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“Nothing in life is to be feared, it is only to be 

understood. Now is the time to understand 

more, so that we may fear less”

Marie Curie



Abstract



This thesis aimed to valorize an environmentally hazardous agro-industrial by-product, the olive 

pomace, as source of phenolic compounds as potential therapeutic agents for dry eye disease. The 

effect of crude olive pomace extracts and their major pure phenolic compounds (oleuropein and hy-

droxytyrosol), alone or in combination, was studied in the inflammatory and oxidative processes of the 

ocular surface and evaluating them as future topical ophthalmic products.

For this purpose, a sequential extraction process was applied to olive pomace to obtain extracts 

rich in the phenolic compounds of interest (expressed as mg per g dry extract), as well as high chem-

ical antioxidant activity. Supercritical carbon CO
2
 extraction (to remove the residual olive oil) was fol-

lowed by pressurized liquid extraction (to recover the phenolic compounds). This last step was op-

timized through design of experiments (circumscribed central composite design). The factors were 

temperature, ethanol percentage in water, and solid/liquid ratio. Subsequently, selected olive pom-

ace extracts based on the optimization study, together with pure oleuropein, hydroxytyrosol, and low 

doses of their mixture were tested in vitro on two human ocular surface (corneal and conjunctival) 

epithelial cell lines for their anti-inflammatory and antioxidant effect, using as stimuli TNF-α to induce 

inflammation and UV-B to induce oxidative stress, respectively. In addition, the immunosuppressive 

effect of the most potent extract (namely, OPT3) and pure compound (hydroxytyrosol) was tested on 

lymphocytes CD4+ T cells activated with phytohemagglutinin-M. Their anti-inflammatory effect was 

also studied through topical application in a desiccating stress-induced dry eye disease mouse model. 

Finally, the stability and accessibility of the olive phenolic compounds were assessed under different 

pretreatment and storage conditions of the raw material. Two extracts were prepared by conventional 

solid-liquid extraction and used as references: CONV using freeze-dried material (reference for the in 

vitro study) and CONV-2 using freeze-dried material defatted with supercritical carbon CO
2
 (reference 

for the extraction optimization study). Also, for the aqueous phenolic solutions, long-term storage 

stability at 4 different conditions and ocular surface safety through genotoxicity assay (comet) were 

performed based on industrial guidelines followed by EMA.

In 3 times shorter extraction time and 1.6 times less solvent consumption compared to CONV-

2, an increase of 2 to 5-fold was observed in the phenolic extract richness, depending on the 
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response. In addition, different optimal extraction conditions were observed for each key compound 

and three extracts were selected: OPT1, which showed the highest chemical antioxidant activity, OPT2, 

which had the highest oleuropein content in dry extract, and OPT3, with the highest content in hydrox-

ytyrosol. Among the different extracts screened  in vitro , CONV and OPT3 demonstrated improved an-

tioxidant and anti-inflammatory activity. On corneal epithelial cells, both extracts and hydroxytyrosol 

reduced the levels of most measured interleukins/chemokines (IL-1β, IL-6, IL-8, IP-10, and IL-17A) 

dose-dependently, whereas on conjunctival epithelial cells all treatments decreased IP-10 production. 

In addition, on both cell lines, all treatments reduced reactive oxygen species production. Compared to 

CONV, the OPT3 extract demonstrated antioxidant and anti-inflammatory activity at 10 to 40 times and 

2 to 40 times lower concentrations, respectively. Thus, it was selected to be further tested in vivo and  

in vitro on CD4+ T cells, together with hydroxytyrosol. Both treatments inhibited the proliferation of 

stimulated CD4+ T cells and decreased corneal fluorescein staining, IP-10 and TNF-α gene expression 

in lacrimal functional unit tissues, and lymphocyte count in cervical lymph nodes of mice exposed to 

desiccating stress. Among the pretreatment/storage methods of the raw material, lyophilization and 

supercritical carbon CO
2
 increased the extract richness in the phenolic compounds measured. Hydrox-

ytyrosol and oleuropein demonstrated different stability profiles as pure aqueous solutions or as part 

of an extract. Additionally, oleuropein also had a distinct degradation profile. No genotoxic effect was 

detected for any of the treatments.

In conclusion, an efficient, selective, scalable, and sustainable sequential extraction process was 

proposed, able to maximize the phenolic recovery from an agro-industrial by-product, reducing its 

environmental impact and using exclusively green solvents. In addition, olive pomace extracts and 

pure compounds (principally hydroxytyrosol) can modulate the inflammatory, oxidative, and immune 

responses on a cellular level at the ocular surface. Also, their topical application in a mouse dry eye 

model enhanced clinical signs and reduced inflammation in the ocular surface. Thus, a high-value ap-

plication was demonstrated for the olive pomace compounds as potential ocular surface therapy. All 

treatments were proved to be safe for ophthalmic application at the concentrations selected and their 

industrial stability evaluation was established, necessary for their future approval as pharmaceutical 

products.
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PLE Pressurized liquid extraction
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Dry eye is a multifactorial disease, affecting millions of people worldwide. It has a high prevalence, vary-

ing from 5 to 48% depending on the population, while its economic and humanistic burden on the society is 

remarkable due to direct (medical and treatment) and indirect (loss of work productivity) costs, as well as a 

dramatic decrease in the quality of life of the patients. Its pathophysiology is based on chronic inflammation 

in the lacrimal functional unit, which is produced by evaporation-induced tear hyperosmolarity. This leads to 

tear film break up, which along with activated T cells and the inflammatory mediators (cytokines/chemok-

ines) produced by them, cause ocular surface damage. Also, oxidative stress plays a very important role by 

activating inflammatory processes, whereas reactive oxygen species have been found to be effectors of in-

flammation. Several management and treatment approaches have been proposed, including topical steroids. 

The only molecules approved so far as dry eye disease therapy are cyclosporine A and lifitegrast. Their mech-

anism of action is based on the breakage of the inflammation circle involved in the disease. However, these 

treatment approaches have side effects (steroids), are not available in many countries (lifitegrast), or need 

a lot of time to reach a therapeutic effect, while they can also cause eye irritation and vision problems due to 

their lipid-based formulations (cyclosporine A). Thus, there is still a scarcity of effective therapy and, for this 

reason, the discovery of novel effective molecules for the management of dry eye constitutes an emerging 

issue in ophthalmology. 

In this context, the use of natural phenolic compounds has been proposed as a therapeutic alternative, due 

to their “versatile” biological activities. Among them, the olive phenolic compounds were selected based on 

their demonstrated antioxidant, anti-inflammatory, and immunoregulatory effects, among others. Although 

these compounds are known to be present in olive oil, it has been proved that 98% of them end up in olive 

pomace. Olive pomace is the semi-solid by-product, produced during industrial olive oil production after the 

crushing of olive fruits and the subsequent two-phase centrifugation of olive oil. It is a mixture of vegetable 

waters with olive pulp and smashed pits and constitutes the major olive by-product, produced in huge quanti-

ties (between 7 and 30 million m3 annually in the Mediterranean basin, the principal olive oil production area). 

The presence of phenolic compounds in olive pomace increases its chemical and biological demand for oxygen 

and adds phytotoxic and antimicrobial properties in the raw material, a fact that also prevents the natural deg-

radation of these molecules. These facts, together with the presence of residual olive oil, make the manage-

ment of olive pomace difficult. Thus, it constitutes an important pollution factor and there is increasing global 

awareness for its valorization, including physicochemical treatments, biotechnological transformations, and 

extraction of compounds for the cosmetic industry, among others.

Its valorization as a source of high-value phenolic bioactive compounds would offer a by-product with less 

oxygen demand and therefore, less environmental impact. Among the bioactive phenolic compounds present 

in olive pomace, oleuropein and hydroxytyrosol have been reported as the major and most cited with numer-

ous proven biological activities, including anti-inflammatory and antioxidant. Furthermore, these molecules 

have activities on target cells involved in inflammation.

Hence, this thesis aimed to valorize an environmentally hazardous agro-industrial by-product, as well as 

its two major pure phenolic compounds (oleuropein and hydroxytyrosol, alone or in combination) as potential 

topical treatments in ocular surface immune-based inflammatory diseases, such as dry eye.

Motivation
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Organization of the Doctoral Thesis

This Doctoral Thesis report is presented in the form of a “compendium of publications” and applies for 

the International-awarded Doctorate Degree. It has been performed at the University of Valladolid (UVa), 

under the regulations of the International Doctorate Committee. A three-month academic secondment was 

performed at the Medical Faculty of the University of Cologne (Cologne, Germany) and a three-month in-

dustrial secondment was performed at the Instituto de Biologia Experimental e Tecnologica (iBET) (Oeiras, 

Portugal). The joint requirements are as follows: (1) the whole manuscript has been written in English, (2) a 

general summary has been included in Spanish, (3) the thematic unit of the work has been justified, (4) the 

objectives, methodology, results, discussion, and conclusions have been presented, and (5) three publications 

in peer-reviewed journals with impact factor have been accomplished. In addition, one more article derived 

from the work of this thesis is currently under revision and has been included in the manuscript. Also, a submit-

ted patent and some additional experimental results carried out in IOBA or during my stay in the research group 

of iBET, as well as in collaboration with AVIZOR S.A., are presented in the Appendices. As well, supplementary 

material of the published work has been included in each chapter. 

After the general introduction, the hypothesis, and the objectives, the report is organized into four chap-

ters, each one corresponding to the three published articles and the one submitted, reflecting the different 

blocks of results obtained. The organization of the chapters is not chronological but presented in a way that 

facilitates a better understanding of the whole work. 

Each chapter of this Ph.D. thesis is based on the following articles:

• Chapter 1: Pressurized liquid extraction optimization from supercritical defatted olive pomace: a 

green and selective phenolic extraction process. The first step of this thesis was the optimal recovery of 

bioactive phenolic compounds from the raw material (olive pomace) through a sustainable and scalable ex-

traction process. Part of this study was conducted during a three-months secondment in the laboratories of 

Faculdade de Farmacia da Universidade de Lisboa (FFUL) (Lisbon, Portugal) and iBET (Oeiras, Portugal), under 

the supervision of Drs. Maria Rosario Bronze and Naiara Fernandez. Chapter 1 describes this part of the study 

and is based on the manuscript published in ACS Sustainable Chemistry & Engineering (Katsinas et al., 2021).

• Chapter 2: Olive pomace phenolic compounds and extracts can inhibit inflammatory- and oxida-

tive-related diseases of human ocular surface epithelium. Then, the in vitro antioxidant and anti-inflam-

matory activity of four differently obtained olive pomace extracts (selected based on the work of Chapter 

1) was evaluated, together with their major pure phenolic compounds (hydroxytyrosol and oleuropein), on 

human corneal and conjunctival epithelial cells. This work is described in Chapter 2 and is based on the man-

uscript published in Antioxidants (Katsinas et al., 2021) – Special Issue: Intensification Technologies to Effi-

ciently Extract Antioxidants from Agro-Food Residues.
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• Chapter 3: Olive pomace phenolic compounds: from an agro-industrial by-product to a promising 

ocular surface protection for dry eye disease. The last step of this work was the determination of the an-

ti-inflammatory and immunomodulatory effect of a selected olive pomace extract and its major compound 

(hydroxytyrosol) on human CD4+ T cells, as well as in a mouse dry eye experimental model. The in vivo part 

of this study was conducted in the animal facilities of the Medical Faculty of the University of Cologne (Co-

logne, Germany), under the supervision of Dr. Uta Gehlsen and Philipp Steven, MD, during a three-month se-

condment. Chapter 4 reports the results of this work and is based on a manuscript submitted to International 

Journal of Molecular Sciences   – Special Issue: Dry Eye Disease–Focus on Drug Discovery and Development. 

• Chapter 4: Olive pomace phenolic compounds stability and safety evaluation: from raw material 

to future ophthalmic applications. Subsequently, two out of the four olive pomace extracts were selected 

based on their in vitro activity and their aqueous solutions were evaluated for their long-term stability and 

genotoxic effect on human ocular surface cells, together with pure hydroxytyrosol and oleuropein, based on 

EMA guidelines. The effect of different pretreatment methods on the recovery of the compounds of interest 

from the raw material was also tested; Degradation by-products were also identified. Part of this study was 

conducted in the laboratories of Faculdade de Farmacia da Universidade de Lisboa (FFUL) (Lisbon, Portugal), 

under the supervision of Dr. Maria Rosario Bronze. Chapter 3 summarizes these studies and is based on the 

manuscript published in Molecules (Katsinas et al., 2021) – Special Issue: Plant Waste Management: Bioac-

tive Compounds with Therapeutic Role in Disease Prevention.
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The lacrimal functional unit (LFU) is a complex apparatus, being composed of the ocular surface, the main 

and accessory lacrimal glands, and the interconnecting neural network (sensory and motor) (Figure 1).1 The 

ocular surface comprises the eyelids, the cornea, the conjunctiva, the meibomian and lacrimal glands, and the 

tear film (limbus and overlying), which are well interconnected through an epithelium with nervous, immune, 

vascular, and endocrine connections.2,3 The LFU is an integrated system, in which the sensory tissues and the 

secretory glands are well connected and control the tear secretion, regulating the homeostasis of the ocular 

surface.3

Free nerve endings cover the entire surface of the cornea. Their stimulation generates nerve impulses 

mediated by the ophthalmic branch of the Trigeminal Nerve (V). These impulses then reach the mid-brain 

(pons) through the trigeminal ganglion, they synapse, and the signal produced is merged to the cortical and 

other neural input.1 The efferent nerve fiber sends impulses through the pterygopalatine ganglion to the lac-

rimal glands (main and accessory).3 Several studies have reported that the free nerve endings present in the 

conjunctival goblet cells and the meibomian glands also follow the same route.4,5 Therefore, the three major 

tear film components: mucin, lipid, and aqueous, seem to be secreted to the ocular surface in a controlled 

manner.1

The principal role of the LFU is to produce a stable tear film, necessary for the health and function of the 

ocular surface. The ocular surface epithelial tissues are exposed to the outside environment, such as atmos-

pheric oxygen and ultraviolet (UV) rays.6 Through a normal and stable tear film, the ocular surface is smooth 

and able to maintain epithelial cell health from external environmental and microbial factors.7 Also, the good 

quality of the image projected onto the retina can be ensured.8 However, the tear film structure or composi-

tion can be modified by possible pathological changes (injuries or dysfunctions) in the LFU. This can lead to 

the loss of nourishment and lubrication (offered by the tear film) of the corneal and conjunctival epithelia, 

leaving them exposed and resulting in inflammatory processes in the LFU. These processes can cause ocular 

surface disorders, such as dry eye disease (DED).

The treatment of inflammatory disorders in the LFU is mainly based on topical drugs, due to their easy 

access to the ocular surface. Their objective is the downregulation of the inflammation in the cornea and 

conjunctival epithelia, as well as in the lacrimal glands. Thus, to find effective therapeutic agents for LFU dis-

orders, first, it is important to understand the anatomy and physiology of this ophthalmic area. 

Figure 1. The anatomy of the Lacrimal Functional Unit (LFU) (obtained from Stern et al.9).
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1.1 Tear Film

As mentioned previously, the tear film provides lubrication to the ocular surface, which protects the cor-

neal and conjunctival epithelial cells from the forces produced by the eyelids during blinking, a function that 

refreshes the tears continuously. Also, the tear film acts protectively against irritants, allergens, or pollut-

ants, not only by reflex tearing but also through antimicrobial components present in it, such as enzymes 

(e.g., peroxidase, lysozyme) and proteins (e.g., lactoferrin), among others. Furthermore, since the cornea is 

a non-vascular structure, the tear film serves as a supplier of peptides/proteins, growth factors, electrolytes, 

and glucose for the ocular surface, also removing free radicals and wastes.2

The traditionally described structure of the tear film is composed of three layers: the lipid (superficial), 

the aqueous (middle), and the mucous (base).2,10,11 More recent studies have proposed a 2-layers tear film: a 

lipid-superficial and a mucin/aqueous, with the latest having a form of glycocalyx gel with decreasing mucin 

concentration from the base (epithelium) to the surface (lipid layer).2,9,10,12 

The lipid layer is secreted by the meibomian glands and is spread onto the tear film by the surface tension 

forces of blinking. It plays a crucial role in stabilizing the tear film and has also been thought to play an impor-

tant role in minimizing tear evaporation.12 In addition, it is the principal barrier from environmental particles 

and microorganisms, as well as skin lipids, while it also reduces the surface tension of the aqueous layer.13 The 

thickness of this layer varies from 15-157 nm.12

The aqueous layer is secreted by the Krauze and Wolfring glands (accessory lacrimal glands), while the 

aqueous tear production is performed by the main lacrimal glands.2,12,14 The aqueous layer constitutes ap-

proximately 90% of the tear film.13 Apart from water, it consists of electrolytes, vitamins, amino acids, cal-

cium, urea, bicarbonate, and magnesium, as well as proteins, cytokines, immunoglobulins, and growth

Figure 2. The normal tear film: main components and two-layer structure (a. lipid layer, b. mucin/aqueous glycoc-
alyx layer, and c. corneal epithelium) (modified from Stern et al.7).
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factors.15,16 Among the proteins, albumin, tear-specific prealbumin, defensins, lactoferrin, lysozyme, lipocalin, 

immunoglobulins A, G, and M, and glycoproteins participate in the antimicrobial activity and immune defense 

of the ocular surface.10,16,17 The ocular surface health is maintained through the presence of the growth fac-

tors, peptides, vitamins, electrolytes, and protease inhibitors,2,10 while the presence of retinol (secreted by the 

lacrimal gland) is necessary for the maintenance of the cornea and the goblet cells.16,18-20 The aqueous part 

participates in ocular surface lubrication, removal of contaminants, and nourishing the cornea.10,21

The mucous layer is secreted by the corneal and conjunctival epithelia, the lacrimal gland, and the con-

junctival goblet cells.2,10,12,16,22,23 Apart from secreted and transmembrane mucins, it also consists of immu-

noglobulins, glucose, leukocytes, urea, salts, cellular debris, and enzymes.2,10,16,22,24  The gel-forming mucins 

form a glycocalyx cover that prevents pathogen adhesion, lubricates the ocular surface, and acts as clearing 

molecules. This layer also contributes to tear stability, acts as a barrier for corneal and conjunctival epithelium 

and is believed to be involved in cellular signaling.13

1.2 Conjunctiva 

The conjunctiva is a thin and semi-transparent mucous membrane of 33 microns thickness located in the 

inside of the eyelids, covering also the sclera.25,26 It is extensively vascularized and has a high number of lym-

phatic vessels. It protects and lubricates the eye through the secretion of mucus and tears (by the accessory 

lacrimal glands located in the conjunctiva). It is also a barrier for microbial entrance into the eye and plays a 

key role in immune surveillance.26,27 Its structure and main components are presented in Figure 3.

The conjunctiva is divided into three parts: the palpebral, the bulbar, and the forniceal. The palpebral (also 

named tarsal) conjunctiva lines the eyelids, is firmly adhered to the tarsal plate and can be further divided 

into the marginal, tarsal, and orbital. The bulbar conjunctiva is located on the eyeball, enveloping the anterior 

sclera and being bound to the underlying sclera through Tenon’s capsule. The bulbar conjunctiva is further 

divided into two parts: the scleral and the limbal. The scleral conjunctiva is extended from the fornix to the 

limbus, while the limbal conjunctiva is a ring located around the cornea, being a transition zone between the 

conjunctival and the corneal epithelia. Finally, the forniceal conjunctiva (also named cul de sac) is a transition 

Figure 3. The normal conjunctiva: main components (obtained from Calonge et al.25).
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zone between the palpebral and bulbar conjunctivas. It can be further divided into four regions: the superior, 

the inferior, the lateral, and the medial. In contrary to the bulbar, the forniceal conjunctiva is loose and flexible, 

permitting movements of the eyeball and eyelids. The ducts of the accessory and lacrimal glands end up in the 

forniceal conjunctiva.25,26

Histologically, the conjunctiva consists of an epithelial layer and an underlying flexible connective tis-

sue, which is further divided into the deeper layer and the substantia propia (Fig. 4). The epithelial layer is 

non-keratinized and is composed of stratified columnar and squamous epithelium, containing also inter-

spersed goblet cells, together with T- and B-cell lymphocytes, lymphatic channels, melanocytes, Langerhans 

cells, epithelial layer blood vessels, accessory lacrimal glands, and fibrous tissue. The deeper layer and the 

substantia propria (also called conjunctival submucosa) are composed of fibrous and superficial lymphoid tis-

sue, respectively. The substantia propria is a connective tissue, which exists only in the conjunctiva (and not in 

any other tissue of the eye) and comprises plasma and mast cells, lymphocytes, and neutrophils. The deeper 

fibrous layer consists of nerves, vessels, and the glands of Krause.25,26,28,29

The thickness of the conjunctival epithelium is of 3 to 5 cell layers thick, containing cuboidal basal cells, 

which become flattened towards the surface. Close to the fornix area, the conjunctiva has the highest amount 

of goblet cells, while their number decreases away from that area. Furthermore, the fornix has a big number of 

immune cells, like T and B lymphocytes, which form the conjunctiva-associated lymphoid tissue.26,28

1.3 Cornea 

The cornea constitutes the outer layer of the eyeball, together with the sclera. The anterior corneal surface 

is covered by the tear film and the posterior is in contact with the aqueous humor-filled anterior chamber.31 

The cornea is an avascular transparent tissue, which has as a principal purpose the protection of the structures 

inside the eye.32 Its transparency makes the cornea the major refractive component of the eye, contributing 

Figure 4. Histopathology of the normal conjunctiva: epithelial (a), lymphoid (b), and fibrous (c) layer (adapted 
from Sapte et al.30).
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to two-thirds of its refractive power.33,34 Also, it does not contain blood vessels, as they could interfere with its 

transparency. Thus, it receives its nourishment from the aqueous humor and the tears.34 

The cornea is horizontally oval, convex, and aspheric, and is divided into three parts: the central, the pe-

ripheral, and the limbus (Fig. 5A).33 The horizontal diameter is 11-12 mm, while the vertical is 9-11 mm.35 Re-

garding thickness, there is a gradual increase from the central to the peripheral cornea. The thickness of the 

central cornea varies from 551 to 565 μm, while the peripheral from 612 to 640 μm.36,37 A decrease in corneal 

thickness has been observed with age. Cellular and acellular components are included in the cornea. Epithelial 

and endothelial cells, as well as keratocytes, are the major cellular components, while the acellular include 

glycosaminoglycans and collagen.33 

The cornea is arranged in 5 basic layers (Fig. 5B): the epithelium, the Bowman’s membrane, the stroma, 

the Descemet’s membrane, and the endothelium. Recently, a well-defined acellular corneal layer is getting 

attention, named as pre-Descemet’s cornea, being the target of lamellar surgeries.38 The endothelium is the 

innermost layer of the cornea. It is extremely thin and includes endothelial cells, which help to keep the cor-

nea clear by pumping the excess fluid from the inside of the eye to the stroma. The Descemet’s membrane 

is above the endothelium and is a thin but strong collagen-composed tissue, which protects the eye from 

infection and injuries. The stroma covers the Descemet’s membrane, consists principally of water and colla-

gen, and contributes to 90% of the thickness of the cornea, determining its strength, form, and elasticity. The 

Bowman’s layer is a transparent and collagen-based tissue, lying between the epithelium and the stroma and 

contributing to the maintenance of the corneal shape. The epithelium is the outermost layer of the cornea, 

contributing to 10% of the tissue’s thickness. It is composed of 5-7 cell layers and has a 50 μm thickness. It 

provides a smooth surface through its uniformity and is composed of non-keratinized, stratified squamous ep-

ithelial tissue. The epithelium is in direct contact with the mucin layer of the tear film, which is produced by the 

goblet cells present in the conjunctiva. It has 3 types of cells: the superficial (2-3 layers of polygonal cells), 

the wing (2-3 layers of thawing cells), and the basal (single layer of cuboidal or columnar cells). The basal 

cells are active mitotically, having abundant organelles. Apart from being a barrier to microbes and chemicals, 

the epithelium also comprises Langerhans cells which offer important immunological functions. In addition, it 

contributes to the refractive power of the eye, through its uniformity.33,34

Figure 5. The cornea. A. Its 3 parts from the center to the periphery (a. Central, b. Peripheral, and c. Limbus cornea), 
and B. Histopathology showing its layers (Images kindly offered by Prof. Dr. Margarita Calonge, IOBA).
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DED was defined as a disease only approximately 30 years ago.39 Nowadays, DED is one of the most fre-

quent reasons for patients to visit ophthalmologists, affecting hundreds of millions of people worldwide.40 It 

is a symptomatic disease, with more severe cases being associated with remarkable pain, limitations in daily 

activities, decreased vitality, poor general health, or even depression.41 Thus, it significantly affects the quality 

of life of the patients.

2.1 Definition and Classification

By the mid-1990s, the understanding of DED reached a critical point, publishing the first definition in 

1995.42 This first definition identified the importance of tear film quality and quantity as a cause of DED. In 

2007, the name “dysfunctional tear syndrome” characterized the DED, introducing also the word “inflamma-

tion” for the first time in the definition of the disease. Thus, according to Tear Film & Ocular Surface Society 

(TFOS) Dry Eye Workshop (DEWS)-I,43 “DED is a multifactorial disease of the tears and ocular surface that 

results in symptoms of discomfort, visual disturbance, and tear film instability with potential damage to 

the ocular surface. It is accompanied by increased osmolarity of the tear film and inflammation of the 

ocular surface”. Later, it became clear that not only inflammation and hyperosmolarity but also neurosensory 

abnormalities are crucial for the pathophysiology, understanding, and management of the disease, whereas 

it was acknowledged that clinical demonstration of the pathophysiology of DED was necessary for its diagno-

sis.39 Hence, the current definition was formed according to TFOS DEWS-II,39 as “a multifactorial disease of the 

ocular surface characterized by a loss of homeostasis of the tear film, and accompanied by ocular symp-

toms, in which tear film instability and hyperosmolarity, ocular surface inflammation and damage, and 

neurosensory abnormalities play etiological roles”. Thus, it is a complex disorder that cannot be character-

ized by a single symptom, sign, or process, while changes in the chemical composition of the tear fluids occur.

Figure 6. Classification scheme of dry eye disease (DED) (obtained from Craig et al.39).
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The clinical classification of DED (Fig. 6) is based on both symptoms and signs, whereas triaging questions 

and ancillary testing can be used for its differentiation from other ocular surface diseases to symptomatic or 

no-symptomatic patients. Etiologically, DED is divided into aqueous deficient (ADDE) and evaporative (EDE) 

dry eye, with EDE being more common compared to ADDE. In ADDE, the function of the lacrimal gland is affect-

ed, while in EDE the eyelid (e.g., meibomian gland dysfunction or blink-abnormalities) or the ocular surface 

(e.g., mucin deficiency or use of contact lenses) functions are altered.39 Thus, in ADDE, the tear secretion is 

reduced, while in EDE the tear secretion is normal, however, there is excessive tear evaporation. ADDE can be 

further subcategorised into Sjögren and non-Sjögren DED. Sjögren DED is associated with autoimmune disor-

ders that affect any exocrine glands in combination with other systemic diseases (i.e., rheumatoid arthritis). 

Non-Sjögren DED is not related to systemic autoimmunity, but lacrimal glands dysfunction. EDE can be further 

classified in surface-related EDE and meibomian gland dysfunction-related EDE. In surface-related EDE tear 

film instability can be stimulated by conditions that affect the ocular surface. In meibomian gland dysfunc-

tion-related EDE, tear hyperosmolarity is caused by a deficiency of the lipid layer in the tear film.39,43

2.2 Prevalence and Risk Factors

Over the last 10 years, a lot of new information has been published reporting the prevalence of the DED 

in Asia, America, and Europe. Based on the available data, the global prevalence of the DED has been estimat-

ed at 12%, varying from 5% (North America) to 48% (Africa) depending on the population, with or without 

symptoms.44 If based on signs alone, the global prevalence is adjusted at 30%, reaching up to 75% in some 

countries.40,44 Although very few studies have been performed for young populations (below 40 years old), 

the findings until now indicate that DED is also prevalent in this group.40 

Among the risk factors, sex and age play a very important role. In particular, the prevalence of DED symp-

toms increases with age, as there is evidence suggesting that a decrease in tear fluid production occurs with 

age.45,46 Also, women are more likely to be diagnosed with DED compared to men, suggesting the influence 

of sex hormones for DED.45,47,48 Differences in the lacrimal glands have been attributed to the effect of an-

drogens,49 while the function of every human cell, organ, and tissue has been proved to be based on sex-re-

lated differences.48 The race has also been proposed as a probable risk factor for DED, as more severe signs 

and symptoms occur in Asian participants compared to Caucasians.50 In another study, it was found that 95% 

of women with DED had white ethnicity.51 Further, several diseases and dysfunctions constitute risk factors 

for the development of DED; Sjögren syndrome,52-54 meibomian gland dysfunction,55,56 connective tissue 

disease,57 and androgen deficiency consistently affect the DED.58,59 Diabetes,60 infections,61 acne rosacea,62 

thyroid deficiency,63 psychiatric diseases,47,64 and allergic conjunctivitis65 probably affect the development of 

DED, whereas menopause66 and ocular sarcoidosis67 inconclusively affect it. In addition, several therapies are 

included in the consistent, probable, or inconclusive risk factors of DED, such as hormone replacement thera-

py,68 hematopoietic stem cell transplantation,69 refractive surgery,70 as well as the intake of several medica-

tions (contraceptives, antihistamines, anticholinergics, antidepressants, diuretics, anxiolytics, β -blockers, and 

isotretinoin).71-73 Risk factors involved in the impairment of DED include environmental conditions (pollution 

and low humidity)74 and everyday activities (contact lens wear, computer use, smoking, and alcohol),47,75-77 

while pregnancy78 and low fatty acid intake79 also probably affect the development of the disease.
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2.3 Economic Burden

The psychological consequences and the physical impact on vision and ocular pain produced by DED gen-

erate a considerable impairment of the quality of life of the patients.80-82 This leads to the implication of the 

health resources available in each country, such as doctors, physicians, medications, etc.83 In Europe, the an-

nual medical costs attributed to DED vary from US $0.27 million (France) to US $1.10 million (United Kingdom) 

(for the years 2003-2004),84 whereas in the US they were estimated at US $3.84 billion (data 1999).85,86 

Regarding treatment costs, in Europe, they vary from US $22,000 (France) to US $535,000 (United Kingdom) 

annually (data for the years 2003-2004).84 The total direct (medical and treatment) costs were approx. US 

$134.84 million per year in Germany (for the period 2008-2015)87 and US $34.92 million annually in Spain (for 

the period 1997-2005).88 When costs are calculated per patient, it can be noticed that the economic impact 

for society is high. In Asia, the medical costs for DED were estimated at US $530 per patient and the treatment 

costs at US $357 per patient for the period 2005-2008,89 while in the US the treatment costs varied from US 

$299 to US $357 per patient (having a remarkable increase of 443% within the years 2001-2006).90,91 The 

total direct costs for Canada were approx. US $4038 per patient (data 2018)92 and US $465.54 per patient for 

China for the years 2018-2019.93 More recent studies revealed that the average duration of hospitalization due 

to severe DED in Spain was 9.6 days, exerting an annual cost of US $8376 per patient, while the total direct 

costs were remarkably increased (ca. 518% - from US $4.9 to US $34.4 million) during the study period (1997-

2015), together with the annual cost per patient.88 The total direct costs for Canada were approx. US $4038 

per patient (data 2018)92 and US $465.54 per patient for China for the years 2018-2019.93 More recent studies 

revealed that the average duration of hospitalization due to severe DED in Spain was 9.6 days, exerting an 

annual cost of US $8376 per patient, while the total direct costs were remarkably increased (ca. 518% - from 

US $4.9 to US $34.4 million) during the study period (1997-2015), together with the annual cost per patient.88

However, the most important economic burden generated by DED is the one produced by the decrease of 

work productivity (indirect costs).83,94,95 For 2008, the total indirect costs due to DED in the US were calculated 

at US $11,302 per patient, giving a total of US $55.4 billion.96 In Asia, the costs related to productivity loss at 

work were estimated at US $741 per patient for the year 2011,97 while in Canada at US $38,534 per patient 

(data 2018).92 Severe DED symptoms have been found to cause a significant reduction of work productivity 

and activity impairment, not only intra-individually but also inter-individually.95

2.4 Pathophysiology

As already mentioned, two types of DED are recognized: ADDE and EDE. Both are caused by evaporation-in-

duced tear hyperosmolarity, which damages the ocular surface directly and leads to the release of inflamma-

tory mediators and proteases from ocular surface epithelial cells. This causes goblet and epithelial cell loss and 

damage in the epithelial glycocalyx of the tear film. Thus, tear film instability is generated and subsequent tear 

film breakup. This breakup along with activated T-cells, the inflammatory mediators produced by them, and 

the tear hyperosmolarity itself lead to ocular surface damage (Fig. 7).98 Therefore, the central pathophysio-

logical feature of DED is inflammation in the LFU, creating a chronic inflammation circle (Fig. 8). 
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Figure 7. Pathophysiology of dry eye disease (DED): aqueous deficient (ADDE) and evaporative (EDE) dry eye (ob-
tained from Bron et al.98).

Figure 8. Inflammation circle of dry eye disease (DED) (obtained from Stern et al.9).
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Increased levels of pro-inflammatory cytokines/chemokines have been related to the pathophysiology 

of DED.99-102 Elevated secretion of interleukin (IL)-6 and IL-8 has been detected in the tears and conjunctival 

epithelium of patients suffering from more severe forms of DED, while IL-6 was high in tears of patients with 

Sjögren and non-Sjögren DED.103-111 Upregulation of IL-6 correlated negatively with Schirmer score106 and posi-

tively with tear film breakup time and clearance, alterations of the corneal surface, the density of the conjunc-

tival goblet cell,108 symptoms’ severity, corneal fluorescein staining (CFS), and conjunctival lissamine score.106 

Upregulated levels of IL-8 were detected in the tears and conjunctival epithelium of patients with Sjögren syn-

drome.104,107 In addition, tumor necrosis factor (TNF)-α levels were elevated in the conjunctival epithelium of 

patients with Sjögren syndrome,104 as well as in the tear fluid of patients with dysfunctional tear syndrome106 

and DED.108,111,112 Elevated levels of TNF-α were also found to correlate with Sjögren and non-Sjögren DED,113 as 

well as DED diagnostic tests.114 Moreover, IL-1β tear levels have been found to correlate positively with CFS and 

conjunctival lissamine staining scores in DED patients,106 as well as with parameters associated with meibomi-

an gland dysfunction115 and DED diagnostic tests.114 A negative correlation was reported between IL-1β levels 

and Schirmer test score,106 while high levels of IL-1β and lower levels of precursors IL-1β were detected in the 

tear fluid105,106,111,116,117 and conjunctiva of DED patients.105 IL-1β and IL-6 were also upregulated in the tear fluid 

of DED patients with associated blepharitis,117 whereas increased levels of interferon γ-induced protein (IP)-10 

were observed in conjunctiva and tears of Sjögren and non-Sjögren DED patients.118,119 Regarding experimental 

DED, high levels of TNF-α, IL-6, and IP-10 were detected in the corneal and conjunctival epithelium of mice ex-

posed to desiccating stress.120,121 Increased levels of IL-17A have also been reported in the tears of desiccating 

stress-induced mice109 and the conjunctiva of patients with DED, proving the key role of IL-17A in the conjunc-

tival epithelial disruption.122 Furthermore, elevated levels of epidermal growth factor (EGF) were found to be 

significantly decreased in the tear fluid of patients with meibomian gland dysfunction, corneal subepithelial 

fibrosis, and meibomian gland orifice metaplasia,123 as well as in tears of patients with DED.103,106,119,124-126 Ad-

ditionally, matrix metalloproteinase (MMP)-9 has been proved to be an important diagnostic tool for DED, as 

it correlated with DED diagnostic tests and ocular inflammation in DED patients.127 Several studies have also 

reported increased levels of MMP-9 in the tears of DED patients.114,117,125,126,128-130 Further, other cytokines, such 

as IL-2, IL-4, IL-5, IL-10, and interferon (IFN)-γ, have been identified in the ocular surface of DED patients.102-111 

Lymphocytes (principally activated Th1 and also Th17 T cells) have been proved to play a key role in the 

pathophysiology of DED.131,132 Activated T cells have been detected in the conjunctiva of DED patients,104,105,107,133 

while CD4+ T cell infiltration levels in the conjunctival epithelium are also related to the response to the exper-

imental eye dryness.134 Furthermore, clinical symptoms of conjunctival inflammation in patients with Sjögren 

syndrome or non-Sjögren keratoconjunctivitis sicca is depended on T cell activation.135 The importance of 

CD4+ T cells for the pathophysiology of DED is also proved by the fact that DED in naïve mice can be developed 

through adoptive transfer of CD4+ T cells from mice with established DED.136,137

On the other hand, the involvement of oxidative stress in the pathophysiology of DED has also been de-

scribed. Oxidative stress is the loss of balance between the pro-oxidant and the antioxidant procedure of the 

cells, that can cause oxidative damage.138 The ocular surface is continuously exposed to atmospheric oxygen 

and UV rays that can lead to oxidative damage and subsequent oxidative stress-stimulated ocular surface dis-

eases.6 Oxidative damage has been proved to be involved in the pathophysiology of Sjögren and non-Sjögren  
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DED.139-144 Also, high levels of reactive oxygen species (ROS) in tears and meibomian glands have been related 

to ocular surface tissue damage and inflammation.145 ROS production is related to lipid peroxidation-related 

membrane damage and DED inflammatory processes.141

Thus, inflammation and oxidative stress in the LFU are highly connected and are the principal biological 

processes involved in the pathophysiology of DED.

2.5 In vitro Models

In drug discovery, translatability plays a very important role, as it determines whether a study is promising 

or not.146 In vitro models are extensively being used to study the pathophysiological mechanisms of human 

diseases and to interpret the translatability of a treatment.146,147 The controlled experimental conditions of an 

in vitro study constitute one of its most important advantages, allowing to study in-depth the molecular path-

ways of the disease in a short time and at a lower cost (compared to the expensive and time-consuming animal 

models).147 In addition, the in vitro models highly contribute to the “3Rs” guideline (replacement, reduction, 

and refinement) for ethical animal research by avoiding the use of animals and by using fewer animals through 

the obtention of more information regarding the safety and efficacy of the treatments before moving to the 

animal experimentation.148 Nevertheless, single or maximum two cell type cell cultures can be used, being 

the principal limitation of these studies.147 Cells cannot represent the complexity of a multicellular developed 

organism. Thus, they cannot predict the metabolic profile of an administered treatment.146 However, current-

ly, several works are proposing 3 dimensional in vitro models that aim to enhance the correspondence of the 

model with the tissue of origin.149

Several in vitro models have been used to study the inflammatory and oxidative stress-related patho-

physiological mechanisms of DED. Epithelial cells can act as mediators of immune responses, although they 

are not the principal target.150 Thus, numerous studies have reported that in inflammatory-related ocular sur-

face diseases, the epithelium of the ocular surface is a potential therapeutic target.151-155 On an immortalized 

human conjunctival epithelial cell line (IOBA-NHC),156 Enriquez-de-Salamanca et al.157 examined the changes in 

cytokine/chemokine secretion in response to pro-inflammatory cytokines. Based on the different cytokines 

tested, TNF-α demonstrated the strongest induction on cytokine secretion time-dependently. Therefore, the 

importance of conjunctival epithelial cells in the regulation of ocular surface inflammation was demonstrated, 

contributing to its understanding. Similar results were demonstrated on an SV40 immortalized human corneal 

epithelial cell line (HCE), which was characterized by Araki-Sasaki et al.158 and was proved to demonstrate high 

correspondence to the tissue of origin (normal corneal epithelial cells). Twenty-four hours of TNF-α treatment 

significantly increased the secretion of cytokines/chemokines related to DED (IL-6, IL-8, and IP-10) by both 

HCE and IOBA-NHC cell lines.159 In addition, the same study by Abengozar-Vela et al.159 also examined a model of 

oxidative stress, including exposure of HCE and IOBA-NHC cells to UV-B radiation and subsequent measurement 

of the free ROS produced. It was demonstrated that 15 seconds of exposure to UV-B light with an intensity of 

107.25 mJ/cm2 significantly increased the levels of intracellular ROS on both cell lines. Similarly, Pauloin et 

al.160 used a UV-B-induced apoptosis and inflammation model on an immortalized HCE cell line, studying its 

intervention on the levels of cytokine secretion and oxidative stress biomarkers. It was shown that ROS pro-

duction, as well as IL-6 and IL-8 secretion, were stimulated significantly. 
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Therefore, in vitro models of inflammation and oxidative stress on human ocular surface epithelial cells 

can contribute to the understanding of the pathophysiological pathways involved in the DED.

2.6 In vivo Dry Eye Model

The most reliable data are obtained through experiments in humans. However, ethical issues arise, as pre-

vious knowledge of toxicological effects and possible adverse reactions of the tested treatments are needed 

to minimize the risks before the administration to humans. Consequently, to approach the complexity of a 

living organism, which cannot be achieved through an in vitro model, animal models were developed, consti-

tuting one of the most important tools for researchers to discover the pathogenesis of diseases and develop 

new therapies. Nevertheless, in vivo data do not always represent the activity and fate of an administered 

treatment in humans, as there is not always correspondence. Also, animal models cannot represent all charac-

teristics of an induced human disease but only some of its aspects.146

Several animal models of DED exist based on the different forms and pathophysiological mechanisms of 

the disease, contributing highly to its understanding. One of the most important experimental DED models for 

EDE is the so-called environmental or desiccating stress (DS) mouse model. This model was firstly developed 

by Dursun et al.161 and included mice exposed to low humidity and constant airflow (DS conditions), together 

with scopolamine administration 3 times per day. These mice developed histopathological and clinical signs 

similar to DED patients. In particular, tear production (TP) was reduced, together with tear clearance and gob-

let cell density, while CFS, corneal epithelial permeability, cytokine levels (IL-1β, TNF-α, IFN-γ, and IL-17) in 

tear fluid, substance P, calcitonin-gene-related peptide, and T cell ocular surface infiltration were increased. 

Also, changes in conjunctival epithelial morphology and apoptosis on the ocular surface were observed. Sim-

ilarly, Barabino et al.162 proved that mice exposed to DS had decreased TP, combined with increased CFS and 

goblet cell loss. Interestingly, CD4+ T cells isolated from lymph nodes and spleen of DS-exposed mice, when 

transferred to recipient (naïve) mice, increased their cytokine levels and reduced their TP, tear turnover, and 

goblet cell density.9,136 Therefore, the importance of this model on the DED establishment and understand-

ing was confirmed. Scopolamine administration in this model was performed using patches, which was later 

adapted to pumps by Gehlsen et al.163 Several DED studies have been performed using this DS/scopolamine 

model, having a usual duration from 10 to 14 days. The mice selected were C57BL/6, the conditions included 

humidity below 30% and constant airflow, while the scopolamine was administered subcutaneously with a 

continuous dose.159,164,165

Additional models have also been developed, including different animal species and addressing the multi-

functional pathophysiology of DED. For EDE, several additional mouse, rat, and rabbit models exist. Meibomian 

glands’ absence or atrophy in mice led to corneal epithelial defects and ulceration, keratitis, keratinization, 

neovascularization, conjunctivitis, blepharitis, periocular crusts and wounds, and pruritus.166 In rats, induction 

of reduced blinking and environmental stress by constant airflow and jogging board led to increased CFS.167 

In rabbits, mechanical prevention from blinking using speculum inducted dry spots and CFS,168 exposure of 

the ocular surface to sodium hypochloric acid increased tear break-up time and punctuate CFS,169 while the-

closure of meibomian orifices by cauterization reduced goblet cell density and corneal epithelial glycogen 

levels, and increased conjunctival inflammatory cells and tear film osmolarity.170 For ADDE, mouse, rabbit,  
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canine, and monkey models exist. Regarding mouse models, non-obese diabetic mice with predominantly 

CD4+ T cell infiltration in the lacrimal glands did not decrease TP and showed no signs of ocular surface dis-

eases,171 Id3-deficient mice with T cell-dominant lacrimal gland infiltration had periocular skin lesions (due to 

eye scratching),172 while Neurturin-deficient mice with defects in the enteric, sensory nervous and autonomic 

systems demonstrated reduced corneal sensation, and mucin production, and increased ocular surface in-

flammation.173 Rabbits with autoimmune dacryoadenitis (Sjögren syndrome) induced by injection of activated 

lymphocytes174 and neuronal pathway dysfunction through blockage of lacrimal gland innervation by topical 

atropine,175 had increased CFS. In terms of canine models,176-179 signs of DED and keratoconjunctivitis sicca with 

reduced TP were produced through spontaneous DED model and surgical-induced DED (mechanical removal 

of the main lacrimal gland), respectively. Removal of the lacrimal gland in a monkey model did not affect TP 

and no further ocular surface disease signs appeared.180

Thus, all these studies confirm that DED animal models allow us to understand in-depth the pathophysi-

ology of DED. Each model reflects specific aspects of DED and thus, no ideal model exists.181 The DS-exposed 

mouse model with scopolamine administration was considered a reliable model to test new therapeutic agents 

for DED at a pre-clinical level.

2.7 Management and Therapy 

The multifactorial etiology of DED makes its management highly complicated. The principal objective of 

DED management is to restore the ocular surface’s and tear film’s homeostasis. This could, at least in theory, 

be achieved by breaking the vicious cycle of the disease. Although several therapies may be appropriate for 

one specific aspect of the patient’s condition, the management of DED involves chronic prevention and man-

agement of the disease instead of short-term treatment. Algorithms are often set up to indicate adequate 

treatment based on the stage of the disease. However, in DED this approach is complicated due to the varia-

tion of the severity and the character of the disease among the patients.182 In general, DED management starts 

with easily accessible and low-risk over-the-counter treatments (for early-stage/mild cases), and advances 

to more complicated therapies for more severe cases.182 In this chapter, available therapies for DED are going 

to be discussed, focusing specifically on drug-based therapies.

For tear insufficiency, tear replacement is performed using lubricants, which can be artificial183-186 or bio-

logical tear substitutes.187,188 Tear conservation is also an alternative used, achieved either by punctal occlusion 

(blocking the drainage of tears)189,190 or by moisture chamber spectacles and humidifiers.191 Tear stimulation 

has also been found to be effective, achieved by topical secretagogues (such as diquafosol tetrasodium),192,193 

lipid stimulators (such as Insulin-like growth factor 1)194 or nasal neurostimulators,195,196 or oral secretagogues 

(such as cholinergic agonists, i.e., pilocarpine197 and cevimeline198).

When meibomian gland dysfunction is an important component of DED, which is frequent, in addition to the 

anti-inflammatory therapies that will be mentioned below, all measures helping maintain meibomian glands 

open and producing a, as normal as possible, meibum must be adopted. These include manual lid hygiene199-201 
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that patients would perform at home daily and/or “in-office” ways to deliver it, such as thermal pulsation 

systems202 and/or intense pulsed light systems.203 Additionally, if DED is associated with anterior blepharitis, 

antibiotics204 or products for a potential Demodex infestation205,206 must be used. If there is a component of 

abnormal tear distribution (abnormal eyelid position of dynamics), specific measures must be taken.207,208

Although all these approaches temporally improve DED symptoms, they do not break the inflammation 

circle involved in DED. Thus, the most important advance in DED therapy is the administration of anti-inflam-

matory treatments. Among them, topical glucocorticoids, non-glucocorticoid immunomodulators, lympho-

cyte function-associated antigen 1 (LFA-1) antagonists, and macrolide antibiotics are currently used for the 

management of the inflammatory process in DED.182

Topical steroids, such as methylprednisolone, fluorometholone, or dexamethasone, among others, are 

widely used for the therapy of many inflammatory diseases, including DED. Numerous clinical studies have 

been published, reporting the importance of corticosteroids use in the management of DED by breaking the 

inflammatory circle of DED.209-218 However, their long-term administration can have several complications, 

including ocular hypertension and glaucoma, infections, and cataract.219-223 

Regarding non-glucocorticoid immunomodulators, tacrolimus224 is used as DED treatment, whereas sev-

eral biologic molecules (lubricin, recombinant human nerve growth factor, TNF-α-stimulated gene/protein 6, 

anti-TNF-α, IL-1 receptor antagonist, neuropeptides, and anti-IL-17 therapeutic targets) have been reported 

as potential future DED treatments.182 However, cyclosporine A is the principal immunomodulatory drug ad-

ministered, having at the same time anti-inflammatory properties and actions helping the management of 

DED.225-227 It is a naturally derived cyclic polypeptide, produced by the fungus Beauveria nivea228 (also known 

as Tolypocladium inflatum229). It is a calcineurin inhibitor, acting by inhibiting lymphocyte activation and in-

filtration230-232 and the subsequent release of cytokines (principally IL-2) by them.227 This is achieved through 

binding with cyclophilin inside T cells, a reaction that causes inhibition of calcineurin-induced de-phosphoryla-

tion of nuclear factor and transcription of cytokine genes.227 Additionally, p38 and c-Jun N-terminal kinase ac-

tivation is blocked by cyclosporine A, causing further reduction of IL-2 secretion233 and subsequent decrease 

of effector T cell function.234 It has widely been used in autoimmune diseases235,236 and to control transplant 

rejection,237,238 while topically is useful in autoimmune ocular inflammation and stem cell dysfunction.239-242 It 

was approved in 2003 by The American Food and Drug Administration (FDA) for severe DED, as it improved TP 

and conjunctival goblet cell density. Later, it was also demonstrated that it reduced inflammation biomarkers 

and tear osmolarity in patients.243-247 Nevertheless, cyclosporine A topical treatment needs several months to 

achieve its effect. In particular, at least a 3-month therapy has been considered necessary (reaching even a 

16-months treatment),248 as cyclosporine A acts by preventing T cell activation and not by deactivating the 

activated T cells, which live 110 days in the human body.249 Also, cyclosporine A has very low water solubility, 

complicating its formulation as ocular drops. Emulsions of cyclosporine A have been formulated and released 

for DED treatment in Europe.250 However, the oil or surfactants present in them can be irritating for the eye, 

causing burning, itching, irritation, or even blurry vision in some cases.226,251
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More recently, LFA-1 antagonists, such as lifitegrast, have been considered an efficient strategy to inhibit 

DED T cell-mediated inflammation, as they block T cell interaction with other cellular elements. LFA-1 is an 

integrin (heterodimeric cell surface receptor), having as principal ligand the intercellular adhesion molecule 

1 (ICAM-1), which is expressed in endothelial, epithelial, and antigen-presenting cells.252 When ICAM-1 binds 

to LFA-1, an immunologic synapse with subsequent T cell activation occurs.253 Lifitegrast acts by imitating 

ICAM-1’s binding to LFA-1 (competitive antagonist), inhibiting T cell migration, and decreasing cytokine pro-

duction.254-256 In 2016, lifitegrast (as 5% ophthalmic drops) was approved by FDA for the treatment of DED. 

Lifitegrast was found to be effective in improving the eye dryness score (visual analog scale), as well as ocular 

discomfort. Nevertheless, no effect was observed in inferior corneal staining after 84 days of treatment. Also, 

side effects were reported, such as instillation site burning, reduced visual acuity, and dysgeusia.257 Current-

ly, it has received approval in the US, Canada, Australia, and 6 more countries, although not by the European 

Medicines Agency (EMA).258

Several macrolide antibiotics have also been incorporated in the therapeutic strategy of DED. Systemic 

azithromycin has a stimulatory effect on meibomian gland epithelial cells,259 being efficient in meibomian 

gland dysfunction associated with rosacea260-262 and regulating lid bacterial flora and inflammation.263-266 How-

ever, its ideal dosage is still controversial,260,261,267 while there is still doubt that oral antibiotics are effective 

in meibomian gland-related ocular surface diseases.268 Azithromycin has been also administered topically for 

DED associated with severe blepharitis with much better toleration.269 Tetracyclines are broad-spectrum anti-

biotics, which have also been proposed as DED treatment. They act by decreasing lipolytic exoenzymes and li-

pase production by bacteria through blockage of aminoacyl-tRNA binding to mRNA ribosome.270-272 Thus, they 

reduce meibomian lipid breakdown products, contributing to the improvement of blepharitis and meibomian 

gland dysfunction, while they also have anti-inflammatory properties, reducing several cytokines in the cor-

neal epithelium.273-277 Nevertheless, the optimal dosage for tetracyclines has not been established either,278 

while their known side effects (photosensitivity and gastrointestinal disorders) and the safety issues emerg-

ing from their long-term use are still an obstacle for their future established use and approval for DED.182
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Natural compounds have extensively been used as therapeutic agents279; from ancient times, when Greeks 

or Chinese used plants to treat most of the diseases,280,281 to nowadays, providing effective drugs.282 Natural 

products were widely used in the pharmaceutical industry in the 1800s and 1900s. However, between the 

1960s and 1980s, a decline in their use was noticed. This was attributed to many factors, such as the complex-

ity of the isolation, fractionation, and structural identification processes, as well as the heterogeneity of the 

obtained extract which could lead to a lack of detection of the bioactive compound present in it.283-285 Scal-

ing-up problems,284 low reproducibility of samples re-collection,286,287 large variability in the phytochemical 

profile of the plants among the different cultivars or varieties,288,289 together with the appearance of compu-

tational chemistry as an alternative to drug discovery,290  contributed to this decline. In 1970, the discovery of 

Taxol (paclitaxel), a natural alkaloid isolated from the Pacific yew, as an effective naturally derived anticancer 

drug, refocused the scientific pharmaceutical interest in natural products.288,291 This was also supported by the 

advances in new technologies (i.e., chromatographic and spectroscopic techniques), which enhanced drug 

discovery from medicinal plants.292,293 

Nowadays, nature is a recognized source of bioactive molecules. According to World Health Organization 

(WHO), traditional or alternative medicine is used by up to 80% of people in developed countries.294 Also, 60% 

of the available pharmaceutical compounds are derived directly or indirectly from natural molecules, 25% 

of the drugs prescribed are plant-based, and 121 naturally derived active compounds are being used world-

wide.289,294-296 Interestingly, 11% of the essential drugs are of natural origin or synthetic molecules based on 

natural compounds.296 Therefore, the importance of natural products for drug discovery is of utmost scientific 

and medical interest.

The bioactive compounds present in plants are secondary metabolites. Secondary metabolites are pro-

duced either during plant growth or during exposure of the plant to biotic (parasites, bacteria, or fungi attack, 

animal damage, etc.) or abiotic (UV radiation, extreme temperatures, low water availability, etc.) factors.297,298 

They are produced through several biosynthetic pathways, such as those of malonic, mevalonic, and shikimic 

acid. They can be divided into two big categories, based on the presence or absence of nitrogen in their struc-

ture. Alkaloids, glucosilates, and amines belong to the first category (nitrogen-containing), while phenolic and 

terpenoid compounds in the second (non-nitrogen-containing).299 

Phenolic compounds are widely found in the plant kingdom, being one of the most important mo-

lecular groups derived from plants.300 In plants, they contribute to their color, odor, astringency, taste, 

and oxidative stability.301 Structurally, they have at least one aromatic ring coupled with one or more 

Figure 9. Number of publications related to “biological activities of phenolic compounds”: evolution from 1961 to 
2020 (Source: PubMed).
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hydroxyl groups (phenol). They can be classified as simple phenols and polyphenols, based on the number of 

phenol groups in their structure.300 Polyphenols include tannins, lignans, secoiridoids, coumarins, flavonoids, 

and phenolic acids.298 More than 800 different phenolic compounds have been isolated and identified.301 Their 

activities change based on the position and number of hydroxyl groups, as well as the substitution of the aro-

matic rings.300 For the human, they exert numerous biological properties, including anti-inflammatory, antimi-

crobial, antioxidant, antiallergenic, and antiatherogenic.302,303

Thus, there is a current recognition of plant phenolic compounds not only by the scientific community as 

shown by the increasing number of publications related, especially in the last 20 years (Fig. 9), but also by the 

public, as polyphenols are abundant in fruits, vegetables, seeds, and produced healthy foods and beverages,304 

being one of the most important ingredients of a healthy diet.

3.1 Olive Phenolic Compounds: Structures and Biological Activities

The olive tree, genus Olea (Oleaceae), comprises more than 40 varieties of shrubs and trees, located in Af-

rica, Asia, Oceania, and south Europe.305 Among them, the Olea europea is found in the Mediterranean area and 

is extensively cultivated for its fruit, from which the olive oil and table olives are produced.306 The cultivation 

of Olea europea starts in the Copper Age.307 Later, in ancient Greece, its role was of chief importance, being 

part of the Greeks’ social and religious life. According to Greek mythology, the origin of the name of the city of 

Athens is related to the olive tree, as Athena, the Goddess of wisdom, won the possession of the Attica region 

(where Athens belongs) to Poseidon, the God of the sea and earthquakes, because the gift she offered (an ol-

ive tree) was considered more precious than that of Poseidon (salt spring) by the jury formed by the other ten 

Gods of Olympus.308 Today, the olive tree is one of the most important crops throughout the world, as its har-

diness and consumption are extensive.307 In traditional and folk medicine, olive oil and fruits have been widely 

used, including antiseptic and analgesic for abdominal pain and rheumatism, among others.309,310 Nowadays, 

numerous studies have highlighted the importance of the consumption of olive oil for the human health, being 

the principal dietary fat ingredient of the well-known healthy Mediterranean diet.311,312 A negative correlation 

has been reported between olive oil consumption and heart (coronary and atherosclerosis) and cancer (breast 

and colorectal) diseases.313,314

The beneficial properties of the consumption of olive oil for the human health were attributed to its un-

saturated fatty acids, which have demonstrated beneficial activities for the cardiovascular system.315-317 Cur-

rently, these properties have also been related to olive oil’s phenolic content.313,318-326 Over the latest 20 years, 

the olive phenolic compounds have been elucidated and found to have a wide range of biological activities, 

including prevention of low-density lipoprotein oxidation, anti-inflammatory effect, and protection of external 

agents.327 They can be divided into 13 classes, which include 222 different molecules.328 The classes are sim-

ple phenols, hydroxybenzoic acids, methoxyphenols, hydroxyphenylacetic acids, hydroxycinnamic acids, glu-

cosides, secoiridoids, irridoids, coumarins, flavonoids, lignans, hydroxy-isochromans, and phenolic fatty acid 

esters, being the most important and characteristic of the Olea europea the secoiridoids (Fig. 10). 
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Simple phenols have at least one hydroxymethyl group connected to an aromatic ring and/or one to two 

hydroxyl groups,328,329 while methoxyphenols are phenols including a methoxy group in their aromatic struc-

ture.328 Hydroxybenzoic acids are derivatives of benzoic acid, with a general structure of the C6-C1 type330 

and one to three hydroxyl groups.328 Similarly, hydroxycinnamic and hydroxyphenylacetic acids are C6-C3 

type cinnamic acid derivatives331 with one to three hydroxyl groups328 or phenylacetic acid derivatives with 

one or two hydroxyl groups,328 respectively. Glycosides are molecules comprising a sugar connected to an-

other functional group.332 Glucosides are glycosides including glucopyranose and can be attached either to 

the heterocyclic or the two phenyl rings.328 Iridoids are monoterpenoids with a general form of cyclopen-

tan-[c]-pyran.333 The cleavage of the bond in the cyclopentane ring generates the secoiridoids,334 which are 

characterized by the presence of elenolic acid in their structure.328 Coumarins are benzopyrone derivatives,335 

similar to hydroxyiso-chromans, and are hydroxylated in the benzene ring.328 Flavonoids comprise a 15-carbon 

skeleton, consisting of two phenyl rings and a heterocyclic one, which contains the bound oxygens.336 Lignans 

are monolignol dimers of higher molecular weight, comprising a 2,3-dibenzylbutane in their structure.328,337 

They can be free or glucosylated.328 Fatty acid esters result from the combination of alcohol with fatty acid. 

When the alcohol is a phenolic ring, they form the phenolic fatty acid esters.338

Figure 10. 13 classes of olive phenolic compounds: number of compounds and key-information for each class, 
together with representative molecular structures (adapted from Bonvino et al.328).
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However, only 1-2% of the phenolic compounds of the olive fruit end up in the olive oil, as the rest 98% 

of them goes to the by-products produced during the olive oil production,339 which will be analyzed in detail 

in chapters 3.2 and 3.3. Apart from the olive fruit, the olive leaves also constitute a part of the olive tree rich 

in phenolic compounds.340,341 Interestingly, monographs of olive oil and leaves exist in most pharmacopeias 

(European, British, and the US) nowadays,342-344 confirming the important biological activities of these mole-

cules for the human health. Among the olive phenolic categories, simple phenols and secoiridoids are the most 

abundant328 and thus, include most of the cited bio-active compounds.345 Nevertheless, other important com-

pounds, such as acids (e.g., caffeic, vanillic, elenolic, and p-coumaric), glucosides (e.g., verbascoside), and 

flavonoids (e.g., rutin), contribute to the biological properties of the olive products, adding antioxidant,346-350 

anti-inflammatory,351-353 anti-microbial and antiviral,354-356 chemoprotective,347,357-359 cardioprotective,360-364 

and anti-depressive365 activities to the material. 

Regarding the biological properties of secoiridoids, oleuropein (OL) is the major representative, exerting 

in vitro and in vivo antioxidant,366,367 in vivo anti-inflammatory,351 endocrinal,368 and hypoglycemic,319 in vitro 

cytostatic369 and molluscicidal370, in vitro371,372 and in vivo373,374 cardioprotective/antiatherogenic and ex vivo 

antihypertensive375 properties, as well as enzyme modulation376 and antimicrobial/antiviral effects.354,355,377-379 

Oleacein (OLC) (also known as decarboxymethyl OL aglycone dialdehyde – 3,4-DHPEA-DEDA) is also a 

highly investigated secoiridoid. For OLC, the in vitro antioxidant,380 anti-inflammatory,381 anti-tumor,380 and 

anti-cancer382 activities have been reported, while enhancement of insulin sensitivity in vitro and in vivo383 has 

also been demonstrated.

Regarding simple phenols, hydroxytyrosol (HT) and tyrosol (TY) have been extensively reported. They 

both exert antioxidant, anti-inflammatory, and antiatherogenic/cardioprotective activities in vitro,320,357,384-389 

in vivo321,351,384,390-392, or in humans393. Additionally, HT has demonstrated chemo-preventive,394-396 antimicro-

bial,378,397 and skin-bleaching398 activities in vitro. The strongest biological activity of HT compared to TY has 

been attributed to the presence of the 3-hydroxyl group, which plays a very important role in the affinity of 

the molecule with the substrates.399 Figure 11 presents the chemical structures of the phenolic compounds 

mentioned. 

The beneficial effects of HT and OL in ocular disorders have also been demonstrated. On human retinal pig-

ment epithelial cells, HT reduced the bevacizumab-stimulated increase of angiogenin secretion400 and the ac-

rolein-induced oxidative stress and mitochondrial dysfunction,401 acting preventively in smoking- and age-re-

lated macular degeneration. On the same cell line, its antioxidant activity was proved to be related to the 

Nrf2-Keap1 pathway402 and the activation of mitochondrial biogenesis and phase II detoxifying enzymes.403 In 

rats with diabetic retinopathy, induced using intravenous injection of streptozotocin, HT inhibited the reduc-

tion of the number of retinal ganglion cells, exerting a neuroprotective effect, enhancing also some cardio-

vascular biomarkers.404 Patents for eye drops comprising HT have also been published,405 targeting trigeminal 

ganglion,406 treating or preventing age-related macular degeneration, as well as protecting the eyesight.407 In 

terms of OL, its prophylactic consumption can decrease intraocular pressure during anesthesia in rabbits, act-

ing protectively for the eye.408 Thus, there is increasing recognition for HT and OL by the scientific community, 

as shown by the increasing number of publications related in the last 40 years (Fig. 12).
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Figure 11. Chemical structures of the most investigated olive phenolic compounds: A. Hydroxytyrosol (HT), B. Ty-
rosol (TY), C. Oleuropein (OL), and D. Oleacein (OLC). 

Figure 12. Evolution of the number of publications related to: A. “hydroxytyrosol” (HT) and B. “oleuropein” (OL), 
from 1978 to 2020 (Source: PubMed).
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3.2 Olive Oil Industrial Production and By-products

The cultivation of olive groves covers a surface of 10.6 million hectares (data 2019), producing approxi-

mately 20,069,835 tons of olive oil per year for the decade 2010-2019.409 Each olive tree offers between 15 

and 40 kg of olive fruits per year. Most of the total olive oil production (ca. 72%) is performed by the Mediter-

ranean countries, with Spain, Italy, Greece, Tunisia, and Turkey being the main olive oil-producing countries. 

Morocco, Algeria, and Portugal have also a well-established olive oil industry. In total, approximately 25,000 

olive mills exist worldwide. USA, Argentina, Australia, and the Middle East are the principal olive oil producers 

outside the Mediterranean area.409,410 Over the last decades, olive oil production has increased remarkably by 

20%.409 

The olive oil is principally located in the vacuoles of mesocarpal cells of the olive fruit, in small drops. It 

is also found in the colloidal system of the cell’s cytoplasm, the epicarp, and the endosperm, but to a lesser 

extent.411 Its extraction systems can be divided into two categories: the traditional pressing method and the 

centrifugation method (modern process). Figure 13 presents the typical modern extraction process of olive 

oil. The main steps of oil production are feeding, rejection of the leaves, washing, crushing, and malaxation (or 

slow mixing). Then, the olive oil is separated either by pressure or centrifugation.308 All operations must be per-

formed the fastest possible, as a long processing time could lead to the oxidation and acidity of the material, 

affecting its final quality.412,413 

After their collection, olives are placed into the feeding hopper of the olive mill. Washing with water and 

leaves removal are performed in this step with the aid of a moving belt, to reject any external material that 

could contaminate the final product or harm the machine. Then, crushing the fruits is the main step of the 

process, as the cell walls of the mesocarpal cells break and the oil is released from the vacuoles. This step is 

performed in a big bowl containing two or three wheels rotating at high speed. Subsequently, the resulting 

paste from the crushing step is mixed slowly and constantly for 30 minutes (malaxation step), to increase the 

recovery of the obtained oil by the coalescence of small oil drops into larger ones; thus, helping to separate the 

oil from the water phase, breaking up the emulsion drops formed by the mixture of oil with water. Malaxators 

are made of stainless steel, to avoid oxidation, and have double walls being run by heating water in between, 

to maintain a temperature slightly above standard room value (up to 30 oC) to lower the oil viscosity.308,414

Figure 13. Typical layout of the modern olive oil extraction process (obtained from Kapellakis et al.308).
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The large mixture produced after the malaxation step comprises olive oil, water, scattered cellular pieces 

of crushed olive fruits, and pieces of olive stones (pits). To extract the olive oil by this mixture, a pressure 

process and two- or three-phase centrifugation process can be applied. The pressure process is the oldest 

method and is performed placing the olive paste obtained by the previous stage in diaphragms, which are con-

sequently placed in moving trolleys with a central shaft. The trolleys and their load are placed under hydraulic 

pressure, something that makes the liquids (water and oil) run out from the solid residue. Centrifugation is a 

more recent method of separation of the olive oil from the paste. It is performed using a horizontal decanter 

(centrifuge), which has a rotating bowl and an inner screw, resulting in the separation of the solid from the 

liquid (oil and olive mill wastewaters) part. There are two types of decanters: two- and three-phase.308,415 The 

three-phase centrifugation system needs the addition of water, which aids the obtention of oil locked inside 

microgels or emulsions. It was introduced in the 1970s to increase oil yield. During this process, the oil, the 

olive mill wastewaters, and the solid waste (olive pulp and stones) are produced, with the latest being sepa-

rated from the two liquid phases. The liquid phases are further centrifuged vertically, to isolate the oil without 

the presence of the mill wastewaters. However, the large amounts of wastewaters produced (1.25-1.75 times 

more water used, compared to the traditional pressure separation method) led to the development of the 

two-phase centrifugation process. This system has lower water demands, as it uses washing water, providing 

only the oil and producing principally a solid residue with high humidity, the olive pomace (OP), while fewer 

wastewaters.416,417 Currently, the two-phase centrifugation system is the one used for the separation of the 

olive oil from the bulk from the biggest olive oil producer countries.418 Thus, the olive by-products consist of 

the OP, the mill wastewaters, the leaves, and the stones (Figure 14).

The olive stones are recovered in the oil separation step, while the by-products generated by the table 

olive industry are even more, as they are usually rejected before further processing. Regarding the stones 

obtained by the olive oil production, they are usually crushed in small pieces, and they represent only 10% of 

by weight of the fruit. They consist of cellulose (ca. 28-40%), lignin (ca. 25-37%), and hemicelluloses (ca. 

19-32%), along with fats (polyunsaturated fatty acids, e.g., linoleic acid) and proteins (i.e., essential amino 

acids).340,341

The leaves are also a lignocellulosic by-product, obtained in two points of the olive oil production: during 

the pruning (harvesting), i.e., before the washing step, and during the washing step of leaves removal. In the 

first case, they constitute approximately 25% of the pruning and are usually discarded into the soil (together 

with branches) or burned. They have a high humidity (ca. 51%), and they consist of extractives (37%, with 

cellulose, hemicelluloses, and lignin being 6%, 4%, and 40% of them, respectively), carbohydrates (ca. 27%), 

proteins (ca. 7%), fibers (ca. 7%), oil (ca. 3%), phenolic compounds (ca. 2-3%), and ash (ca. 2%).340,341

The olive mill wastewaters are generated during the washing of the fruits, as well as the horizontal and 

the vertical centrifugation.341,415 They are an organic waste (ca. 4-16% of organic compounds) rich in toxic 

phenols, principally composed of water (ca. 83-92%), as well as sugars (ca. 2-4%), mineral salts, and metals 

(ca. 0.4-3%, with nitrogen, potassium, magnesium, and phosphorus being the principal ingredients), but also 

high-value ingredients, i.e., ca. 2-15% of phenolic compounds of low (HT, TY, p-coumaric acid, syringic acid, 

ferulic acid, etc.) or high (tannins, anthocyanins, etc.) molecular weight.340,415 They have a low pH (ca. 5), high 

electrical conductivity, and dark color due to lignin polymerization with polyphenols.
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The OP is the semi-solid by-product and constitutes a mixture of vegetation and process waters, olive 

stones, and pulp. By weight, it is the principal by-product produced by the principally used two-phase sepa-

ration method. 1,000 kg of processed olive fruit provide only 200 kg of olive oil, while the rest 800 kg is con-

verted into OP.341 Between 7 and 30 million m3 of OP per year are produced only in the Mediterranean basin, 

which are stored in open-air bags.341,419 It is an organic waste with phytotoxic and antimicrobial properties, 

high salinity, and humidity (ca. 55-70%), while it is also rich in phenolic compounds. It also comprises poly-

saccharides (ca. 39%), cellulose (ca. 30%), xyloglucans (ca. 15%), glucuronoxylans (ca. 14%), and mannans 

(ca. 2%), as well as carbohydrates, metals (potassium, calcium, and sodium) and salts, which lower its pH (ca. 

5), as well as a high quantity of phytochemicals, which are antioxidant compounds (tocopherols and ca. 1-4% 

of phenolic compounds). Furthermore, the remaining 80% of the weight of the olive fruits end up in the OP, 

together with the washing waters, making the content of the OP in the remaining olive oil important as well 

(ca. 2-3%).340,341,419,420

3.3 Environmental Impact and Valorization Strategies of Olive 
By-products

As already mentioned, the two-phase separation system is the most used in Europe, generating OP as 

the main by-product.421 During the processing, as also already mentioned, only 1-2% of the olive phenolic 

compounds end up in olive oil, as the rest 98% goes to the solid by-product (OP).339 The presence of phenolic 

compounds in them makes their treatment difficult, resulting in a by-product with high biological and chem-

ical demand in oxygen.341 Thus, they constitute a major pollution factor for the atmosphere, the water, and 

the soil.415 In the beginning, the two-phase system had been characterized as more ecological, due to the 

reduction of the production of wastewaters. However, the resulting OP has much higher humidity and cannot 

be managed easily. Thus, this characterization cannot be considered complete, as the load in this by-product 

is more concentrated and polluting.308 Also, the produced OP comprises a high amount of remaining oil, which 

means that it must be further processed to recover it.308 The recovery of the remaining oil produces the so-

called “OP oil”, which is available in the market.  Its recovery is usually performed by drying the OP in ovens at 

high temperatures and using toxic organic solvents (hexane),422 creating the risk of generation of carcinogenic 

substances.308,422 For this reason, alternative methods have been proposed for the extraction of the OP oil, 

avoiding high temperatures and organic solvents, such as extraction with supercritical carbon CO
2
.423 

Therefore, there is increasing global awareness for the valorization of the olive by-products, and principal-

ly the OP. Regarding washing wastewaters, they can be used as fertilizers on soils and crops, giving a partial 

solution to the problem. However, several valorization strategies have been applied, including its evapora-

tion, physicochemical treatments, extraction of valuable compounds (principally phenolic compounds), and 

biotechnological transformation into biofuel, biogas, or textile dye.340,421 Regarding OP, its soil disposal is the 

principal alternative. However, large areas are required, and several environmental problems are produced, 

such as bad odor, insect proliferation, and leaching.421 This method has been prohibited by many national reg-

ulations.419 Composting the OP (mixing it with natural organic residues, i.e., leaves and twigs) has also been 

proposed to increase soil fertility in farms. However, its semi-solid texture hinders the elimination of its phy-

totoxic properties, thus the process lasts for at least 18 weeks.424 The valorization strategies of OP also include 

physicochemical treatments, biotechnological transformations, and extraction of compounds useful for the 
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cosmetic industry, wastewater purification, and solid residues composting industry.421,425 All these strategies 

can be performed in the defatted OP (after the removal of the OP oil).341,426

One of the most important valorization strategies for OP is the recovery of its high-value phenolic com-

pounds, which can have numerous applications for the human health, as previously reported. Among the OP 

phenolic compounds, HT and OL are the principal molecules found, together with vanillin, apigenin, rutin, and 

luteolin.427,428 Also, several simple phenols (including TY, 4-vinylphenol, and 4-methylcatechol429,430), hydrox-

ybenzoic acid derivatives (quinic acid, shikimic acid, gallic acid, vanillic acid, etc.429,431), hydroxyphenylacetic 

acids (p-hydroxyphenylacetic acid and 2,5-dihydroxyphenylacetic acid430,432), hydroxycinnamic acids (ros-

marinic, chlorogenic, ferulic, caffeic, p- and o-coumaric, etc.430,432), phenolic fatty acid esters (e.g., deoxylo-

ganic acid lauryl ester433), glucosides (hydroxytyrosol glucosides, verbascoside and its derivatives, oleoside, 

etc.431,432), flavonoids (luteolin glycosides, isorhoifolin, apigenin glucosides, taxifolin, quercetin, delphinidin, 

hesperitin, etc.430-432,434), lignans (pinoresinol and its derivatives, 3-acetyloxy berchemol, etc.429,430,435), and 

secoiridoids (including OLC, OL aglycone, and derivatives, secologanin, secologanic acid, nüzhenide, etc.430-

432) have been reported. Thus, the recovery of the OP phenolic compounds is not only beneficial for the hu-

man health with numerous biological applications but also contributes to the valorization of an agro-industrial 

by-product, reducing its environmental impact and contributing highly to the sustainable development of the 

olive oil chain. 

3.4 Obtention of Phenolic Compounds from the Raw Material

To recover the phenolic compounds from vegetable materials, several steps are involved, i.e., feed prepa-

ration, solvent extraction, purification, and drying. In the feed preparation step, the material is prepared by 

removing any unwanted external component, maximizing the subsequent extraction efficiency (effectively 

using the available volume in the extractor only with the material of interest), and increasing the solid/liquid 

ratio for the same volume of solvent use. Also, if the material is frozen, thawing it before extraction is usually 

required. However, the extraction constitutes the most important step of the polyphenols’ recovery process. 

The key factors for the extraction are the technique and the solvents, leading to the maximum recovery of the 

compounds of interest, and reducing the presence of unwanted substances.436 

The solvent highly affects the extraction efficiency. The type of solvent, together with the solid/solvent 

ratio and the time of contact with the plant matrix are among the most important factors influencing the ex-

traction of plant bio-actives.437-439 For phenolic recovery, organic solvents have been mostly proposed, with 

acetone, methanol, and ethanol, among them. Acetone is non-polar and thus, cannot recover the medium 

polarity phenolic compounds,440 whereas methanol is highly toxic.441 On the other hand, ethanol has been con-

sidered a green organic solvent alternative for phenolic recovery.442 However, pure organic solvents cannot 

enter entirely into vegetable cells, due to dehydration that occurs, and thus, they cannot recover polyphe-

nols effectively.443 For this reason, hydroalcoholic mixtures are proved to be the most suitable and are mainly 

used as solvents. Ethanol reduces the polarity and dielectric constant values in the aqueous mixture, leading 

to an increased phenolic extraction.444 In addition, these mixtures are non-toxic, sustainable, and low cost (a 

big part of the solvent mixture is water).436,445,446 Hence, solubility and environmental aspects should both 

be taken into account during solvent selection. In this context, extraction processes can also be based on 
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the use of “green” solvents, such as deep eutectic, which are a new class of ionic liquid analogs with low 

toxicity, high biodegradability, low-cost preparation, and simple synthesis with no further necessary purifi-

cation.447-449 The use of deep eutectic solvents for phenolic extraction from OP has already been proposed.428

In terms of extraction techniques, phenolic compounds are traditionally recovered using simple equip-

ment. These techniques are heat reflux, maceration, Soxhlet, percolation, infusion, and decoction. In infusion 

(often called steeping), the material remains suspended in the selected solvent over time. In maceration, the 

raw material remains in contact with the solvent during a certain time at room temperature. In decoction, 

boiling the plant material is performed, while in percolation, the solvent is passed through the raw material. 

In heat reflux, the system (solvent and raw material) is heated for a specific amount of time, while the vapor 

produced is returned to the liquid by cooling it using a condenser. Soxhlet was invented by Frantz von Soxhlet 

in 1879 and is an apparatus based on the recycling of a small quantity of solvent, permitting the recovery of 

a large amount of material. However, all these techniques need a high amount of solvent and thus, they are 

not environmentally friendly and industrially appropriate. Also, long extraction times are used, which together 

with the high temperatures applied, increase the possibilities of degradation for the thermally labile com-

pounds.436,450-452

As new technologies emerge, “green”, cheaper, and more efficient extraction techniques have been pro-

posed, reducing organic solvents and shortening the extraction time. The total cost of the extraction pro-

cess can be remarkably decreased by using intensified extraction technologies, such as pressurized liquid 

extraction, supercritical fluid extraction, pulsed electric field extraction, and microwave-, ultrasound-, or en-

zyme-assisted extraction.436

Pulsed electric field extraction is a “green” extraction method of phytochemicals from the raw material 

and is performed by applying moderate to high-intensity electric pulses on the sample, which is placed be-

tween two electrodes. By applying the electric pulses, the cell membranes brake, while the temperature is 

maintained low. Its non-thermal nature makes this technique ideal for thermally sensitive materials, while its 

selectivity and ability to keep stable the extraction parameters (electric field strength, pulse duration, number 

of pulses, and size of membrane pores) are also included in its advantages.436,453 Application of this technique 

to the OP have enhanced the recovery of the phenolic content by 13.3% with no negative impact on the OP oil 

quality,454 while Andreou et al.455 demonstrated that the phenolic compounds recovery from the OP increases 

by 91.6% compared to conventional extraction methods using hydroalcoholic mixtures.

Enzyme-assisted extraction is also a “green” method, able to enhance the phenolic recovery from the 

plant material by adding enzymes in the extraction solution. Enzymes (cellulose, pectinase, protease, etc.) 

can soften or break the cell walls, allowing better interaction between solvent and active ingredients. This 

technique is effective for the recovery of phenolic compounds that are bound to carbohydrates or proteins 

within the cells or on the cell walls. The process is performed by mixing the plant material with the solvent 

(mostly water) and the enzyme and incubating at 35-50 oC. Hence, the advantage of this technique is the 

avoidance of organic solvents. Also, its performance at low temperatures makes it ideal for thermally labile 

compounds. However, the cost of the enzyme is high and the extraction time is prolonged, varying from 1 to 

48 hours, being its principal drawback for its future scalability.436
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Ultrasound-assisted extraction is performed by applying sound waves with frequency higher than the 

human hearing ability (varying from 20 kHz to 2 MHz). Ultrasounds act like a piston on the liquid solvent and 

plant tissues, as their shape changes when sound waves travel through them, while they return to their initial 

shape in the absence of waves. This generates cavitation bubbles, which release energy, creating spots of high 

pressure and temperature. Thus, the matrix is ruptured, and the active ingredients come in direct contact with 

the solvent, enhancing the mass transfer in a green way. In addition, less solvent consumption is achieved, and 

many solvents can be used, reducing the extraction cost.436,456 Applied to the OP, the ultrasounds can increase 

the recovery of phenolic compounds and antioxidant activity of the obtained extract either at 30 oC and 75 

min of extraction time, or at 60 oC and 60min of extraction time (optimal conditions).339,457 Similarly, Sahin and 

Samli458 enhanced the antioxidant activity and the phenolic content of the obtained olive leaf extract by ap-

plying 1 h of extraction time and using water-ethanol mixtures. The combination of ultrasounds with enzyme 

extraction has also been found to increase the phenolic recovery from olive wastes.459 

Microwave-assisted extraction is one of the most advanced “green” methods, widely used for the re-

covery of phenolic compounds. The frequencies of the electromagnetic radiation of the microwaves vary from 

300 MHz to 300 GHz. The principle of this technique is based on heating the extraction solution dielectrically 

(caused by dipole rotation) or by ionic conduction (caused by ions alignment with the electromagnetic field), 

although both mechanisms could occur simultaneously. The advantages of this method are the low cost of 

the apparatus, as well as the quick and homogeneous heating, performed from the inside of the extraction 

solution and not by an external fluid or bath.460 However, the selection of the solvents is very important in this 

technique, as several factors can affect it, i.e., affinity with active components, as well as ability to absorb 

microwave radiation (some solvents cannot be heated by this method, due to their lack of microwaves ab-

sorbing capacity).436,460 The application of a microwave pre-treatment to the OP has already been described461 

and was found to increase the recovery of TY, HT, and OL during the subsequent conventional extraction. Also, 

microwaves were found to extract similar phenolic content from OP compared to traditional solvent extract in 

shorter extraction times and fewer solvent volumes. When combined with enzymes, a higher phenolic recov-

ery was achieved, compared to conventional extraction.462 Compared to ultrasounds, microwaves were found 

to be more effective in the recovery of HT, maslinic acid, and oleanolic acid from the OP.463 

Extraction processes can also be based on the use of “green” solvents, like eutectic447-449 (as already men-

tioned) or supercritical. A fluid is characterized as supercritical when it retains at the same time the proper-

ties of gas and liquid. This is achieved above a certain temperature (called “critical”), at which the pressure 

cannot influence the formation of liquid from the gas phase, and thus, no liquid-phase boundaries or surface 

tension exist. These properties give to the fluid good diffusivity into the solid matrix (gas-like properties) and 

at the same time high ability of dissolution of active materials (liquid-like properties). Therefore, with this 

technique, the extraction of active compounds from plant materials is very effective. The most used fluid for 

supercritical fluid extraction (SFE) is carbon CO
2
. CO

2
 has many advantages; it is cheap at an industrial level, 

chemically inert, non-toxic, non-flammable, easily available in high quantity and quality, suitable for lab or 

pilot operations, and can be easily separated from the extract and recycled. Also, the critical temperature of 

CO
2
 is very close to the ambient (31 oC), which means that no extreme heating is required for this fluid, while 

it is easily separated from the plant matrix after the extraction procedure, only by reducing the pressure in  
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the separator, which collects the final extracts.436 The supercritical carbon CO
2
 (scCO

2
) extraction is princi-

pally used for the recovery of non-polar compounds, such as lipids and waxes, also from the olive fruits.464,465 

Coupled with more polar co-solvents, such as EtOH, it is efficient in recovering also phenolic compounds in the 

oil obtained from the OP.466 Nevertheless, the recovery of non-polar compounds from biomass by scCO
2
 is of 

utmost importance, as it is part of a holistic biorefinery concept.467,468 Compared to conventional defatting pro-

cesses, scCO
2
 offers an oil product with improved properties, as it has numerous biological applications (e.g., 

pharmaceuticals, foods, cosmetics, and nutraceuticals), and no subsequent expensive and harmful refining 

treatments are needed (due to its good dissipation from the extracts at atmospheric pressure), something 

necessary in the case of toxic organic solvents (i.e., hexane).464,469 The use of scCO
2
 for the recovery of the 

remaining non-polar compounds from the OP has already been proposed by Difonzo et al.470 and Tirado et al., 
423 confirming that scCO

2
 can be a green alternative solution for the obtention of the remaining OP oil.

As scCO
2
 is useful only for non-polar compounds, pressurized or subcritical liquids can be used for more 

polar components. Pressurized liquid extraction (PLE) is based on the principle that the temperature of 

the boiling point is proportional to the pressure applied. Thus, by applying high pressure before the eleva-

tion of the temperature in the extraction procedure, the solvent remains in liquid state even at high tem-

peratures.436 Generally, the elevation of extraction temperature enhances the recovery of extractives, while 

several studies have proved that the solubility of phenolic compounds in the solvent increases through the 

temperature/pressure increase achieved by PLE.472-474 In addition, the enhanced solvent diffusivity and the 

reduced solvent viscosity lead to high extraction yields in a short time and low solvent volumes, due to a 

higher mass transfer.475 Hence, PLE is an ideal technique for these molecules. It is also an energy-saving meth-

od, as less heat is required to generate high temperatures. Thus, a higher quantity of phenolic compounds 

is recovered in the generated extract, spending less energy. Also, the extraction temperature can vary from 

50 to 200 oC, while the extraction equipment is simple, scalable, and low cost.436,445,446 PLE has already been 

applied to olive leaves476,477 and OP478-480 to recover their high-value phenolic compounds.

Figure 15. Representative supercritical carbon dioxide extraction (scCO
2
) apparatus. E-0: tank for CO

2
, E-1: refrig-

erator, E-2: pump, E-3: extractor, E-4: separator, F-1: flowmeter. (obtained from: Mustapa et al.471).
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For the approval of a drug substance as a pharmaceutical product, it should first comply with several 

guidelines and regulations regarding stability and toxicity. For a botanical drug, there is also uncertainty about 

its active components, due to its high heterogeneity. In many cases, its constituents have very low concen-

trations, especially in the final product. To ensure its therapeutic consistency, apart from chemical test control 

and biological assay results, botanical raw material control should be performed. This includes identification 

of the plant species via microscopic, macroscopic, or organoleptic methods and appropriate and standardized 

storage conditions.481,482 It has been proved that the richness of the plant material in phenolic compounds 

can vary depending on geographical, climatic, and varietal factors. For example, olive oils from south Spain 

produced from the picual variety, have higher richness in phenolic compounds compared to north varieties 

such as arbequina, due to the higher hydric stress stimulated by the more severe climate.483,484 However, pre-

treatment and storage of the material also affect its final retention in polyphenols. Storage temperature and 

duration, presence of light, oxidation, and drying or freezing have already been studied as possible factors that 

affect the stability of phenolic compounds in the raw material.485-489

Botanical drugs are classified in their whole like the active pharmaceutical ingredient in the drug product. 

The classifications include standardized, quantified, or “other” extracts. The standardized extracts have a de-

clared content of components of a certain chemical group with known therapeutic activity, e.g., silymarines 

for Silybum marianum. The quantified extracts have a defined range of components with a known contribu-

tion to the therapeutic activity, e.g., hypericines for Hypericum perforatum. “Other” extracts that do not have 

known active components are defined by their production process and specifications, e.g., ratio of botanical 

substance to genuine botanical preparation. The choice of markers to be measured should be performed con-

sidering the literature, the monographs of available pharmacopeias, the analytical feasibility of the marker, 

the suitability of the marker for stability studies, and the availability, quality, and cost of the reference stand-

ards. Additionally, the shelf-life specifications are of chief importance for the product to be released in the 

market. The common limits for the botanical drug products are similar to those including chemically synthe-

sized active pharmaceutical ingredients, having an assay limit of ± 5 % of the declared value.481

The long-term storage to study the shelf-life of the pharmaceutical product is described by the guidance 

CPMP/ICH/2736/99, which is followed by EMA and determines the different thermal and moisture storage 

conditions in which the product should remain stable. The same regulation applies to an herbal pharmaceutical 

product. The selection of the conditions in this guideline has as objective to cover the storage, shipment, and 

subsequent use of the final product.490 Four different conditions are described: a temperature of 5 ± 3 oC (with 

no humidity), a temperature of 25 ± 2 oC (with 60 ± 5% relative humidity), a temperature of 30 ± 2 oC (with 

65 ± 5% relative humidity), and a temperature of 40 ± 2 oC (with 75 ± 5% relative humidity). Long-term, 

accelerated, and intermediate studies exist. The general case describes as a long-term study the storage at 

25 oC and 30 oC for 12 months, while storage at 40 oC for 6 months is considered an accelerated study. Also, 

30 oC storage for 6 months can be considered as an intermediate study, depending on the drug substance. 

However, for drug products intended for storage in a refrigerator, 12-months storage should be performed at 

5 oC, together with accelerated storage of 6-months at 25 oC. For a freezer-stored drug product, 12-months 

stability at – 20 oC should be ensured. Thus, the long-term, accelerated, and intermediate storage conditions 

depend on the intended storage conditions of the future product and can vary between 6 and 12 months.
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Additionally, before the development of clinical studies and the subsequent approval of the medicinal 

product in the market, a non-clinical safety assessment should be performed. It includes toxicological, phar-

macokinetic, genotoxicity, and carcinogenicity studies.482 The genotoxicity assays are described by the In-

ternational Council forHarmonisation (ICH) guideline S2 (R1) followed by EMA and can be in vitro or in vivo, 

detecting genetic damage by various mechanisms induced by the compounds.491 These assays enable hazard 

identification concerning damage to DNA and its fixation. In general, the assessment includes mutagenicity in 

bacterial strains and genotoxicity in mammalian cells in vitro and/or in vivo. Among them, the comet assay 

(also called DNA strand brake assay) is proposed as a reliable and widely used technique to detect in vitro 

genotoxicity.491,492
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Hypothesis



It is possible to use phenolic compounds and extracts present in the by-products of the olive oil in-

dustry, such as olive pomace, with proven antioxidant and anti-inflammatory activity, as therapeutic 

agents for immune-based inflammatory diseases of the ocular surface, such as dry eye disease or 

allergies.
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Objectives



The general and specific objectives to test the hypothesis of this thesis are:

General objective

Optimal obtention, evaluation of the topical ocular use, and evaluation of the stability and safety of the 

phenolic compounds of the olive pomace for their future use as treatment for dry eye disease.

Specific objectives

1. To establish the most efficient pretreatment/storage method for the olive pomace that leads to the 

greater stability of its main phenolic compounds (OL and HT) in the extract obtained. 

2. To establish the most efficient extraction conditions for each of the phenolic compounds selected 

from the olive pomace, obtaining an extract with the highest concentration of the active compounds 

of interest.

3. To establish in vitro the cytotoxicity of the pure compounds and the selected extracts in two cell lines 

from the human corneal and conjunctival epithelia.

4. To determine in vitro the anti-inflammatory effect of extracts derived from olive pomace (choosing 

the extract(s) of interest) and their main pure phenolic compounds (OL, HT, and their combination) in 

two cell lines from the human corneal and conjunctival epithelia stimulated with tumor necrosis factor 

(TNF)-α.

5. To determine in vitro the antioxidant effect of extracts derived from olive pomace (choosing the ex-

tract(s) of interest) and their main pure phenolic compounds (OL, HT, and their combination), in two 

cell lines from the human corneal and conjunctival epithelia stimulated with UV-B light.

6. To determine the immunoregulatory activity of the chosen extract and its main pure phenolic com-

pounds (HT), on CD4+ T lymphocytes isolated from human peripheral blood.

7. To determine in vivo the therapeutic effect of the selected extracts and compounds in a murine model 

of dry eye.

8. To establish in vitro the safety (cellular genotoxicity) of the pure compounds and the selected ex-

tracts in two cell lines from the human corneal and conjunctival epithelia, assays necessary for their 

approval as future pharmaceutical products.

9. To determine the long-term stability of aqueous solutions of the pure compounds and selected ex-

tracts, as a requirement for their approval as future ophthalmic products.
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Abstract 

Olive pomace (OP) is the main by-product of the olive oil industry produced in large quanti-

ties. Its valorization as a source of phenolic bioactive compounds is paramount for the sustainable 

growth of related industries. This work proposes an intensified process to maximize the recovery 

of phenolic compounds in dry extracts using hydroalcoholic mixtures. Supercritical carbon diox-

ide defatting pre-treatment was performed. Following this, pressurized liquid extraction was op-

timized through a circumscribed central composite design. The factors consisted of temperature 

(65.0−185.0 °C), ethanol percentage (8.0−92.0%), and solid/liquid ratio (0.2−0.8 g
OP

/mL
SOLVENT

). 

Besides the total phenolic content (TPC) and the total flavonoid content (TFC), the major phe-

nolic compounds of OP [hydroxytyrosol (HT), tyrosol (TY), and oleuropein (OL)] were evaluated. 

Further, decarboxymethyl OL aglycone dialdehyde (3,4-DHPEA-DEDA) was identified by HPLC-

DAD-MS/MS as the most abundant polyphenol and was studied for the first time for OP. Different 

conditions were found to optimize each key compound. In 67% shorter extraction time and 38% 

less solvent consumption compared to conventional extraction, an increase of 475% for OL, 428% 

for HT, 194% for TY, 373% for 3,4-DHPEADEDA, 89% for TPC, and 158% for TFC was observed. The 

antioxidant activity by oxygen radical absorbance capacity (ORAC) assay increased 89% (optimal 

conditions) and correlated with TPC, 3,4-DHPEA-DEDA, and TFC. Thus, an efficient, selective, scal-

able, and green extraction process was established.

KEYWORDS: olive pomace phenolic compounds antioxidant capacity pressurized fluid extraction 

oleuropein hydroxytyrosol decarboxymethyl oleuropein aglycone dialdehyde (oleacein).
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Abstract 

Oxidative- and inflammatory-related ocular surface diseases have high prevalence and are an 

emerging issue in ophthalmology. Olive pomace (OP) is the olive oil’s industry main by-product 

and is potentially environmentally hazardous. Nevertheless, it contains phenolic compounds with 

important bioactivities, like oleuropein (OL) and hydroxytyrosol (HT). The antioxidant and anti-in-

flammatory effects of four OP extracts (CONV, OPT(1–3)), pure OL and HT, and mixtures thereof 

were screened on human corneal (HCE) and conjunctival epithelial (IM-ConjEpi) cells. CONV was 

conventionally extracted, while OPT(1–3) were produced by pressurized liquid extraction. Thanks 

to their improved activity, CONV and OPT3 (HT-enriched) were selected for dose-dependent stud-

ies. Cells were stimulated with tumor necrosis factor-α or ultraviolet-B radiation, measuring in-

terleukin (IL)-1β, IL-6, IL-8, and IL-17A, as well as interferon γ-induced protein (IP)-10 secretion 

or intracellular ROS production, respectively. On HCE, both extracts and HT inhibited the secretion 

of most measured ILs, demonstrating a strong anti-inflammatory effect; while in IM-ConjEpi, all 

samples decreased IP- 10 secretion. Moreover, HT, OL, and both extracts showed strong dose-de-

pendent antioxidant activity in both cell lines. Compared with CONV, OPT3 was active at lower con-

centrations, demonstrating that intensified extraction techniques are selective towards targeted 

biomarkers. Hence, a high-value application as potential ocular surface therapy was proposed for 

the OP valorization.

KEYWORDS: agro-industrial by-product; sustainability; cornea and conjunctiva; ocular surface; 

olive pomace phenolic extracts; oleuropein; hydroxytyrosol; inflammation; dry eye; cellular 

antioxidant activity.
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Purpose

To determine the anti-inflammatory and immunomodulatory effect of an olive pomace extract (OPT3) and 

its major compound, Hydroxytyrosol (HT), on human CD4+ T cells (hTCD4+) and in a dry eye disease (DED) 

animal model. 

Methods

hTCD4+ isolated from peripheral blood were activated with phytohemagglutinin-M, treated for 48h with 

OPT3 (0.10-0.40 mg/mL) and HT (25-100 μM), and evaluated for their cell viability, using inactivated cells as 

control. Regarding the DED animal model, 100 μM HT, 0.20 mg/mL OPT3, or vehicle (borate buffer) were top-

ically administered to C57BL/6 mice exposed for 14 days to desiccating stress (constant airflow/scopolamine 

administration). Tear volume, corneal fluorescein staining (CFS), CD4+ and CD8+ T cell count in lymph nodes 

(flow cytometry), and IP-10 and TNF-α gene expression (qRT-PCR) in the cornea, conjunctiva, and lacrimal 

glands were evaluated.

Results

OPT3 (0.2-0.4 mg/mL) and HT (100 μM) significantly reduced the proliferation of stimulated hTCD4+. 

In mice, both treatments reduced CFS and lacrimal gland IP-10 gene expression. In cervical lymph nodes, HT 

decreased CD3+ count, while OPT3 CD8+ count. OPT3 also reduced conjunctival IP-10 and corneal TNF-α gene 

expression.

Conclusion

The anti-inflammatory and immunomodulatory effects of OPT3 and HT in vitro and in vivo suggest their 

use as topical DED protection.

KEYWORDS: desiccating stress; dry eye syndrome; inflammation; olive pomace phenolic extract; 

hydroxytyrosol.
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Dry eye disease (DED) is a very common disorder, with a considerably high prevalence (ranging from 5 to 

50 % depending on the population1) and a big impact on the quality of life of the patients.2 A remarkable eco-

nomic burden is caused by DED, not only by direct costs (medical or treatment) but also by indirect ones (e.g., 

loss of work productivity) which form the biggest proportion.2  Immune-mediated inflammation has been con-

sidered the principal pathophysiological mechanism for DED, leading to lacrimal functional unit dysfunction, 

tear fluid alterations, and epitheliopathy in cornea and conjunctiva.3-5 Further, elevated inflammatory cell in-

filtration (e.g., CD4+ T cells) in the conjunctiva and lacrimal gland has also been observed,6,7 being significantly 

related to increased tear cytokine/chemokine levels.8 

Mild cases of DED are usually treated with artificial tears, while the treatment approaches for more severe 

DED are currently based on anti-inflammatory drugs like topical corticosteroids, antibiotics administration, 

serum eye drops, or immunosuppressants, such as cyclosporine A.9 However, side effects have been reported 

for most of these treatments, such as a strong burning sensation during application or infections related to 

long-term use.10-14 Also, most corticosteroids cannot be used long-term, as elevation of intraocular pressure 

and cataract formation may occur.15,16 Therefore, their use is restricted and there is still a scarcity of effective 

therapy. Cyclosporine A is one of the few drugs approved with the indication of DED treatment. It is a calcineu-

rin inhibitor, modifying T cell response by inhibiting Interleukin (IL)-2 activation. It increases tear production, 

visual acuity, and goblet cell density, while it decreases the damage of the ocular surface epithelium and 

levels of inflammatory biomarkers in tear film.17-20 However, in many countries like Australia and China, cyclo-

sporine A eye drops are not commercially available or can be administered only to more severe DED cases,21,22 

while in Europe cyclosporine A is only approved for severe keratitis.21 In addition, it has very low solubility in 

water23 and therefore, oil or surfactants-based formulations were produced, which usually cause irritations, 

visual problems, etc.14,24 Another treatment available is lifitegrast, which acts by inhibiting intercellular adhe-

sion molecule – 1, a molecule expressed in DED inflamed epithelium and T cells.25 Although it was found to be 

effective in improving the eye dryness score and ocular discomfort, no effect in corneal staining was reported 

after 84 days of treatment. Also, side effects similar to cyclosporine A were observed, including instillation site 

burning and reaction, decreased visual acuity, and dysgeusia,26 while Xiidra (lifitegrast ophthalmic solution 

5.0%) is only available in the US.27-29 

Nowadays, there is increasing interest in the use of natural phenolic compounds as promising therapeutic 

agents especially in multifactorial diseases (such as DED), due to their versatile biological activities, includ-

ing neuroprotective, anticancer, anti-microbial, anti-inflammatory, and antioxidant, among others.30 They are 

normally consumed in the regular diet through fruits and vegetables and can have big potential applicability in 

the pharmaceutical industry.30,31 More recently, their use as a treatment for ocular surface inflammatory dis-

eases was proposed, based on their anti-inflammatory and immunomodulatory activities.32,33 Several phenolic 

compounds, such as quercetin and resveratrol34,35 or epigallocatechin gallate,36-40 have been proved to be a 

potential DED therapy based on promising in vitro and in vivo results. 

Among the most highlighted phenolic compounds, olive polyphenols are increasingly getting atten-

tion, due to their numerous biological activities reported, such as anti-inflammatory, antioxidant, antivi-

ral, and cardioprotective, among others.41 These compounds are present not only in olive oil but also in ol-

ive pomace (OP).42,43 In fact, during olive oil production, only 1-2% of the polyphenols of the olive fruit end 
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up in olive oil, as the rest 98% remain in OP.44 OP is the solid by-product, a mix of olive pulp, skin, and pit, gen-

erated after crushing and spinning out the olive oil during olive oil production.45 It is the principal by-product 

and is produced in huge quantities (between 7 and 30 million m3 per year only in the Mediterranean area).46 Its 

high organic/phenolic load increases its biological and chemical demand for oxygen, which together with its 

phytotoxic properties and storage in open-air spaces, generates a major environmental concern, being a rele-

vant pollutant of atmosphere, water, and soil.47-49 Hence, there is increasing awareness worldwide for the val-

orization of this by-product, including biotechnological transformations into biofuel or biogas, use as fertilizers 

on soils, or applications in composting industry,50 as well as applications in food and cosmetic industries.31 

However, its valorization as a source of high-value phenolic bioactive compounds is of utmost importance for 

a sustainable development of the olive industry, as the removal of phenolic compounds from OP would offer a 

by-product more easily processed further, with less oxygen demand and thus, less environmental impact.49-51

Hydroxytyrosol (HT) is one of the most representative olive phenolic compounds.52 It is a simple phenol, 

mainly found in olive oil,53 fruit,54 and by-products (OP,55 mill wastewaters,56 and leaves57), but also in red and 

white wines.58 HT has attracted remarkable scientific interest due to its anti-inflammatory, antiatherogenic, 

cardioprotective, chemoprotective, antioxidant, and antimicrobial activities.59-64 It has also been found to pro-

tect from neovascular age-related macular degeneration, diabetic retinopathy, and retinal apoptosis.65-70 

The effect of HT and extracts derived from olive by-products on the maintenance of the ocular surface 

has also been reported. The anti-inflammatory and antioxidant activity of the olive mill wastewaters on rabbit 

corneal epithelial cells has already been proved.71 More recently, our group demonstrated the strong antioxi-

dant and anti-inflammatory effect of OP-derived extracts, together with their major compound HT, on human 

corneal and conjunctival epithelial cells.72 Thus, the purpose of the present study was to investigate the an-

ti-inflammatory and immunomodulatory activity of HT and a selected OP extract enriched in HT (OPT3) for the 

protection of DED, in vitro on human CD4+ T cells (hTCD4+) and in vivo in a well-characterized desiccating 

stress mouse model.73,74 
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3.1 Plant Material and Extract Preparation

OP of 2018 crop was kindly provided by Oliduero (Medina del Campo, Spain). It was the solid by-product 

generated during the olive oil production using Arbequina variety of olives, which is mostly grown in Spain, 

but also California, Argentina, Australia, Chile, and Azerbaijan.75 Storage conditions and characterization of the 

material, as well as the extraction procedure and the extract (OPT3) characterization, are all described in detail 

elsewhere.55 The extraction conditions were based on the same study, which determined the selective optimal 

extraction conditions using freeze-dried OP defatted with supercritical carbon CO
2
. Three different optimal ex-

tracts (OPT) were produced by pressurized liquid extraction at a distinct percentage of ethanol (EtOH, non-de-

naturalized – purity: 99.9%, Dávila Villalobos S.L., Valladolid, Spain) in water, temperature, and solid/liquid 

ratio. OPT3 was produced using a hydroalcoholic solvent with 90.0% v/v of EtOH and a solid/liquid ratio of 0.8 

g
RAW OP

/mL
SOLVENT

 at 184.0 °C and 10 MPa under N
2
 atmosphere (99.996% purity from Linde Gas, Puçol, Valencia, 

Spain). An extraction time of 20 min was applied, using freeze-dried OP defatted with supercritical carbon 

CO
2
 (CO

2
 purity: 99.95% – Carburos Metálicos, Barcelona, Spain). The conditions were selected to produce an 

extract with the maximum concentration in HT (7.7 ± 0.7 mg/g of dry extract). 

3.2 In vitro Immunosuppressive Effect 

3.2.1 Cell Isolation and Culture

hTCD4+ cells were isolated from the peripheral blood of healthy volunteers. This study followed the Ten-

ets of the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of the University of 

Valladolid. Briefly, up to 9 mL of peripheral blood were obtained from 3 healthy male donors with an average 

age of 28 ± 3 years old, after signing informed consent. Peripheral blood mononuclear cells (PBMCs) were 

isolated by Ficoll-Paque PLUS density (GE Healthcare, Chicago, IL, USA) gradient centrifugation at 400g for 30 

min, at room temperature. PBMCs were collected, washed with Dulbecco’s phosphate-buffered saline (DPBS 

– Thermo Fisher Scientific, Rockford, IL, USA), and used to isolate hTCD4+ cells. hTCD4+ cells were isolated 

from PBMCs by magnetic separation using a QuadroMACS™ separator (Miltenyi Biotech, Bergisch Gladbach, 

North Rhine-Westphalia, Germany). Untouched hTCD4+ cells were negatively selected using the CD4+ T Cell 

Isolation Kit human and LS columns (Miltenyi Biotech, Bergisch Gladbach, North Rhine-Westphalia, Germany), 

following the manufacturer’s protocol. Isolated hTCD4+ cells were cultured in Roswell Park Memorial Institute 

(RPMI) 1640 + L-glutamine cell culture medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal 

bovine serum (FBS – Thermo Fisher Scientific, Rockford, IL, USA) and penicillin/streptomycin (Thermo Fisher 

Scientific, Rockford, IL, USA).

3.2.2 Preparation of Phenolic Solutions

HT (≥98% purity, Extrasynthese, Genay, France) and OPT3 were dissolved in DPBS at concentrations of 

400 μM (0.062 mg/mL) and 1.6 mg/mL respectively, aliquoted in tubes, and stored at -20 °C. On the day of 

the experiment, an aliquot of HT or OPT3 was left at room temperature until thawing, and then diluted with 

cell culture medium to reach the final desired concentrations: 25-100 μM (0.004-0.015 mg/mL) for HT and 

0.1-0.4 mg/mL for OPT3. At the end of each day, the remaining quantity was discarded, to ensure that no deg-

radation occurred in the compounds.76
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3.2.3 hTCD4+ Cell Proliferation Inhibition Study

hTCD4+ cells were seeded in 96-well plates at a density of 105 cells/well. All cells were activated with 

1% phytohemagglutinin – M form (PHA-M – GIBCO, Grand Island, NY, USA), except for the inactivated control. 

Then, cells were treated for 48 h with 0.1, 0.2, and 0.4 mg/mL of OPT3, and 25, 50, and 100 μM (0.004, 0.008, 

and 0.015 mg/mL, respectively) of HT. After that time, 10% alamarBlue HS Cell Viability reagent (Invitrogen, 

Waltham, MA, USA) was added to each well and incubated for 3 h, before reading fluorescence at 560 nm 

excitation and 590 nm emission wavelengths on a Spectra Max M5 spectrophotometer (Molecular Devices 

Corporation, Sunnyvale, CA). Three independent experiments were performed in duplicates.

3.3 Desiccating Stress (DS) Mouse Model

3.3.1 Animals and DS Conditions

All animal experiments followed the University of Cologne regulations, the German animal protection 

law (LANUV), and the Association for Research in Vision and Ophthalmology (ARVO) statement for the use of 

animals in ophthalmic and vision research. They were also approved by the Decentral animal facility (EURL 

2010/63) of the Medical Faculty of the University of Cologne.

Female C57BL/6 mice, 10–12 weeks old were obtained from Charles River Laboratories (Sulzfeld, Germa-

ny) and screened for ocular abnormalities (lid edema, corneal opacity, scarring, etc). DS protocol was applied 

as previously described.73,74 Briefly, mice were exposed to DS for 14 days, by placing the cages in a controlled 

environment chamber (conditions: humidity 30 ± 5 %, forced airflow 18 h/day, and temperature 25 ± 1 °C). 

Scopolamine hydrobromide (Sigma-Aldrich, St. Louis, MO, USA) was administered continuously (0.1 mg/day) 

by subcutaneous implanted osmotic pumps (Alzet, Cupertino, CA, USA). The experiments ended at day 14 and 

regional lymph nodes, whole eyes with conjunctiva, as well as lacrimal glands, were dissected and processed 

for further analysis as described below. Two experimental sets of 14 days each were performed. 

3.3.2 Topical Treatments

HT (100 μM – 0.015 mg/mL – Biomol, Hamburg, Germany) and OPT3 (0.2 mg/mL) were dissolved in borate 

buffer (vehicle – pH=8.2, Sigma-Aldrich, St. Louis, MO, USA) at the aforementioned concentrations, aliquoted 

in tubes, and stored at –20 °C. Each treatment day, an aliquot of HT or OPT3 was used and then discarded, to 

ensure that no degradation occurred in the compounds.76 Mice were distributed randomly in three groups (n = 

5 mice/group): (1) HT, (2) OPT3, and (3) vehicle (control). All groups were exposed to the same DS and hous-

ing conditions. The treatments started the same day with the setup of the DS (day 1) and were administered 

topically three times a day (8 AM, 12 AM, and 4 PM) in both eyes (5 μL/eye).

3.3.3 Assessment of Clinical DED Signs 

Corneal damage (corneal fluorescein staining – CFS) and tear volume were assessed at baseline-day 0 

and day 11 of the DS, as previously described.74 To evaluate corneal damage, fluorescein staining was used, 

applying 5 μL/eye of 5% fluorescein sodium salt in DPBS (Thermo Fisher Scientific, Rockford, IL, USA).  
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The solution was carefully wiped off after 1 min and grading under blue light was performed with a stereom-

icroscope. A modified Oxford grading scheme was used with severities varying from grade 0 to 5.77  For tear 

volume, a phenol red thread (Zone Quick Thread – Oasis Medical, San Dimas, CA, USA) was placed in the lateral 

cantus of each eye for 10 sec and a change of color from yellow to red in the wet part (absorption of tears) 

was measured in millimeters. 

3.3.4 Flow Cytometry Analysis (FACS): % Count of CD3+, CD4+ and CD8+ in Lymph 
Nodes 

Lymph nodes of all mice in each of the 3 groups (vehicle, HT, and OPT3 -treated) were mashed through a 

cell strainer and single-cell suspensions were transferred to FACS buffer (0.5% N,O-bis(trimethylsilyl)aceta-

mide – BSA, 1% FBS, and Ethylenediaminetetraacetic acid – EDTA 1:50 in DPBS – Thermo Fisher Scientific, 

Rockford, IL, USA). After blocking with 0.5 mg/mL Fc block anti-mouse CD16/32 (eBioscience, San Diego, CA, 

USA) for 15 min, the samples were stained with fluorescent-labelled anti-mouse CD3, CD4, and CD8a antibod-

ies (Table 1 – also including their concentrations), for 30 min at 4 °C and protected from light, following the 

manufacturer’s instructions. Subsequently, cells were washed and resuspended in DPBS, and eFluor450fix-

able viability dye staining (eBioscience, San Diego, CA, USA) was performed. After washing the cells again, a 

stabilizing fixative (eBioscience, San Diego, CA, USA) was added. Stained samples were analyzed on a FACS 

Canto (BD, Germany) and results were extracted using FlowJo Software (FlowJo LLC, Tree Star Inbc., Ashland, 

OR, USA). 

Table 1. Antibody-panel used for FACS analysis

Antibody (clone) Target Conjugation Manufacturer Catalog-no.
Concentration 

(mg/mL)

Anti-mouse CD3 (17A2) CD3+ T cells
allophycocyanin-cyanine 7 

(APC-Cy7)
Biolegend (San 
Diego, CA, USA)

100221 0.10

Anti-mouse CD4 (GK1.5) CD4+T cells
fluorescein isothiocyanate 

(FITC)
100405 0.125

Anti-mouse CD8a (53-6.7) CD8+T cells APC 100711 0.05

3.3.5 Cytokine/Chemokine Gene Expression  

Interferon γ-induced protein (IP)-10 (also known as CXCL10) and tumor necrosis factor (TNF)-α gene 

expression in the cornea, conjunctiva, and lacrimal gland tissues was studied by quantitative real-time 

polymerase chain reaction with retrotranscription (qRT-PCR). All procedures were performed as previ-

ously described.78 The corneas and conjunctivas of two eyes per mouse were pooled in the same Eppen-

dorf tube, while for lacrimal glands one sample per mouse was used. All samples were placed in RLT buff-

er (Qiagen, Hilden, Germany), with 10 μL/mL β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) and 

the isolation of the RNA was performed using a RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), according 

to the manufacturer’s instructions. Reverse transcription was performed using a Revert Aid First-Stand 

cDNA Synthesis Kit (Thermo Fisher Scientific, Rockford, IL, USA), following the manufacturer’s instruc-

tions. To quantify the transcripts of IP-10 and TNF-α, an SYBR Green-based qRT-PCR was performed on the 

cDNA samples. For the qRT-PCR reactions, a 20 μL volume was used with 20 ng cDNA and 0.75 μM of each 
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forward and reverse primer (Thermo Fisher Scientific, Rockford, IL, USA), together with SsoFast EvaGreen Su-

permix (Bio-Rad, Bonn, Germany). The incubation included 2 min at 95 °C followed by 45 cycles of 5 sec at 95 °C 

and 30 sec at 60 °C, using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Bonn, Germany). Results 

of IP-10 and TNF-α were calculated by the comparative threshold method using the hypoxanthine-guanine 

phosphoribosyl-transferase (HPRT – Thermo Fisher Scientific, Rockford, IL, USA) as housekeeping gene. All 

samples were performed in triplicates, and water control, as well as primer controls, were included to detect 

possible contamination.  The primers were designed according to the bibliography.79,80 Table 2 presents the 

primer sequences, together with their annealing temperatures. 

Table 2. Selected primers for qRT-PCR

mRNA Sequence Annealing Temperature

HPRT
F: 5’-TTGGATACAGGCCAGACTTTGTTG-3’

R: 5’-GATTCAACTTGCGCTCATCTTAGGC-3’
60 °C

IP-10
F: 5’-ATATACGCGTTGACATTGATTATTGACTAG-3’

R: 5’-ATTGCTAG-CAGCTGGTTCTTTCCGCCTC-3’
60 °C

TNF-α
F: 5’- AGGACTCAAATGGGCTTTCC-3’

R: 5’-CAGAGGCAACCTGACCACTC-3’
63 °C

3.4 Statistical Analysis 

In vitro hTCD4+ cell proliferation data are presented as mean of fold change with respect to PHA-M-acti-

vated cells ± standard error of the mean (SEM). Results of CFS score, tear volume (in millimeters), and % IL 

gene expression in the cornea, conjunctiva, and lacrimal glands are presented as minimum to maximum value, 

in a box & whiskers diagram. Results of % CD3+, CD4+, or CD8+ T cell count in lymph nodes (FACS analysis) are 

presented as mean of % count ± SEM.

Normality tests were performed on all data, testing their Gaussian distribution using the Kolmogor-

ov-Smirnov test. Based on the results, student’s t-test or t-test with Welch’s correction was performed be-

tween the groups, to analyze statistically significant differences. Two-tailed p-values lower than 0.05 were 

considered statistically significant. For the statistical analyses, the SPSS software (SPSS 15.0; SPSS, Inc., Chi-

cago, IL, USA) was used.
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4.1 In vitro Effect of HT and OPT3 on hTCD4+ Cell Proliferation 

PHA-M-activated hTCD4+ cells isolated from PBMCs were used to test the immunosuppressive activity of 

the OPT3 extract and its major compound, HT. The proliferation of hTCD4+ cells was significantly stimulated 

at 48h by 1% PHA-M (p-value < 0.001) (Figure 1). Both treatments significantly reduced PHA-M-activated 

hTCD4+ cell proliferation at 48h (Figure 1). In particular, 0.2 mg/mL of OPT3 decreased it by 81 ± 3 % (p-value 

< 0.001), 0.4 mg/ml of OPT3 by 99 ± 5 % (p-value < 0.001), and 100 μM of HT by 41 ± 2 % (p-value < 0.001). 

For OPT3, the reduction in cell proliferation at 0.2 and 0.4 mg/mL was also significant compared to the basal 

levels (control/non-activated cells). 

4.2 Effect of HT and OPT3 on the DS-Induced DED Animal Model 

4.2.1 CFS 

After 11 days of DS, all groups demonstrated a statistically significant increase in CFS score (p-value < 

0.001) compared to baseline-day 0 (Figure 2 – A). In contrast, topical application of HT and OPT3 led to a 

significant decrease in CFS (p-value < 0.001, in both cases), compared to the vehicle-treated group. In the 

case of OPT3, the maximum CFS score observed was 2, being in some cases even 0 (no staining – no corneal 

alterations).

Figure 1. Effect of a selected crude OP extract (OPT3) and HT, on the proliferation of PHA-M–activated hTCD4+. Cells 
were activated with 1% PHA-M, except for the control, and treated for 48h with OPT3 (0.1-0.4 mg/mL), HT (25-100 μM 
/ 0.004-0.015 mg/mL) or vehicle (cell culture medium). Cell proliferation was measured with alamarBlue HS assay (n 
= 3). *** p-value < 0.001, compared to control (non-stimulated) cells; +++ p-value < 0.001, compared to vehicle-treat-
ed-PHA-M-activated cells.

Figure 2. Effect of a selected crude OP extract (OPT3) (0.20 mg/mL) and HT (100 μM / 0.015 mg/mL), on CFS score of 
DS-exposed mice after topical application. A. Corneal damage: *** p-value < 0.001, compared to baseline-day 0 intragroup 
values, +++ p-value < 0.001, compared to vehicle-treated mice (borate buffer) at day 11 of the DS. Representative photos 
of the murine cornea, in which the epithelial damage is stained in green for: B. Baseline-day 0 grading, C. Vehicle group 
after DS, D. HT group after DS, and E. OPT3 group after DS. Score grading varied from 0 to 5, depending on the extent of 
corneal alterations.
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Figure 3. Effect of a selected crude OP extract (OPT3) (0.20 mg/mL) and HT (100 μM / 0.015 mg/mL), on tear volume of 
DS-exposed mice after topical application. ** p-value < 0.01, * p-value < 0.05.

Figure 4. FACS analysis of CD3+, CD4+, and CD8+ T cells of cervical lymph nodes of mice exposed to DS for 14 days and re-
ceived topical treatment of a selected crude OP extract (OPT3) (0.20 mg/mL) and HT (100 μM / 0.015 mg/mL). A. Percent-
ages of CD3+, CD4+, and CD8+ T cells in terms of total live cells. HT significantly decreased the total number of CD3+, and 
OPT3 the total number of CD8+, compared to control (vehicle-treated mice). B. Calculated CD4:CD8 ratio. * p-value < 0.05. 

Figure 5. Effect of a selected crude OP extract (OPT3) (0.20 mg/mL) and HT (100 μM / 0.015 mg/mL), on IP-10 (A-C) and 
TNF-α (D-F) gene expression in the cornea (A, D), conjunctiva (B, E), and lacrimal glands (C, F) of 14-days-DS-exposed 
mice after topical application. IP-10 gene expression was reduced in conjunctiva by OPT3 (B) and in lacrimal glands by 
both treatments (C). TNF-α gene expression was decreased only in the cornea by OPT3 (D). ** p-value < 0.01, * p-value < 
0.05, compared to vehicle-treated mice (borate buffer).



Chapter 3

Ch
ap

te
r 

3

91

4.2.2 Tear Volume 

DS and scopolamine administration caused a significant decrease in tear volume compared to baseline lev-

els (p-value < 0.01 for the vehicle group and p-value < 0.05 for the HT group) (Figure 3). For the OPT3 group, 

the reduction of tear volume was not statistically significant. However, tear volume was not increased by any 

of the treatments significantly after 11 days of topical administration under DS conditions.

4.2.3 FACS Analysis: % Count of CD3+, CD4+ and CD8+ in Cervical Lymph Nodes 

The number of T cells (CD3, CD4, and CD8) was analyzed in the regional lymph nodes at the end of each 

experimental set, comparing the vehicle-treated with the HT- and OPT3-treated groups (Figure 4). Regarding 

the total number of CD3+ lymphocytes (Fig. 4 – A), HT demonstrated a significant decrease compared to the 

vehicle-treated group (p-value < 0.05), while OPT3 did not show any significant effect. Regarding the per-

centage of CD8+ T cells (Fig. 4 – A), a significant reduction was observed by OPT3 (p-value < 0.05). Although 

CD8+ reduction by HT was not considered statistically significant, a trend (p-value = 0.0511) was detected 

compared to vehicle-treated mice. In terms of total CD4+ number (Fig. 4 – A) and CD4:CD8 ratio (Fig. 4 – B), 

no significant variations were detected between the vehicle-treated group and the treatment groups (neither 

for HT nor for OPT3). However, for CD4+, HT demonstrated a tendency for decrease (p-value = 0.0895). 

4.2.4 IP-10 and TNF-α Gene Expression in Cornea, Conjunctiva, and Lacrimal Glands 

Gene expression of IP-10 and TNF-α was analyzed in corneal, conjunctival, and lacrimal gland tissues from 

naïve and DS-exposed mice. A reduction of the expression of these genes related to DED was observed in all 

tissues by either both or one of the treatments, compared to the control (vehicle-treated) group (Figure 5). 

% IP-10 gene expression (Fig. 5 – A, 5 – B and 5 – C) was significantly decreased by OPT3 in the conjunctiva 

(p-value < 0.01) and by both treatments in the lacrimal glands (p-value < 0.01 for HT, p-value < 0.05 for 

OPT3), compared to vehicle-treated mice. In the conjunctiva, there was also a trend for decrease of IP-10 ex-

pression by HT (p-value = 0.0741) (Fig. 5 – B). In the cornea, none of the treatments affected it significantly. 

Regarding % TNF-α gene expression (Fig. 5 – D, 5 – E, and 5 – F), it was significantly reduced (p-value < 0.05) 

by OPT3 in the cornea, while no significant changes were observed in the conjunctiva and lacrimal glands nei-

ther by OPT3 nor by HT.
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This work proposes the use of an agro-industrial by-product that is potentially hazardous for the envi-

ronment as a potential treatment for DED. The results presented prove that a crude OP extract enriched in HT, 

namely OPT3, and its major phenolic compound HT, can inhibit hTCD4+ proliferation and reduce clinical signs 

in a DED animal model. The results from the present work are also in agreement with previous results of our 

group, in which strong in vitro antioxidant and anti-inflammatory activities of OPT3 and HT were shown on 

human corneal and conjunctival epithelial cells.72

Immunomodulatory and anti-inflammatory effects of plant phenolic compounds have widely been stud-

ied, including HT and other principal olive compounds.81-83 In our study, OPT3 and HT were able to significantly 

decrease in vitro the PHA-M-activated hTCD4+ cell proliferation. The tested concentrations were selected 

based on the maximum allowable concentration of both treatments on human ocular surface epithelial cells.72 

The pathophysiological mechanism of inflammation of DED has been demonstrated to be immune-mediated 

and is highly related to the activation and increase of CD4+ and Th17 T cells.84,85 Activated T cells are the in-

flammatory mediators at the ocular surface, reinforcing the damage of goblet cell and epithelial cell loss and 

leading to ocular surface epitheliopathy and tear film instability.86 They have been found in the conjunctiva in 

experimental DED studies87 and in patients with DED and Sjögren’s syndrome.88-92 In addition, the severity of 

conjunctiva inflammation depends on T cell activation.92 

Mechanistically, for HT, a high affinity with the CD4 cellular receptor has been shown, e.g., preventing 

human immunodeficiency virus (HIV) from bonding during viral infection.93 The anti-inflammatory effect of HT 

observed in this study is comparable to that observed by other natural phenolic compounds like isorhamnetin, 

curcumin, resveratrol, and vanillic acid, which reduced the secretion of pro-inflammatory cytokines in vitro 

on Jurkat CD4+ T cells, suggesting also a synergistic activity on cytokine modulation.94 Resveratrol has also 

been found to inhibit CD4+ activation in vitro and in vivo,95 while cirsilineol, another phenolic compound, was 

proved to be a potential treatment for T-cell-mediated inflammatory bowel diseases, due to its targeted activ-

ity on CD4+ cells.96 In addition, enzymatically polymerized polyphenols derived from caffeic acid, p-coumaric 

acid, and ferulic acid have been found to bind with a recombinant CD4 protein and CD4 molecules on the cell 

surface.97

In our study, the protective and anti-inflammatory effect of OPT3 and HT in the ocular surface was 

also demonstrated in vivo for the first time. The doses of HT (100 μM – 0.015 mg/mL) and OPT3 (0.2 mg/

mL) were selected based on our previous in vitro experimental work,72 the current in vitro results on 

hTCD4+, and the existing bibliography of same or similar compounds/extracts.66,98 Both compounds de-

creased dramatically the CFS score in DS-exposed mice. These results demonstrated that topical applica-

tion of HT and OPT3 improve corneal integrity in mice exposed to DS and thus, protect the ocular surface. 

The protective effect of other polyphenols on corneal integrity has already been studied. Abengózar-Vela 

et al.34 proved that 0.1 mg/mL of quercetin and a mixture of 0.1 mg/mL quercetin with 1 mg/mL resver-

atrol reduced the CFS score when applied topically in a similar DED animal model. Epigallocatechin gallate 

also decreased CFS in vivo either as a pure solution at 0.1 mg/mL and 1 mg/mL after 4 and 9 days of top-

ical application, respectively,38 or formulated in gelatin-g-poly(N-isopropylacrylamide) copolymers af-

ter 3 days of treatment.99 Similarly, catechin in a 14 days DED rabbit model demonstrated the reversion of 

corneal damage.100 Topical application of phenolic extracts was also found to reduce CFS, i.e. 1 mg/mL of a 
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mixture of ethanolic extracts from different medicinal plants (Schizonepeta tenuifolia, Angelica dahurica, 

Rehmanniag lutinosa Liboschitz, Makino, and Cassia tora L) after 10 days of treatment101 and 1 mg/mL of 

Chamaecyparis obtusa extract after 7 days of treatment in mouse models of DED.102 However, in our study, 

not only an improvement of the corneal integrity is demonstrated, but also the valorization of an agro-indus-

trial by-product is performed, aiming to add an extra value to the related industries and contributing to the 

emerging solutions of environmental pollution. Also, it should be highlighted that at the concentration tested 

(0.20 mg/mL), OPT3 comprised 0.0015 mg/mL (10.0 μM) of HT (i.e., 10 times less compared to the pure HT 

tested). Thus, there is a strong synergistic effect in the OP extract.

Our results also showed that OPT3 and HT did not affect tear volume. Apart from the exposure to DS condi-

tions, this can be attributed to the subcutaneous scopolamine administration, which blocks the already shown 

muscarinic activity of polyphenols.103,104 In accordance with our results, quercetin and resveratrol (alone or in 

combination) did not either improve tear volume after topical administration in DS-exposed mice.34 In con-

trast, while using the same DS-model as in our study (including the use of scopolamine), Oh et al.105 presented 

increases in tear volume after quercetin topical administration, probably because of the different types of 

mice used and the different concentrations and daily application times. Thus, more experiments are needed to 

evaluate the effect of the treatments on lacrimal glands and tears. However, as previously described, corneal 

integrity was maintained by both treatments, even when the tear film was not restored. Thus, the treatments 

can be effective in the case of aqueous deficient DED (in which lacrimal secretion is decreased in conditions of 

normal evaporation of the tear fluid from the eye), probably by protecting the cornea.86 

In accordance with the in vitro results on hTCD4+ cells, the in vivo data also indicate the modulatory effect 

of OPT3 and HT on immune cells and their possible preventive effect on lymph nodes in the early phase of the 

DED animal model. The important role of T cells for the development and progression of the DED has already 

been described.88-92 Activated T cells are highly infiltrated into the lacrimal functional unit tissues due to DS 

conditions.3 Also, Cyclosporine A, a T cell inhibitor, acts on T cells by suppressing their lymphokines (IL-2) se-

cretion and is proved to be highly effective regarding symptoms and signs on DED patients.106 Lymph nodes 

are the reservoir of immune cells and are the place where adaptive immunity is regulated and autoreactive 

CD4+ and CD8+ T cells are activated.107,108 Apart from CD4+, a significant increase of CD8+ has also been ob-

served for draining lymph nodes of DS-exposed mice.109 Therefore, in this study, the effect of the OP phenolic 

compounds on the CD4+ and CD8+ ratio in the lymph nodes was studied. This effect was comparable to an-

other study, where a significant decrease of CD4+ T cell infiltration was observed in the conjunctiva of recipi-

ent nude mice, after being adoptively transferred with CD4+ isolated from resveratrol- and quercetin-treated 

mice exposed to DS for 10 days, compared to vehicle-treated mice.34 Thus, more detailed studies are needed 

to fully conclude the effect of HT and OPT3 on the local tissues and lacrimal glands.

We also demonstrated that both HT and OPT3 phenolic treatments significantly reduced the gene ex-

pression of cytokines/chemokines in the lacrimal functional unit tissues. In particular, OPT3 reduced TNF-α 

gene expression in the cornea and IP-10 gene expression in the conjunctiva and lacrimal glands, while HT 

decreased IP-10 gene expression in the lacrimal glands. Increased levels of these molecules have been 

related to the pathophysiology of the DED and have been observed in conjunctiva and tears of DED pa-

tients.8,110 High levels of IP-10 and increased TNF-α transcripts were also detected in the corneal and 
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conjunctival epithelium of mice exposed to DS.111,112 Previous in vitro data from our group already demonstrat-

ed the strong inhibition of IP-10 secretion by OPT3 and HT on human corneal and conjunctival epithelial cells.72 

In accordance with our results, the reduction of levels or expression of cytokines/chemokines related to the 

DED in the lacrimal functional unit of a DED animal model has already been reported for phenolic compounds 

or phenolic-rich extracts. Topical application of several polyphenols has been proved to significantly downreg-

ulate the cytokine levels in the cornea (0.2 mg/mL of epigallocatechin gallate40) and lacrimal glands (30 mg/

mL of 7-carboxymethyloxy-3’,4’,5-trimethoxy flavone113) of DED rabbits, as well as lacrimal glands (10 mg/

mL of catechin114) and tear fluid (0.1 mg/mL quercetin and 1 mg/mL resveratrol – alone or in combination34) 

of DED mice. In addition, topical application of phenolic-rich extracts in the conjunctiva of DS-induced mice 

inhibited the expression (1 mg/mL of a mixture of ethanolic extracts of pharmaceutical plants: Schizonepeta 

tenuifolia var. japonica Kitagawa, Angelica dahurica Bentham et Hooker, Rehmannia glutinosa Liboschitz 

var. purpurea, Makino, and Cassia tora L. 101) and the levels (0.1 mg/mL of a Chamaecyparis obtusa leaves 

extract102 and 1 mg/mL of Camellia japonica leaves extract115) of several cytokines. 

This work has some limitations that should be addressed in future studies. First, the application of the 

treatments was performed in parallel with the development of the DED under DS conditions and scopolamine 

administration, demonstrating that our treatments are effective in inhibiting the development of the disease. 

As patients visit the ophthalmologist with already established symptoms, additional studies starting the treat-

ment after the 14 day of DS conditions, would explore the possible treating capacity and downregulating ef-

fect of the olive phenolic compounds on established DED conditions. Second, only one concentration of HT 

and OPT3 was tested, demonstrating strong protective immunomodulatory and anti-inflammatory effects; 

however, more concentrations should be tested to detect any further possible effectiveness, but also safety 

issues. Third, since a clear synergistic effect was detected for OPT3 compared to the pure HT, different OP-de-

rived phenolic compounds present in the OPT3 extract76 should be tested as a pure solution, alone or in com-

bination with HT, to identify more potential bio-active olive secondary metabolites. And fourth, regarding the 

in vitro results, both treatments demonstrated a strong immunosuppressive effect on hTCD4+ cells; however, 

their effect on the cytokine/chemokine secretion by hTCD4+ should also be examined.
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This work demonstrates that a selected extract derived from OP and its major phenolic compound, HT, can 

be a promising topical protection for the DED, despite the limitations. Both treatments not only demonstrated 

an immunosuppressive effect in vitro on hTCD4+ cells but also reduced clinical signs (corneal damage), to-

gether with an inflammatory response (cytokine gene expression) in the lacrimal functional unit of a DED ani-

mal model. This work is paramount for the sustainable development of olive industries, proposing a high-value 

alternative use of an environmentally hazardous agro-industrial by-product as therapy of immune-based oc-

ular surface diseases.
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Abstract 

Nowadays, increasing interest in olive pomace (OP) valorization aims to improve olive’s indus-

try sustainability. Interestingly, several studies propose a high-value application for OP extracts 

containing its main phenolic compounds, hydroxytyrosol and oleuropein, as therapy for ocular 

surface diseases. In this work, the stability and accessibility of OP total phenolic and flavonoid 

content, main representative compounds, and antioxidant activity were assessed under differ-

ent pretreatment conditions. Among them, lyophilization and supercritical CO
2
 extraction were 

found to increase significantly most responses measured in the produced extracts. Two selected 

extracts (CONV and OPT3) were obtained by different techniques (conventional and pressurized 

liquid extraction); Their aqueous solutions were characterized by HPLC-DAD-MS/MS. Additionally, 

their safety and stability were evaluated according to EMA requirements towards their approval 

as ophthalmic products: their genotoxic effect on ocular surface cells and their 6-months stor-

age stability at 4 different temperature/moisture conditions (CPMP/ICH/2736/99), together with 

pure hydroxytyrosol and oleuropein solutions. The concentration of hydroxytyrosol and oleuro-

pein in pure or extract solutions was tracked, and possible degradation products were putatively 

identified by HPLC-DAD-MS/MS. Hydroxytyrosol and oleuropein had different stability as standard 

or extract solutions, with oleuropein also showing different degradation profile. All compounds/

extracts were safe for ophthalmic use at the concentrations tested.

KEYWORDS: olive pomace; phenolic extracts; oleuropein; hydroxytyrosol; storage stability; 

genotoxicity assay.



Conclusions



This thesis is a contribution to the search for new therapies for the treatment of dry eye disease, 

using bioactive compounds of natural origin. Specifically, the use of phenolic extracts derived from 

olive pomace is proposed because of their proven anti-inflammatory and antioxidant activity. This ap-

plication of high added value for this by-product of the olive industry, potentially hazardous for the 

environment, is of great importance for the sustainable development of this industry. Also, the results 

of the present study illustrate how the sustainable and intensified extraction techniques prove to be 

competitive compared to conventional ones, also establishing a high selectivity towards compounds 

with high biological activity for the treatment of dry eye disease. The main conclusions that respond to 

the specific objectives set are presented below.

1. Freeze-drying followed by a defatting process with supercritical carbon dioxide is the most suit-

able pretreatment process condition for olive pomace, obtaining a hydroalcoholic extract with a 

higher concentration in its main phenolic compounds (increments between 90-224%, depending 

on the compound), as well as a higher chemical antioxidant activity (22% increase), compared to 

fresh material.

2. The use of pressurized liquid extraction allows the establishment of different optimal extraction 

conditions, which maximize the richness of the dry extract in the different compounds of interest 

(oleuropein, hydroxytyrosol, and oleacein), as well as in the chemical antioxidant activity, reduc-

ing solvent consumption (hydroalcoholic mixtures) by 1.6 times and the extraction time by 1/3, 

and increasing the richness by 89-475% (depending on the compound) with respect to the con-

ventional process.

3. Olive pomace extracts, as well as the pure phenolic compounds (oleuropein, hydroxytyrosol, and 

their combination), do not present cytotoxicity problems in human conjunctival and corneal epi-

thelial cells at concentrations below 0.80 mg/mL for the conventional extract (CONV) and the ex-

tract enriched in oleacein and with the highest chemical antioxidant activity (OPT1), 0.40 mg/mL 

for the extract enriched in oleuropein (OPT2) and the extract enriched in hydroxytyrosol (OPT3), 

100 μM for hydroxytyrosol, 300 μM for oleuropein and 5 +50 μM for oleuropein + hydroxytyrosol 

mixture. Thus, all treatments can be used in the aforementioned doses safely.

4.  The use of hydroxytyrosol and the CONV and OPT3 extracts could be useful to alleviate the innate 

inflammatory response of the corneal and/or conjunctival epithelium in pathologies of the human 

ocular surface.

5. The use of hydroxytyrosol, oleuropein, alone or in combination at low doses, as well as the CONV 

and OPT3 extracts, could be useful as antioxidant therapies to alleviate the innate oxidative stress 

response of the corneal and/or conjunctival epithelium in pathologies of the human ocular surface.
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6. The immunosuppressive activity on CD4+ T lymphocytes of hydroxytyrosol, as well as the OPT3 

extract, suggests that both treatments could be useful as therapies in immune-based inflammato-

ry pathologies of the human ocular surface.

7. The OPT3 extract and hydroxytyrosol are proved to be promising therapeutic agents for the treat-

ment of dry eye disease, based on the immunoregulatory and anti-inflammatory properties shown 

in vivo in the cervical lymph nodes, the lacrimal gland, the cornea, and the conjunctiva of mice 

exposed to desiccating stress (dry eye animal model).

8. The CONV and OPT3 olive pomace extracts, as well as the pure phenolic compounds (oleuropein, 

hydroxytyrosol, and their combination), could be safely used as topical ophthalmic products on 

the human ocular surface based on their non-genotoxic effect at concentrations of 0.80 mg/mL 

for CONV, 0.40 mg/mL for OPT3, 100 μM for hydroxytyrosol, 300 μM for oleuropein and 5 + 50 μM 

for oleuropein + hydroxytyrosol, a necessary assay for the approval of the treatments as future 

pharmaceutical products.

9. The establishment for the first time of the interactions between oleuropein and hydroxytyrosol 

and of the degradation profile of the aqueous solutions of oleuropein through the stability studies 

establishes a necessary evaluation baseline for the future approval of olive pomace extracts and 

their major compounds as ophthalmic products.





Limitations and 
Future Studies
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This work has some limitations that should be addressed in future studies.

Olive pomace was valorized as a potential source of phenolic bioactive compounds, that could be 

used as a treatment for dry eye. The material of this study was produced in mid-north Spain (Medina 

del Campo, Valladolid, Castilla y León) in 2018 and its variety was arbequina, found to be rich in the phe-

nolic compounds of interest. However, no different varieties or different production countries or crops 

of the same variety were compared. According to the bibliography, climatic, varietal, and geographi-

cal factors highly affect the material’s richness in polyphenols. In addition, for the phenolic recovery, 

pressurized liquid extraction was selected as the principal extraction method to be optimized through 

design of experiments. Although it was compared to conventional methods, however, no comparison 

was performed with other intensified techniques widely cited in the bibliography, such as ultrasounds, 

pulsed electric field extraction, etc. Furthermore, the sequential extraction process established was 

potentially scalable. However, all experiments were performed at a laboratory scale and no scale-up 

studies were designed, possibly adapting the experimental parameters. Thus, for future studies, it is 

proposed to:

i) use different varieties, or different production countries and crops of the same variety to 

compare the variance of the phenolic richness in the raw material;

ii) compare the pressurized liquid extraction efficiency with other intensified techniques, to 

possibly increase the recovery of phenolic compounds; and

iii) perform semi-continuous experiments to advance in the scale-up of the process.

The antioxidant and anti-inflammatory activity of the treatments were tested in vitro on two oc-

ular surface cell lines, the human corneal epithelial (HCE) and the immortalized human conjunctival 

epithelial (IM-ConjEpi). This type of cell lines is commonly used to study the pathophysiological mech-

anisms involved in inflammation and oxidative stress of the ocular surface, as well as to test new po-

tential treatments. HCE is a fully characterized cell line, demonstrating high correspondence to the 

human tissues of origin. However, IM-ConjEpi, a commercial immortalized cell line derived from pri-

mary human conjunctival epithelium, is yet not fully characterized, being relatively new. Based on 

the manufacturer’s information, it has a very high purity (ca. 99%) and good correspondence to the 

human conjunctival epithelium, expressing specific biomarkers, such as CK18 and CK19. Regarding this 

point, a complete characterization study for this cell line has been performed by the Ocular Surface 

group of IOBA, and the manuscript is currently under preparation (publication Nº 5 in section: Diffusion/

dissemination: Publications/congresses related to this thesis). Moreover, it is true that in vitro models 

do not represent the complexity of a living organism, i.e., human ocular surface epithelium. However, 

they offer the possibility to study the cellular and biological mechanism of action of the treatments in a 

short time and at a low cost. They are also necessary before any in vivo experiment, as they contribute 

to the “3Rs” guideline (replacement, reduction, and refinement) for ethical animal research. Another 

important limitation is that our in vitro studies were performed using monolayer cell culture, rather 

than stratified, considering the 2-7 layers of stratified squamous epithelial cells of the ocular surface 

epithelia. 
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Also, although TNF-α acted good as stimulus for inflammatory response, some inflammatory path-

ways (e.g., MAPK) were not studied, and the stimulation of some cytokines/chemokines (i.e., IL-17A 

or TNF-α itself) was not achieved. Regarding antioxidant activity, it was studied on both cell lines us-

ing as stimulus UV-B radiation and measuring intracellular reactive oxygen species. However, reactive 

oxygen species are also involved in cellular apoptosis, whereas UV-B is a common inductor of cellu-

lar apoptosis in the ocular surface epithelium, which is continuously exposed to the UV rays of light. 

Hence, further studies should be performed to address the effect of the proposed treatments in ocular 

surface epithelial cell apoptosis.

Finally, comparing the active concentrations between the pure phenolic compounds and the solu-

tions of the olive pomace extracts, the extracts achieved the same or even higher activity, comprising 

2.5 to 40 times less concentration of the major active ingredients. Thus, a strong synergistic effect 

occurs between the major olive compounds (hydroxytyrosol and/or oleuropein) and others present in 

the extract. However, it is not clear which are the compounds that play a crucial role in the synergistic 

activity of the extract. 

Hence, for further in vitro studies on ocular surface cells, it is suggested to:

i) use stratified human epithelial ocular surface cell cultures, primary human corneal or con-

junctival cell cultures, or 3D culture models to study the anti-inflammatory and antioxidant 

activities of the treatments;

ii) use different inflammation inducers to stimulate the cells and measure additional pro-in-

flammatory cytokines/chemokines, i.e., IL-4, IL-13, IL-17A, IFN-γ, TNF-α, etc.; 

iii) study cellular biological pathways involved in inflammation of the lacrimal functional unit; 

and

iv) test different pure olive pomace phenolic compounds present in the extracts, alone or in 

combination with hydroxytyrosol and oleuropein.

Subsequently, the immunosuppressive effect of the phenolic treatments was studied in vitro 

on human CD4+ T cells isolated from peripheral blood mononuclear cells of healthy donors, analyz-

ing their proliferation and viability. However, samples were extracted only from three male subjects. 

Moreover, no effect was studied regarding cellular mechanisms of action of the antiproliferative effect 

of the tested phenolic solutions or over the cytokine/chemokine production by isolated stimulated 

CD4+T cells. Therefore, future studies should include:

i) blood samples obtained from a larger population, including both men and women, and differ-

ent age groups; and

ii) studies of the mechanism of action of the phenolic solutions on these cells and their effect 

on cytokine/chemokine secretion.
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The anti-inflammatory effect of hydroxytyrosol and a selected hydroxytyrosol-enriched olive 

pomace extract (namely, OPT3) was studied in a mouse dry eye model of desiccating stress conditions 

with scopolamine administration. The treatments were administered in parallel with the desiccating 

stress and thus, the development of dry eye disease. Both treatments were found to be effective in 

inhibiting the impairment of the disease. However, most patients have already established symptoms 

when they visit the ophthalmologists. Also, immunohistochemistry was performed to detect CD4+ and 

CD8+ infiltration in lacrimal functional unit tissues. However, the duration of desiccating stress condi-

tions (14 days) may be considered short to produce enough lymphocyte agglomerates and hence, the 

data were not considered reliable to be presented. In addition, the phenolic concentrations selected 

were 100 μM (0.015 mg/mL) for hydroxytyrosol and 0.20 mg/mL for OPT3, demonstrating a strong 

anti-inflammatory effect. However, no other concentrations were tested for the selected treatments. 

Also, at the selected concentrations, OPT3 comprised 10 times less hydroxytyrosol compared to the 

pure compound tested. Therefore, a strong synergistic effect between hydroxytyrosol and other phe-

nolic compounds present in OPT3 was demonstrated, as already confirmed by the in vitro studies on 

human ocular surface cells. Furthermore, it has been proved that oxidative stress plays a very impor-

tant role in the impairment and development of inflammation in dry eye. However, in our in vivo study, 

no effect of the phenolic solutions was examined on the oxidative stress biomarkers of the lacrimal 

functional unit. Finally, it is well-known that each animal model represents only some of the aspects of 

an induced human disease and not all its characteristics. In our case, the in vivo model selected is based 

on the evaporative dry eye and does not represent the pathophysiological mechanisms of the aqueous 

deficient form of the disease. Thus, further studies may include:

i) application of the treatments after the establishment of the disease (i.e., after 14 days of 

desiccating stress/scopolamine administration), to examine the treating capacity of the phe-

nolic solutions on the developed dry eye;

ii) a longer duration of desiccating stress/scopolamine administration, which would result in 

more visible lymphocyte agglomerates in the lacrimal functional unit tissues, to detect the ef-

fect of the treatments on their infiltration;

iii) different concentrations of hydroxytyrosol and OPT3 to increase their effectiveness and 

detect any safety issues;

iv) different pure phenolic compounds present in OPT3, alone or in combination with hydroxy-

tyrosol;

v) examination of the antioxidant effect of the phenolic treatments in vivo, based on their prov-

en in vitro findings; 

vi) measurement of the levels of cytokines/chemokines in the tear fluid of the dry eye mice;

vii) screening of the anti-inflammatory effect of the treatments on an adoptive transfer dry 

eye mouse model using athymic mice; and
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viii) different established animal models of dry eye, such as models representing the aqueous 

deficient dry eye, to study the effect of the treatments on different aspects of the disease.

Olive pomace extracts and compounds were also evaluated as future ophthalmic products. Differ-

ent storage and pretreatment conditions were applied to olive pomace, to optimize the factors that 

could affect the stability and accessibility of polyphenols from the raw material. However, as men-

tioned previously, several factors can affect the richness of the material in the compounds of interest 

before the harvest, such as differences in environmental and cultivation conditions. For a plant materi-

al to be converted into a pharmaceutical drug, it is necessary to determine the range of concentration 

of the active ingredients in the raw material and establish that no significant variances occur among 

the differently produced olive pomace. Furthermore, although all analytical methods were tested and 

set according to the bibliography, validation of the methods was not completed. In addition, an evalu-

ation of the stability profile and degradation by-products of aqueous solutions of phenolic compounds 

was established for the first time. However, for hydroxytyrosol, HPLC-DAD-MS/MS method was not 

adequate to identify the degradation by-products. Also, none of the solutions fulfilled the stability 

requirements for long-term storage, as all concentrations were below 95% of the initial quantity after 

6 months. Finally, for the approval as a pharmaceutical product for human use, all active ingredients 

have to fulfill the genotoxicity requirements described by the ICH S2 (R1) guideline followed by EMA. In 

our study, we performed the comet test (DNA strand brake assay), which is one of the most common 

in vitro genotoxicity assays. However, there are additional in vitro (such as AMES test, mouse lympho-

ma Tk gene mutation assay, etc.) and in vivo (such as chromosomal damage on rodent hematopoietic 

cells) tests proposed by the same guideline, whereas eye irritation studies (described by the OECD Test 

Guideline 492) are also mandatory for the approval of the product. Therefore, future studies could:

i) validate all analytical methods to fulfill the industrial guidelines;

ii) apply different analytical methods to identify the degradation by-products of aqueous solu-

tions of hydroxytyrosol after long-term storage;

iii) perform formulation studies for the aqueous phenolic solutions to increase their stability 

during long-term storage; and

iv) perform additional in vitro or in vivo genotoxicity assays, as well as eye irritation tests, as 

described by the industrial guidelines, to confirm that the phenolic solutions and their formu-

lations are safe for human use.
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The final objective of the research is to bring discoveries from the bench to the bedside. This 

was the purpose of the ITN IT-DED3 (Integrated Training in Dry Eye Disease Drug Development) con-

sortium; To deliver innovative research ideas, converting them into future therapeutic products 

for dry eye disease. This doctoral thesis was part of IT-DED3, also representing the scope of IOBA: 

“investigar para curar mejor” (research to heal better). Hence, the most important future study 

would be to study the effect of topical administration of aqueous solutions of olive pomace ex-

tracts, as well as pure hydroxytyrosol, in patients with dry eye disease. To achieve this objective, 

the controlled experimental chamber (CER-lab) of IOBA can be used, as temperature, pressure, and 

humidity can remain stable and controlled. The performance of this study could prove clinically 

that olive pomace phenolic compounds could contribute to the treatment of dry eye disease.
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La enfermedad del ojo seco (EOS) es una enfermedad multifactorial de la superficie ocular, que 
se caracteriza por una pérdida de la homeostasis de la película lagrimal y que va acompañada de sín-
tomas oculares, en la que la inestabilidad e hiperosmolaridad de la superficie ocular, la inflamación 
y daño de la superficie ocular, y las anomalías neurosensoriales desempeñan papeles etiológicos. 
Sus principales mecanismos fisiopatológicos incluyen inflamación y estrés oxidativo de la unidad 
funcional lagrimal, provocando una composición anormal de la película lagrimal y, por tanto, una 
capa de la película pre-corneal inestable. Además, también se ha observado una infiltración elevada 
de células inflamatorias (por ejemplo, linfocitos T CD4+) en la conjuntiva y la glándula lagrimal de 
pacientes con EOS, algo significativamente relacionado con un aumento en los niveles de citoquinas/
quimioquinas lagrimales. Actualmente, la prevalencia de la EOS es alta, oscilando entre el 5 y el 50% 
según la población y afectando considerablemente la calidad de vida de muchos pacientes. La EOS 
también ocasiona una importante carga económica, no solo por los costes del tratamiento directo, sino 
también por los costes indirectos (pérdida de la productividad laboral). El uso de estudios preclínicos 
(modelos in vitro e in vivo) y clínicos ha contribuido a la comprensión de la enfermedad. 

Los enfoques de tratamiento para la EOS se basan en medicamentos antinflamatorios como corti-
costeroides tópicos, administración tópica u oral de antibióticos, gotas de suero autólogo o inmunosu-
presores, como ciclosporina A. Los corticosteroides tópicos, como metilprednisolona, fluorometolona 
y dexametasona, se utilizan ampliamente para el tratamiento de muchas enfermedades inflamatorias, 
incluida la EOS. Sin embargo, su administración a largo plazo puede tener varias complicaciones, 
como hipertensión de la presión intraocular, infecciones y cataratas. La ciclosporina A es un inhibidor 
de la calcineurina, modificando la respuesta de las linfocitos T al inhibir la activación de la inter-
leuquina (IL)-2, y es una de las pocas moléculas aprobadas con la indicación de tratamiento para la 
EOS. Sin embargo, en muchos países la ciclosporina A no está disponible comercialmente o solo se 
puede administrar en los casos de EOS más graves. Además, tiene muy baja solubilidad en agua y, 
por lo tanto, requiere formulaciones a base de aceite o surfactantes, que en su aplicación tópica ocular 
suelen causar irritaciones y problemas visuales, entre otros problemas. Lifitegrast es otro tratamiento 
disponible de tipo antiinflamatorio, que actúa inhibiendo la unión de la integrina LFA-1 (que se en-
cuentra expresada en los linfocitos) a la molécula de adhesión intercelular – 1 (ICAM-1), que se expre-
sa en los linfocitos T y el epitelio ocular inflamado. Sin embargo, aunque se comprobó que era eficaz 
para mejorar la sequedad y el malestar ocular, no se demostró ningún efecto en la tinción corneal 
después de casi 3 meses de tratamiento. 

Por tanto, todavía hay una escasez de terapias eficaces para la EOS y se continúa buscan-
do compuestos alternativos para una terapia eficaz con actividad antinflamatoria, y también an-
tioxidante para reducir el estrés oxidativo. En este sentido, se ha demostrado que los compuestos 
fenólicos de origen natural pueden una opción terapéutica eficaz para la EOS. Entre ellos, los com-
puestos fenólicos presentes en el olivo han demostrado una amplia gama de actividades biológi-
cas, incluida la prevención de la oxidación de lipoproteínas de baja densidad, efectos antioxidante 
y antiinflamatorio y la protección frente a agentes externos. El principal producto del olivo es el 
aceite de oliva virgen; existen varios procedimientos para producir el aceite de oliva del fruto de 
oliva (aceituna). De entre todos ellos, hoy en día el sistema de “separación por centrifugación bi-
fásica” es el más utilizado, en el que se generan subproductos de desecho, como el alperujo,  
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las aguas residuales del molino, las hojas y los huesos. Se ha demostrado que solo el 1-2% de los com-
puestos fenólicos de la aceituna terminan en el aceite de oliva, ya que el 45% de ellos se quedan en 
el alperujo. El alperujo es el subproducto semisólido y constituye una mezcla de pulpa de aceituna, 
aguas de vegetación y de proceso, y huesos de aceituna. En peso, es el principal subproducto pro-
ducido por el sistema bifásico. En concreto, se producen entre 7 y 30 millones de m3 al año solo en la 
cuenca mediterránea, quedándose almacenados en pilas al aire libre. Tiene una alta carga orgánica, 
salinidad y humedad (aprox. 55-70%), y debido a su alto contenido en compuestos fenólicos posee 
propiedades antimicrobianas, pero también altamente fitotóxicas. Por lo tanto, constituye un factor de 
contaminación importante para la atmósfera, el agua y el suelo, y la mayoría de los países producto-
res no permiten su vertido a los ríos o al suelo. Además, el alperujo producido contiene una cantidad 
de aceite residual significativa por lo que se procesa para recuperarlo. La recuperación del aceite re-
sidual produce el llamado “aceite de orujo”, que se encuentra disponible en el mercado, y se realiza 
mediante el secado del alperujo y una extracción con disolventes orgánicos tóxicos (hexano). Por todo 
ello existe una creciente conciencia global para la valorización de este subproducto, incluyendo trat-
amientos fisicoquímicos, transformaciones biotecnológicas, extracción de compuestos útiles para la 
industria cosmética, depuración de aguas residuales y compostaje de residuos sólidos. Todas estas es-
trategias se pueden realizar en el alperujo desgrasado (después de la eliminación del aceite de orujo).

Una de las estrategias de valorización más importantes para el alperujo es la recuperación de sus 
compuestos fenólicos, ya que éstos pueden tener numerosas aplicaciones de alto valor añadido para 
la salud humana.  Entre ellos, las clases químicas más citadas de los mismos son los fenoles simples, 
(por ejemplo, hidroxitirosol (HT) y tirosol (TY)) y los secoiridoides, (por ejemplo, oleuropeína (OL) y 
oleaceína (OLC)). Otros polifenoles tales como ácidos hidroxibenzoicos, ácidos hidroxifenilacéticos, 
ácidos hidroxicinámicos, ésteres de ácidos grasos fenólicos, metoxifenoles, glucósidos, flavonoides, 
iridoides, cumarinas, lignanos e hidroxi-isocromanos también se encuentran presentes. Muchos de 
estos compuestos contribuyen a las propiedades antimicrobianas y fitotóxicas del alperujo. Por otro 
lado, numerosas actividades biológicas, tales como antioxidante, antiinflamatoria, cardioprotectora 
y antiaterogénica, se han demostrado para el hidroxitirosol, el tirosol, la oleuropeína y la oleaceína. 
Para el hidroxitirosol también se han demostrado actividades antimicrobianas y quimioprotectoras, 
mientras que para oleuropeína también se han descrito actividades antihipertensivas, endocrinas, 
citostáticas, molusquicidas, antimicrobianas y antivirales, junto con modulación enzimática. Para la 
oleaceína, también se ha demostrado una mejora de la sensibilidad a la insulina, junto con la activ-
idades antitumoral/anticancerígena. Además, extractos hidroalcohólicos crudos de oliva han dem-
ostrado actividades antirradicales y antiinflamatorias en células de la superficie ocular. 

Por lo tanto, el alperujo rico en polifenoles, podría ser una fuente valiosa de agentes terapéuticos 
para la EOS, contribuyendo también a la valorización de un subproducto agroindustrial peligroso 
para el medio ambiente y al crecimiento sostenible de la industria oleícola.
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1. Hipótesis
Es posible utilizar compuestos y extractos fenólicos presentes en los subproductos de la industria 

del aceite de oliva, como el alperujo, con probada actividad antioxidante y antinflamatoria, como 
agentes terapéuticos para enfermedades inflamatorias de base inmune de la superficie ocular, tales 
como la enfermedad del ojo seco o alergias.
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2. Objetivos
Los objetivos generales y específicos para comprobar la hipótesis de esta tesis son:

2.1 Objetivo General:

Obtención óptima, evaluación del uso tópico ocular y evaluación de la estabilidad y de la seguri-
dad de los compuestos fenólicos del alperujo para su futuro uso como tratamiento de la enfermedad 
del ojo seco.

2.2 Objetivos Específicos:

1. Establecer el método de pretratamiento/almacenamiento más eficiente para el alperujo que con-
duce a la mayor estabilidad de sus principales compuestos fenólicos (OL e HT) en el extracto 
obtenido. 

2. Establecer las condiciones de extracción más eficientes para cada uno de los compuestos fenólicos 
seleccionados del alperujo, dando lugar a un extracto con la mayor concentración de los principios 
activos de interés.

3. Establecer in vitro la citotoxicidad de los compuestos puros y los extractos seleccionados en dos 
líneas celulares procedentes del epitelio conjuntival y corneal humano.

4. Determinar in vitro el efecto antinflamatorio de extractos derivados del alperujo (eligiendo el/los 
extracto/s de interés), y de sus compuestos fenólicos principales puros (OL, HT y su combinación), 
en dos líneas celulares procedentes de los epitelios conjuntival y corneal humano estimuladas con 
factor de necrosis tumoral (TNF)-α.

5. Determinar in vitro el efecto antioxidante de extractos derivados del alperujo (eligiendo el/los ex-
tracto/s de interés), y de sus compuestos fenólicos principales puros (OL, HT y su combinación), 
en dos líneas celulares procedentes de los epitelios conjuntival y corneal humano estimuladas con 
luz UV-B.

6. Determinar la actividad inmunorreguladora de los extractos elegidos y de sus compuestos fenóli-
cos principales puros (OL e HT), en linfocitos T CD4+ procedentes de sangre periférica humana.

7. Determinar in vivo el efecto terapéutico de los extractos y compuestos seleccionados en un modelo 
murino de ojo seco.

8. Establecer in vitro la seguridad (genotoxicidad celular) de los compuestos puros y los extractos 
seleccionados en dos líneas celulares procedentes del epitelio conjuntival y corneal humano, en-
sayos necesarios para su aprobación como futuros productos farmacéuticos.

9. Determinar la estabilidad a largo plazo de soluciones acuosas de los compuestos puros y los ex-
tractos seleccionados, como requisito para su aprobación como futuros productos oftálmicos.
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3. Metodología

3.1 Valorización del Alperujo

3.1.1 Reactivos

Los reactivos usados en esta parte experimental han sido agrupados y presentados por fabricante:

•	 Carburos Metálicos (Barcelona, España): CO2 (99.95%).
•	 Dávila Villalobos S.L. (Valladolid, España): EtOH no desnaturalizado (99.9%).
•	 Extrasynthese (Genay, Francia): HT (≥98%), TY (≥99%), OL (≥98%).
•	 Linde Gas (Puçol, España): N2 (99.996%).
•	 Linde Gas (Puçol, España): N2 (99.996%).
•	 Panreac Quimica SLU (Barcelona, España): Reactivo de Folin-Ciocalteu, Na2CO3, AlCl3, NaOH, 

metanol (MeOH, 99,9% LC-MS), dimetilsulfóxido (DMSO), ácido fosfórico, n-hexano.
•	 Sigma-Aldrich (St Louis, MO, EE. UU.): Trolox (ácido 6-hidroxi-2,5,7,8-tetrametilcromano-2-

carboxílico), AAPH (2,2′-azobis-(2-metilpropionamidina) diclorhidrato), ácido gálico, catequina.
•	 Thermo Fisher Scientific (Rockford, IL, EE. UU.): NaNO2.
•	 Vetec Quimica (Xerem Duque De Caxias, Rio de Janeiro, Brasil): Sal de fluoresceína sódica.

3.1.2 Materia Prima: Alperujo

El alperujo de variedad Arbequina (cosecha 2018) fue entregado por Oliduero (Medina del Campo, 
España). La caracterización detallada de la materia prima inicial se presenta en la Tabla 1. La hume-
dad se determinó por gravimetría secando el material a 105 °C. La grasa y los extractos se definieron 
mediante 3 extracciones consecutivas en Soxhlet utilizando 3 disolventes diferentes: n-hexano duran-
te 6 horas (grasa) y etanol (EtOH) y agua durante aprox. 18 horas cada uno (extractivos). El contenido 
de proteínas se determinó mediante el método Kjeldahl (con un factor de conversión de 6.25). El con-
tenido de cenizas correspondió al carbón formado a 550 °C. 

Tabla 1. Caracterización del alperujo
Humedad Grasa Ceniza Proteína Extractivos

gH2O/gALPERUJO SECO mg/gALPERUJO SECO mg/gALPERUJO SECO mg/gALPERUJO SECO mg/gALPERUJO SECO

1.48 ± 0.01 200 ± 6 25.2 ± 1.7 143 ± 4 479 ± 7

3.1.3 Estudio del Efecto del Método de Almacenamiento/Pretratamiento 
en la Estabilidad de los Compuestos Fenólicos.

Para determinar en qué condiciones de almacenamiento/pretratamiento del alperujo era mayor la 
estabilidad de los principales compuestos fenólicos se analizó la misma en 4 condiciones diferentes de 
pretratamiento: fresco, descongelado, liofilizado (FD-OP) y secado. El material se sometió posterior-
mente a extracción convencional sólido – líquido (ver sección 3.1.4.1).
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Condiciones de Pretratamiento/Almacenamiento 

Se han probado cuatro condiciones de pretratamiento/almacenamiento diferentes para la ma-
teria prima, previo al proceso de extracción: fresco, congelación/descongelación (descongelado), li-
ofilización (FD-OP) y congelación/descongelación+desecación (secado). Brevemente, una parte del 
alperujo fresco se sometió al llegar a extracción hidroalcólica (sin ningún pretratamiento previo). El 
resto del material se empaquetó en bolsas de plástico de aproximadamente 1 kg de peso bajo atmós-
fera de N2 y se almacenó congelado a –20 °C durante 4 meses. El alperujo descongelado se sometió a 
extracción (apartado 3.1.4.1) directamente después de la descongelación. Otra parte de alperujo de-
scongelado se liofilizó al vacío (18 kPa) (FD-OP) y se protegió de la luz durante 72 horas. El alperujo 
seco se produjo colocando el alperujo congelado en una cámara a 40 °C durante 24 horas para un 
secado lento. La humedad del alperujo fresco y descongelado fue 59.7 ± 0.2% (1.48 ± 0.01 gH2O/gALPERUJO 

SECO) (Tabla 1). El material secado y FD-OP tenían aprox. 45% y 3% de humedad, respectivamente, y 
también se sometieron a extracción directamente después del pretratamiento. 

Pretratamiento Desgrasante del Alperujo

El alperujo está compuesto por una fracción de aceite residual y componentes lipofílicos. La su-
perficie ocular se compone principalmente de tejidos similares al agua, como la película lagrimal y el 
humor acuoso. Por lo tanto, para lograr una buena difusión del fármaco en los tejidos oculares, deben 
diseñarse formulaciones a base de agua. Por lo tanto, un paso de desgrasado previo a la extracción de 
fenoles se consideró necesario para eliminar cualquier aceite residual de la materia prima consideran-
do su futura aplicación oftálmica, así como para recuperar el aceite de orujo.

Para el proceso de desgrasado se eligió FD-OP y se realizaron dos métodos diferentes: uno, un 
proceso convencional con n-hexano, y otro, con extracción de dióxido de carbono supercrítico (scCO2). 
El efecto de ambos métodos se examinó sobre la estabilidad de los compuestos fenólicos en el extracto 
hidroalcohólico obtenido, así como su capacidad de extraer el aceite residual. 

Proceso de Desgrasado con n-Hexano

En un matraz de fondo redondo, se mezclaron 4.33 g de FD-OP con 20 mL de n-hexano. El ma-
traz se puso en un baño termostático a 30 °C durante 15 minutos con agitación magnética (750 rpm). 
Posteriormente, la solución se recogió, se centrifugó y se secó usando un rotavapor (Buchi Rotavapor 
R-200, Flawil, Suiza) a 30°C y aprox. 20 kPa. A continuación, se pesó el extracto seco para calcular el 
porcentaje del rendimiento del aceite eliminado. 

Proceso de Desgrasado con Dióxido de Carbono Supercrítico (scCO2)

En un extractor de acero inoxidable se cargaron 406.4 g de FD-OP con aproximadamente 3% de 
humedad, junto con cerámica Raschig, no solo para llenar el extractor por completo sino también para 
evitar la obstrucción y la formación de canales preferenciales. Se elevó la temperatura del sistema (60 °C) 
y se introdujo CO2 en el extractor hasta la presión de extracción indicada (30 MPa). El caudal se fijó en 10.5
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kg CO2/h durante 3 horas. En el separador, la temperatura se fijó en 20 °C y la presión en 6 MPa. Una 
vez completado el experimento, se pesó el FD-OP desgrasado (FD-OP-DO) para calcular el porcentaje 
del rendimiento del aceite eliminado.

3.1.4 Extracción de Compuestos Fenólicos del Alperujo

Como referencia, se usó una extracción convencional sólido-liquido. A continuación, para obtener 
extractos de alperujo ricos en sus principales compuestos fenólicos bioactivos, se estableció un proce-
so de extracción secuencial optimizado, respetuoso para el medio ambiente y apropiado industrial-
mente. Se seleccionó la extracción de scCO2 al FD-OP, seguida de una optimización de la extracción 
de líquido presurizado (Pressurized liquid extraction, PLE) a través del diseño de experimentos. Para el 
diseño de experimentos, las metodologías de superficie de respuesta son las que se utilizan principal-
mente, debido a su capacidad de determinar la interacción entre las variables del proceso. Entre ellas, 
se seleccionó el diseño compuesto central (Central Composite Design) por su mejor capacidad predicti-
va en comparación con otros diseños. 

Extracción Convencional Sólido-Líquido 

Para estudiar el efecto de las condiciones de almacenamiento/pretratamiento sobre la materia 
prima, todos los materiales (frescos, descongelados, FD-OP o secos) fueron sometidos a la misma 
extracción sólido-líquido convencional. También, el mismo método de extracción se usó para estudiar 
el efecto de los procesos de desgrasado (con n-hexano y con scCO2). Brevemente, la materia prima 
se mezcló con el solvente (50.0% v/v de EtOH en agua) en un matraz de fondo redondo con una rel-
ación sólido/líquido de 0.5 gALPERUJO/ mLSOLVENTE a 70.0 °C. El matraz se colocó en un baño termostático 
a la temperatura deseada durante 1 hora. La velocidad de agitación se ajustó a 750 rpm. Cuando se 
completó la extracción, los extractos se centrifugaron a 6100g (Sigma 2-16P; Sigma Laborzentrifugen 
GmbH, Osterode am Harz, Alemania) durante 15 minutos a temperatura ambiente. El mismo proceso 
y condiciones de extracción se aplicaron a todas las materias primas pretratadas de manera diferente. 

Extracción de Líquido Presurizado (PLE): Diseño de Optimización

Para la optimización de la PLE a través del diseño de experimentos, se seleccionó un diseño com-
puesto central, utilizando el software Statgraphics Centurion 18.0 (Statgraphics Technologies, Inc., 
Virginia, EE. UU.). Los factores establecidos fueron 3: el porcentaje de EtOH en agua, la temperatura y 
la relación sólido/líquido. Cada factor (numérico) se estimó en cinco niveles; ± 1 (puntos factoriales), ± 
a (puntos axiales) y un punto central replicado 10 veces, lo que resultó en un total de 24 experimentos 
(Tabla 2). El porcentaje de EtOH en agua se ajustó entre 8.0 y 92.0% v/v para cubrir un amplio inter-
valo de polaridad. La temperatura varió entre 65.0 y 185.0 °C para estudiar la posible descomposición 
de los compuestos. La relación sólido/líquido varió de 0.2 a 0.8 gALPERUJO/ mLSOLVENTE para describir el 
efecto de la transferencia de masa interna. 
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Tabla 2. Diseño compuesto central para la optimización de la extracción de líquido presurizado (PLE) 
- 24 experimentos.

Orden Temperatura (oC) Porcentaje de EtOH en agua Relación Sólido/Liquido (g/mL)
1 160.7 75.0 0.7
2 185.0 50.0 0.5
3 89.3 25.0 0.3
4 125.0 50.0 0.5
5 125.0 50.0 0.8
6 125.0 50.0 0.5
7 125.0 8.0 0.5
8 125.0 50.0 0.5
9 160.7 75.0 0.3
10 125.0 50.0 0.5
11 125.0 50.0 0.5
12 89.3 75.0 0.7
13 160.7 25.0 0.7
14 125.0 50.0 0.2
15 160.7 25.0 0.3
16 125.0 50.0 0.5
17 125.0 50.0 0.5
18 89.3 25.0 0.7
19 125.0 50.0 0.5
20 125.0 50.0 0.5
21 125.0 92.0 0.5
22 125.0 50.0 0.5
23 65.0 50.0 0.5
24 89.3 75.0 0.3

Los 10 puntos centrales se presentan en negrita.

Dentro de las distintas opciones del material usado para el estudio PLE, se seleccionó el alperujo 
liofilizado desgrasado con scCO2 (FD-OP-DO). En cada experimento de extracción PLE, se mezcló una 
cantidad adecuada (g) de FD-OP-DO (de 1.4 a 7.1 g, dependiendo de la relación sólido/líquido) con 
20 mL de solvente. La velocidad de agitación se fijó en 750 rpm. El sistema se calentó y la extracción 
comenzó cuando se alcanzó la temperatura deseada (el tiempo varió entre 5 y 8 minutos). Antes de 
iniciar el proceso, se ajustó la presión a 10 MPa mediante aplicación de N2. El procedimiento fue es-
tático y duró 20 minutos (según la bibliografía). Cuando se completó la extracción, el reactor se enfrió 
en un baño de hielo hasta llegar a temperatura ambiente (el tiempo varió entre 3 y 5 minutos). El 
extracto obtenido se centrifugó a 6100g (Sigma 2-16P; Sigma Laborzentrifugen GmbH, Osterode am 
Harz, Alemania) durante 15 minutos a temperatura ambiente y se almacenó a –20 °C y en oscuridad 
hasta su análisis.

3.1.5 Extractos Elegidos

En base a los resultados obtenidos un total de 5 extractos fueron elegidos para los estudios pos-
teriores: dos extractos producidos con extracción convencional sólido-líquido, y tres extractos pro-
ducidos por la optimización PLE. Las condiciones y el método de extracción, el pretratamiento de la 
materia prima, así como los códigos de cada extracto están incluidos en la Tabla 3.
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Tabla 3. Extractos seleccionados para estudios posteriores

Extracto Material usado
Condiciones

Temperatura (oC) % de EtOH en agua
Relación Sólido/Liquido 
(gALPERUJO/ mLSOLVENTE)

CONV Liofilizado 70.0 50.0 0.5
CONV-2

Liofilizado desgrasado 
con dióxido de carbono 
supercrítico 

70.0 50.0 0.5
OPT1 66.0 10.0 0.8
OPT2 66.0 92.0 0.8
OPT3 184.0 90.0 0.8

El extracto CONV-2 se usó como referencia para el estudio de optimización del PLE (apartado 
3.1.4), comparando la riqueza del extracto en los polifenoles de interés (apartado 3.1.7) con los ex-
tractos OPT1, OPT2 y OPT3. CONV se usó como referencia para comparar la seguridad y la actividad 
antioxidante, antinflamatoria e inmunosupresora in vitro de los extractos OPT1, OPT2 y OPT3 (apar-
tados 3.2 y 3.3). 

3.1.6 Identificación Putativa por HPLC-DAD-MS/MS de Compuestos 
Fenólicos de Interés en el Extracto Derivado de Alperujo Liofilizado y 
Desgrasado con Extracción de Dióxido de Carbono Supercrítico (Extracto 
CONV-2) 

La identificación putativa de los compuestos fenólicos presentes en el extracto CONV-2 se realizó 
mediante un sistema HPLC-DAD-MS/MS en colaboración con la facultad de Farmacia de Lisboa. Los 
análisis de HPLC se realizaron en un Waters Alliance 2695 (Waters, Irlanda, Reino Unido) equipado 
con una bomba cuaternaria, un desgasificador de disolvente, un inyector automático (volumen de 
inyección: 10 μL) y un horno de columna. El sistema está acoplado a un detector de matriz de foto-
diodos Waters 996 PDA (Waters, Irlanda, Reino Unido) con una absorción de longitud de onda de 
barrido de 210 a 600 nm. La columna utilizada fue una LiChrospher 100 RP-18 5 μm (250 × 4.0 mm) 
(Sigma-Aldrich, San Luis, Misuri, EE. UU.) a 35 °C. Se aplicó un método de gradiente con dos eluy-
entes: A (agua MiliQ con 0,5% de HCOOH), y B (metanol). Se estableció un caudal de 0.3 mL/min y 
se aplicó el siguiente programa de elución: 0-15 min isocrático al 70%; Gradiente lineal de 15-45 min 
al 60% A; 45-60 min isocrático 60% A; Gradiente lineal de 60-75 min al 55% A; 75-105 min isocrático 
a 55% A, y finalmente regresando a las condiciones iniciales durante 20 minutos. La detección por 
espectrometría de masas en tándem (MS/MS) se realizó en un triple cuadrupolo Micromass Quattro 
Micro (Waters, Irlanda, Reino Unido) utilizando una fuente de ionización por electro-pulverización 
en el modo de iones negativos (ESI-). La temperatura de la fuente era de 120 °C, y los voltajes del 
capilar y de la fuente fueron de 2.5 kV y 20 V, respectivamente. Los compuestos separados por HPLC 
se ionizaron y los espectros de masas se registraron en el modo de barrido completo con m/z de 60 a 
1100. Las energías de colisión se optimizaron para cada compuesto (10, 20 y 30 eV). Se utilizó N2 de 
alta pureza tanto como gas de secado como de nebulización. Se usó argón (Ar) de ultra alta pureza 
como gas de colisión. Para la adquisición y procesamiento de datos, se utilizó el software MassLynx 
versión 4.1 (Waters, Irlanda, Reino Unido).
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3.1.7 Caracterización de los Extractos Fenólicos Obtenidos del Alperujo

Se evaluó la riqueza de todos los extractos de alperujo obtenidos de manera diferente en sus prin-
cipales compuestos fenólicos bioactivos (OL, HT y TY). También, se estudió la riqueza de los extractos 
en OLC, ya que se encontró que era el polifenol más abundante en el extracto CONV-2 (referencia) 
mediante el análisis HPLC-DAD-MS/MS. La eficiencia de extracción se definió por el rendimiento 
de extracción (EY) y los extractos también se caracterizaron en términos de contenido fenólico total 
(TPC), contenido total de flavonoides (TFC) y actividad antioxidante química (CAA). 

Rendimiento de Extracción (EY) 

Los extractos se secaron de acuerdo con el siguiente procedimiento: primero, se evaporó el EtOH 
usando un rotavapor (Buchi Rotavapor R-200, Flawil, Suiza) a 60 °C y aprox. 20 kPa. A continuación, 
el extracto conteniendo principalmente agua se liofilizó al vacío (18 kPa) y protegido de la luz durante 
48 horas (Lyoquest-55, Telstar, Terrassa, España). Después, el extracto seco se pesó y se calculó el EY.

Determinación del Contenido Fenólico Total (TPC)

El TPC de los extractos se determinó mediante el método Folin-Ciocalteu. Brevemente, 40 μL de 
muestra se mezclaron con 3 mL de agua destilada y 200 μL de reactivo Folin-Ciocalteu. Después de 
5 minutos, se añadieron 600 μL de Na2CO3 (20% w/v) y la mezcla se incubó a 40 °C durante 30 minu-
tos. La absorbancia se midió a 765 nm (UV 2550, espectrofotómetro UV/Vis, Shimadzu GmbH, Kioto, 
Japón). Los resultados de TPC se calcularon utilizando una curva de calibración de ácido gálico (GA).

Determinación del Contenido Ttotal de Flavonoides (TFC)

1 mL de extracto se diluyó a 10 mL con agua destilada, se agregaron 300 μL de NaNO2 (5% w/w) 
y la mezcla se dejó reaccionar durante 5 minutos. Posteriormente, 500 μL de AlCl3 (2% w/w) y 500 μL 
de NaOH (1 M) se añadieron en la solución y la mezcla se incubó a temperatura ambiente durante 6 
minutos. La absorbancia se midió a 510 nm (UV 2550, espectrofotómetro UV/Vis, Shimadzu GmbH, 
Kioto, Japón) y los resultados de TFC se calcularon usando una curva de calibración de catequina.

Determinación de la Actividad Antioxidante Química (CAA)

El método utilizado para la evaluación de la CAA de los extractos fue el ensayo de capacidad 
de absorbancia de radicales de oxígeno (ORAC). Los valores de ORAC se calcularon usando una 
ecuación de regresión entre la concentración de trolox y el área bajo el decaimiento de la curva de sal 
de fluoresceína sódica (AUC) para cada muestra de acuerdo con la curva de calibración para trolox. 
Para cada muestra, se probaron cuatro concentraciones diferentes (diluyendo el extracto de 4000 a 
11000 veces) creando una curva de calibración para cada extracto. La fluorescencia se midió a 530 
nmem y 485 nmex, utilizando un lector de fluorescencia de microplacas FL800 (Bio-Tek Instruments, 
Winooski, Vermont, EE. UU.).
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Determinación del Contenido en OL, HT, TY y OLC: Análisis HPLC-DAD

La determinación del contenido en OL, HT, TY y OLC se realizó mediante análisis por HPLC-
DAD. El sistema HPLC usado fue un Waters e2695 Separation module con un muestreador automático 
(volumen de inyección: 20 μL) y una bomba cuaternaria junto con un detector de matriz de fotodi-
odos Waters 2998 ajustado a 280 nm (Waters, Irlanda, Reino Unido). La columna utilizada fue una 
C18 Mediterranean Sea (250 × 4,6 mm, 5 μm) a 35 °C (Teknokroma Analıt́ica S.A., Barcelona, España). 
También se utilizó una pre-columna OptiGuard de 1 mm (Sigma-Aldrich, San Luis, Misuri, EE. UU.). 
Se aplicó un método de gradiente usando eluyente A (agua acidificada a pH = 3 con ácido fosfórico) y 
eluyente B (metanol). Se estableció un flujo de 1 mL/min y se aplicó el siguiente programa de elución: 
gradiente lineal de 0 a 10 min de 90 a 80% A, 10-16 min 80% A isocrático; Gradiente lineal de 16 a 20 
min a 70% A; 20-25 min 70% A isocrático; Gradiente lineal de 25 a 35 min a 60% A; 35-40 min 60% A 
isocrático; Gradiente lineal de 40 a 45 min a 55% A; 45-55 min 55% A isocrático; Gradiente lineal de 55 
a 60 min a 40% A; Gradiente lineal de 60 a 65 min a 30% A; y gradiente lineal de 65 a 70 min hasta 0% 
A. Las soluciones de todos los compuestos estándares se prepararon en DMSO y se inyectaron usando 
el mismo método analítico y las mismas condiciones con las muestras. OLC se calculó como equiva-
lentes de OL (OLE). Para la adquisición y procesamiento de datos, se utilizó el software Empower 3 
(Waters, Irlanda, Reino Unido).

3.2 Estudios In vitro en Células Epiteliales de la Superficie Oc-
ular Humana

3.2.1 Reactivos 

Los reactivos usados en esta parte de la tesis han sido agrupados y presentados por fabricante:

•	 BioNova scientific (Fremont, CA, EE.UU.): TNF-α.
•	 Extrasynthese (Genay, Francia): HT (≥98%), OL (≥98%).
•	 bioNova scientific (Fremont, CA, EE. UU.): OxiSelect 96-Well Comet Assay Kit.
•	 Panreac (Barcelona, España): EtOH.
•	 Sigma-Aldrich (St Louis, MO, EE. UU.): diacetato de 2’,7’-diclorodihidrofluoresceína (H2DCF-DA), 

insulina bobina, DMSO, fluoruro de fenilmetilsulfonilo (PMSF), aprotinina, ortovanadato sódico 
(Na3VO4), 2,3-bis-(2-metoxi-4-nitro-5-sulfofenil)-2H-tetrazolio-5-carboxanilida (XTT), metilsulf-
ato de 5-metilfenazinio (PMS), Kit magnético Milliplex Human Cytokine / Chemokine HCY-
TOMAG-60K-5 plex (IL-1beta, IL-6, IL-8 / CXCL8, IL-17A e IP-10).

•	 Thermo Fisher Scientific (Rockford, IL, EE. UU.): matraces, placas, puntas, pipetas de cultivo de 
plástico, Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12 (DMEM/F12) + GlutaMax, 
DMEM (medio de cultivo sin NaHCO3, piruvato sódico y rojo fenol), RIPA buffer de lisis RIPA, 
Dulbecco’s tampón fosfato salino (DPBS), suero fetal bobino (FBS), factor de crecimiento epitelial 
humano (EGF), insulina humana, penicilina, estreptomicina, ácido bicinconínico (BCA), solución 
tampón Tris-EDTA.
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3.2.2 Cultivos Celulares

Para los estudios in vitro de esta parte de la tesis, se seleccionaron dos líneas celulares epiteliales 
humanas de la superficie ocular: HCE e IM-ConjEpi.

La línea celular HCE es una línea celular epitelial corneal humana inmortalizada con el antígeno 
T grande del virus simio 40 (SV40) y que nos fue cedida por el Profesor Arto Urti (Universidad de 
Helsinki, Finlandia). Las células HCE se cultivaron en medio DMEM/F-12 + GlutaMax, suplementado 
con 10 ng/mL de EGF, FBS al 10%, 5 μg/mL de insulina humana, 100 U/mL de penicilina y 0.1 mg/mL 
de estreptomicina.

La línea celular IM-ConjEpi es una línea celular epitelial conjuntival humana inmortalizada con el 
antígeno T grande del SV40, adquirida de Innoprot (Derio, España). Las células IM-ConjEpi se culti-
varon en medio DMEM/F-12 + GlutaMax suplementado con 10 ng/mL de EGF, FBS al 10%, 1 μg/mL 
de insulina bovina, 5000 U/mL de penicilina y 5000 μg/mL de estreptomicina. 

3.2.3 Preparación de las Soluciones Fenólicas

El día del experimento, HT y OL se disolvieron en medio de cultivo (DMEM/F-12 + GlutaMax 
puro sin ningún suplemento), mientras que los extractos CONV, OPT1, OPT2 y OPT3 fueron disueltos 
en medio de cultivo suplementado con EtOH al 0.4%. A continuación, se realizaron diluciones seria-
das para alcanzar las concentraciones deseadas (1-150 μM para HT, 5/325 μM para OL, 0.05-0.80 mg/
mL para CONV, 0.05-0.40 mg/mL para OPT1, 0.05-0.40 mg/mL para OPT2 y 0.005-0.600 mg/mL para 
OPT3) con medio de cultivo. Las mezclas de OL con HT (5 μM de OL con 10, 25, o 50 μM de HT y una 
mezcla de 10 μM de OL con 50 μM de HT) se prepararon mezclando la doble concentración de cada 
compuesto en volúmenes iguales.

3.2.4 Seguridad Ocular para los Compuestos Fenólicos y Extractos 

Antes de probar el efecto antioxidante y antinflamatorio in vitro sobre las células epiteliales de la 
superficie ocular humana, es necesario establecer las concentraciones máximas permisibles (no tóx-
icas) que no disminuyan la viabilidad celular por debajo del 90%. También, las pruebas obligatorias 
para la aprobación y liberación de una sustancia o un producto farmacéutico en el mercado están de-
scritas por la directriz ICH S2 (R1) de la EMA, que determina los diferentes ensayos aceptables para el 
cribado de posibles daños genéticos, a fin de predecir y evitar posibles riesgos humanos. Entre ellos, el 
ensayo Comet se propone como una técnica confiable y común para detectar la genotoxicidad in vitro 
de un compuesto, detectando varios tipos de daño del ADN en células individuales.

Ensayo de Viabilidad Celular (XTT)

Las células HCE e IM-ConjEpi se plantaron en placas de 96 pocillos y se dejaron crecer en medio 



Resumen

129

suplementado durante 3 días, hasta alcanzar una confluencia de 90% de la superficie del pocillo. 
Después, el medio de cultivo se reemplazó por DMEM/F-12 + GlutaMax sin ningún suplemento. A las 
24 horas, se descartó el medio y las células se trataron con las diferentes concentraciones de OL, HT, 
OL + HT, CONV, OPT1, OPT2 o OPT3 y se incubaron durante 24 horas a 37 °C. Células tratadas solo 
con vehículo se usaron como control negativo, mientras que células tratadas con 0.001% de cloruro de 
benzalconio se usaron como control positivo. Pasadas las 24 horas, los sobrenadantes se eliminaron 
y DMEM/F-12 sin rojo fenol se añadió, junto con 10 μL de 3 mg de PMS/mL de DPBS mezclado con 4 
mL de 1 mg de XTT/mL de DMEM/F-12 sin rojo fenol. Después de 4 horas de incubación a 37 °C, se 
midió la absorbancia (450 nm y 660 nm) en un espectrofotómetro UV/vis (SpectraMax M5; Molecular 
Devices, Sunnyvale, CA, EE. UU.). 

Ensayo de Genotoxicidad (Comet)

De acuerdo con las instrucciones del fabricante, células HCE o IM-ConjEpi se mezclaron con aga-
rosa líquida, se colocaron en un portaobjetos de 96 pocillos recubierto con agarosa y se dejaron a 4 °C 
durante 15 minutos hasta solidificación. Después, el portaobjetos se sumergió en tampón de lisis (2.5 
μM de NaCl, 100 mM de Na2EDTA, 10 mM de Tris-HCl, N-laurosil-sarcosina al 1%, Triton X-100 al 
1%, DMSO al 10%, pH = 10) a 4 °C durante 60 minutos. Posteriormente, se transfirió a un recipiente 
lleno de solución alcalina pre-enfriada (300 mM de NaOH, 1 mM de Na2EDTA) y se dejó sumergido a 
4 °C durante 30 minutos para permitir que el ADN se desenrollara. Pasados los 30 minutos, utilizan-
do la misma solución alcalina, se realizó electroforesis alcalina durante 30 minutos a 35 voltios y 300 
mA. Finalmente, el portaobjetos se lavó 3 veces con H2O destilada pre-enfriada, se secó con etanol al 
70% y se tiñó con tinte de ADN Vista Green durante 15 minutos en la oscuridad. Las imágenes se ad-
quirieron con un microscopio de epi-fluorescencia invertido (DMI 6000 B, Leica, Wetzlar, Alemania) 
utilizando un filtro de isotiocianato de fluoresceína, y se analizaron utilizando el software de análisis 
de imágenes CASP 1.2.3 (СASPlab, Wroclaw, Poland).

3.2.5 Efectos en Inflamación y Estrés Oxidativo Celular

El efecto antiinflamatorio y antioxidante de extractos crudos derivados del alperujo, y de sus com-
puestos fenólicos principales puros (OL, HT y su combinación) fue estudiado in vitro en las dos líneas 
celulares, una derivada del epitelio corneal humano (HCE) y otra derivada del epitelio conjuntival 
humano (IM-ConjEpi), utilizando para ello dos estímulos: 1) TNF-α para inducir inflamación y 2) luz 
UV-B para inducir estrés oxidativo.

Previamente a estos ensayos, se llevó a cabo un ensayo de viabilidad celular con dichos tratamien-
tos (descrito en el apartado 3.2.4.1), a fin de determinar sus concentraciones máximas permitidas (no 
tóxicas) para ambas líneas celulares. Posteriormente, el efecto antinflamatorio y antioxidante de los 
extractos del alperujo, y de OL, HT y su combinación, fue estudiado midiendo la secreción de citoqui-
nas/quimioquinas y ROS en células estimuladas con TNF-α y luz UV-B, respectivamente.
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Estimulación con TNF-α y Tratamiento con las Soluciones Fenólicas 

Células HCE e IM-ConjEpi se plantaron en placas de 24 pocillos y se dejaron crecer durante 3 días, 
a fin de alcanzar una confluencia de 90% de la superficie del pocillo. Después, el medio de cultivo se 
reemplazó por DMEM/F-12 + GlutaMax sin ningún suplemento. A las 24 horas, se descartó el medio 
y las células se trataron con las diferentes concentraciones de OL, HT, OL + HT, CONV, OPT1, OPT2 
y OPT3 durante 2 horas a 37 °C. Posteriormente, los pretratamientos se descartaron y las células se 
estimularon con 25 ng/mL de TNF-α en presencia de OL, HT, OL + HT, CONV, OPT1, OPT2 y OPT3 
durante 24 horas. Células sin TNF-α o tratamientos se utilizaron como controles. Pasadas las 24 horas, 
los medios de cada muestra se recogieron y se centrifugaron a 18.800 x g durante 10 minutos. Las 
placas con células adheridas y los sobrenadantes se almacenaron a –80 °C antes de ser analizados. 

Medida de la Secreción de Citoquinas/Quimioquinas 

La concentración en los sobrenadantes de las células de las citoquinas IL-1β, IL-6, IL-8, IL-17A 
y Proteína inducible por interferón-γ (IP)-10 se midieron simultáneamente mediante tecnología 
X-MAP® (Luminex Corp), utilizando Kits de análisis comerciales. Brevemente, 25 μL de cada so-
brenadante se incubaron en presencia de una mezcla de microesferas tapizadas con los anticuerpos 
respectivos a 4 °C durante toda la noche en agitación. Después, se añadió una solución de anticuerpos 
de detección (biotinilados) y se volvieron a incubar durante 1 hora a temperatura ambiente, seguida 
de otra incubación con una solución de estreptavidina-ficoeritrina durante 30 minutos a temperatura 
ambiente con agitación. Finalmente, la placa se leyó en un equipo Magpix (Luminex Corporation, 
Austin, TX, EE. UU.), realizando curvas de calibración de cada estándar de citoquina/quimioquina y 
utilizando el software BeadView (Upstate, Reino Unido). 

Estimulación con Luz UV-B y Medida de Especies Reactivas de Oxígeno

Células HCE e IM-ConjEpi se plantaron en placas de 24 pocillos y se dejaron crecer durante 3 días, 
a fin de alcanzar una confluencia de 90% de la superficie del pocillo. Después, el medio de cultivo se 
reemplazó por DMEM/F-12 + GlutaMax sin ningún suplemento. A las 24 horas, se descartó el medio 
y se trataron las células con las diferentes concentraciones de OL, HT, OL + HT, CONV, OPT1, OPT2 
y OPT3 durante 1 hora a 37 °C. Posteriormente, los pretratamientos se descartaron y las células se 
incubaron durante 30 minutos en presencia de 10 μM de H2DCF-DA. A continuación, la solución de 
H2DCF-DA se descartó, y las células se volvieron a tratar con los tratamientos, se irradiaron durante 
15 segundos con una lámpara UV-B con intensidad de 107.25 mJ/cm2 (Bio-Rad, Inc., Hercules, CA, 
EE. UU.) y se incubaron durante 1 hora. Células sin tratamientos y células no irradiadas se utilizaron 
como controles. La intensidad de fluorescencia intracelular (488 nmex y 522 nmem) se midió en un es-
pectrofotómetro UV/vis (SpectraMax M5; Molecular Devices, Sunnyvale, CA, EE. UU.). Las placas con 
células adheridas se almacenaron a –80 °C para su posterior análisis de contenido en proteínas total.
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Determinación de la Proteína Total

La concentración en proteína total en cada pocillo fue determinada en las células adheridas en las 
placas. Brevemente, las células en cada pocillo fueron lisadas añadiendo buffer de lisis RIPA suple-
mentado con 0.1 mg/mL de PMSF, 60 µg/mL de aprotinina y 0.1 µM de Na3VO4 y se incubaron a 4 
°C durante 30 minutos. Finalmente, se centrifugaron y se guardaron a –80 °C antes de ser analizadas.

La determinación de la cantidad de la proteína total fue determinada con el ensayo BCA. Breve-
mente, 25 µL de muestra, junto con estándares, se trataron con el reactivo de trabajo BCA (BCA en 0.1 
mM de hidróxido sódico y sulfato de cobre (II) al 4%) y se incubaron durante 30 minutos a 37 °C. A 
continuación, se midió la absorbancia a 562 nm de las muestras en un espectrofotómetro (SpectraMax 
M5; Molecular Devices, Sunnyvale, CA, EE. UU.) y los datos se analizaron utilizando el software Soft-
Max® Pro (Molecular Devices, Sunnyvale, CA, EE. UU.).

3.3 Efecto In vitro sobre la Proliferación de Linfocitos T Hu-
manos (CD4+)

El efecto inmunosupresor del extracto OPT3 del alperujo, junto con HT, fue estudiado in vitro en 
la proliferación de linfocitos T CD4+ procedentes de sangre periférica humana (PBMC).

3.3.1 Reactivos 

Los reactivos usados en esta parte de la tesis han sido agrupados y presentados por fabricante:

•	 Extrasynthese (Genay, Francia): HT (≥98%).
•	 GE Healthcare (Chicago, IL, USA): Ficoll-Paque PLUS.
•	 Gibco (Grand Island, NY, EE. UU.): medio de cultivos Roswell Park Memorial Institute (RPMI) 

1640 + L-glutamine, fitohemaglutinina - forma M (PHA-M).
•	 Invitrogen (Waltham, MA, EE. UU.): reactivo de viabilidad celular alamarBlue HS.
•	 Miltenyi Biotech (Bergisch Gladbach, North Rhine-Westphalia, Alemania): kit de aislamiento de 

linfocitos T CD4+ humanos, columnas LS, separador QuadroMACS.
•	 Thermo Fisher Scientific (Rockford, IL, EE. UU.): matraces, placas, puntas, pipetas de cultivo de 

plástico, Dulbecco’s tampón fosfato salino (DPBS), penicilina, estreptomicina.

3.3.2 Donantes

La sangre periférica se obtuvo de tres pacientes varones sanos con una edad promedio de 28 ± 3 
años, después de haber firmado un consentimiento informado. Este estudio siguió los Principios de 
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la Declaración de Helsinki y el protocolo fue aprobado por el Comité de Ética de la Universidad de 
Valladolid.

3.3.3 Aislamiento de las Células Mononucleares de Sangre Periférica

Se obtuvieron hasta 9 mL de sangre periférica de cada uno de los 3 donantes. Las células 
mononucleares se aislaron mediante gradiente de densidad con Ficoll-Paque PLUS (GE Healthcare, 
Chicago, IL, EE. UU.) a 400g durante 30 minutos, a temperatura ambiente. Las células se recogieron, 
se lavaron con solución DPBS y se utilizaron posteriormente para aislar linfocitos T CD4+ humanos.

3.3.4 Aislamiento y Cultivo de los Linfocitos CD4+

Los linfocitos T CD4+ humanas se aislaron de las células mononucleares mediante separación 
magnética usando un separador QuadroMACS. Los linfocitos T CD4+ intactas se seleccionaron nega-
tivamente utilizando el kit de aislamiento de linfocitos T CD4+ humanas y columnas LS, siguiendo el 
protocolo del fabricante. Los linfocitos T CD4+ aisladas se cultivaron en medio de cultivo RPMI 1640 
+ L-glutamina suplementado con FBS al 10% y penicilina/estreptomicina.

3.3.5 Preparación de las Soluciones Fenólicas

HT y OPT3 se disolvieron en DPBS a concentraciones de 400 µM, 1200 µM, 3.2 mg/mL y 1.6 mg/
mL respectivamente, se dividieron en alícuotas y se almacenaron a –20 °C. El día del experimento, 
se dejó una alícuota de HT, OL, CONV u OPT3 a temperatura ambiente hasta su descongelación, y 
se diluyó con medio de cultivo celular para alcanzar las concentraciones deseadas. Al final de cada 
día, la cantidad restante se descartaba, para asegurar que no ocurriera ninguna degradación en los 
compuestos.

3.3.6. Ensayo de Proliferación

Linfocitos T CD4+ humanos se sembraron en placas de 96 pocillos y se activaron con 1% de 
PHA-M, excepto el control inactivado. A continuación, las células se trataron durante 48 horas con los 
tratamientos (soluciones fenólicas o medio de cultivos-control). Pasadas ese tiempo, se añadió reacti-
vo de viabilidad celular alamarBlue HS al 10% a cada pocillo y se incubó durante 3 horas, antes de leer 
la fluorescencia (560 nmex y 590 nmem) en un espectrofotómetro Spectra Max M5 (Molecular Devices 
Corporation, Sunnyvale, CA). 

3.4 Modelo Murino de Ojo Seco 

El efecto antiinflamatorio e inmunomodulador del extracto OPT3, elegido por su mejor actividad 
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in vitro, junto con HT, fue estudiado en un modelo murino de EOS (modelo de estrés por desecación 
durante 14 días). Este estudio se realizó en las instalaciones para animales de la Facultad de Medicina 
de la Universidad de Colonia (Colonia, Alemania). Se evaluó el efecto de dichos compuestos en el 
volumen lagrimal, la integridad del epitelio corneal (mediante tinción corneal con fluoresceína (CFS)), 
el contaje de linfocitos T CD4+ y CD8+ en los ganglios linfáticos y la expresión de los genes IP-10 y 
TNF-α en la córnea, la conjuntiva y las glándulas lagrimales.

3.4.1 Reactivos

Los reactivos, los cebadores seleccionados (Tabla 4) y los anticuerpos (Tab-
la 5) usados en esta parte de la tesis han sido agrupados y presentados por fabricante:

•	 Alzet (Cupertino, CA, EE. UU.): bombas osmóticas.
•	 Biomol (Hamburg, Alemenia): HT (≥98%).
•	 Bio-rad (Bonn, Germany): SsoFast EvaGreen supermix.
•	 Drummond Scientific (Broomall, PA, EE. UU.): tubos capilares de vidrio.
•	 eBioscience (San Diego, CA, EE. UU.): Fc block anti-mouse CD16/32, fijador estabilizador, tinción 

con tinción de viabilidad eFluor450fixable.
•	 Gibco (Grand Island, NY, EE. UU.): medio de cultivo RPMI 1640 + L-glutamina. 
•	 Invitrogen (Waltham, MA, EE. UU.): agua destilada ultrapura sin DNasa/RNasa.
•	 Oasis Medical (San Dimas, CA, EE. UU.): hebras de rojo fenol (Zone Quick Thread).
•	 Qiagen (Hilden, Alemania): Mini kit RNeasy Plus, tampón RLT.
•	 Sigma-Aldrich (St Louis, MO, EE. UU.): bromhidrato de escopolamina, sal sódica de fluoresceína, 

β-mercaptoetanol, tampón de borato y solución salina normal.
•	 Thermo Fisher Scientific (Rockford, IL, EE. UU.): Kit de síntesis de ADNc de primera hebra de 

Revertaid, FBS, penicilina, estreptomicina, DPBS, N, O-bis (trimetilsilil) acetamida (BSA), ácido 
etilendiaminotetraacético (EDTA).

Tabla 4. Cebadores seleccionados para qRT-PCR

ARNm Secuencia
Temperatura de desnat-

uralización (melting)
Fabricante

HPRT
F: 5′-TTGGATACAGGCCAGACTTTGTTG-3′ 

R: 5′-GATTCAACTTGCGCTCATCTTAGGC-3′
60 °C

Thermo Fish-
er Scientific 

(Rockford, IL, 
EE. UU.)

IP-10
F: 5’-ATATACGCGTTGACATTGATTATTGACTAG-3’

R: 5’-ATTGCTAG-CAGCTGGTTCTTTCCGCCTC-3’
60 °C

TNF-α
F: 5′- AGGACTCAAATGGGCTTTCC-3′

R: 5′-CAGAGGCAACCTGACCACTC-3′
63 °C

F = cebador directo, R = cebador inverso, IP-10 = proteína inducida por interferón γ – 10, TNF-α = Factor de 
necrosis tumoral -α, HPRT = hipoxiantina-guanina fosforribosiltransferasa.
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Tabla 5. Panel de anticuerpos utilizado para el análisis de citometría de flujo (FACS)
Anticuerpos (clon) Objetivo Conjugación Fabricante

Anti-ratón CD3 (17A2) Linfocitos T 
aloficocianina-cianina 7 

(APC-Cy7)
Biolegend (San Di-
ego, CA, EE. UU.)Anti-ratón CD4 (GK1.5) Linfocitos T

isotiocianato de fluo-
resceína (FITC)

Anti-ratón CD8a (53-6.7) Linfocitos T APC

3.4.2 Animales e Inducción del Estrés por Desecación

Se utilizaron ratones C57BL/6 (hembras) de 10 a 12 semanas de edad obtenidos de Charles River 
Laboratories (Sulzfeld, Alemania). Los ratones fueron expuestos a estrés por desecación durante 14 
días, colocando las jaulas en una cámara de ambiente controlado (condiciones: humedad 30 ± 5%, flujo 
de aire forzado 10 horas/día y temperatura 25 ± 1 °C). Se administró bromohidrato de escopolamina 
de forma continua (0.1 mg/día) mediante bombas osmóticas implantadas subcutáneamente. Los ex-
perimentos terminaron el día 14 y los ganglios linfáticos regionales, los ojos completos con conjuntiva, 
así como las glándulas lagrimales, se diseccionaron y se procesaron como se describe más adelante. 

Todos los experimentos con animales siguieron las regulaciones de la Universidad de Colonia, la 
ley de protección animal alemana (LANUV) y la declaración de la Asociación para la Investigación 
en Visión y Oftalmología (ARVO) para el uso de animales en la investigación oftálmica y de la visión. 
También, fueron aprobados por la instalación descentralizada de animales (EURL 2010/63) de la Fac-
ultad de Medicina de la Universidad de Colonia.

3.4.3 Aplicación Tópica de los Tratamientos

HT (100 µM) y OPT3 (0.2 mg/mL) se disolvieron en tampón de borato (vehículo), se dividieron en 
alícuotas y se almacenaron a –20 °C. Cada día de tratamiento, se usó una alícuota de HT u OPT3 y lu-
ego se descartó, para asegurar que no ocurriera ninguna degradación en los compuestos. Los ratones 
se distribuyeron aleatoriamente en tres grupos (n = 5 ratones/grupo): (1) HT, (2) OPT3 y (3) vehículo 
(control). Todos los grupos estuvieron expuestos a las mismas condiciones de estrés por desecación. 
Los tratamientos se aplicaron el mismo día con la configuración del estrés por desecación (día 1) y se 
administraron por vía tópica tres veces al día en ambos ojos (5 μL/ojo) durante 14 días.

3.4.4 Integridad del Epitelio Corneal: Tinción Corneal con Fluoresceína

Para evaluar el daño corneal (los días 0 y 11), se utilizó la tinción corneal con fluoresceína, apli-
cando 5 μL/ojo de sal sódica de fluoresceína al 5% en DPBS. La solución se limpió cuidadosamente 
después de 1 minuto y se realizó la clasificación bajo luz azul en un estereomicroscopio. Se utilizó un 
esquema de calificación de Oxford modificado con severidades que variaban del grado 0 al 5.
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3.4.5 Volumen Lagrimal

Para la medida del volumen lagrimal (los días 0 y 11), una hebra de rojo fenol se colocó en el canto 
lateral de cada ojo durante 10 segundos y el cambio de color (de amarillo a rojo) en la parte húmeda 
(absorción de lágrimas) se midió en milímetros.

3.4.6 Análisis de Citometría de Flujo (FACS): Porcentaje de Contaje de 
Linfocitos CD3+, CD4+ y CD8+ en los Ganglios Linfáticos

Los ganglios linfáticos de todos los ratones en cada uno de los 3 grupos (tratados con vehículo, 
HT u OPT3) se trituraron a través de un filtro de células y las suspensiones de células individuales se 
transfirieron a tampón FACS (BSA al 0,5%, FBS al 1% y EDTA al 1:50 en DPBS). Después de bloquear 
con el Fc block anti-ratón CD16/32 durante 15 minutos, las muestras se tiñeron durante 30 minutos a 4 
°C y protegidas de la luz con anticuerpos anti-ratón CD3, CD4 y CD8a a 0.10 mg/mL, 0.125 mg/mL y 
0.05 mg/mL, respectivamente. Posteriormente, las células se lavaron y re-suspendieron en DPBS, y la 
tinción se realizó con tinción de viabilidad eFluor450fixable. Después de volver a lavar las células, se 
añadió un fijador estabilizador y las muestras teñidas se analizaron en un FACS Canto (BD, Alemania), 
extrayendo los resultados con el software FlowJo (FlowJo LLC, Tree Star Inbc., Ashland, OR, EE. UU.).

3.4.7 Expresión de Genes de Citoquinas/Quimioquinas

La expresión de los genes de IP-10 y TNF-α en la córnea, la conjuntiva y las glándulas lagrimales 
se estudió mediante qRT-PCR. Una vez diseccionadas, las córneas y conjuntivas de dos ojos por ratón 
se agruparon en el mismo tubo, mientras que para las glándulas lagrimales se utilizó una muestra (la 
glándula del ojo izquierdo) por ratón. Todas las muestras se colocaron en tampón RLT con 10 μL/mL 
de β-mercaptoetanol y el aislamiento del ARN se realizó utilizando un RNeasy Plus Mini Kit, de acu-
erdo con las instrucciones del fabricante. La transcripción inversa se realizó utilizando un kit de sínte-
sis de ADNc First-Stand de Revert Aid, siguiendo las instrucciones del fabricante. Para cuantificar las 
transcripciones de IP-10 y TNF-α, se realizó una qRT-PCR basada en SYBR Green en las muestras de 
ADNc. Para las reacciones qRT-PCR, se utilizó un volumen de 20 μL con 20 ng de ADNc y 0.75 µM de 
cada cebador directo e inverso, junto con SsoFast EvaGreen Supermix. La incubación incluyó 2 minu-
tos a 95 °C seguidos de 45 ciclos de 5 segundos a 95 °C y 30 segundos a 60 °C, utilizando un sistema de 
detección CFX96 Touch Real-Time PCR (Bio-Rad, Bonn, Alemania). Los resultados de IP-10 y TNF-α 
se calcularon mediante el método de umbral comparativo utilizando un gen de mantenimiento, el 
HPRT.
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3.5 Estudios de Estabilidad a Largo Plazo de Soluciones Acuo-
sas de Extractos de Alperujo Seleccionados y de los Compuestos 
Puros

Las pruebas obligatorias para la aprobación y liberación de una sustancia o un producto far-
macéutico en el mercado incluyen la estabilidad de almacenamiento a largo plazo. La guía de la EMA 
CPMP/ICH/2736/99 determina las diferentes condiciones de temperatura y humedad en las que un 
producto farmacéutico debe permanecer estable, cubriendo el almacenamiento, envío y uso posterior 
del producto. Dependiendo de las condiciones de almacenamiento previstas del producto futuro, se 
describen las condiciones intermedias, aceleradas y a largo plazo. Por lo general, el almacenamiento 
a largo plazo debe cubrir un mínimo de 12 meses de duración, mientras que, para los estudios inter-
medios o acelerados, se propone un período de 6 meses. De acuerdo con la guía CPMP/ICH/2736/99, 
soluciones acuosas de HT, OL, OPT3 y CONV se almacenaron en cuatro condiciones diferentes de 
temperatura y humedad.

3.5.1 Reactivos

Los reactivos usados en esta parte de la tesis han sido agrupados y presentados por fabricante:

•	 Panreac Quimica SLU (Barcelona, España): MeOH (99.9% LC-MS), DMSO, ácido fosfórico.
•	 Extrasynthese (Genay, Francia): HT (≥98%), OL (≥98%).
•	 Sigma-Aldrich (St Louis, MO, EE. UU.): MgSO4 anhidro, KI, NaBr, NaCl.

3.5.2 Condiciones de Almacenamiento

Todos los compuestos y extractos se disolvieron en agua Milli-Q y se filtraron a través de un filtro 
de fluoruro de polivinilideno de 0.20 μm. Se añadió un total de 3 mL de cada solución acuosa fenólica 
a viales de vidrio ámbar, se desgasificaron con N2, se cerraron herméticamente con un tapón de goma 
y se sellaron con cápsulas de aluminio. Las 4 temperaturas de estudio fueron elegidas según la pautas 
científicas ICH: 5, 25, 30 y 40 °C. Para fijar la humedad deseada para cada temperatura, se utilizaron 
sales adecuadas; para 5 °C, se seleccionó el MgSO4 anhidro (para lograr que no haya humedad), para 
25 °C: NaBr (para alcanzar una humedad de 57.57% ± 0,40), para 30 °C: KI (estableciendo una hume-
dad de 67.89% ± 0,3) y para 40 °C: NaCl (estableciendo una humedad de 74.68% ± 0,13). Los viales se 
colocaron en grandes recipientes de plástico, junto con una cantidad suficiente de cada sal, se cerraron 
herméticamente y se dejaron en diferentes salas de temperatura controlada y protegidas de la luz 
durante 6 meses. Se tomaron muestras inmediatamente después de la preparación (considerada t0) y 
posteriormente en los días 1 (24 h), 2, 4, 6, 8, 10, 12, 14 y 30 (1 mes). Después del primer mes, se tomó 
una muestra cada 30 días, hasta una duración total de 6 meses. Posteriormente se analizó el contenido 
en HT y OL en cada muestra obtenida a cada tiempo y condición. Para CONV, se midió el contenido 
de HT y OL, mientras que para OPT3 se calculó solo el contenido de HT debido a la falta de OL en 
este extracto.
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3.5.3 Determinación del Contenido en OL e HT en las Soluciones Acuo-
sas: Análisis HPLC-DAD

Para cuantificar los compuestos HT y OL tanto en soluciones puras como en los extractos CONV 
y OPT3, se utilizó el método HPLC-DAD. El sistema HPLC-DAD, las condiciones, el método de gra-
diente y los eluyentes usados se describen en la sección 2.4.6 de este capítulo.

3.5.4 Identificación Putativa por HPLC-DAD-MS/MS en las Soluciones 
Acuosas 

Se realizó un análisis HPLC-DAD-MS/MS para soluciones acuosas de extractos seleccionados 
(CONV y OPT3), para comparar la composición de los dos extractos. También, se realizó el mismo 
análisis a todas las muestras (ambos extractos, OL e HT) expuestas a 40 °C, para identificar posibles 
subproductos de degradación durante el almacenamiento a largo plazo. El método de gradiente de 
HPLC, los eluyentes y el programa de elución utilizados, junto con las condiciones aplicadas, se de-
scriben en la sección 2.3.4.
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4. Resultados Más Relevantes

4.1 Valorización del Alperujo

4.1.1 Efecto del Método de Almacenamiento/Pretratamiento

La OLC se identificó mediante HPLC-DAD-MS/MS como el polifenol más abundante en el ex-
tracto de CONV-2 (referencia – material liofilizado y desgrasado con scCO2). También, se observó 
un comportamiento opuesto al observado en OL. Por lo tanto, se incluyó en el estudio del efecto del 
almacenamiento/pretratamiento de la materia prima en la estabilidad de los principales compuestos 
fenólicos. Entre las diferentes condiciones aplicadas, la liofilización (Tabla 6) y la extracción poste-
rior del aceite residual con scCO2 (Tabla 7) resultaron ser las más adecuadas en cuanto al efecto so-
bre la riqueza en los principales compuestos fenólicos de los extractos hidroalcohólicos producidos. 
Además, el rendimiento del aceite obtenido por scCO2 y por el método convencional (n-hexano) fue 
similar en ambos casos (Tabla 7).

Tabla 6. Resultados obtenidos para extractos generados por condiciones de extracción convencional, 
utilizando alperujo (OP) pretratado en diferentes condiciones. 

Material/

condición

CAA

(mmolTE/gDE)

TPC

(mgGAE/gDE)

TFC

(mgCATE/gDE)

OL

(mg/gDE)

OLC

(mgOLE/gDE)

HT

(mg/gDE)

TY

(mg/gDE)

EY

(mgDE/gOP 

SECO)
Fresco 3.64 ± 0.15bc 117 ± 11a 8.0 ± 0.7b 6.0 ± 0.8b 3.7 ± 0.7b 1.0 ± 0.3bc 1.5 ± 0.3ab 134 ± 15b

Descongelado 3.8 ± 0.3b 130 ± 1a 10.9 ± 0.4a 10.1 ± 1.3c 5.2 ± 0.3b 1.4 ± 0.5ac 1.3 ± 0.2b 116 ± 4ab

Liofilizado 4.36 ± 0.08a 131 ± 27a 11.2 ± 1.3a 3.4 ± 0.5a 12.0 ± 3.3a 1.9 ± 0.3a 1.9 ± 0.2a 94 ± 6a 
Seco 3.2 ± 0.12c 105.0 ± 0.5a 5.0 ± 0.2c 2.53 ± 0.01a 2.4 ± 0.3b 0.17 ± 0.07b 0.28 ± 0.01c 112 ± 6ab 
Los valores con diferentes letras minúsculas en la misma columna son significativamente diferentes (p < 0.05). 
Los resultados se presentan como promedio ± desviación estándar. Respuestas medidas: actividad antioxidante 
química (CAA, expresada como mmol de equivalentes de trolox (TE)/g de extracto seco (DE)); contenido fenóli-
co total (TPC, expresado como mg de equivalentes de ácido gálico (GAE)/g DE; contenido total de flavonoides 
(TFC, expresado como mg de equivalentes de catequina (CATE)/g DE), riqueza de extracto en oleuropeína (OL), 
oleaceína (OLC), hidroxitirosol (HT) y tirosol (TY) (expresado como mg de compuesto/g DE, OLC se calculó 
como equivalentes de OL: OLE) y rendimiento de extracción (EY, expresado como mg de DE/g de OP seco).

4.1.2 Extracción de Compuesto Fenólicos

Combinando dos técnicas de extracción sostenibles (scCO2 seguido de PLE), se produjeron ex-
tractos fenólicos derivados del alperujo altamente concentrados en un tiempo de extracción 3 veces 
menor y con un consumo de solvente 1.6 veces menor en comparación con el método sólido-líquido 
convencional, utilizando exclusivamente mezclas de etanol-agua. Para cada respuesta, se encontraron 
diferentes condiciones óptimas (Tabla 8). En particular, en comparación con el extracto de referencia 
(CONV-2, obtenido de forma convencional a partir de alperujo liofilizado y desgrasado con scCO2 – 
Tabla 3), a temperatura, porcentaje de EtOH en agua y relación sólido/líquido altos, se produce un 
extracto con 5 y 3 veces más HT y TY, respectivamente. En las mismas condiciones, el TPC se puede 
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casi duplicar. Por el contrario, se puede obtener un extracto con contenido 6 veces mayor en OL a 
temperatura baja, y relación sólido/líquido y porcentaje de EtOH en agua altos. OLC demostró un 
aumento de casi 5 veces a temperatura y porcentaje de EtOH en agua bajos, y relación sólido/líquido 
alta. En cuanto a CAA, se puede casi duplicar a temperatura y porcentaje de EtOH en agua altos, y 
relación sólido/líquido baja.

En base a estos resultados, para los ensayos posteriores se seleccionaron 3 extractos optimizados 
(OPT). OPT1, con la actividad química antioxidante (CAA) más alta (8.8 mmol de equivalentes de 
trolox/g de extracto seco), OPT2, con la concentración más alta en OL (11.4 mg/g de extracto seco), y 
OPT3, enriquecido en HT (7.7 mg/g de extracto seco), TY (4.1 mg/g de extracto seco) y TPC (336 mg 
de equivalentes de ácido gálico/g de extracto seco).

4.2 Resultados In vitro 

4.2.1 Seguridad Ocular en Células Epiteliales de la Superficie Ocular 
Humana

Se determinaron las concentraciones máximas permitidas en células del epitelio corneal y con-
juntival humano por ensayo de viabilidad celular para el HT, la OL y su combinación, junto con los 3 
extractos de PLE óptimos elegidos (OPT1, OPT2 y OPT3) y el extracto CONV (producido utilizando 
alperujo liofilizado no desgrasado y con extracción sólido-líquido convencional – Tabla 3). Para CONV 
y OPT1, la concentración máxima se determinó a 0.8 mg/mL, para OPT2 y OPT3 a 0.4 mg/mL, para HT 
a 150 μM, para OL a 300 μM y para OL+HT a 5+50 μM. Según el modelo in vitro de genotoxicidad en 
las mismas líneas celulares, no se detectó ningún efecto genotóxico ni para OL, HT y su combinación, 
ni para los extractos (CONV, OPT1, OPT2 y OPT3) (Figura 1) en las concentración máxima de cada 
tratamiento determinada por la citotoxicidad. 

4.2.2 Actividad Antioxidante y Antinflamatoria en Células Epiteliales de 
la Superficie Ocular Humana

Entre los 4 extractos (CONV, OPT1, OPT2 y OPT3) testados, CONV y OPT3 demostraron el mejor 
efecto antinflamatorio (Figura 2.A-C) y antioxidante (Figura 2.D) en células HCE, por lo que dichos 2 
extractos se seleccionaron para el posterior estudio dosis-dependiente. 

Según estudios dosis-dependientes en el modelo in vitro de inflamación de la superficie ocular, CONV 
y OPT3 demostraron un efecto antinflamatorio sobre las células del epitelio corneal y conjuntival humano 
mediante la inhibición de la secreción de citoquinas/quimioquinas (Figuras 3 y 4) (en HCE; 0.40 mg/mLde 
CONV para IL-6 e IL-1β, y 0.60 mg/mL de CONV para IL-8, mientras que 0.20 mg/mL de OPT3 para IL-6, 
IL-8 e IP-10. En IM-ConjEpi; 0.20 mg/mL de CONV y 0.05 mg/mL de OPT3 para IP-10). La actividad antin-
flamatoria de OPT3 se demostró en concentraciones de 2 a 4 veces más bajas en comparación con CONV.

Principalmente HT, pero también OL y la combinación de los dos compuestos en concentraciones 
bajas, tienen un efecto antinflamatorio sobre las células del epitelio corneal y conjuntival humano 
mediante la inhibición de la secreción de citoquinas/quimioquinas en estudios dosis-dependientes 
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en el modelo in vitro de inflamación de la superficie ocular (Figuras 5, 6 y 7) (en HCE; 50, 100 y 150 
μM de hidroxitirosol para IL-6, IL-8 e IP-10, e IL-1β, respectivamente, mientras que 5+50 μM de oleu-
ropeína+hidroxitirosol para IL-6 e IP-10. En IM-ConjEpi; 25 μM de hidroxitirosol, 200 μM de oleu-
ropeína y 5+50 μM de oleuropeína+hidroxitirosol para IP-10).

 

Figura 1. Efecto genotóxico (ensayo comet alcalino) de soluciones acuosas de extractos de alperujo (0.8 
mg/mL del convencional — CONV y 0.4 mg/mL del optimizado — OPT3), 300 µM de oleuropeína 
(OL), 100 µM de hidroxitirosol (HT) y su mezcla (5 µM+50 µM OL+HT) en células epiteliales corneales 
(HCE) (A) y conjuntivales (IM-ConjEpi) (B) humanas.

Figura 2. Cribado de la actividad antiinflamatoria y antioxidante del extracto convencional (CONV) 
y los 3 extractos optimizados (OPT1, OPT2 y OPT3) derivados del alperujo sobre la liberación de 
citoquinas/quimioquinas (IL-6, IL-8 e IP-10) inducida por TNF-α (24 horas) (A-C), y la producción 
de especies reactivas de oxígeno (ROS) inducida por luz UV-B (D) en células epiteliales corneales 
humanas (HCE).
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Figura 3. Efecto de los extractos de alperujo convencional (CONV) (A-D) y optimizado seleccionado 
(OPT3) (E-G) sobre la liberación de citoquinas/quimioquinas (IL-6, IL-8, IP-10 e IL-1β) inducida por 
TNF-α (24 horas) en células del epitelio corneal humano (HCE). 
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Figura 4. Efecto de los extractos de alperujo convencional (CONV) (A-D) y optimizado seleccionado 
(OPT3) (E-H) sobre la liberación de citoquinas/quimioquinas (IL-6, IL-8, IP-10 e IL-1β) inducida por 
TNF-α (24 horas) en células del epitelio conjuntival humano (IM-ConjEpi).
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Figura 5. Efecto de hidroxitirosol (HT) (A-D) y oleuropeína (OL) (E-H) sobre la liberación de citoqui-
nas/quimioquinas (IL-6, IL-8, IP-10 e IL-1β) inducida por TNF-α (24 horas) en células del epitelio 
corneal humano (HCE).
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Figura 6. Efecto de hidroxitirosol (HT) (A-D) y oleuropeína (OL) (E-H) sobre la liberación de citoquinas/
quimioquinas (IL-6, IL-8, IP-10 e IL-1β) inducida por TNF-α (24 horas) en células del epitelio conjuntival 
humano (IM-ConjEpi).
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Figura 7. Efecto de la mezcla de hidroxitirosol (HT) y oleuropeína (OL) sobre la liberación de citoqui-
nas/quimioquinas (IL-6, IL-8, IP-10 e IL-1β) inducida por TNF-α (24 horas) en células del epitelio 
corneal (HCE) (A–D) y conjuntival (IM-ConjEpi) (E–H) humano.
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Figura 8. Efecto de oleuropeína (OL), hidroxitirosol (HT) y su combinación, junto con los extractos de 
alperujo convencional (CONV) y optimizado seleccionado (OPT3) sobre la producción de especies de 
oxígeno reactivas (ROS) inducida por UV-B en células del epitelio corneal (HCE) (A–E) y conjuntival 
(IM-ConjEpi) (F–J) humano.
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Según estudios dosis-dependientes en el modelo in vitro de estrés oxidativo de la superficie ocular, 
CONV y OPT3 demostraron un efecto antioxidante significativo sobre las células del epitelio corneal y 
conjuntival humano mediante la inhibición de la producción de especies reactivas de oxígeno (Figura 
8.A, B, F G) (En HCE; 0.20 mg/mL de CONV y 0.005 mg/mL de OPT3. En IM-ConjEpi; 0.05 mg/mL de 
CONV y 0.005 mg/mL de OPT3). La actividad antioxidante de OPT3 se demostró en concentraciones 
de 10 a 40 veces más bajas en comparación con CONV. OL, HT y su combinación en concentraciones 
bajas (10 μM de hidroxitirosol, 10 μM de oleuropeína y 5+10 μM de oleuropeína+hidroxitirosol en 
HCE; 25 μM de hidroxitirosol, 25 μM de oleuropeína y 5+10 μM de oleuropeína+hidroxitirosol en 
IM-ConjEpi) tienen un efecto antioxidante sobre las células del epitelio corneal y conjuntival humano 
mediante la inhibición de la producción de especies reactivas de oxígeno en estudios dosis-dependi-
entes en el modelo in vitro de estrés oxidativo de la superficie ocular (Figura 8.C, D, E, H, I, J).

4.2.3 Efecto sobre la Proliferación de Linfocitos T Humanos (CD4+)

OPT3 e HT redujeron significativamente in vitro la proliferación activada por PHA-M de los lin-
focitos T humanos (CD4+) a las 48 horas (Figura 9).

Figura 9. Efecto del extracto de alperujo seleccionado (OPT3) e HT, sobre la proliferación de linfocitos 
T humanos CD4+ (hTCD4+) activados por fitohemaglutinina - forma M (PHA-M).
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4.3 Resultados del Efecto en un Modelo de EOS In vivo 

Con respecto al modelo de EOS de ratón, OPT3 e HT redujeron significativamente la tinción cor-
neal con fluoresceína (Figura 10.A), el contaje de linfocitos T en los ganglios linfáticos cervicales (Figu-
ra 10.B) y la expresión de genes de citoquinas en la glándula lagrimal, la córnea y la conjuntiva (Figura 
11) de ratones expuestos a estrés por desecación. 

Figura 10. Efecto de la aplicación tópica de HT (100 µM) y el extracto de alperujo seleccionado (OPT3) 
(0.2 mg/mL) sobre la tinción corneal con fluoresceína (CFS) (A) y el contaje de linfocitos T CD3+, CD4+ 
y CD8+ (análisis FACS) en los ganglios linfáticos cervicales (B) de ratones expuestos a estrés por dese-
cación.

Figura 11. Efecto de la aplicación tópica de HT (100 µM) y el extracto de alperujo seleccionado (OPT3) 
(0.2 mg/mL) sobre la expresión de genes de IP-10 (A-C) y TNF-α (D-F) en la córnea (A, D), conjuntiva 
(B, E) y glándulas lagrimales (C, F) de ratones expuestos a estrés por desecación.
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4.4 Estabilidad a Largo Plazo de Soluciones Acuosas de Extractos 
de Alperujo y Compuestos Puros

Con respecto a la estabilidad de almacenamiento a largo plazo, OL y HT demostraron un perfil de 
estabilidad notablemente diferente como soluciones puras o extractos en las cuatro diferentes condi-
ciones de temperatura/humedad probadas (Figura 12). Así, OL en CONV estaba altamente degradado 
(aprox. 50%) después del día 2 en todas las condiciones, mientras que por el contrario como solución 
estándar era estable hasta 1 mes a 25 °C o menos. HT como solución pura demostró una buena es-
tabilidad solo a 5 °C. Sin embargo, en el extracto, HT permaneció estable o incluso aumentó con el 
tiempo proporcionalmente con la reducción de secoiridoides en todas las condiciones. Un análisis 
HPLC-DAD-MS/MS de las soluciones degradadas nos permitió identificar los diferentes perfiles de 
degradación de OL pura o en el extracto.
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Figura 12. Estudios de estabilidad hasta 30 días de soluciones acuosas de oleuropeína (OL) estándar 
(A), hidroxitirosol (HT) estándar (B), OL (C) y HT (D) en el extracto convencional (CONV) e HT (E) 
en el extracto optimizado (OPT3) en cuatro condiciones diferentes de temperatura (T) y humedad rel-
ativa (RH). Los resultados se presentan como promedio de porcentaje de cada compuesto (HT u OL) 
con respecto a la cantidad inicial de t0 ± desviación estándar.
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5. Conclusiones

Esta tesis es una contribución en la búsqueda de nuevas terapias en el tratamiento de la enferme-
dad del ojo seco a partir de compuestos bioactivos de origen natural. En concreto, se propone el uso de 
extractos fenólicos del alperujo de oliva por su demostrada actividad antiinflamatoria y antioxidante.  
Esta aplicación de alto valor añadido para este un subproducto de la industria oleícola, potencial-
mente peligroso para el medio ambiente, es de gran importancia para el desarrollo sostenible de esta 
industria. También, los resultados de este estudio ilustran cómo las técnicas de extracción sostenibles 
e intensificadas demuestran ser competitivas frente a las convencionales, estableciendo también una 
alta selectividad hacia compuestos con alta actividad biológica para el tratamiento de la enfermedad 
del ojo seco. Las principales conclusiones que responden a los objetivos específicos planteados se 
muestran a continuación.

1. La liofilización seguida de un proceso de desgrasado con dióxido de carbono supercrítico es la 
condición de procesamiento más adecuada del alperujo, obteniéndose un extracto hidroalcohólico 
con una mayor concentración en comparación con el material fresco en sus principales compues-
tos fenólicos (incrementos entre el 90-224%, según el compuesto), así como una mayor actividad 
antioxidante química (incremento del 22%).

2. El uso de la extracción líquida presurizada permite establecer condiciones óptimas de extracción 
diferentes para maximizar la riqueza del extracto seco en los distintos compuestos de interés (oleu-
ropeína, hidroxitirosol y oleaceína) así como en la actividad antioxidante química reduciendo el 
consumo de solvente (mezclas hidroalcohólicas) en 1.6 veces y el tiempo de extracción en 1/3, y un 
incremento entre 89-475% (según el compuesto) en la riqueza respecto al proceso convencional.

3. Los extractos de alperujo, así como los compuestos fenólicos puros (oleuropeína, hidroxitirosol y 
su combinación) no presentan problemas de citotoxicidad en células epiteliales corneales y con-
juntivales humanas a concentraciones por debajo de 0.80 mg/mL para el extracto convencional 
(CONV) y  el extracto enriquecido en oleaceína y con la mayor actividad antioxidante química 
(OPT1), 0.40 mg/mL para el extracto enriquecido en oleuropeína (OPT2) y el extracto enriquecido 
en hidroxitirosol (OPT3), 100 μM para hidroxitirosol, 300 μM para oleuropeína y 5+50 μM para 
oleuropeína+hidroxitirosol, por lo que pueden ser usados en esas dosis con seguridad.

4. El uso de hidroxitirosol y de los extractos CONV y OPT3 podrían ser de utilidad para paliar la 
respuesta inflamatoria de tipo innato del epitelio corneal y/o conjuntival en patologías de la su-
perficie ocular humana. 

5. El uso de hidroxitirosol, oleuropeina, solos o en combinación a bajas dosis, y de los extractos 
CONV y OPT3 podrían ser de utilidad como terapias antioxidantes para paliar la respuesta de 
estrés oxidativo de tipo innato del epitelio corneal y/o conjuntival en patologías de la superficie 
ocular humana. 

6. La capacidad de actividad inmunosupresora sobre linfocitos T CD4+ de hidroxitiro-
sol así como del extracto OPT3 sugiere que ambos tratamientos podrían ser de utilidad 
como terapias en patologías inflamatorias con base inmune de la superficie ocular humana. 
 



Resumen

152

7. Los tratamientos OPT3 e hidroxitirosol se perfilan como prometedores agentes terapéuticos para 
el tratamiento de la enfermedad del ojo seco, basado en las propiedades inmunorreguladoras y 
antinflamatorias mostradas in vivo en los ganglios linfáticos cervicales, la glándula lagrimal, la 
córnea y la conjuntiva de ratones expuestos a estrés por desecación (modelo animal de ojo seco).

8. Los extractos de alperujo CONV y OPT3, así como los compuestos fenólicos puros (oleuropeína, 
hidroxitirosol y su combinación) se pueden utilizar de forma segura como productos oftálmicos 
tópicos en la superficie ocular humana en base a su no genotoxicidad a concentraciones de 0.80 
mg/mL para CONV, 0.40 mg/mL para OPT3, 100 μM para hidroxitirosol, 300 μM para oleuropeí-
na y 5+50 μM para oleuropeína+hidroxitirosol), algo necesario para su aprobación como futuros 
productos farmacéuticos.

9. El establecimiento por primera vez de las interacciones entre oleuropeína e hidroxitirosol, y el 
perfil de degradación de las soluciones acuosas de oleuropeína en los estudios de estabilidad, 
establece una línea de base de evaluación necesaria para la futura aprobación de extractos de alpe-
rujo y sus compuestos principales como productos oftálmicos.
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This piece of additional work was conducted at the Instituto de Biologia Experimental e Tecnológica (iBET) 

(Oeiras, Portugal) during a 3-month industrial secondment. It consisted of a purification study performed to 

increase the concentration of the conventional olive pomace extract (CONV) in the bioactive compounds hy-

droxytyrosol (HT), oleuropein (OL), and oleacein (OLC). Since the objective was the establishment of a purifi-

cation protocol for each phenolic compound, the CONV extract was selected over the OPT3, as it comprised all 

aforementioned substances and it had also shown remarkable in vitro activity. In the OPT3 extract, there was 

a lack of OL content, as well as very low richness in OLC. 

Introduction

One of the most important limiting factors for the use of an extract as a potential drug product is its het-

erogeneity, which together with the complexity of the isolation, fractionation, and structural identification 

processes, can lead to a lack of detection of the bioactive compounds present in it.1-3 Apart from the com-

pounds of interest (in our case, phenolic compounds), an obtained extract may comprise several unwanted 

components, such as mono- or polysaccharides,4 cellulose,5 proteins,6 or mechanically recovered pigments, 

terpenes, fats, and waxes.7

Several methods have been described to purify the compounds of interest from the rest of the compo-

nents present in an extract. For phenolic compounds, membrane processing (microfiltration, ultrafiltration, 

and nanofiltration), reverse osmosis and osmotic distillation, as well as adsorption technology have widely 

been studied.8 For the adsorption of phenolic compounds from the extract solution, adsorbent (such as the 

different types of Amberite® XADs and Diaion® HP20) and ion exchange (such as AmberliteTM IRA) resins are 

used.9,10 Ion exchange resins exert differences principally on their functional groups.11 

According to the bibliography, among the adsorbent resins, XAD4, XAD7, and XAD16 have extensively been 

used to recover the phenolic compounds from olive mill wastewaters.12,13 Also, the good adsorption capaci-

ties of HP20 resin have been reported,14 whereas, among the ion exchange resins, the weak base IRA resins 

(IRA67 and IRA96) have been applied to olive mill wastewaters, demonstrating a high recovery of the pres-

ent polyphenols.15,16 Hence, for the purification study, one ion exchange (IRA96) and 4 different adsorbents 

(XAD4, XAD7, XAD16, and HP20) resins were selected and compared. A first screening was performed, using 

pure aqueous solutions of HT and OL, to establish the experimental parameters. Subsequently, the 3 most 

effective resins were tested in the aqueous solution of CONV extract.

Materials and Methods

Plant Material

Olive pomace from 2018 crop (Arbequina variety) was kindly offered by Oliduero (Medina del Campo, Val-

ladolid, Spain). It was stored at -20 oC and then, freeze-dried under vacuum (18 kPa) and in darkness for 72 h 

(Lyoquest-55, Telstar, Terrassa, Spain).

Materials

Milli-Q water was obtained from a Millipore unit, and non-denaturalized EtOH (99.9%) from Dávila 
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Villalobos S.L. (Valladolid, Spain). Methanol (MeOH, 99.9% LC−MS), dimethyl sulfoxide (DMSO), and phosphor-

ic acid were purchased from Panreac Quimica SLU (Barcelona, Spain), whereas HT (≥98%), TY (≥99%), and 

OL (≥98%) from Extrasynthese (Genay, France). Amberite® XAD4, Amberite® XAD7, Amberite® XAD16, Diaion® 

HP20, and AmberliteTM IRA96 resins, as well as HCl 37%, were obtained from Sigma-Aldrich (Madrid, Spain).

CONV Extract Preparation

The CONV extract was produced using freeze-dried olive pomace. The extraction conditions, as well as the 

procedure followed, are described in detail in Chapter 1 (Experimental section: Extraction of phenolic com-

pounds. Conventional solid-liquid extraction).

Purification Protocol Establishment: Standard Aqueous Solutions of OL and HT 

Aqueous solutions of HT (120 ppm) and OL (240 ppm) were prepared using Milli-Q water. Subsequently, 

0.1 g of dry resin was added to 50 mL of solution and the mixture was left under stirring for 18 h at 22 oC. For 

IRA96 and HT, the temperatures of 37 and 60 oC were also tested. Samples were taken at 20, 40, 60 (1h), 120 

(2h) and 1080 (18h) min. After 18h, the solution was filtered under vacuum (büchner funnel) and the resin 

was recovered and placed into a beaker with 50 mL of solvent to perform desorption at 22 oC under stirring. 

For OL, EtOH was used for all resins, while for HT 5 different solvent mixtures (EtOH, EtOH acidified with 0.5%, 

w/w HCl 37%, 50% v/v EtOH acidified-water, 50% v/v EtOH-water, and water) were tested using IRA96. For 

desorption, samples were taken at 10, 20, 30, 40, 50, 60 (1h) and 120 (2h) min. All samples were measured 

using a UV Spectrophotometer (Genesys 10S UV-Vis, MA, USA) at 281nm, creating a calibration curve for each 

compound (range for OL: 5-240 ppm, for HT: 2.5-120 ppm). Results are expressed as mg of compound ad-

sorbed/g of resin or mg of compounds desorbed.

Purification of CONV Extract

To perform the purification study at the CONV extract, the EtOH was firstly removed from the freshly pro-

duced CONV hydroalcoholic extract. To perform that, the liquid extract was put in a round bottom flask and 

then, into a rotary evaporator (Buchi Rotavapor R-200, Flawil, Switzerland) at 60°C and ca. 20 kPa. Subse-

quently, the extract containing only water was filtered under vacuum to remove any residual non-dissolved 

quantity. Then, 0.1g of dry resin was added to 12.5 mL of solution and the mixture was left under stirring for 

24 h at 22 oC. Samples were taken at 10, 20, 40, 60 (1 h), 120 (2 h), 1080 (18 h), and 1440 (24 h) min. After 

24h, the solution was filtered under vacuum (büchner funnel) and the resin was recovered and placed into a 

beaker with 12.5 mL of solvent (EtOH for XAD4 and XAD16, and 50% v/v EtOH acidified-water for IRA96). For 

desorption, samples were taken at 10, 20, 30, 40, 50, 60 (1 h) and 120 (2 h) min. All samples were analyzed 

by HPLC-DAD.

HPLC-DAD Analysis

The content in OL, OLC, TY, and HT of the purified solutions was determined by an HPLC-DAD system. The 

apparatus, the analytical methods, and the conditions are all described in Chapter 1 (Experimental section: 

Extract characterization. HPLC-DAD analysis). OLC was expressed as OL equivalents (OLE).
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Results

Purification Protocol Establishment

For OL adsorption (Fig. 1a), all tested resins were able to retain a high percentage of the compound pres-

ent in the solution (66% for XAD7, 68% for IRA96, 81% for HP20, 91% for XAD4, and 96% for XAD16) after 18 

h. Apart from IRA96 that desorbed only 15% of the adsorbed OL (Fig. 1c), the rest of the resins were able to 

release almost all OL retained (92% for XAD16, 97% for XAD4 and XAD7, and 100% for HP20) in a short time (10 

min). Regarding HT adsorption, from Fig. 1b it can be seen that only IRA96 was able to adsorb 56% of the initial 

quantity. Taking into account that the maximum allowable temperature for this resin is 60 oC, the effect of the 

temperature during the adsorption process has been studied (Fig. 2). However, the increase in temperature 

did not enhance HT adsorption remarkably. Since EtOH was able to release only 7% of the HT adsorbed (Fig. 

1d), 4 more solvents mixtures have been applied with 50% v/v EtOH acidified-water being the most efficient 

(76% efficacy of desorption). Also, the desorption of HT was found to be time-dependent (Fig. 1d), with the 

maximum values measured at 2 h.

Figure 1. Adsorption (as mg of compound/g of resin – a and b) and desorption (as mg of compound obtained – c 
and d) at 22 oC of oleuropein (OL) (a, c) and hydroxytyrosol (HT) (b, d) as standard solutions. 

Figure 2. Adsorption of hydroxytyrosol (HT) (as mg of HT/g of resin) at 22, 37, and 60 oC.
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Purification of CONV Extract

According to previous results, XAD4, XAD16, and IRA96 have been selected to be further tested with the 

extract. The desorption of XAD4 and XAD16 was performed using EtOH, while for IRA96 50% v/v EtOH acidi-

fied-water was used. All adsorption and desorption procedures were performed at 22 oC.

Figure 3 presents the mg of OL (Fig. 3a), OLC (Fig. 3c), HT (Fig. 3e), or TY (Fig. 3g) adsorbed from the 

CONV extract per g of resin tested, together with the mg of each compound desorbed (Fig. 3b for OL, Fig. 3d 

for OLC, Fig. 1f for HT and Fig. 1h for TY). All tested resins were able to retain equally OL. However, only IRA96 

released all OL adsorbed (99% of quantity retained), while XAD4 and XAD16 a 70% of it, which was contrary to 

the results obtained from the purification protocol establishment study. For OLC, XAD4 was more effective in 

adsorbing, returning also a high percentage (83%). As already expected from the purification test with pure 

compounds, HT was only adsorbed by IRA96, which was able to desorb 100% of the retained quantity. Regard-

ing TY, all tested resins were equally effective during the adsorption process. However, only IRA96 was able 

to release 58% of the retained quantity, as the XAD4 and XAD16 desorbed only 3% and 1% of it respectively. 

Figure 3. Adsorption (as mg of compound/g of resin – a, c, e, g) and desorption (as mg of compound obtained – b, d, 
f, h) at 22 oC of oleuropein (OL) (a, b), oleacein (OLC) (c, d), hydroxytyrosol (HT) (e, f) and tyrosol (TY) (g, h) applied 
in the conventional (CONV) OP extract. OLC is expressed as OL Equivalents (OLE).
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Conclusions

1. The ion exchange IRA96 resin was the only one able to retain and desorb all phenolic compounds of in-

terest in high percentage. It is important also to highlight that data on pure compounds cannot always be 

extrapolated to compounds as part of the extract.

2. The established adsorption and desorption purification protocol will be useful for the separation of un-

wanted compounds (such as polysaccharides and sugars) from the compounds of interest (phenolic com-

pounds) in any olive pomace extract selected in the future. 

3. Further studies of column fractionation should be performed to complete the purification study.
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Introduction

The importance of activated T cells for the pathophysiology of dry eye disease (DED) has already been 

described in the Introduction (section 2.4). On human corneal (HCE) and conjunctival (IM-ConjEpi) epithelial 

cells, oleuropein (OL) and the olive pomace conventional extract (CONV) demonstrated strong antioxidant 

activity. For CONV, a remarkable anti-inflammatory activity was observed as well on both cell lines. Although 

OL had no anti-inflammatory effect on HCE cells, on IM-ConjEpi it significantly decreased interferon γ-induced 

protein (IP)-10 secretion. We also already described in chapter 3 the immune-suppressive effect of HT and 

OPT3 on human inflammatory CD4+ T cells. 

 To test whether CONV and OL could also affect human inflammatory cells, the immunosuppressive effect 

of both treatments was tested in vitro as well, on CD4+ T cells isolated from peripheral blood. This appendix 

presents briefly the results obtained from this study.

Materials and Methods

Cell Line Isolation and Culture Conditions

Human CD4+ T cells were used for this experiment, which were isolated from peripheral blood mononu-

clear cells (PBMCs) of 3 healthy volunteers. The isolation procedure, as well as the cell culture conditions, are 

described in detail in Chapter 3 (Section 2.2.1).

Preparation of Phenolic Solutions

OL (≥98% purity, Extrasynthese, Genay, France) and CONV were dissolved in Dulbecco’s phosphate-buff-

ered saline (DPBS – Thermo Fisher Scientific, Rockford, IL, USA) at 1200 μM and 3.2 mg/mL respectively, and 

stored at –20 °C in tubes. On the day of the experiment, a tube of OL or CONV was diluted with cell medium to 

reach the desired concentrations: 200-300 μM for OL and 0.4-0.8 mg/mL for CONV. 

Cell Proliferation Inhibition Study

Cells were seeded in 96-well plates (105 cells/well) and activated with 1% phytohemagglutinin – M form 

(PHA-M – GIBCO, Grand Island, NY, USA). Then, they were treated for 48 h with 0.4, 0.6, and 0.8 mg/mL of 

CONV, and 200, 250, and 300 μM of OL. Cells non-activated and cells treated with culture medium were used 

as control. After the 48 h, the cells were incubated for 3 h in the presence of 10% alamarBlue HS Cell Viability 

reagent (Invitrogen, Waltham, MA, USA), and then the fluorescence was read at 560 nm
ex

 and 590 nm
em

 on a 

Spectra Max M5 spectrophotometer (Molecular Devices Corporation, Sunnyvale, CA). Three independent ex-

periments were performed in duplicates.

Statistical Analysis

Data are expressed as mean ± standard deviation (SD). For data analysis, the SPSS software was used 

(SPSS 15.0, SPSS Inc., Chicago, IL, USA). Normality tests were performed using the Kolmogorov-Smirnov test 

and homogeneity of variances using the Levene’s test. T-test or t-test with Welch’s correction was performed 

between the groups and p-values lower than 0.05 were considered statistically significant.
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Results

The proliferation of human CD4+ T cells was significantly activated by 1% PHA-M (p-value < 0.001) after 

48 h (Figure 1). Both treatments, CONV and OL, significantly reduced PHA-M-activated human CD4+ T cell 

proliferation at 48 h at all concentrations tested (Figure 1). In particular, 0.4 mg/mL of CONV decreased it by 

87 ± 4 % (p-value < 0.001), 0.6 mg/ml of CONV by 99 ± 4 % (p-value < 0.001), 0.8 mg/ml of CONV by 99.6 ± 

0.3 % (p-value < 0.001), 200 μM of OL by 62 ± 12 % (p-value < 0.001), 250 μM of OL by 86 ± 15 % (p-value < 

0.001), and 300 μM of OL by 96 ± 2 % (p-value < 0.001). For all treatments, the decrease in T cell proliferation 

was also significant compared to the basal levels (non-activated cells). 

Conclusions

The results obtained suggest that both CONV and OL could have a beneficial therapeutic effect in ocular 

immune-based inflammatory disease by exerting a strong immunosuppressive effect on human CD4+ T cells. 

Figure 1. Effect of a conventional olive pomace extract (CONV) and oleuropein (OL), on the proliferation of phyto-
hemagglutinin–M(PHA-M)–activated human CD4+ T cells. Cells were activated with 1% PHA-M and treated for 48h 
with CONV (0.4-0.8 mg/mL) or OL (200-300 μM). Cells non-activated and cells treated with culture medium were 
used as control. Cell proliferation was measured with alamarBlue HS assay (n = 3). *** p-value < 0.001, compared to 
non-stimulated cells; +++ p-value < 0.001, compared to vehicle-treated-PHA-M-activated cells.
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Introduction

The tear fluid is the outermost and most prominent barrier of the ocular surface, and is the first part of 

the lacrimal functional unit that comes in direct contact with the topical drug. Topical eye drops have to pass 

through the tear film to be retained and achieve a therapeutic effect on the ocular surface. Around 7-10 μL of 

fluid can be retained in the cul-de-sac, whereas an eye drop has a volume that varies from 20-50 μL. Hence, 

the physiology of the tear fluid can be highly affected through eye drop application. The average pH of the 

tear fluid is 7.4, its viscosity approximately 3 mPas and its surface tension about 44 mN/m, whereas its normal 

osmolarity ranges from 310 to 350 mOsm/L, being regulated by proteins and inorganic ions, such as Na+, K+, 

or Cl-, that are present in the tear fluid. Thus, drugs have to be isotonic, non-irritant, non-toxic, and of neutral 

pH to be effectively applied on the tear film.1

The osmolarity of the ophthalmic drug influences the ocular surface. In general, it should have an osmo-

larity value that ranges from 270 to 340 mOsm/L, to maintain the structural integrity of the eye.2 For dry eye, 

reduction of tear hyperosmolarity is the first treatment line, using tear supplements that balance the osmo-

larity. Although no therapeutic effect was observed using moderately hypotonic (215 mOsm/L) or isotonic 

(305 mOsm/L) solutions, a clear therapeutic outcome was observed by applying hypotonic eye drops (150 

mOsm/L).3 Apart from the pharmaceutically active ingredient, the carbohydrate type and concentration have 

been found to affect solution osmolarity.4

Therefore, for this study, the osmolarity of aqueous solutions of OPT3 and CONV extracts at the differ-

ent biologically effective concentrations was measured. Previously, the dry extract content in carbohydrates 

(free sugars and total polysaccharides) was calculated for conventional (CONV) and all optimized (OPT1, OPT2, 

and OPT3) olive pomace extracts. 

Materials and Methods

Chemicals

Milli-Q water was obtained from a Millipore unit. EtOH non denaturalized (99.9%) was bought from Dávila 

Villalobos S.L. (Valladolid, Spain), whereas glucose (99%) and fructose (99%) from Sigma-Aldrich (Madrid, 

Spain).

Total Polysaccharides Determination

The total polysaccharides content was calculated according to the Laboratory Analytical Procedure of the 

National Renewable Energy Laboratory.5 Briefly, 0.8 mL of sulfuric acid (72%) were added to 20 mL of extract 

aqueous solution at 5.0 mg/mL and autoclaved at 121 °C for 1 h. Subsequently, solutions were filtered (pore 

size 0.22 μm, Diameter 25 mm, Nylon; FILTER-LAB) and analyzed by HPLC-IR.

HPLC-IR Analysis

The determination of free sugar and total polysaccharides content in the dry extracts was performed 

by direct analysis of the extract dissolved in milli-Q water (5.0 mg/mL) and the same solution after acid 
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hydrolysis as previously described, respectively. The HPLC apparatus from Waters (Waters, Ireland, UK) was 

equipped with an isocratic pump (Waters 1515), an automatic injector (Waters 717), and an IR detector (Wa-

ters 2414). A Supelcogel Pb (Supelco) column was used at 85 °C and a flow rate of 0.5 mL/min, using milli‐Q 

water as mobile phase. 

Osmolarity Measurement

Aqueous solutions of CONV, and OPT3 were prepared at a concentration of 100 μM, 10.00 mg/mL, and 

10.00 mg/mL, respectively, using Milli-Q water. Subsequently, serial dilutions were performed with Milli-Q 

water to reach the range of concentrations tested (and demonstrated activity) in vitro for each treatment; 

0.20-0.80 mg/mL for CONV and 0.05-0.40 mg/mL mg/mL. For both extracts, the concentration of 10.00 mg/

mL was also selected to be measured, the verify the effect of the extract on osmolarity at extrapolated con-

centrations. 

The samples were shipped to AVIZOR S.A. (Madrid, Spain) directly after preparation, using ice to maintain 

the temperature at 4 °C and avoid any degradation of the products. The samples were analyzed in the labora-

tories of Quality Control of AVIZOR S.A. on an Osmometer (OsmoTECH® PRO; Advanced Instruments, Norwood, 

MA, USA) using 300 μL per sample.

Results

Free Sugar and Total Polysaccharides Content

Table 1 summarizes the extract richness in polysaccharides and oligomers for CONV, OPT1, OPT2, and OPT3 

extracts. Among the sugar compounds, only fructose and/or glucose were found to be present in the solu-

tions, in very low quantities. CONV, OPT1, and OPT2 were produced at low temperatures (66-70 °C), whereas 

OPT3 at a very high percentage of EtOH in water (90.0%). Hence, the low richness of all extracts in free sugars 

and total polysaccharides was expected.

Table 1. Free sugar and total polysaccharides content in conventional (CONV) and optimized (OPT1, 

OPT2, and OPT3) extracts

Extract
Total polysaccharides content Free sugar content

Glucose (mg/g
DE

) Fructose (mg/g
DE

) Glucose (mg/g
DE

) Fructose (mg/g
DE

)

CONV 0.034 0.025 0.029 0.011

OPT1 0.062 0.047 0.062 0.034

OPT2 0.018 0.012 0.016 0.009

OPT3 0.004 0.014 0.000 0.010
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Osmolarity of Aqueous Solutions

Table 2 includes the values of osmolarity expressed as mOsm/L for all the concentrations of the different 

solutions of the treatments. As it can be observed, all solutions were found to be hypotonic. 

Table 2. Osmolarity values for aqueous solutions of conventional (CONV) and selected optimized 

(OPT3) extract at different concentrations

Sample Osmolarity (mOsm/L)

CONV 0.20 mg/mL 1

CONV 0.40 mg/mL 2

CONV 0.80 mg/mL 4

CONV 10.00 mg/mL 46

OPT3 0.05 mg/mL 1

OPT3 0.20 mg/mL 1

OPT3 0.40 mg/mL 2

OPT3 10.00 mg/mL 25

Conclusions

1. The lack of effect of the free sugars and total polysaccharides present in the olive pomace extract on the 

osmolarity of the final solution suggests the use of extract as crude, without further necessary purification 

studies.

2. None of the treatments affect the osmolarity of the final solution significantly, proving that they can be 

incorporated into isotonic or hypotonic solutions, without additional and extended osmolarity studies, and 

used topically without causing hyperosmolarity issues in the ocular surface.
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