Figure 4.3C) as well as in the early-old 

males where the body-weight gain started to increase from the fourth week (+25% and +17% 

vs 3W; p<0.01 and p<0.05, respectively) (Figure 4.3D).  

Of note, the food consumption evaluated by the CAFE assay was not affected by the 

supplementation with the TW or TE extracts in both male and female flies (data not shown), 

thus excluding that the changes in the body-weight gain and in the lifespan of flies might 

depend on different food consumption [157]. 

 

Figure 4.4: Effects of T. spicata supplementation on the oxidative stress  
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Young female flies fed a TW-supplemented (TW) or standard diet (CTRL) were subjected to Paraquat stress 

for 40 hrs. (A) The mortality was represented in (%) with respect to the CTRL and expressed as mean ± SD. 

The significant difference is denoted by symbol: CTRL vs TW *p≤0.05. (B) Lipid peroxidation in Paraquat-

insulted flies was studied by measuring the MDA level using TBARS assay as nmol MDA/mg of sample 

protein. Values are reported as % of control and mean ± S.D from at least three independent experiments. 

Significant differences are denoted by symbols: CTRL-sucrose vs CTRL-Paraquat *p≤0.05, and CTRL -

Paraquat vs TW-Paraquat ##p≤0.01. (C) The motor function in Paraquat-insulted flies was studied in terms of 

the climbing ability. Data are expressed as mean ± SD. 

4.3.3.    T. spicata supplementation protects the D. melanogaster against 

oxidative stress  

Based on the observed beneficial effects of TW supplementation on both the lifespan 

and body weight gain of young females, we focused on this cohort of flies for the further 

investigations. We assessed the possible protective effects of TW on young females exposed 

to Paraquat, which is a strong inducer of oxidative stress in vivo [158], [159]. We observed that 

TW supplementation improved the fly mortality caused by Paraquat (9.3% vs 22% of mortality 

in TW-treated vs Ctrl flies, respectively; p<0.05) (Figure 4.4A).  

In parallel, we measured the lipid peroxidation at the whole-body level of young 

females by TBARS assay (Figure 4.4B). Upon exposure to 2.5mM Paraquat for 40 hrs., the 

MDA level increased in Paraquat-insulted flies (+26% compared to Ctrl flies, p<0.05). When 

Paraquat-insulted flies were feeding by TW-supplemented diet, the MDA increase was 

significantly reduced (-30% with respect to Paraquat-insulted flies as control; p<0.01). 

4.3.4.    T. spicata supplementation modulates the expression of defense-related 

genes  
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Based on the above results, we tested the expression of genes potentially involved in 

the antioxidant defense (Ho and Trxr1), and stress tolerance (TotA) by RT-PCR (Fig. 5). The 

control young females showed an age-related up-regulation of HO expression reaching 

significance at T2 (4.10 fold induction vs T0; p<0.0001), while a dramatic decrease occurred 

in the TW-supplemented flies (0.38 fold induction at T2 vs T0; p<0.0001) (Figure 4.5A). 

Similarly, Trxr1 gene in control females showed an age-related up-regulation with a maximum 

at T2 (3.75 fold induction vs T0; p<0.0001), and a down-regulation in the TW-supplemented 

flies (0.4 fold induction at T2 vs CTRL at T2; p< 0.0001) (Figure 4.5B). 

 

Figure 4.5: T. spicata supplementation modulates the expression of defense-related genes  

Two antioxidant genes (A) HO and (B) TrxR1, and one stress tolerance-related gene (C) TotA were analyzed 

by real-time PCR.  Three-time intervals were analyzed: T0 (day of supplementation), T1 (2 weeks after 

supplementation), and T2 (4 weeks after supplementation). The relative quantity of target mRNA was 

calculated by the comparative Cq method using ribosomal protein L32 (RPL32) as housekeeping gene and 

expressed as fold induction with respect to controls. Values are mean ± S.D. from at least three independent 

experiments. Statistical significance between groups is denoted by symbols: CTRL-T0 vs CTRL at different 

times *p≤0.05, **** p≤0.0001, CTRL-T1 vs TW-T1 #p≤0.05, and CTRL-T2 vs TW-T2 #### p≤0.0001. 
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Also the environmental stress-activated gene TotA showed an age-related up-regulation 

with a maximum at T2 in both control flies (76.70 fold induction vs CTRL at T0; p<0.0001), 

and in TW-fed flies (13.92 fold induction vs CTRL at T2; p<0.0001) although the up-regulation 

was markedly lower than in control (Figure 4.5C).  

4.4.    DISCUSSION 

The present study employed the D. melanogaster fly as an in vivo model to investigate 

the anti-aging, body-weight control, and antioxidant potentials of two polyphenol-enriched 

extracts from T. spicata leaves. The main findings of this study, taking in consideration both 

the age (young vs early old) and the sex of the flies, demonstrated the potency of T. spicata 

leaves, in particular the water extract, to extend the lifespan of the young female flies, reduce 

their body-weight gain, and protect them against oxidative stress. 

Aging is a complex biological process developed by the progressive deterioration of 

individual´s function and capacity to recover from different inner and external disturbances, 

leading to increased morbidity and mortality. Although aging cannot be prevented, slowing 

down the rate of aging is entirely possible to achieve. In this context, medicinal herbs are 

recognized by the “nourishing of life” and their role as anti-aging phytoterapics is gaining 

attention [160], [161]. 

T. spicata is a thyme-like plant extremely rich in phenolic compounds and, therefore, 

represents a promising candidate as phytotherapy and nutraceutical herb. Our previous study 

reported the phenolome characterization of both the aqueous and ethanolic extract (TW and 

TE) from T. spicata aerial parts [10]. These results indicated that the aqueous extract was more 

effective in reducing hepatic steatosis, and the ethanolic extract had higher antioxidant potential 

[10]. Therefore, based on our previous in vitro results, for the in vivo study that is rather 
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complex and of long duration we selected the extract concentration (15 µg/ml) which resulted 

the most effective on the cells [10], [20], [162]. 

The present study demonstrates, for the first time, the beneficial effects in vivo of a 

dietary supplementation with T. spicata. First, we found that exclusively the aqueous extract 

ameliorated the fly lifespan in a sex-dependent manner.  Indeed, TW-supplementation 

significantly increased the mean lifespan of young females (1W-old) compared to the control 

group feeding a standard diet. As longevity seems to be related to the control of body-weight 

and lipid metabolism homeostasis, we assessed in parallel the body-weight gain. Indeed,  a 

recent paper [163] reported that the lysosomal lipase-deficient mice showed premature death, 

while nematodes overexpressing it were lean, long-lived individuals, furthermore, flies lacking 

the triacylglycerol lipase were obese and short-lived. We found also for the body-weight control 

a sex-dependent effect. The aqueous extract was effective in young females but not in males. 

By contrast, the ethanolic extract enhanced the body-weight gain in all the cohorts of flies of 

both sexes and ages, and so did also the TW extract in early-old female and male flies. 

Of note, we observed a sex- and age-dependent effect of the T. spicata supplementation 

according to many studies on functional food in flies that described differences with sex. 

Indeed, the anatomical and physiological characteristics of each sex may influence the response 

to diet, also depending on the energy demand making the two sexes differentially sensitive to 

specific nutrients [164]. Moreover, also the marital-status of the flies plays a role: i.e. virgin 

females live significantly longer than mated females due to egg production and mating costs 

[165]. 

The different biological activity of the two extracts can be explained by the different 

phenolome profile characterizing them. In detail, the aqueous extract is rich in hydrophilic 

compounds, especially the rosmarinic acid, a phenolic acid deriving from the caffeic acid. 
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Conversely, the ethanolic extract is extremely rich in volatile organic compounds, especially 

carvacrol (2-methyl-5-(1-methylethyl)-phenol), a phenolic monoterpenoid with one hydroxyl 

group (-OH). We can hypothesize that both the chemical structure of the different polyphenolic 

compounds, and, most importantly, their different bioavailability can influence their efficacy 

in vivo on the Drosophila lifespan. In fact, a published study on quercetin and its derivatives 

revealed that the quercetin 3-O-β-d-glucopyranoside-(4→1)-β-d-glucopyranoside was the  

most potent quercetin derivative in terms of lifespan extension on the Caenorhabditis elegans 

model probably due to its highest hydrophilicity [166]. We wish to mention that the weight-

loss potential of TW could be sustained also by salvianolic acid (SA) which is the most 

abundant polyphenol detected when TW had been subjected to a simulated in vitro digestion  

[162]. In fact, a large body of in vitro and in vivo evidences showed that SA reduces obesity 

and obesity-related disorders by suppressing adipogenesis and decreasing body-weight in high-

fat diet animal model [167], and hepatoprotective effects against lipotoxicity  [168]–[170]. The 

anti-obesity effects of SA could be assigned to its ability in improving lipid and glucose 

metabolisms [171]. 

A crucial factor sustaining the aging is the over-accumulation of ROS and oxidant 

species. The idea that ROS might act on the aging process due to the accumulation of ROS-

induced damages has been postulated many years ago [33]. This theory has been confirmed in 

many animal models showing reduced oxidative damage and/or increased resistance to 

oxidative stress in the longer-lived animals [172]. In order to better understand the mechanisms 

through which the aqueous extract improves the mean half-life, we tested its protective effects 

against Paraquat, which is a strong oxidative stress inducer [173], [174]. We observed that 

Paraquat increased mortality of the young female flies, and supplementation with TW was 

protective by decreasing their mortality rate. The mortality could depend on the Paraquat-
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induced oxidative stress. Indeed, in control young females, the exposure to Paraquat triggered 

oxidative stress that we verified in terms of increased lipid peroxidation, and the TW 

supplementation reduced the Paraquat-induced lipid peroxidation.  However, when we checked 

the motor function of young female flies we observed an impair after Paraquat insult, but TW 

did not rescue the climbing ability. Taken together, our results demonstrated that the protective 

role of dietary intake of TW occurs mainly by reducing the fly mortality rather than by 

improving the motor function impair. These findings are in line with a recent report [175] 

demonstrating that xanthohumol, a flavonoid abundant in Humulus lupulus, improved the 

resistance against oxidative stress being induced by both hydrogen peroxide and Paraquat. 

Another study on Drosophila reported that an enhanced resistance against oxidative stress 

reduced the fly mortality upon ethanol consumption [176].  

In an attempt to better characterize the molecular pathways sustaining the beneficial 

effects of the extract on lifespan and body-weight control, we investigated the expression of 

genes directly implicated in antioxidant (HO and TrxR1), and stress tolerance (TotA) processes.  

Regarding the antioxidant defense, we tested two genes: heme oxygenase and 

thioredoxin. Ho is known to protect against oxidative stress [177] by acting on apoptotic and 

autophagic processes in Drosophila [178]. Also Trxr1 in Drosophila protects against oxidative 

stress, being the thioredoxin system a major player in glutathione metabolism [179]. We 

observed an age-related down-regulation in both the Ho and Trxr1 expression in TW-

supplemented flies. However, some studies on fruit fly cohorts reported that lack of glutathione 

reductase stimulates antioxidant defense [180], and that the consumption of chili-supplemented 

food extends lifespan, although the activity of glutathione-S-transferase (GST) was decreased 

[181], suggesting that the extension is not mediated by a strengthening of antioxidant defenses. 

Therefore, we could suggest that the downregulation of Ho and Trxr1 genes upon TW 
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supplementation can be a consequence of the lower level of oxidative stress caused by the 

extract activity.  

Regarding the stress tolerance, we tested the Turandot A (TotA) gene belonging to a 

family of stress-induced genes [182], which are stimulated by severe stresses [183]. Therefore, 

we observed an age-related up-regulation of TotA expression in control flies, while this up-

regulation was lower in TW-supplemented flies. This result could be attributed to the 

antioxidant protection of TW which in turn will keep the flies in a consistent “not severe” stress 

condition.  

In conclusion, our data demonstrate, for the first time, that dietary intake of T. spicata, 

in particular the aqueous extract, is able to extend the lifespan and reduce the body-weight gain 

of fruit flies in age-related and sex-dependent manners. Our hypothesis is that the extension of 

lifespan might be mediated by two key processes: (i) decreasing the body-weight gain, and (ii) 

boosting the antioxidant defense. The different health-promoting efficacy observed for the two 

extracts should be attributed to their differences in the panel concentration, bioavailability, and 

properties of the polyphenols, with the aqueous extracts exhibiting the best nutraceutics 

potential. Nevertheless, further studies should be carried out to investigate if and how the 

efficacy of T. spicata might affect other parameters including the fertility of the flies. 
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Chapter 5  Conclusion 

The primary research interest of my PhD activity was focused on investigating the 

potential of both extracts from medicinal plants, such as Thymbra spicata L., and some 

bioactive compounds as beneficial agents for the treatment and/or prevention of overweight, 

obesity and obesity-related disorders, especially the hepatic steatosis and endothelium 

dysfunction.  

Firstly, starting from the previous results published by our group demonstrating the 

antisteatotic and antioxidant activities of extracts from leaves of T. spicata using in vitro models 

of non-alcoholic fatty liver disease (NAFLD), we  assessed in vitro the lipid-lowering and 

protective effects of carvacrol, the most abundant polyphenol contained in the ethanolic extract 

from T. spicata [10]. For this research, we employed two cellular models of hepatic steatosis 

and endothelial dysfunction. To deepen our understanding on the mechanism of action of 

carvacrol, we investigated if and how the binding of carvacrol to albumin, which is the 

physiological transporter of many compounds in the blood, might be altered by the presence of 

high levels of fatty acids, which are characteristic of plasma of patients. Our findings 

demonstrated that carvacrol counteracts lipid accumulation and oxidative stress in hepatocytes 

and protect endothelial cells from oxidative stress and dysfunction. Moreover, the binding of 

carvacrol to albumin is influenced by high levels of circulating fatty acids that might compete 

with carvacrol for binding to albumin influencing its transport and bio-distribution. These 

results suggest a good potential of the T. spicata ethanolic extract in ameliorating dysfunction 

of hepatic and endothelial cells in vitro, probably depending on the action of its main 

polyphenol [184].  

As T. spicata is an edible plant, it was still unclear whether and how the pattern of 

phenolic compounds (PCs) found in this plant, as well as their bioactivity, could be modified 
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during the gastrointestinal transit. For that reason, we investigated the possible loss of 

phytochemicals that occur throughout the sequential steps of a simulated in vitro 

gastrointestinal (GI) digestion of aqueous and ethanolic extracts of aerial parts of T. spicata. 

Crude, digested, and dialyzed extracts were characterized in terms of their phenolic profile and 

biological activities. Total contents of carbohydrates, proteins, PCs, flavonoids, and 

hydroxycinnamic acids were quantified. The changes in the PC profile and in bioactive 

compounds upon the simulated GI digestion were monitored by HPLC–MS/MS analysis. The 

antioxidant activity was measured by different spectrophotometric assays, and the 

antiproliferative potential was assessed using three representative human cancer cell lines. We 

observed that the simulated GI digestion reduced the phytochemical contents in both aqueous 

and ethanolic extracts from T. spicata and modified the phenolic profile. Interestingly, both T. 

spicata extracts improved their antioxidant activity after digestion, while a partial reduction in 

the antiproliferative activity was observed for the ethanolic extract. Therefore, our results could 

provide a scientific basis for the employment of T. spicata extract as valuable nutraceutical 

[162]. 

The promising in vitro outcomes suggested us to pass to in vivo models in the attempt 

to investigate the molecular pathways sustaining the beneficial effects of T. spicata. We 

employed Drosophila melanogaster as a typical model for many diseases including aging. 

Accordingly, we studied in vivo the effects of supplementation with either aqueous (TW) or 

ethanolic (TE) extract from T. spicata focusing on the lifespan, body-weight gain, and 

antioxidant responses of D. melanogaster in age- and sex-dependent manner. The water extract 

was able to extend the lifespan of young female flies, while no effect was observed for the 

ethanolic extract. In young females, the pro-longevity potential of TW-supplementation was 

associated with significant effects in reducing the body-weight gain. Furthermore, the TW-

supplementation stimulated the antioxidant defense upon exposure to Paraquat, a strong 
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oxidative stress inducer. Indeed, the TW-supplementation rescued both the Paraquat-induced 

mortality and counteracted the Paraquat-induced lipid peroxidation, without effects on the 

locomotor impairment. The expression of a panel of antioxidant defense-related genes was 

checked showing, for most of them, a down-regulation in TW-supplemented flies with respect 

to control flies. This study provides insight on the efficacy of dietary supplementation with T. 

spicata in delaying the aging in D. melanogaster, possibly by strengthening the antioxidant 

defenses and the body-weight control. Therefore, the water extract from T. spicata could be a 

promising nutraceutics for aging prevention, and further clinical investigation are required to 

clarify this aspect [185]. 

In conclusion, the previously mentioned findings demonstrate a good potential of 

carvacrol as lipid-lowering agent in steatotic hepatocytes, and as antioxidant and cytoprotective 

compounds in dysfunctional endotheliocytes in vitro. In fact, although the gastrointestinal 

digestion modified the phenolic profile, but the detected panel of bioactive compounds in T. 

spicata makes this edible plant a potent candidate to be used as a dietary supplement for 

different therapeutic purposes as the digestion process had an impact on the nutritional value 

of T. spicata, but it kept its biological effectiveness. Additionally, these health-promoting 

effects were translated into in vivo model using D. melanogaster showing remarkable anti-

aging characteristics possibly through strengthening the antioxidant defenses and improving 

the body-weight control, but further clinical research will be necessary to clarify the beneficial 

effects of T. spicata. 
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