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1. INTRODUCTION 

 

1.1  INFLAMMATION  

 

The inflammatory process can start in any vascularized part of the body. It consists of a 

series of stages and follows a course that is generally uniform in its sequence, but it can 

vary in intensity and duration, depending on the type and degree of the initial stimulus. 

Moreover, inflammation is a generic response, and therefore it is considered as a 

mechanism of innate immunity, as compared to adaptive immunity, which is specific for 

each pathogen (1). 

The five signs of inflammation, described as heat, redness, swelling, pain and loss of 

function, and represent the external signs of a vascular, immunological and cellular 

reaction, which involves a variety of locally produced molecules (2). These inflammatory 

mediators include substances which are present in blood plasma such as the enzyme 

plasmin and other components involved in blood coagulation and histamine release. 

Besides, there are cellular mediators released by the white blood cells and they include 

various substances such as leukotrienes, prostaglandins (PGs), cytokines, interleukins 

(IL), and many others (3). Many anti-inflammatory drugs work by preventing the 

formation of those mediators or by blocking their actions on the target cells whose 

behaviour is modified by the mediators. 

Inflammation can be classified as either acute or chronic. Acute inflammation is the 

initial response of the body to harmful stimuli and is achieved by the increased movement 

of plasma and leukocytes (especially granulocytes) from the blood into the injured 

tissues. Chronic inflammation leads to a progressive shift in the type of cells present at 

the site of inflammation, such as mononuclear cells, and is characterized by simultaneous 

destruction and healing of the tissue throughout the inflammatory process (4). 

The inflammation process gives rise to a cascade, in which the mediators of inflammation 

are expressed by a catalysis of enzymes. They are known as Cyclooxygenase (COX-1 

and COX-2) (5). COX-1 was the first enzyme to be identified, it is present in almost all 

tissues at constant levels. Its metabolites from arachidonic acid (AA) are responsible for 

maintaining the basic physiological conditions of the organism, for example, the 

protection of the gastric mucosa and homeostasis (6,7). On the other hand, COX-2 present 

in limited tissues, it is involved in the synthesis of PGs that participate in inflammatory, 

pathological and stress processes (8). It is expressed as a response to pro-inflammatory 

https://en.wikipedia.org/wiki/Innate_immune_system
https://en.wikipedia.org/wiki/Adaptive_immune_system
https://en.wikipedia.org/wiki/Blood_plasma
https://en.wikipedia.org/wiki/Leukocyte
https://en.wikipedia.org/wiki/Granulocyte
https://en.wikipedia.org/wiki/Mononuclear_cell_infiltration
https://en.wikipedia.org/wiki/Healing
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stimuli, growth factors or tumorigenic agents (9-11). The activation of the enzyme 

phospholipase A2, in response to various stimuli (biological, physical, chemical, 

traumatic, vascular or immune), hydrolyses membrane phospholipids, releases AA that 

catalyse the synthesis of eicosanoids and in turn release various mediators such as PGs, 

leukotrienes and thromboxanes. The production of each biochemical mediator depends 

on the action of other enzymes on the AA itself. For example, there is COX which 

generates PG H2, which stimulates the formation of several prostanoids, including 

various PGs (PGI2, PGD2, PGE2, PGF2α) and thromboxane A2. In addition, AA 

catalysed by lipoxygenase can be converted to leukotrienes or eicosanoids (Figure 1).   

 

 

Figure 1: Inflammation cascade. 
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1.2 SKIN INFLAMMATION DISORDERS  

 

1.2.1 STRUCTURE AND FUNCTION OF THE SKIN 

 

1.2.1.1 Structure  

The skin is the outer tissue covering vertebrates. In mammals, this organ is made up of 

multiple layers and covers the underlying muscles, bones, ligaments and internal organs. 

As the interface with the environment, it helps maintain homeostasis by protecting the 

organism against loss of water, abrasion, temperature changes, and several external 

factors such as UV-radiation, pathogens, as well as the entrance of other substances 

(12,13). In humans, the skin is the largest organ in the body, comprising about 15% of the 

body weight, with a surface between 1.5 to 2 m2 in adults. In terms of chemical 

composition, the skin is about 70 % water, 25 % protein and 2 % lipids and consists of 

three main layers: epidermis, dermis, and hypodermis (Figure 2) (14). 

 

Figure 2: Structure of the skin and their different components. 

 

The epidermis is the outer part of the skin. It has a width varying from 0.04 to 1.6 mm, 

depending on the body zone. The main cells in the epidermis are keratinocytes, though 

other cells are present, such as melanocytes, Langerhans cells and Merkel cells. Also, 

three appendices can be found in epidermis: sweat glands, hair follicles, sebaceous glands, 

and nails. The epidermis is comprised of 4 different layers: stratum basale, stratum 

spinosum, stratum granulosum and stratum corneum.  

The stratum basale, the inner layer, is attached to the dermis, and is formed of a single 

layer of keratinocyte stem cells which produce new keratinocytes by mitosis. The new 
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keratinocytes migrate superficially to form the stratum spinosum, characterized by the 

active production of keratin. Finally, the stratum granulosum is formed of keratinocytes 

with characteristic granules of keratin. In zones of thicker skin such as the palms and 

soles, an extra layer is found called the stratum lucidum, a homogeneous layer of 

transparent cells without nucleus (15). 

The stratum corneum is the outer layer of the epidermis, a 10-20 μm thick hydrophobic 

(13 % of water) and forms a rough structure mainly comprised of corneocytes, which are 

terminally differentiated keratinocytes, and are biologically dead (16). The main role of 

this layer is to protect the skin against the loss of water and the entrance of external 

substances. Due to its hydrophobic nature, highly hydrophilic substances cannot penetrate 

into the stratum corneum, while highly hydrophobic ones can, but they remain retained 

within, without permeating into deeper layers, and are eventually taken out of the skin 

through the desquamation process (12,15).  

The corneocytes in this layer are bridged together through specialized junctions called 

corneodesmosomes, which are being constantly cleaved by serine proteases such as 

Kallikrein, permitting the desquamation of dead cells, as the main step in the renewal of 

the cells of the skin (15,17). The structure of the epidermis layers is constantly being 

renewed. In a healthy epidermis, the rotation period is around 28 days (14).  

 

The dermis is located between the epidermis and the hypodermis, and its thickness ranges 

from 0.3 to 3 mm, depending of the zone of the body. It has a hydrophilic nature and is 

formed by 90 % of a net of collagen and elastin fibres (that provide mechanical resistance 

to the skin), blood flow and lymphatic vessels, hair follicles, sebaceous glands, sweat 

glands, and some muscle fibres. The remaining 10 % is composed of other cells, including 

fibrocytes, monocytes, histiocytes, lymphocytes, eosinophils, and associated lymphatic 

cells. Any substance that reaches the dermis can enter the blood systemic circulation (16). 

 

The hypodermis (which sometimes is not considered by many as a part of the skin) is 

one of the three skin layers that help in the attachment of the skin to the muscles and bone. 

It also supplies the skin with blood vessels and nerves. The hypodermis is formed of loose 

connective tissue and contains mainly adipocytes and also fibroblasts and macrophages. 

The thickness of this layer is reported to be 4 to 9 mm on average (18).  
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1.2.1.2 Skin permeation 

The term “transdermal permeation” refers to the passage of substances through the skin, 

and is divided into three main steps: penetration, permeation, and absorption: 

• Penetration is the process through which the drug enters the first layer of the skin 

(stratum corneum). The process implies an initial dissolution of the drug and a 

diffusion to the vehicle-stratum corneum interphase, with a subsequent release of the 

drug from the vehicle and a partition between the vehicle-stratum corneum. Thereby, 

an adequate vehicle is needed so as to permit the drug release (19,20). 

• Permeation is the step in which the drug crosses subsequent skin layers through a 

passive diffusion mechanism, from the compartment with the highest concentration, 

to the one with the lowest concentration. The crossing of the epidermis can occur by 

two different routes: 

a) Appendicular pathway, also  called  the  trans-appendageal  route. It  occurs  when  

the substances pass mainly through the hair follicles and sebaceous glands. Even though 

hair follicles occupy only 0.1 % of the total surface area of the skin, the appendicular 

pathway constitutes a significant route for steroidal drugs and molecules with a similar 

structure, hydrophilic substances, slowly diffusing compounds, and drugs with a high 

molecular weight (20). 

b) Epidermal pathway. It is the major route, and the passage of drugs depends on the 

drug’s physicochemical properties such as its molecular weight, solubility in water and 

lipids (partition coefficient [logP]), and pKa. Other aspects influencing the epidermal 

pathway are the metabolism of the drug, the stratum corneum thickness, the hydration 

and integrity of the skin, and the excipients. The passage of substances through the 

epidermis may in turn take place through two routes (21):  

• The intracellular route, or transcellular route, is mostly used by hydrophilic 

substances, and happens when the drug crosses the cell.  

• The intercellular route, happens when the drug goes through the lipid matrices, 

between the cells in the stratum corneum, and is mostly used by hydrophobic 

substances.  

Therefore, amphiphilic substances can use both routes.  

• Absorption is the passage of the drug to blood vessels, through which it reaches 

systemic circulation. 
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1.2.1.3 Factors influence skin permeation   

 

Skin physicochemical factors: 

• Temperature. An increase in the temperature of the skin implies an increase in blood 

flow and, subsequently, the speed of permeation and absorption of the drug. 

Moreover, the increase of the temperature from 32 ºC to 35 ºC changes the packing 

of the lipids in the stratum corneum, from an orthorhombic to a hexagonal packing, 

increasing the permeability (16).  

• pH. The normal pH values of the skin (4.0 – 6.0) can affect the degree of dissociation 

of the drug (according to their pKa values), and therefore their ability to cross 

membranes. For instance, non-ionized substances can permeate the skin more easily 

(22)  

• Hydration. The hydration of the skin generally increases transdermal absorption, 

though the precise mechanism is still unclear (23).  

 

Drug physicochemical factors: 

 

• Partition coefficient is defined as the proportion of drug that is dissolved in two 

immiscible solvents. In this case, the proportion dissolved between the stratum 

corneum and the vehicle is of major importance as the corneal layer behaves as a 

lipidic membrane. When the partition coefficient value is near 1, the permeation is 

adequate (24). The experimental calculation of the partition coefficient between the 

stratum corneum and the vehicle is not easy. Therefore, a commonly used value for 

predicting the permeability of a drug is the partition coefficient between octanol (as 

an apolar solvent) and water (as a polar solvent). As this value can vary widely, a 

common way of expressing it is as a logarithm (log Pow or log P). It is well-known 

that molecules with a log P ranged between 1 and 3 (a predominant solubility in 

lipids), and with good solubility in oils and water, show adequate skin permeation 

(20). 

• Permeability coefficient is a constant proportional to the partition coefficient and the 

diffusion coefficient (P2) of the drug. In turn, the P2 is inversely proportional to the 

molecular weight. It is well-known that the molecular weight is a determinant factor 
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in the permeation of drugs, being those smaller than 500 Da the ones that can permeate 

the skin (25,26).  

 

Vehicle factors:  

 

• Excipients. The nature of the vehicle can modify skin permeation of the drug because 

the vehicle can affect the structure of the stratum corneum, through an increase in the 

hydration, an increase of the temperature, or a disruption of the lipids packing, thus 

leading to a change in skin permeation (23,27). Also, the interaction vehicle-drug 

plays an important role in several ways. For example, the pH of the formulation 

affects the degree of dissociation of molecules according to their pKa, which in turn 

affects the partition coefficient of the substance.  

• Rheological properties. A vehicle with a viscoelastic behaviour is optimum because 

it should have a fluidic behaviour at the application (where a shear stress is applied) 

in order to extend the drug over an area wide enough for the treatment, but the vehicle 

should remain adhered on the skin after application in order to maintain a 

concentration gradient that favours permeation (28).  

• Drug concentration. Since the penetration and permeation of the drug occurs through 

a passive diffusion mechanism, they depend on the concentration gradient between 

the vehicle and the layers of the skin (16,20,27,29).  

 

Physiopathological factors: 

 

Different factors such as age, integrity of the skin, blood flow, zone of application, and 

metabolism, influence the skin permeation (28). Also, any lesion, eruption or pathology 

affecting the integrity of the skin modifies in the permeability. As well, an increase in 

blood flow leads to a faster absorption of the drug into the systemic circulation, creating 

in turn a higher concentration gradient, and thus, increasing the drug permeation. The skin 

thickness and the degree of vascularization changes the permeability, and this varies 

throughout different zones of the skin (23). Finally, as the skin is a metabolically active 

organ, some oxidation-reduction, hydrolysis or conjugation reactions can occur to the 

drug during permeation.  
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1.2.2 ROSACEA 

 

Rosacea is a common, chronic inflammatory skin disease with poorly understood 

etiology.  It is a condition of vasomotor instability that primarily affects blood vessels and 

pilosebaceous units of the central facial skin (cheeks, chin, nose, and central forehead), 

causing transient or persistent erythema, telangiectasias, papules, pustules, phymatous 

changes and ocular involvement (30). Complex pathomechanisms involving 

dysregulation in the immune, vascular, and nervous systems, as well as barrier function 

impairments, are suggested (17,31). The knowledge about rosacea immunology is still 

very limited and most studies have focused on the involvement of the vascular or innate 

immune system. 

According to the National Rosacea Society Expert Committee, rosacea can be classified 

into four subtypes based on the signs and symptoms, and patients can present more than 

one subtype (32):  

a) Erythematotelangiectatic rosacea is characterized by permanent erythema (redness) 

with a tendency to flush and blush easily. The presence of telangiectasias (small, widened, 

visible blood vessels) near the surface of the skin is observed, and possibly intense 

burning, stinging, or itching. People with this type of rosacea often have sensitive 

skin(33). 

b) Papulopustular rosacea presents permanent redness with papules (red bumps) and 

pustules (pus-filled papules). This subtype is often confused with acne vulgaris (34). 

c) Phymatous rosacea is most commonly associated with rhinophyma (enlargement of 

the nose). Signs include skin thickening, irregular surface nodularities, and enlargement. 

Phymatous rosacea can also affect the chin, forehead, cheeks, eyelids, and ears (35).  

d) Ocular rosacea is associated with redness of the eyes and eyelids due to telangiectasias 

and inflammation. Other symptoms include sensitivity to light. Patients with ocular 

rosacea present more susceptibility to infection (36). 

Due to its etiology, which is not completely known yet, some recent discoveries in the 

biochemical pathway have been reported. Sensitivity to rosacea triggers through the 

upregulation of trigger-responsive receptors and is a logical first step in the initiation and 

perpetuation of rosacea. Some hypotheses on the mechanisms for rosacea have been 

described and represented in Figure 3. 
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Figure 3: Mechanisms for rosacea production (37). 

 

Besides trigger avoidance, the most common approach to rosacea is pharmacologic 

treatment. Oral tetracycline-class antibiotics are commonly used to treat papulopustular 

rosacea, and a 40 mg modified-release doxycycline capsule is approved for its treatment. 

Topical ivermectin is a recently approved molecule for the treatment of inflammatory 

lesions of rosacea. Dermal Azelaic acid and metronidazole have proven clinical efficacy 

in the treatment of papulopustular rosacea. Topical brimonidine is approved for the 

symptomatic relief of the erythema of rosacea (34,35). Current therapeutics give great 

importance to targeting inflammatory pathways such as agonists peroxisome proliferator 

activated receptor gamma (PPARγ), since they could act as negative regulators in T cell 

differentiation and in the activation to attenuate inflammatory responses and inhibiting 

different proinflammatory cytokines (38). Moreover, Pioglitazone (PGZ) inhibits the 

signalling pathways involved in inflammatory process (39,40). However, development of 

new therapeutics that inhibit neural and vascular components of disease, as well as 

sensitive and specific diagnostic tests, is required for the improved, long-term control of 

rosacea and for individualized treatment. 
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1.3 OCULAR INFLAMMATORY DISEASES 

 

1.3.1 STRUCTURE AND FUNCTION OF THE EYE 

 

1.3.1.1 Structure 

The eye is a major sensory organ that includes a variety of barriers to drug delivery due 

to its complex anatomy and physiology. It measures approximately 22 to 27 mm in its 

antero-posterior diameter and 69 to 85 mm in circumference (Figure 4). The eye consists 

of three layered structure, with each of these three layers being sub-dividable (41). 

 

• The outermost supporting layer of the eye, which consists of clear cornea, opaque 

sclera, and their zone of interdigitation, is designated as the limbus. 

• The middle uveal layer of the eye, constituting of the central vascular layer of the 

globe, is composed of the iris, ciliary body, and choroid. 

• The interior layer of the eye, commonly designated as the retina, is the neural 

layer. 

However, the eye is segmented into two parts, the anterior and posterior segment. The 

anterior eye consists of the cornea, iris, lens, ciliary body, and sclera (anterior). The 

posterior eye consists of the vitreous humour, retina, choroid, sclera (posterior), and optic 

nerve. Aqueous humour permeates both segments (42). Orbit, lids and sclera are the 

protective structures of the eye. The optic nerve, optic tracts and visual cortex are the 

visual signal pathways to the brain.  

The eyes are equipped with several defence barriers that restrict the entry of exogenous 

substances. These barriers make difficult the passing through of different molecules 

including microorganism right through to medicines, it being difficult to treat different 

diseases of the eye.  

Ocular administration of drugs is commonly used for the treatment of superficial and/or 

internal disorders of the eye. The pathologies that weaken the eyes are: cataracts, retinal 

problems such as macular degeneration or retinitis pigmentosa, glaucoma, uveitis, ocular 

dryness, bacterial conjunctivitis, ocular allergies, or inflammations. However, the low 

bioavailability of drugs in classical dosage forms is mainly linked to the anatomical and 

physiological structure of the ocular pathway. The main challenge of ocular therapy is to 

reach an optimal concentration of the drug in the place of action and to enable the drugs 

to overcome the anatomical and physiological barriers that protect the eye (43,44).  
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Figure 4: Different structures from anterior and posterior segment of the eye. The different barriers that 

drugs need to overcome after topical installation are indicated with a red star, and a detailed representation 

is also provided. The ocular targets to treat a specific disease are indicated with a green star, if they are in 

the anterior segment, or with a yellow star, if they are located in the posterior segment (45). 

 

1.3.2 UVEITIS   

 

The inflammation of the eye, including uveitis, was known to the ancient Egyptians (46). 

The uvea is composed of the iris, ciliary body and choroid. Each of these components has 

a unique histology, anatomy and function. The uvea is the intermediate of the three coats 

of the eyeball. It is sandwiched between the sclera and the retina in its posterior portion 

(choroid) (47,48). Moreover, it is consistently involved in intraocular inflammation, 

transporting more than 80 % of the ocular blood volume. Uveitis may occur as a 

consequence of different stimuli. The immune systems play a key role in this process, as 

inflammation and repair are closely intertwined (49). The inflammation may be acute, 

subacute or chronic.  

Specialists categorize uveitis etiologically as either infectious or non-infectious (47). 

Infections are proven causes of some cases of uveitis (50,51). In others, the activation of 

innate immune processes in response to infection may cause tissue damage through a 

mechanism of autoinflammation. 

Non-infectious uveitis is not synonymous with autoimmune uveitis. The autoimmune 

hypothesis for non-infectious uveitis derives from the experimental models of retinal 
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inflammation that create blood-retinal barrier (BRB) breakdown and stimulate adaptive 

immunity directed towards retinal antigenic targets. In nonretinal tissues, 

autoinflammatory or innate immune-mediated mechanisms may prevail. As infectious 

agents usually drive autoinflammation, infection may be behind the pathogenesis of most 

uveitis, either through cytolytic tissue damage or through uncontrolled and dysregulated 

host immune responses that continue after infection subsides. 

The current classification of uveitis is an anatomic classification, as set forth by the 

international uveitis study group then confirmed by the standardization of uveitis 

nomenclature (52). This classification is based upon the concept of the ‘‘primary’’ or 

‘‘initial’’ site of inflammation. It is thus based on the place where the inflammation 

predominates. It distinguishes between anterior uveitis with iris and ciliary body 

involvement, intermediate uveitis with peripheral chorioretinal involvement, posterior 

uveitis with choroidal and retinal involvement and panuveitis (53).    

Uveitis results from the imbalance between inflammatory mechanisms and regulatory 

mechanisms. Acute inflammation is initiated by those cells that have been present 

previously in affected tissues, mainly resident macrophages and dendritic cells (54). In 

autoimmune uveitis, self-reactive T cells leave the thymus and when they reach the eye 

they come in contact with retinal antigens. Myeloid dendritic cells present a sturdy ability 

in the capturing of antigens, which enables them to stimulate T cells. Therefore, T-

lymphocytes may differentiate into Tregs, T helper cells (Th) 1, Th17 or Th2 as a precise 

immune response in function of the antigen encountered and cytokine presence. Th1 and 

Th17 cells participate in inflammatory and autoimmune uveitis, which produce pro-

inflammatory cytokines such as IL-2, interferon gamma (INFγ), IL-17, IL-23 and tumor 

necrosis factor alpha (TNFα), and these recruit leukocytes from circulation and result in 

tissue damage. Th1 cells are crucial for the development of uveitis, whereas Th17 cells 

play a relevant role in the late/chronic phase of uveitis. However induced Treg cells defeat 

both Th1 and Th17 cell responses (55–57). Furthermore, the migration of Th1 and Th17 

to the eye also results in the breaking down of the BRB and, consequently, different 

leukocytes from the circulation are recruited. In figure 5, it is possible to see the main 

specific targets in uveitis. 
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Figure 5: Uveitis results from imbalance between inflammatory mechanisms and regulatory mechanisms 

(54). 

 

The treatment of uveitis depends on the cause of inflammation. In those causes of 

infectious origin, treatment with antibiotics can be curative. The corticosteroids are the 

basis of treatment in the acute phase, used in eye drops, injections around or inside the 

eye or systemically (orally, intramuscularly or intravenously). In some uveitis of 

immunological origin, chronic, difficult to manage or with complications derived from 

the use of corticosteroids, it may be necessary to use immunomodulatory drugs to control 

inflammation. Some of these drugs can have side effects requiring frequent monitoring. 

Due to the activity of PPARγ agonists in the pathway of inflammation, and apart from 

their original indication as antidiabetic agents, multiple functions such as anti-

inflammatory, antitumor, and antiangiogenic effects, as well as neuroprotection, have 

been investigated recently (58). The PPARγ in different studies (59–61) on activated T 

cells and also treatment with PPARγ agonists have shown that the latter inhibit antigen-

specific T cell proliferation and promotes the apoptosis of activated T cells, suggesting a 

role for PPARγ in the regulation of T cell-mediated immune and inflammatory responses 

(62). Interestingly, recent studies have also shown the importance of PPARγ in the 

regulation of immune and inflammatory responses in animal models (63–67). 
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1.4 BRAIN NEUROINFLAMMATORY DISEASES 

 

1.4.1 CENTRAL NERVOUS SYSTEM: STRUCTURE AND FUNCTION  

 

1.4.1.1 Structure 

The central nervous system (CNS) is a highly vascularized system and is comprised of 

three different segments of endothelial cells that differ in their anatomical, morphological, 

biochemical and functional organization (Table 1) (68,69). The human brain can be 

divided into three major parts, namely, forebrain, midbrain and hindbrain. These broad 

divisions are comprised of different smaller divisions, with each having a specific role to 

play.  

• Forebrain is considered as the most important part of brain because, on account 

of its functioning, it distinguishes human from other animals. This part is 

responsible for processing sensory information, collected by different sensory 

organs, such as eyes, nose, ears, tongue and skin. 

• Midbrain acts as a bridge to transmit signals from hindbrain and forebrain. These 

signals mostly come from the senses of touch and hearing, collected by the 

specialized organs, i.e. skin and ears, respectively. 

• Hindbrain can be further divided into three parts: medulla oblongata, pons and 

cerebellum. The main function of this human brain structure is to control certain 

visceral functions in body (including heart rate, breathing and blood pressure). 

Besides this, the cerebrum is the largest part of the human brain, associated with higher 

brain functions such as thought and action. The cerebral cortex is divided into four lobes: 

the frontal, parietal, occipital and temporal lobe (Figure 6). The principal arteries that 

irrigate the brain with arterial blood are the internal carotid artery and the vertebral-basilar 

system which terminates in the circle of Willis whereas cerebral venous blood is collected 

into the superior sagittal sinus and from there it exits the brain. Between these two main 

circulatory systems, the exchange of O2 and nutrients occur mainly at the level of the 

cerebral microvasculature which comprises, sequentially: (1) arterioles (10-100 μm 

diameter) that penetrate the cerebral parenchyma; (2) capillaries (4-10 μm diameter) that 

constitute the largest surface area for the exchange of blood with the brain and cerebral 

endothelial cells (CECs) show the most highly organized tight junctions (TJs); (3) venules 

(10-100 μm diameter) which constitute the main area of leukocyte infiltration and CECs 

which show a loose arrangement of TJs. (70).  
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Table 1: Cellular composition and differential expression of BBB-related properties 

along the brain microvascular endothelium. 

 

Cells and features Arterioles Capillaries Venules 

Smooth muscle cells + - + 

Pericytes + + + 

Endothelial TJs n.d Belts of TJ Non-specialized 

Permeability for BBB 

Markers 
n.d No Yes 

Intimate contact between 

astrocytic endfeet and the 

vascular wall 

No Yes No 

Presence of perivascular 

spaces 
Yes No Yes 

Perivascular macrophage + + + 

P-glycoprotein ? +++ ? 

Alkaline phosphatase +++ ++ + 

Mg+ ATPase +++ + + 

Na+ K+ ATPase +++ + + 

Surface anionic sites +++ +++ + 

+, present; -, absent; n.d., not determined. Relative expression of properties is indicated by +, ++, and +++, 

from lowest to highest. The question mark refers to the fact that P-glycoprotein expression has been 

confirmed at high levels in capillaries but not in arterioles or venules. Adapted from (68,69). 

 

1.4.1.2 Blood Brain Barrier 

The blood brain barrier (BBB) can be defined as a highly specialized complex cellular 

structure comprised of CECs, pericytes, the perivascular extremities of the astrocytic glia, 

nerve terminals and perivascular microglia/macrophages. More recently, this cellular 

structure has also been termed the neurovascular unit due to the complexity of the cellular 

interactions thereby giving rise to a coordinated response necessary to maintain a 

functional BBB (Figure 6) (71–73). 

In 1900 Lewandowski introduced the term “blood-brain barrier (BBB)” in his studies on 

neurotoxic agents where he demonstrated that some compounds could be highly 

neurotoxic when injected directly into the brain but not when injected intravenously (69). 

These results led him to conclude that the cerebral capillaries are capable of limiting the 

entrance of certain blood-borne molecules into the CNS. Further experimental evidence 

of the BBB's existence was provided a few years later by Edwin Goldman (74) who 

reported that Trypan Blue dye neither stained the brain nor the spinal cord when 

administered through the bloodstream. However, it quickly stained these structures when 

administered into the cerebrospinal fluid. These experiments led to the idea of a cellular 
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barrier that restricts the free exchange of hydrophilic molecules from blood to brain at the 

site of the cerebral vasculature (75). In the 1960s with the development of electron 

microscopy techniques, the anatomical localization of the BBB was identified by Reese, 

Karnovsky and Brightman (in two separate studies) using the electron-dense marker 

horseradish peroxidase (HRP) (76,77). Their collective observations established two 

important paradigms in the BBB field of research: (1) the BBB is localized at the level of 

the CECs and (2) the presence of interendothelial TJs, highly expressed along the brain 

capillaries, allows the physical restriction to the HRP flux between the brain and blood 

(68,72). 

Three barriers are recognized as part of the brain's isolating system and which allows for 

the maintenance of brain homeostasis: the BBB, the blood-cerebrospinal fluid barrier, and 

the arachnoid epithelium (78,79). The consequence of this intricate interplay is a 

controlled and restricted transport of molecules across the BBB. Only very small (< 400 

Da), lipophilic molecules can diffuse through the BBB, while the crossing of lipid 

insoluble or larger hydrophilic molecules is very limited. However, in addition to 

lipophilicity, other factors, such as the affinity, contribute to the available transport 

system and further control the BBB crossing (80,81). 

 

 
 

Figure 6: Lobes of the brain and BBB structure. The blood vessel CECs of the BBB are cemented together 

by TJs (1). CECs display transporters (2), receptors (3), and channels (4) that facilitate selective transport 

of vital nutrients into the CNS. They also possess efflux pumps, such as P-glycoprotein, that expel most 

small, amphiphilic molecules that are soluble in the blood and in cell lipid membranes (5). Pericytes and 

astrocyte pseudopods serve as an additional physical barrier between the blood vessel and brain tissue, and 

support the expression of endothelial cell genes required to maintain the BBB (82). 
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1.4.2 BRAIN ADMINISTRATION ROUTES 

 

Up to the present day many different drug delivery methods have been developed. Few 

of them have been able to deliver the drugs neurologically, are invasive and have been 

found to be unsafe for drug delivery. No review of drug delivery across BBB is complete 

without looking at the broad picture of administration routes. Generally, most 

therapeutics of CNS diseases in conventional administration enter the CNS via the 

systemic blood circulation. To reach effective drug concentrations at the CNS disease 

sites, it is necessary to raise the systemic drug levels by substantially an enhanced dose 

or extended administration. 

Researchers are looking for more ways to transfer therapeutic agents into the CNS without 

the need to increase the systemic levels of these agents and decreasing the risk of systemic 

toxicity. A direct drug administration to the brain region, painless and safe, will 

definitively improve the scenario. However, in the meantime intravenous administration 

is the most popular choice in clinical studies. Some approaches have been developed to 

enhance drug delivery to the CNS have been gaining considerable attention, such as oral 

route, inhalation or intra-tracheal instillation, intranasal drug delivery, convection-

enhanced diffusion and intrathecal/intraventricular drug delivery systems, using non-

invasive, invasive, and recent techniques for drug delivery (Figure 7). 

Hence, for therapeutic purposes active transfer of the drug is very necessary for the 

advantages it could offer. However, whatever the circumstances, both drug composition 

and its delivery methods must be taken into account so that effective drug formulations 

are achieved in order to treat the CNS disease (83,84). 

One must take into mind that the effect of topically applied medications can be of two 

types: topical and/or systemic. After the administration of an active agent on the mucosa, 

it can exert its effect only on the local tissues or superficial layers and/or on any of the 

tissues of the body, as if its application were orally or parenterally. Therefore, 

transmucosal drug administration represents a more practical, safe and less invasive route 

than conventional routes. Although, the transmucosal administration of drugs has not yet 

been investigated enough, its potential advantages over other routes of administration 

have already been established and are innumerable, including: 

Their liberation is in a specific place, and there is control of the absorption percentage; 

they can be formulated as a delayed-release compound. They provide a constant dose, 
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reduce systemic side effects, application is easy, allows substantial concentrations of the 

drug to be found inside the soft tissues of the application site, and is easily accessible 

from the surface (possibility to control and/or eliminate the pharmaceutical form).  

 

 

Figure 7: Current approaches for CNS drug delivery. Modified from (85) 
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1.4.2.1 Oral route  

The oral mucosa is a very popular administration route due to its good accessibility and 

high patient acceptance (86). Moreover, it is routinely exposed to different compounds 

and mechanical stress, so it is assumed to be more robust and less sensitive to irritation 

by the drug or pharmaceutical form, use of absorption promoters, etc., in comparison with 

other routes. 

However, it should be taken into account that there is also metabolism in the mucosa, and 

although its metabolic load is much less than that in the liver, it can be an inconvenience 

for the administration of certain drugs in this way. On the other hand, the great variety of 

microorganisms present in the mucous membranes can also alter some drugs (87). As an 

advantage of the oral transmucosal versus the transdermal route, it can be said that it is 

more permeable, more vascularized and has greater hydration, which allows the 

solubilization of the drug. These factors make the oral mucosa an interesting 

administration route for drugs that require a rapid onset of action at systemic level (88). 

It is considered that most drugs pass through the mucosa by passive diffusion and two 

permeations pathways can be used:  

• Transcellular route: involve the crossing of the cellular membranes with a polar 

and a lipid domain. 

• Paracellular route: imply the passive diffusion through the extracellular lipid 

domain. 

Apart from this, the epithelium of the oral cavity (buccal mucosa) is well suited for its 

many unique functions, having regional differences in the keratinization of the mucosa 

(89). The oral mucosa is composed mainly of two layers: the epithelium and the 

underlying connective tissue (basal lamina, lamina propria and submucosa). Both layers 

are separated by the basement membrane. Its primary function is to protect underlying 

tissues from mechanical and chemical damage and against the entry of foreign substances 

(90). It is estimated that the thickness of the buccal mucosa epithelium is 500 to 800 μm 

(500 to 600 μm in its non-keratinized part). It has a cell turnover rate of 5-7 days, a total 

area of 50 cm2 and a flow blood of 20.3 ml/min/100 g tissue approximately (91). 

On the other hand, the sublingual mucosa has a thickness of 100-200 μm, a cell turnover 

rate of 20 days, a total area of 26 cm2 and a blood flow of 12.2 ml/min/100 g tissue 

approximately (92). In the layers of more superficial epithelial cells membranous granules 

can be observed that seem to fuse with the membrane of the epithelial cell, expelling the 
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lipids that contain the extracellular space. These granules are spherical and of about 0.2 

μm (91). Independently of the degree of keratinization of the oral mucosa, it does not 

have a corneum stratum proper. Due to this it is much more permeable than the skin (4 to 

4000 times) (93).  

The intestine is other important tissue for the delivery of drug by the oral route. It is 

considered as an important site that exerts a huge effect on the metabolism of many 

xenobiotics, due to the presence of numerous enzymes produced by the gut microbiota 

(94). The mean total mucosal surface of the digestive tract interior averages around 32 

m2, of which about 2 m2 refers to the large intestine (95). The intestinal mucosal barrier 

is a heterogeneous entity composed of physical, biochemical, and immune elements. The 

central component is the intestinal epithelial layer, which provides physical separation 

between the lumen and the body. Its role in protecting the mucosal tissues and circulatory 

system from exposure to pro-inflammatory molecules, such as microorganisms, toxins, 

and antigens, is vital for the maintenance of health and well-being  (96–98). 

Its composition is of a simple layer of columnar epithelial cells, as well as the underlying 

lamina propria and muscular mucosa. The TJs, a component of the apical junctional 

complex, seals the paracellular space between epithelial cells. 

 

1.4.2.2 Intranasal route 

The intranasal route is an alternative route bypassing the cardiovascular system. As 

shown in Figure 8, the neural pathways connecting the nasal mucosa and the brain provide 

potential routes for non-invasive drug delivery to the CNS. The surface, or epithelium, of 

this mucosa contains the cells which produce mucus and the ciliated cells, covered with 

fine hairs called cilia. The nose is responsible for olfaction and respiration and it is the 

first line of defence of the respiratory system. It is comprised of two symmetric cavities, 

divided by the septum which lies along the midsagittal plane. The cavities are lined with 

a layer of mucosa, and the total area of both cavities is around 150 cm2 (99,100). These 

cavities can be further divided into three regions. 

• Vestibular region: it is relatively small with a total surface area of 0.6 cm2, and 

contains the nasal hairs which serve for filtering inhaled particles. 

• Respiratory region: covers the lateral walls of the nasal cavities, including the 

three projecting turbinate (conchae). This region has the largest area at around 130 

cm2, and is also the most vascular (101). 

https://en.wiktionary.org/wiki/heterogeneous
https://en.wikipedia.org/wiki/Intestinal_epithelium
https://en.wikipedia.org/wiki/Circulatory_system
https://en.wikipedia.org/wiki/Circulatory_system
https://en.wikipedia.org/wiki/Inflammation
https://en.wikipedia.org/wiki/Microorganism
https://en.wikipedia.org/wiki/Toxin
https://en.wikipedia.org/wiki/Antigen


Pioglitazone dosage forms for the treatment of inflammation associated with skin, ocular and 

neurodegenerative diseases 
Introduction          

 

 23 

• Olfactory region: it is located on the superior aspect of the nasal cavities, covering 

the inferior surface of the cribriform plate of the ethmoid bone. This region is 

small at 10 cm2, but varies in proportionate size by species: while this is only 

around 10% of the area in humans, this region can be up to 50% of the total area 

in rodents a common model for intranasal administration studies (102,103). 

 

 
 

Figure 8: Cross section of the human nasal cavity with the olfactory region and its structures labelled. 

Pathways of nose-to-brain transport of drug after administration of formulation are also indicated (104). 

 

 

1.4.3 ALZHEIMER’S DISEASES 

 

Alzheimer’s diseases (AD) is an age-associated neurodegenerative disorder characterized 

by progressive memory and cognitive impairment that eventually leads to death. It is 

estimated that in the United States in 2050 the total number of people with AD dementia 

is projected to be 13.8 million (105). This disease is characterized by atrophy of cerebral 

cortex and loss of hippocampal and neocortical neurons. 

Several theories have been proposed concerning the pathogenesis of AD at the molecular 

level. These theories are based on the roles of “amyloid, cholinergic, tau, glutamate and 

oxidative stress hypotheses”. The pathophysiological basis of neurodegeneration is 

related to two main hallmarks, these being the prevalent neuritic plaques which are 

accumulations of amyloid beta protein (Aβ) and intracellular neurofibrillary tangles 

(106,107). Aβ is a short polypeptide of about 42 amino acids produced by the abnormal 

proteolytic cleavage of amyloid precursor protein, which involves enzymes like gamma-

secretase (108,109). Production and deposition of Aβ is the central event triggering 

oxidation, lipid peroxidation, excessive excitotoxicity of glutamatergic neurons, 
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inflammation, apoptotic cell death and formation of neurofibrillary tangles (110). 

Neurofibrillary tangles are paired helical filaments composed of tau protein which in 

normal cells are essential for axonal growth and development (111). However, when 

hyperphosphorylated, the tau protein forms tangles that are systematically deposited 

within neurons located in the hippocampus and medial temporal lobe, the parieto-

temporal region, and the frontal association cortices leading to cell death (112,113). 

Moreover, impaired glucose metabolism in older patients with or without diabetes a direct 

association between dementia and glycaemia has been demonstrated (114,115). Further, 

lower hippocampal function, memory and executive function in older adults without 

diabetes was linked to poor glucose metabolism (116). 

The inflammation is another important hallmarker in the AD, as it leads to 

neuroinflammation. The activated microglia secrete a large number of molecules, 

including proinflammatory cytokines, PGs, the reducing oxygen species (ROS) and nitric 

oxide synthetase. These factors lead to a state of perpetual chronic stress and consequently 

neuroinflammation, which can lead to the neuronal death (117,118). Indeed, PPAR𝛾 

activation has shown protective effects in many models of disease and shows the ability 

to protect against inflammation and stimulate recovery. It is related to oxidative stress 

response as well as antioxidant activity (119,120). In addition, PPARγ agonists have 

proven to reduce oxidative damage through the reduction of ROS production in several 

tissues, including the brain, liver, and blood vessels, among others, due to the interaction 

of peroxisome proliferator activated receptors (PPARs) with anti-inflammatory pathways 

such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and 

nuclear factor (erythroid-derived 2)-like 2, the reduction of COX-2 expression or the 

interaction with antiapoptotic pathways such as B-cell lymphoma 2 (121–127). However, 

the mechanisms of action as well as the interactions with different cell signalling 

pathways of the PPARγ remain to be fully elucidated. 

Different drugs have been proposed for AD (Figure 9), but none have been able to cure 

the disease or modify its course. The main objectives of pharmacological treatment are 

focused on delaying the appearance of clinical manifestations and controlling cognitive, 

non-cognitive, behavioural and psychological symptoms in order to prevent, maintain and 

improve the quality of life of these patients. Recent researches are looking for new 

technologies and drugs to act in the different pathways of the disease. 
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Figure 9: Pharmacological approach for Alzheimer’s disease treatment. Modified from (128). 
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1.5 PEROXISOME PROLIFERATOR ACTIVATED RECEPTORγ (PPARγ) 

 

PPARs are a subset of the nuclear receptor superfamily. These receptors reside in the 

nucleus bound to DNA response elements. Its location is typical of metabolite-activated 

nuclear receptors with three isoforms, PPAR𝛼, PPAR𝛽 and PPARγ, all of which form 

obligate heterodimers with the retinoic acid X-receptor (RXR-receptor). Otherwise, to 

activate PPARs, it is also necessary to activate RXR. Thus, RXR is activated by 

the vitamin A found in animals (retinol), not plants. In general, PPARγ apparently prefers 

polyunsaturated fatty acids such as linoleic acid, AA and eicosapentaenoic acid (129). 

PPARγ has a wide variety of biological roles, including regulating fatty acid synthesis, 

storage and glucose metabolism, promoting adipogenesis and inhibiting inflammatory 

signalling through NF-𝜅B. Moreover, it is activated, not only by ligand (agonist) binding, 

but also by phosphorylation, which increases the ligand-independent transcriptional 

activity (62). Apart from its role as a transcription factor, PPARγ also acts as a trans-

repressor of macrophage inflammatory and gene regulator (Table 2) (130,131).  

Nowadays, the role of PPARγ in mediating responses to inflammation has been of 

particular interest since its agonists have been shown to exert a broad spectrum of anti-

inflammatory effects. PPARγ is expressed on numerous immune cells, including 

monocytes/macrophages, platelets, lymphocytes, dendritic cells (132–134), regulating 

different pathways signalling, among them anti-inflammatory activity (Figure 10). 

Overall, PPARγ is a healthy protein (transcription factor) that lowers inflammation and 

increases insulin sensitivity. A wide diversity of ligands has been identified which bind 

to and activate PPARγ receptor in different tissues. These ligands include 

thiazolidinediones (TZDs), which are antidiabetic drugs, as well as several PGs (PG D2 

and its metabolite, 15-deoxy PG J2), oleanolic acids, and other eicosanoids (62). 

However, TZDs are also known to exert several PPARγ independent effects. 

Importantly, ligand activation of PPARγ has been shown to exert potent anti-

inflammatory effects. In addition, several of these molecules have effects independent of 

PPARγ, many of which are also anti-inflammatory. The degree to which these ligands act 

in an independent manner varies. PPARγ research has begun to focus on these anti-

inflammatory effects and to investigate the role that PPARγ and its ligands play in the 

resolution of inflammation (135).  

 

http://selfhacked.com/blog/retinoid-x-receptor-rxr/
http://selfhacked.com/blog/importance-real-vitamin-retinol/
http://selfhacked.com/blog/top-tips-for-fixing-insulin-resistance/
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Table 2: Genes regulated by PPARγ agonists. 

Gene Function 

Adipophilin Fatty acid transport and storage 

L-FABP 1 Fatty acid transport and storage 

Regeneration gene IA Proliferation of pancreatic β and acinar cells 

Gob-4 (hAG-2) 2 Maturation of intestinal goblet cells 

NGAL 3 Anti-inflammatory, lipid metabolism 

NF-kappaB 4 Pro-inflammatory, development 

TNF-α 5 Pro-inflammatory, development 

IL-2 6 Pro-inflammatory cytokine 

Catalase Anti-oxidatant enzyme 

Cu/Zn SOD 7 Anti-oxidatant enzyme 

CD36 Macrophage scavenger receptor 

SOCS3 Cytokine negative modulator 
 

1Liver fatty acid binding protein; 2human homologue of anterior gradient-2; 3neutrophil; gelatinase-

associated lipocalin; 4nuclear factor-kappaB; 5tumor necrosis factor-α; 6interleukin-2; 7copper/zinc 

superoxide dismutase (131). 

 

Figure 10: Known effects of PPARγ activation (136). 

 

Although TZDs are best recognized for their insulin sensitizing activity, they also have 

potent anti-inflammatory activity in tissues and inflammatory cells. It has been proposed 

that this may occur through both PPARγ receptor–mediated and receptor-independent 

mechanisms (107). Numerous studies have shown that TZDs can repress activator protein 

1 and NF-κB dependent expression of inflammatory genes, and this may occur in large 
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part via PPARγ-mediated stabilization of the nuclear receptor corepressor 

complex. TZDs may also drive expression of a variety of anti-inflammatory genes, such 

as adiponectin, hemeoxygenase-1, and IL-10 (137–139). 

Given the diverse mechanisms by which TZDs may reduce inflammation, it is not 

surprising that therapy with TZDs has been shown to reduce multiple plasma markers of 

inflammation, although it is unclear whether these in vivo effects are attributable to 

effects on mononuclear cells or other tissues (140).  

Animal studies and human trials of PPARγ activating drugs, normally used to treat 

diabetes, have shown these compounds to have great potential as anti-inflammatory 

drugs. In a mouse model of asthma, PGZ, a PPARγ activator, was found to be as effective 

as dexamethasone, a corticosteroid commonly used in asthma treatment (141). Using 

Type II diabetic rats as a model of inflammatory renal disease, PGZ reduced nephropathy 

by an anti-inflammatory mechanism (142). PPARγ agonists inhibit inflammatory gene 

expression, alter Aβ homeostasis and exhibit neuroprotective effects (125). Also, there 

are several studies involving clinical trials with PPARγ and most of them used PGZ for a 

trial of different inflammatory diseases (143,144). Taken together, these studies brought 

to light strong evidence of the anti-inflammatory function of PPARγ through its ability to 

suppress inflammatory factors and the mechanisms by which PPARγ activators may 

ameliorate inflammatory disease are discussed (Figure 11). Moreover, this receptor 

remains an attractive therapeutic target for treatment of many diseases with underlying 

inflammatory pathology. 

 

 

Figure 11: PPAR𝛾 and the resolution of inflammation. PPAR𝛾 and PPAR𝛾 ligands (denoted by green 

diamond) play roles in all stages of inflammation. Early on, PPAR𝛾 and its ligands decrease neutrophil 

recruitment and proinflammatory cytokine production. PPAR𝛾 and its ligands then act to promote 

neutrophil apoptosis and efferocytosis and induction from proinflammatory to anti-inflammatory 

production. Finally, macrophages move to an M2 phenotype and tissue repair is initiated to return to 

homeostasis (62). 



Pioglitazone dosage forms for the treatment of inflammation associated with skin, ocular and 

neurodegenerative diseases 
Introduction          

 

 29 

1.5.1 PIOGLITAZONE 

 

PGZ is a selective synthetic PPARγ agonist and approved by food and drug administration 

(FDA), used to treat diabetes type 2 (Figure 12). PGZ [(±)-5-[[4-[2-(5-ethyl-2-pyridinyl) 

ethoxy] phenyl] methyl]-2,4] TZD monohydrochloride contains one asymmetric carbon, 

and the compound is synthesized and used as the racemic mixture. The two enantiomers 

of PGZ interconvert in vivo. No differences were found in the pharmacologic activity 

between the two enantiomers (145). PGZ is an odourless white crystalline powder that 

has a molecular weight of 392.90 Da. This drug is soluble in N,dimethylformamide, 

dimethylsulfoxide (DMSO) and methanol, slightly soluble in anhydrous ethanol, very 

slightly soluble in acetone and acetonitrile, practically insoluble in water, and insoluble 

in ether. The pharmaceutical form is a tablet and it presents doses from 15 mg up to 45 

mg once daily based on the glycaemic response of each patient. 

Nowadays, it has been reported that PGZ modulates different pathways of inflammatory 

responses, such as decreasing the infiltration of inflammatory cells and cytokines (146), 

antifibrotic, anti-angiogenic, antifibrotic, anti-tumour effects, and neuroprotection 

(58,67,147). In addition, PGZ has the capacity to inhibit the local development of several 

inflammatory factors: these included IFNγ and IL-6 in vivo. Therefore, PGZ through its 

activation of PPARγ and subsequent anti-inflammatory response, may prove to be a novel 

therapeutic in different inflammatory disorders such as rosacea, uveitis and Alzheimer’s 

disease. 

 

 

                              Figure 12: Chemistry structure of PGZ. 

Mechanism of action 

PGZ is a potent and highly selective agonist at PPARγ in target tissues for insulin action 

such as adipose tissue, skeletal muscle, and liver. Being metabolized mainly by CYP2C8, 

CYP3A4 and CYP2C9. The activation of PPARγ receptor increases the transcription of 

insulin-responsive genes involved in the control of glucose production, transport, 

utilization and lipid metabolism. One question is that PGZ enhances tissue sensitivity to 

https://www.rxlist.com/consumer_ethanol_alcohol/drugs-condition.htm
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insulin and reduces the production of glucose via the liver (hepatic gluconeogenesis). 

Thus, insulin resistance associated with type 2 diabetes mellitus is improved without an 

increase in insulin secretion by pancreatic β cells. Basically, the PGZ reduces the glucose 

by two main mechanisms (145). 

• increased glucose disposal in peripheral tissues (the principal effect) 

• decreased hepatic glucose production. 

 

The main adverse effects of the PGZ are weight gain (typically 3–4 kg of weight gain in 

the first year of use), fluid retention (with peripheral edema in 3–4 % of patients) and 

decreased bone density. The use of PGZ is associated with a small increased risk of 

bladder cancer, and therefore it is not recommended in patients with a history of bladder 

cancer or un-investigated haematuria. 

 

1.6 PIOGLITAZONE DOSAGE FORMS 

 

Drugs are rarely administered as pure chemical substances alone and are almost always 

given as formulated preparations or medicines. These can vary from relatively simple 

solutions to complex drug delivery systems through the use of appropriate additives or 

excipients in the formulation (148). It is important for pharmacists to appreciate the 

different properties of the varying dosage forms in order that the most appropriate or most 

acceptable formulation is prescribed to the patient (149). There are numerous dosage 

forms including solutions, suspensions, emulsions, gels, powders, granules, capsules, 

tablets, ointments, pastes, etc. into which a drug can be incorporated for the convenient 

and efficacious treatment of a disease. They can be taken orally or injected, as well as 

being applied to the skin or inhaled (148).  

 

1.6.1 LIQUID PHARMACEUTICAL FORMS  

 

Are medicines composed of a homogeneous one-phase system consisting of two or more 

components (148). They contain one or more solutes dissolved in one or more solvents, 

usually solids dissolved in liquids (149). Since molecules in solutions are uniformly 

dispersed, the use of solutions as dosage forms generally provide a way to assure the 

dosage is uniform on administration, and good accuracy when diluting or otherwise 

mixing solutions.  
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Dosage forms categorized as “Solutions” are classified according to route of 

administration, such as “Oral Solutions” and “Topical Solutions,” or by their solute and 

solvent systems, such as “Spirits,” “Tinctures,” and “Waters.” Liquid pharmaceutical 

forms intended for parenteral administration are officially entitled “Injections” (150).  

Moreover, the oral solutions are liquid preparations, intended for oral administration, that 

contain one or more substances with or without flavoring, sweetening, or coloring agents 

dissolved in a suitable vehicle (150). Pharmaceutical solutions for oral administration 

offer several advantages: 

• Therapeutic agents can easily be administered orally to individuals who have 

difficulty in swallowing, e.g. elderly patients, infants. 

• The therapeutic agent is dissolved in the formulation and is therefore immediately 

available for absorption. Providing the drug does not precipitate within the 

gastrointestinal tract, the bioavailability of pharmaceutical solutions is greater 

than that of oral solid-dosage forms.  

• Taste-masking of bitter therapeutic agents may be readily achieved. 

 

Sometimes the poor solubility of certain therapeutic agents may make difficult their 

formulation as pharmaceutical solutions, as example of PGZ. However, certain 

techniques are available to enhance the solubility of poorly soluble drugs (151). The 

aqueous solubility of insoluble or sparingly soluble drugs can be enhanced by the addition 

of water-soluble cosolvents such as ethanol, glycerol or propylene glycol, which are 

suitable for oral administration. The solubility of poorly soluble drugs may also be 

improved by the addition of solubilizing agents such as the nonionic surfactants, by the 

addition of acid or alkali to form salts, or by complexation (152).  

Among the solubilizing agents, Transcutol is a purified diethylene glycol monoethyl ether 

(DEGEE) and it is an interesting compound due to its low toxicity and high 

biocompatibility. DEGEE, is an ethylene oxide derivative used as a solvent in many 

products, including pharmaceuticals, cosmetics, and food applications. Its appearance is 

a clear, colorless, hygroscopic liquid with a mild, pleasant odor. It is produced by 

condensation of ethylene oxide and alcohol, followed by a purification distillation (153). 

DEGEE is soluble in water and miscible in acetone, benzene, chloroform, ethanol (95%), 

ether, and pyridine. It is partially soluble in vegetable oils and insoluble in mineral oils 

(154). The primary supplier in the US for pharmaceutical grade DEGEE is Gattefossé, 
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under the trade name Transcutol (155). Current pharmaceutical grade Transcutol-P 

(topical route) and Transcutol-HP (oral route) are 99.8% and 99.9% pure, respectively.  

 

1.6.2 NANOCARRIERS FOR DRUG DELIVERY 

 

Nanotechnology is the application of scientific knowledge to manipulate and control 

matter at the nanoscale in order to make use of size and structure dependent properties 

and phenomena. It has given numerous options in the delivery of bioactives and it has 

benefited in the formulation of delivery in several modes i.e. reduced side effects, 

targeting, improved patient compliance, etc (156). This field presents new opportunities 

for the development of everyday products with enhanced performance in drug delivery, 

reduced production cost and using less raw material. The concept of drug delivery deals 

with the use of approaches to help a pharmaceutical compound reach its target for 

achieving its therapeutic effect. Such approaches include the use of formulations, 

alternative routes of administration, prodrugs that act once they are metabolized, or more 

complex systems for transporting the pharmaceutical compound (carriers) (157–159).  

The development of new nanomaterials for medical applications, including therapy, has 

been of great importance in the recent years due to the useful properties which are specific 

of the materials of nanometric size, such as the light absorption or light dispersion, the 

surface/volume ratio, or the size itself as the majority of biomacromolecules are of 

nanometric size (160,161). A wide variety of nanomaterials with medical purposes have 

been described, including nanoparticles (NPs) of different materials, liposome, 

dendrimer, nanostructured gels, nanotubes, etc (Figure 13). 

 

 

 

Figure 13: Some types of nano delivery systems (162). 
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1.6.2.1 Polymeric Nanoparticles 

Polymeric nanoparticles (PNPs) have attracted considerable interest over the last few 

years due to their unique properties and behaviours resulting from their small size. As 

asserted by different authors, these nanoparticulate materials show potential for a wide 

range of applications such as diagnostics and drug delivery (163–166). PNPs are solid 

colloid matrix-like particles sizing from 10 to 1000 nm, made of polymers of a different 

nature (natural and synthetic), and encapsulating molecules during the preparation 

process, chosen depending on both the polymers and the drug to be delivered. The drug 

may be attached to a nanoparticle matrix, or dissolved, encapsulated and entrapped, 

giving rise to different terminologies as NPs, nanospheres or nanocapsules (Figure 14) 

(167). The nanospheres have a matrix structure, whose entire mass is solid and the 

molecules can be adsorbed on the surface of the sphere or encapsulated within the particle. 

On the other hand, nanocapsules are vesicular systems, which act as a kind of deposit, in 

which the drug is trapped in a cavity consisting of an oily or aqueous core surrounded by 

a shell of solid material (167). 

Considering the stringent request of FDA guidelines in terms of biodegradability and 

biocompatibility for in vivo administration, the list of polymers, that could be used to 

prepare PNPs systems, results very short with few polymers available for drug delivery 

system preparation and approved for systemic administration. The most useful are 

biodegradables polymer of natural origin (albumin, gelatine, lysine, collagen and 

chitosan) (168) and synthetic as poly(alkyl cyanoacrylates) and polyesters poly(↋-

caprolactone) and copolymers of poly(d,l-lactic-co-glycolic acid) (PLGA) (169). 

PLGA is also approved by the European medicine agency (EMA) in various drug delivery 

systems for humans, being commercially available with different molecular weights and 

copolymer compositions (170–172). It is one of the most successfully used biodegradable 

polymers because its hydrolysis leads to metabolite monomers, lactic acid and glycolic 

acid. Because these two monomers are endogenous and easily metabolized by the body 

via the Krebs cycle, a minimal systemic toxicity is associated with the use of PLGA for 

drug delivery or biomaterial applications (173). Moreover, it can modify the release of 

the drug and/or its bioavailability. However, it allows incorporation molecules 

hydrophilic and hydrophobic and obtains a sustained release of the drug, as well as 

protecting it from degradation.  
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Advantages of these systems as carriers include controlled release, the ability to combine 

both therapy and imaging (theragnostics), the protection of drug molecules and its 

specific targeting, facilitating improvements in the therapeutic index (174,175). 

In particular, it is a common opinion that the toxicology of a nanodevice is related both 

to morphological and structural parameters of the systems (size, surface charge, shape) 

and the polymers used (80). 

 

 
 

Figure 14: Polymeric nanoparticles. Adapted from (162). 

 

To target organs with PNPs to increase selective cellular binding and internalization 

through receptor-mediated endocytosis and to avoid the reticuloendothelial system (RES) 

to eliminate these from the blood stream and take them up in the liver or the spleen (171), 

the surface of these systems is modified. NPs can be coated with molecules that hide the 

hydrophobicity by providing a hydrophilic layer at the surface. The most common way 

for the surface modification is the hydrophilic and non-ionic polymer polyethylene glycol 

(PEG). It has been well demonstrated that the “PEGylation” increases their blood 

circulation half-life by several orders of magnitude (176). Moreover, PEG exhibits an 

excellent biocompatibility. Poloxamer, poloxamines or chitosan have also been studied 

for surface modification (173,177). These groups can block the electrostatic and 

hydrophobic interactions that help opsonin to bind to particles surfaces. Moreover, the 

surface charge of NPs also has an important influence on their interaction with cells and 

on their uptake. 

NPs can be targeted to organs such as liver, spleen, lung and lymph, and because of their 

very small volume, they can pass through the narrowest capillaries. They can remain in 

the blood stream for prolonged times because of their ability to avoid the phagocytes, and 

as a consequence, they are amenable to controlled release properties (172). 
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Preparation methods 

Several preparation methods have been developed and these can be divided into two 

groups, namely, the conventional and advanced (Figure 15). NPs have been fabricated 

depending on the requirements of their application and the physicochemical 

characteristics of the drug by using various techniques such as solvent evaporation, 

spontaneous emulsification/solvent diffusion, salting out/emulsification–diffusion, 

interfacial polymerization and nanoprecipitation. The choice of the most suitable method 

plays a vital role in order to obtain PNPs with the desired properties for a particular 

application (163).  

The typical method used to encapsulate drugs into of a polymeric matrix is the 

displacement technique, described first by Fessi et al., (178) (Figure 16). It has been a 

successful method to deliver the lipophilic drug (179), and it consists of two phases. The 

organic phase consists in dissolving the polymer and the drug in an organic solvent and 

an aqueous phase with surfactant and water. After that, the organic phase is added drop 

by drop, gently mixing it into a known volume of an aqueous phase. After the formation 

of NPs the solvent is evaporated and the NPs dispersion is concentrated at the initially set 

volume under reduced pressure. 

 

Figure 15: Conventional method of preparation of PNPs. Adapted from (180). 
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Figure 16: Method of preparation of NPs by solvent displacement technique. 

 

Physicochemical Characterization of PNPs 

NPs are usually characterized in the literature by size distribution, morphology, surface 

properties, stability and drug-polymer interactions. The various techniques involved in 

the physicochemical characterization of PNPs are summarized in Table 3 with only some 

common characterization methods. 
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Table 3: Principal techniques for evaluation of the physicochemical characteristics of 

PNPs (163). Adapted from (181). 

 

Techniques Physicochemical characteristics 

analysed 

Atomic force microscopy (AFM) 

Size and size distribution 

Shape 

Structure 

Aggregation 

Surface properties (modified AFM) 

Differential Scanning Calorimetry (DSC) 
Physicochemical state and possible 

interactions of the drug and the polymer 

Dynamic light scattering (DLS) Hydrodynamic size distribution 

Fluorescence spectroscopy 

Critical association concentration (CAC) 

determination 

Drug content 

In vitro drug release 

High Performance Liquid Chromatography 

(HPLC) 

Drug content 

In vitro drug release 

Infrared spectroscopy (IR) 
Structure and conformation of bioconjugates 

Functional group analysis 

Mass spectrometry (MS) 

Molecular weight 

Composition 

Structure 

Surface properties (secondary ion MS) 

Near-field scanning optical microscopy 

(NSOM) 

Size and shape of nanomaterials 

Nuclear magnetic resonance (NMR) 

Structure 

Composition 

Purity 

Conformational charge 

Scanning electron microscopy (SEM) 

and Scanning tunnelling microscopy (STM) 

Size and size distribution 

Shape 

Aggregation 

Transmission electron microscopy (TEM) 

Size and size distribution 

Shape heterogeneity 

Aggregation 

X-ray photoelectron spectroscopy (XPS) 
Elemental and chemical composition at the 

surface 

Zeta potential (ZP) Stability referring to surface charge 
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2. OBJECTIVES 

 

The main objective of this research is the development and characterization of different 

dosage forms of Pioglitazone able to reduce the inflammation associated with rosacea, 

uveitis and Alzheimer disease’s. 

 

To achieve this goal the research work has been divided into several stages (specific 

objectives): 

 

• Optimization by factorial design of polymeric nanostructured systems of  PLGA-PEG 

able to cross different tissues barriers, analysing drug-vehicle interactions (by 

spectroscopic and thermal methods) and short time stability. 

• Biopharmaceutical behaviour studies analysing in vitro drug release from dosage 

forms and ex vivo permeation of the drug across different biological membranes.  

• Dosage forms tolerance and in vitro cytotoxicity assay in cell culture from 

immortalized human keratinocytes (HaCat), retinoblastoma (Y-79) and immortalized 

human cerebral microvascular endothelial (hCMEC/D3). 

• Internalization, transport and permeability studies of PGZ-NPs in hCMEC/D3 cell 

line. 

• In vivo evaluation therapeutic efficacy of the dosage forms developed in animal model 

for rosacea, uveitis and Alzheimer’s disease.   
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3. RESULTS 

 

Below is a summary of the results obtained from the research work in the form of articles 

which deal with the subject of this doctoral thesis. 

 

3.1 Article 1: Human Skin Permeation Studies with PPARγ Agonist to Improve Its 

Permeability and Efficacy in Inflammatory Processes. International Journal of Molecular 

Science, 2017. 

 

3.2 Article 2: Optimization, Biopharmaceutical Profile and Therapeutic Efficacy of 

Pioglitazone-loaded PLGA-PEG Nanospheres as a Novel Strategy for Ocular 

Inflammatory Disorders. Pharmaceutical Research, 2018. 

 

3.3 Article 3: Comparative Study of Ex Vivo Transmucosal Permeation of Pioglitazone 

Nanoparticles for the Treatment of Alzheimer’s Disease. Polymers, 2018. 

 

3.4 Article 4: PPARγ agonist-loaded PLGA-PEG nanocarriers as a potential treatment for 

Alzheimer’s disease: in vitro and in vivo studies. International Journal of Nanomedicine, 

2018 (Accepted). 

 

3.5 Article 5: Thiazolidinedione as an alternative to facilitate oral administration in 

geriatric patients with Alzheimer’s Disease. European Journal of Pharmaceutical 

Science (Submitted).  
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3.1 Article 1 

 

Human Skin Permeation Studies with PPARγ Agonist to 

Improve Its Permeability and Efficacy in Inflammatory 

Processes 

 
Marcelle Silva-Abreu, Lupe Carolina Espinoza, María José Rodríguez-Lagunas, 

María-José Fábrega, Marta Espina, María Luisa García and Ana Cristina Calpena. 
 

 

        International Journal of Molecular Science 

        Year: 2017 

        ISSN: 1422-0067 

        IF: 3.687  

        DOI: 10.3390/ijms18122548 

 

 

Graphical abstract 
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Supplementary Materials 

Table S1. Standards of PGZ to analyze the linearity 

Standards Area 1 

(μV*sec) 

Area 2 

(μV*sec) 

Area 3 

(μV*sec) 

A(Average) 
SD 

(μg/mL) (μV*sec) 

1.5 34167 31506 32387 32387 1355.57 

3 48311 46324 48380 48311 1167.62 

5 65374 64878 63891 64878 754.92 

10 124741 116434 119389 119389 4210.74 

15 189224 171933 170119 171933 10545.69 

30 366468 314375 329348 329348 26819.66 

60 702444 665092 678080 678080 18962.52 

80 972119 921532 943514 943514 25365.65 

110 1292669 1309338 1314170 1309338 11280.49 

                      SD: Standard deviation 

 

Figure S1: Linearity of the average of 3 calibrate curve. Runs test showed that deviation from linearity is 

not significant (p=0.1071)  
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Table S2. Precision inter-day 

Day 1 Day 2 Day 3       

Area 

(µV*Sec) 

C 

(µg/mL) 

Area 

(µV*Sec) 

C 

(µg/mL) 

Area 

(µV*Sec) 

C 

(µg/mL) 
SD 

CV 

(%) 

Method 

Precision 

(%) 

45104 3 42679 3 43376 3 1248.49 2.87 97.15 

713066 60 711243 60 702444 60 5679.97 0.79 99.19 

1295099 110 1293630 110 1292669 110 1223.81 0.09 99.90 

C: Concentration; SD: Standard deviation; CV: Coefficient of variation 

 

Table S3. Accuracy of the analytical method 

Theor. C. 

(µg/mL) 

Tested C. 

(µg/mL) 

Theor. C. 

(µg/mL) 

Tested C. 

(µg/mL) 

Theor. C. 

(µg/mL) 

Tested C. 

(µg/mL) 

Average 

(µg/mL) 
SD CV (%) 

Relative 

error (%) 

Accuracy 

(%) 

3 3.263 3 3.057 3 3.116 3.145 106.086 3.40 -4.83 104.83 

30 30.088 30 29.957 30 30.178 30.074 111.132 0.36 -0.24 100.24 

60 59.897 60 59.742 60 57.442 59.027 1374.83 2.30 1.62 98.38 

110 109.245 110 109.121 110 110.656 109.674 852.693 0.78 0.29 99.71 

SD: Standard deviation; CV: Coefficient of variation 

 

Table S4. Robustness of the analytical method: Effect of the change of flow (mL/min) and variations 

in the concentration (V/V) of the mobile phase to determine robustness. 

Flux (mL/min) C (µg/mL) 

Average 

retention time 

(min) ± SD 

 

C (v/v) 

 

Average 

retention time 

(min) ± SD 

0.6 30 

60 

6.2 ± 0.002 

6.2 ± 0.007 

A:78 

B:22 
5.1 ± 0.002 

5.1 ± 0.002 

0.7 30 

60 

5.3 ± 0.004 

5.4 ± 0.016   

0.8 30 

60 

4.6 ± 0.008 

4.5 ± 0.016 

A:72 

B:22 

6.1 ± 0.002 

6.1 ± 0.002 

SD: Standard deviation 
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Figure S2: Chromatogram of blank control sample (Mobile phase) 

 

 

Figure S3: Standard sample 30 ppm. 
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Figure S4: Skin blank sample of permeation study as control. 

 

 
Figure S5: Skin sample permeation study of PGZ-limonene. 
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Figure S6.: Evolution of erythema shown as skin color sequence, using PGZ-limonene, limonene, compared 

with positive control. Colors are reproduced from the average values of RGB codes. 
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3.2 Article 2 

 

Optimization, Biopharmaceutical Profile and Therapeutic 

Efficacy of Pioglitazone-loaded PLGA-PEG Nanospheres as a 

Novel Strategy for Ocular Inflammatory Disorders 
 

Marcelle Silva-Abreu, Ana Cristina Calpena, Marta Espina, Amelia M. Silva, 

Alvaro Gimeno, Maria Antonia Egea and María Luisa García  
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Supplementary data 

 

A) 

 

B) 

 

C) 
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D) 

 

Figure S1: Design of experiments. (A): Pareto’s diagram of EE (%). (B): Pareto’s diagram 

of ZP (mV). (C): Response surface of Zav (nm) versus PGZ and Tw 80 concentrations. 

(D): Response surface of PI versus PGZ and Tw 80 concentrations.

 

Figure S2: Fourier transformed infrared spectroscopy of PGZ, PLGA-PEG and NSs 
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Figure S3: Image of PGZ-NSs by Transmission electron microphotograph 

 

Figure S4: Levels of PGZ in different ocular tissues. Vitreous Humor* and Aqueous 

Humor* data are expressed as (µg/mL). The values are expressed by mean ± SD (n=6) 

 

Table S1: Ocular hydration levels 

Nº of replicates Wet Cornea (g) Dried Cornea (g) Ratio HL (%) 

1 0.33 0.07 0.78 77.84 

2 0.43 0.08 0.81 80.64 

3 0.45 0.10 0.78 78.13 

4 0.35 0.07 0.80 79.94 

5 0.37 0.06 0.83 82.56 

6 0.45 0.09 0.80 79.78 

Mean 0.40 0.08 0.80 79.82 

SD 0.05 0.01 0.02 1.73 
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Table S2: Ocular tolerance levels: a) HET CAM b) in vivo DRAIZE TEST c) Scale of 

Weighted Scores for Grading the Severity of Ocular Lesions.  

a) 

HET CAM® 

OII Classification Calculation 

0 - 0.9 Non - irritatant  IIO =  
(301- h) .  5 

300
 + 

(301 - v) .  7 

300
 + 

(301-c) .  9 

300
 

 

                                       

1 - 4.9 Weakly irritant 

5 - 8.9 Moderately irritant 

9 - 21 Irritant 

 

b) 

DRAIZE TEST 

OII Classification Calculation 

0 Non - irritatant  IIO = Corneal (A·B·5) + Iris (A·5) + Conjuctiva (A+B+C)·2 

 

                            
Table c: Injury score                                       

0 - 15 Weakly irritant 

> 15 - 30 Moderately irritant 

> 30 - 50 Irritant 

> 50 Very irritant 
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c)  

Injury Evaluation Tissue and score 

A) Degree of cloudiness or opacity  

C
O

R
N

E
A

  

A
·B

·5
 

M
ax

im
u

m
 =

 8
0

 

- Absence of ulceration 0 

- Diffuse areas 1 

- Translucesnt areas 2 

- Opalescent areas 3 

- Full opacity          4 

B) Affected area 
 

 

- None 0 

- A quarter or less 1 

- More than a quarter but without means 2 

- More than half but less than three quarters 3 

- More than three quarters up a whole plane 4 

A) Iris injury score 
 

IR
IS

 

A
·5

 
M

ax
im

u
m

 =
1

0
 

- Normal 0 

- Deep folds, congestion, swelling, moderate circumcorneal injection 1 

- No reaction to light, hemorrhage, great destruction 2 

A) Redness 
 

C
O

N
J

U
C

T
IV

A
  

(A
+

B
+

C
)·

2
 

M
ax

im
u

m
 =

 2
0

 

- Normal glasses 0 

- Some clearly injected vessels 1 

- Diffuse redness 2 

- Big diffuse redness 3 

B) Chemosis or Inflammation 
 

 

- None 0 

- Some 1 

- Marked with partial disorder of the eyelids 2 

- Eyelid more or less closed 3 

- Semi eyelids 4 

C) Sweat 
 

 

- None 0 

- Periocular wetting 1 

- Any amount anomalous 2 

- Wetting and eyelid hairs 3 

 

Table S3: Tolerance assays results. 

 HET CAM® DRAIZE TEST 

Formulation OII score classification OII score classification 

NSs-PGZ (1mg/mL) 0.40 ± 0.21 Non-irritant 0.0 ± 0.0 Non-irritant 

Negative Control 0.00 ± 0.00 Non-irritant 0.0 ± 0.0 Non-irritant 

 Positive Control  10.52 ± 0.12 Irritant -            - 

Data are expressed as mean ± SD (n=6/group) 
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3.3 Article 3 
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Pioglitazone Nanoparticles for the Treatment of Alzheimer’s 

Disease 
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María Luisa García  and Ana Cristina Calpena 
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ABSTRACT  

Objective: The first aim of this study was to develop a nanocarrier that can transport the 

PPARγ agonist, pioglitazone (PGZ) across brain endothelium, and to examine the 

mechanism of nanoparticle transcytosis. The second aim was to determine whether these 

nanocarriers could successfully treat a mouse model of Alzheimer’s disease. 

Methods: PGZ-loaded nanoparticles (PGZ-NPs) were synthesized by the solvent 

displacement technique, following a factorial design using poly (lactic-co-glycolic acid) 

polyethylene glycol (PLGA-PEG). Transport of the carriers was assessed in vitro using a 

human brain endothelial cell line, cytotoxicity, fluorescence-tagged nanocarriers, FACS, 

confocal and transmission electron microscopy. The effectiveness of the treatment was 
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assessed in APP/PS1 mice, in a behavioural assay and by measuring cortical deposition 

of β-amyloid. 

Results: Incorporation of PGZ into the carriers promoted 50x greater uptake into brain 

endothelium compared with free drug and the carriers showed a delayed release profile 

of PGZ in vitro. At the doses used the nanocarriers were not toxic for the endothelial cells, 

nor did they alter permeability of the blood-brain barrier model. Electron microscopy 

indicated that the nanocarriers were transported from the apical to basal surface of the 

endothelium by vesicular transcytosis. An efficacy test carried out in APP/PS1 transgenic 

mice showed a reduction of memory deficit in mice chronically treated with PGZ-NPs. 

Deposition of β-amyloid in the cerebral cortex, measured by immunohistochemistry and 

image analysis was correspondingly reduced. 

Conclusions: PLGA-PEG nanocarriers cross brain endothelium by transcytosis, and can 

be loaded with a pharmaceutical agent, to effectively treat a mouse model of Alzheimer’s 

disease. 

Keywords: Nanoparticle; Alzheimer’s disease; Blood brain barrier; Brain endothelium; 

Pioglitazone; Drug delivery systems; APP/PS1 transgenic mouse. 

 

Introduction 

Alzheimer’s disease (AD) is a multifactorial brain disorder prevalent in elderly people.1,2 

It is characterized by cognitive impairment, synaptic failure, aggregates of amyloid-beta 

(Aβ) and intraneuronal neurofibrillary tangles. 3–5 However, AD is also referred to as a 

degenerative metabolic disease that is associated with physiological alterations such as 

hypercholesterolemia, metabolic syndrome, hypertension and diabetes type-2 6, a 

condition identified as a risk factor for the development of AD. 

Pioglitazone (PGZ) (5-[[4-[2-(5-ethylpyridin-2-yl)ethoxy]phenyl]methyl]-1,3-

thiazolidine-2,4-diona), an agonist of the peroxisome proliferator-activated receptor 

(PPARγ), is a thiazolidinedione which is used for the treatment of type-2 diabetes. The 

PPARγ receptors have various functions including anti-angiogenic, antifibrotic, anti-

inflammatory and anti-tumor effects. 7–10 PGZ is also neuroprotective in models of 

neurodegenerative disorders 10, highlighting PPARγ agonists as a promising treatment for 

AD. 11 Thus, PGZ has been reported to reduce oxidative stress, normalize cerebral blood 

flow and glucose uptake, to increase neuronal activity, and exert positive effects on 
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cerebrovascular function in an animal model of AD. 12 Furthermore, treatment with PGZ 

produced a significantly lower risk of dementia over the 5-year follow-up period, in 

diabetic patients treated with PGZ compared with those who were not treated. 13  

Drug delivery to the brain is a challenge for the treatment of neurological disorders. The 

blood-brain barrier (BBB) is a physical interface between the central nervous system 

(CNS) and the peripheral circulation that strictly controls which molecules can enter into 

the brain parenchyma. 14 Only lipophilic molecules smaller than 400 Da can diffuse 

through the BBB; the passage of lipid insoluble or larger hydrophilic molecules is very 

limited. 15,16 However, different strategies to increase the transport of drugs through the 

BBB include liposomes, solid lipid nanoparticles (NPs), gold NPs and polymeric NPs.17-

19 These drug-loaded polymeric NPs are a potential alternative to improve drug delivery 

to the brain.  

The properties of polymeric NPs include drug encapsulation, stability, high loading 

capacity for many agents and controlled drug release kinetics. Moreover, they can be 

easily modified with a variety of surface-attached ligands. 20,21 Different polymers have 

been studied which deliver a variety of molecules through the BBB. 22–24 However, poly 

(lactic-co-glycolic acid) (PLGA) systems have received great scientific interest due to 

their properties, specifically their biocompatibility and biodegradability. PLGA is an 

FDA-approved polymer used successfully for delivery to different tissues including the 

brain. 19,25–27  

The attachment of specific ligands to the surface of NPs makes the delivery of drugs to 

CNS more targeted and may enhance the limited BBB penetration of therapeutic 

compounds. For instance, polyethylene glycol (PEG) can functionalize the NPs to 

increase their plasma residence time, preventing their removal by mononuclear 

phagocytes. This allows the NPs to remain longer in the circulation, thus increasing the 

probability for successful organ-targeted delivery and passage across the BBB. 28–30  

In this study, a formulation of PGZ-PLGA-PEG NPs was synthesized and their suitability 

for the treatment of AD was demonstrated. Physicochemical characterization, and in vitro 

studies with a human brain microvascular endothelial cell line (hCMEC/D3) were carried 

out. An in vivo study for cognitive evaluation after treatment was performed in male 

APP/PS1 mice and wild-type-like (WT) littermates. 
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Materials and Methods 

Materials 

PGZ was obtained from Capot Chemical (Hangzhou, P.R. China) and Diblock copolymer 

PLGA-PEG (Evonik Ind., Resomer® Select 5050 DLG mPEG 5000 - 5 wt% PEG), was 

purchased from Evonik Corporation (Birmingham, USA). Rhodamine 6G (Rhod), 

70kDA FITC-dextran and 24-well filter inserts (PET membrane, pore 1μm) were 

acquired from Sigma-Aldrich. The dialysis membrane MWCO 12,000–14,000 Da., was 

obtained from Medicell International Ltd. (London, UK). Trypsin-EDTA was purchased 

from Thermo Fisher (London, UK). Alamar Blue was obtained from Invitrogen 

Alfagene® (Portugal). 

 

Methods 

Optimization and Characterization of Nanoparticles 

PGZ-NPs were obtained by the solvent displacement technique. 31 The organic phase with 

PGZ (1 mg/ml) was solubilized in DMSO 5%, to which was added a mixture of PLGA-

PEG (9.5 mg/ml) and acetone (5 ml). Once completely dissolved, the solution was added 

dropwise with moderate stirring into 10 ml of an aqueous solution of 1.16% Tw 80. The 

pH was adjusted to 4.5 with HCl 0.1 M. Then, the solvents were evaporated and the NP 

dispersion was concentrated to a final volume of 10 ml under reduced pressure.  

The conditions for NP production were optimized in a factorial design 26 (Supplementary 

material: Figure S1). Three independent variables (PGZ, PLGA-PEG and tween-80 

concentrations) and four dependent variables (average particle size (Zav), polydispersity 

index (PI), zeta potential (ZP) and EE) were studied. A pH of 4.5 was kept constant for 

all the assays. A total of 16 experiments (8 factorial points, 6 axial points and 2 replicated 

centre points) for estimation of the pure error sum of squares were required using 

Statgraphics Plus 5.1 software.   

The experimental responses were the results of the individual influence and interactions 

of the three independent variables. In the surface of response, a low concentration of PGZ 

and PLGA-PEG produced smaller NPs and consequently greater homogeneity of the 

formulation. The formulation with the most appropriate physicochemical characteristics 

to use in this study was selected. 
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Transmission Electronic Microscopy (TEM) was used to evaluate the morphology of 

PGZ-NPs. Before negative staining, copper grids were activated with UV light and 

samples were positioned on the grid surface, diluted in water (1:3) and negative stained 

with a 2% (v/v) uranyl acetate solution. After drying at room temperature, the samples 

were examined by TEM on a Jeol 1010 (Tec-nai Spirit TEM, FEI) at 80 kV. 

 

The morphometric parameters (Zav and PI) of PGZ-NPs were determined by photon 

correlation spectroscopy (PCS) (after 1:10 dilution in water) with a Zetasizer Nano ZS 

(Malvern instruments) at 25 ºC. The surface charge or ZP, was calculated from 

electrophoretic mobility. The values are the mean ± SD of at least three different 

batches.32 

 

The EE of PGZ-NPs was determined indirectly by measuring the concentration of the 

free drug in the dispersion medium. The non-entrapped drug was separated by a 

filtration/centrifugation technique (1:10 dilution) using Ultracell–100K (Amicon® Ultra; 

Millipore Corporation, Billerica, Massachusetts) centrifugal filter devices at 12,000 rpm 

for 15 minutes. The EE was calculated using equation (1):  

 

𝐸𝐸(%) =
𝑇𝑜𝑡𝑎𝑙  𝑎𝑚𝑜𝑢𝑛𝑡  𝑜𝑓  𝑃𝐺𝑍−𝐹𝑟𝑒𝑒  𝑎𝑚𝑜𝑢𝑛𝑡  𝑜𝑓  𝑃𝐺𝑍

𝑇𝑜𝑡𝑎𝑙  𝑎𝑚𝑜𝑢𝑛𝑡  𝑜𝑓  𝑃𝐺𝑍
· 100              (1) 

                      

Samples were evaluated by HPLC, using a validated analytical method. 33 The mobile 

phase was: acetonitrile, ammonium acetate 0.1 M and glacial acetic acid (75:25:1 v/v), 

with a flow of 0.7 ml/min and a volume of injection of 10 µl. The reported values are the 

mean ± SD (n = 6). 

The morphologic and morphometric characteristics of the optimized PGZ-NPs were 

performed by TEM and dynamic light scattering (Figure S2). 

 

Release profile 

In vitro PGZ release studies from NPs were performed in vertical Franz diffusion cells, 

using membrane dialysis with MW 12 – 14 KDa cutoff under sink conditions 27 at 

37.0 ± 0.5°C with moderate and continuous stirring. The PGZ-NPs and free drug at the 
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same concentration (1 mg/ml) were dissolved in DMSO and phosphate buffered saline 

(PBS) (60:40), receptor solution (RS) at pH 7.4 for 23 hours. At specific time intervals, a 

volume of 0.2 ml of the formulations was placed in the donor compartment and the 

receptor compartment was filled with the same volume of RS. Amounts of PGZ released 

were measured by HPLC. Values are reported as the mean ± SD (n = 3). PGZ released at 

each time point was evaluated and data were fitted to different kinetic models 34 Akaike’s 

information criterion (AIC) and coefficient of determination (r2) were determined for 

each case as an indicator of the model’s suitability for each dataset. 35  

 

Syntheses of Rhodamine NPs 

To evaluate the cellular uptake of NPs by hCMEC/D3, Rhodamine 6G (Rhod) was 

incorporated into the NPs. Rhod-NPs were synthesized by the same method as PGZ-NPs, 

but with addition of 100 µg/ml Rhod in 500 µl of methanol, mixed with 9.5 mg/ml PLGA-

PEG in 5 ml of acetone (organic phase).  After the preparation of Rhod-NPs the EE was 

determined from the amount of the free-Rhod present in the aqueous phase of the 

formulations, obtained by filtration/centrifugation at 12,000 rpm for 15 minutes. The 

amount of Rhod was measured by fluorescence spectroscopy (ex 528 nm, em 547 nm).  

 

Cell culture 

An immortalized human cerebral microvascular endothelial cell (hCMEC/D3) line 36  was 

cultured in endothelial basal medium (EBM-2), supplemented with 2.5% fetal bovine 

serum, hydrocortisone, vascular endothelial growth factor (VEGF), epidermal growth 

factor (EGF), insulin-like growth factor I (IGF-I), human fibroblast growth factor (FGF), 

ascorbic acid and gentamicin sulphate according to the manufacturer’s formulation 

(Lonza, Switzerland).  Cells were grown to confluence on tissue culture flasks or inserts 

coated with collagen Type 1 from calf skin (Sigma, USA) and incubated in 5% CO2 in 

air at 37 ºC. 

Alamar blue (AB) was used to test for any cytotoxic effect of NPs on the hCMEC/D3 cell 

line. Cells were seeded in collagen-coated 96-well plates at 3·104 cells/well and 

maintained for 24 h. Then, cells were incubated with 100 µl/well of 0.5 - 10 µg/ml of 

either PGZ-NPs or Rhod-NPs diluted in endothelial culture medium for 24 h. After the 

incubation, hCMEC/D3 cells were treated with 10% (v/v) of AB diluted in FBS-free 
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endothelial culture medium. Absorbance was measured at 570 nm (reduced AB form) and 

620 nm (oxidized AB form) between 4-5 hours after AB treatment using a FLUOstar 

OPTIMA microplate reader (BMG LABTECH). The cell viability was calculated by the 

percentage of AB reduction, using the manufacturers protocol as described previously. 37 

All experiments were performed three times. 

 

Cellular uptake of nanoparticles  

hCMEC/D3 cells were seeded in 12 well plates (120.000 cells/well) and grown for 2 days. 

At confluence, hCMEC/D3 cells were incubated with 1 μg/ml of Rhod-NPs for 15, 30 

and 60 minutes and compared to untreated cells, analysed by flow cytometry. The Free-

Rhod and Free-Rhod-NPs (Rhod not encapsulated during NP production) were also 

studied to analyze whether the Rhod can internalize without NPs. FACS analysis was 

performed by collecting cells with trypsin/EDTA and washing twice with Hanks balanced 

salt solution (HBSS) (Sigma Aldrich, UK). Washed cells were analysed on a Becton-

Dickinson, FACScalibur (FL2 detector set at 410V).  The experiments were done in 

triplicate and the values are reported as the mean ± SD (n = 3) of the median fluorescence 

of 10,000 cells. 

 

hCMEC/D3 monolayers were grown to confluence on fibronectin and collagen-coated 8-

well Nunc La-Tek Chamber slides (Sigma Aldrich, UK). Confluent cells were treated 

with 1 μg/ml of Rhod-NPs for 3h at 37 ºC. Then, hCMEC/D3 cells were washed with 

HBSS and fixed in 4% formalin solution for 10 min at room temperature. The nuclei were 

counterstained with mounting medium with DAPI (blue) (Vector Laboratories, 

Burlingame, CA). Both nuclei staining and Rhod-NP-internalization were analyzed using 

confocal laser scanning microscopy (Leica TCS SP5).  

 

Detection of internalization of NPs by Transmission Electronic 

Microscopy  

The internalization of PGZ-NPs and Rhod-NPs in hCMEC/D3 cells was investigated by 

TEM. The cells were seeded at 120.000 cells per 1 cm2  on Transwell® inserts of polyester 

membrane (Costar, Corning, NY). At confluence, the NPs (1 µg/ml) were applied to the 
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apical side in endothelial culture medium for 6 h. Then, both chambers were washed three 

times in HBSS and fixed in 2.5% glutaraldehyde for 1 hour at room temperature. The 

fixative was removed and chambers were washed three times with 0.1 M Sörenson’s 

phosphate (PB) and stored in this buffer at 4 °C. 

In order to process the samples for TEM, all incubations were applied to both sides of the 

chamber at room temperature. Firstly, the cells were post-fixed in 1% osmium tetroxide 

diluted in 0.1 M PB for 1 hour. Then, the insert was washed three times in 0.1 M PB and 

removed from the well. The membrane was cut out of the insert and gradually dehydrated 

in series of ethanol: 30% for 5 min, 50% for 5 min, 70% for 10 min, 100% for 10 min 

twice and 100% with a molecular sieve for 10 min. Then, the membranes were incubated 

in a mixture of 1:1 ratio of 100% ethanol and Epon resin overnight. They were embedded 

in Epon resin and formed blocks were polymerized at 60 °C for 48 hrs. Resin blocks were 

microsectioned at 80 nm thickness using a Diatome diamond knife. The sections were 

mounted onto pioloform-coated copper grids and counter stained in 3.5% uranyl acetate 

for 35 minutes followed by lead citrate for 10 minutes and finally washed three times 

before air-drying. The grids were imaged on TEM JEM 1010 (Jeol, Japan) at an 

acceleration voltage of 80 kV using a magnification of 25,000 - 40,000. 

 

Transport and Permeability assay  

Transfer of NPs across brain endothelium was analysed using permeable cell culture 

inserts and TEM. Briefly, 24-well cell-culture inserts (Millipore Millicell Hanging Cell 

Culture Insert, PET membrane; 1 µm) were coated with collagen and fibronectin and 

seeded with 8 × 104 cells per insert. At confluence, cells were washed with HBSS and 

cultured with endothelial culture medium, but without the growth factors: VEGF, IGF, 

EGF, and maintained for 48 h. Then, cells were treated with 1 μg/ml of PGZ-NPs or 

Rhod-NPs diluted in VEGF, IGF and EGF-free endothelial culture medium for 6 hours. 

The basolateral side-medium was collected and negative stained. NP (as described above) 

were observed on TEM JEM-1400 operated at an accelerating voltage of 80 kV. The 

experiments were done in triplicate and the values are reported as the mean ± SD (n = 3). 

 

The effect of the transport of NPs on the hCMEC/D3 cells was measured by a paracellular 

permeability assay as described previously by Tai et al. 38 hCMEC/D3 treated with 10 
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ng/mL of TNFα and IFNγ for 24h was used as a positive control. 39 At the end of these 

experiments, the apical side-culture medium was removed and 400 µL of assay buffer 

(0.1% BSA in DMEM without phenol red) containing 2 mg/mL 70kDa FITC-dextran was 

added. The fluorescence that crossed to the basolateral side was measured every 10 min 

for 1h using a BMG plate reader, and the permeability coefficient Pe derived. 38 

  

In vivo assay with APP/PS1 mice 

The experiments were carried out in 7 month male APP/PS1 mice and wild-type-like 

(WT) littermates on a C57/Bl6J genetic background. The generation of mice expressing 

the human mutated APPswe and PS1dE9 has been described elsewhere. 40 Animals were 

maintained under standard animal housing conditions in a 12-h dark-light cycle with free 

access to food and water. Genotypes were confirmed from 1cm tail clips by PCR using 

conditions recommended by Jackson Laboratory. Mice were randomly assigned to 

treatment groups and the experiments were analysed blind. The study was carried out 

following the guidelines of the European Communities Council Directive 2010/63/EU 

and with the approval of the local ethical committee of the University of Barcelona. 

Free-PGZ and PGZ-NPs (10 mg/kg) were dissolved in 5% DMSO and administered 

orally in a volume of 10 mL/kg body weight. Animals were treated once a day, 5 days per 

week, during 4 weeks with the compounds or with vehicle alone. The number of animals 

included in each group was 3-4. After a 3-day wash-out animals were subjected to 

behavioral evaluation. 

Memory performance was evaluated with the two-object recognition test. On day 1, mice 

were placed for 9 min in a Y-maze, in which two identical objects were situated at the 

ends of the arms; the time that the mice spent exploring each object was recorded. Then, 

24 h after the training session, animals were placed again for 9 min in the V-maze, with 

one of the two familiar objects replaced by a novel object. The time that the animals spent 

exploring the two objects was recorded and an object recognition index (RI) was 

calculated, as the difference between the time spent exploring the novel object (TN) and 

the familiar object (TF) divided by the total time spent exploring the two objects [RI=(TN-

TF)/(TN+TF)]. At the end of the behavioral testing, the animals were killed and their brains 
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rapidly removed from the skull, fixed in 4% paraformaldehyde and processed for 

immunohistochemistry.  

 

Aβ immunohistochemistry 

Fixed tissue samples were embedded in paraffin. Consecutive de-waxed 4μ coronal 

sections were incubated with 98% formic acid (20M, 3 min) and treated with 10 mM 

sodium citrate buffer, pH 6.0, for 20 min to enhance antigenicity. Endogenous 

peroxidases were blocked with 10% methanol-1% H2O2 for 15 min and then blocked with 

3% normal horse serum in PBS. They were incubated (4ºC overnight) with primary 

antibody against Aβ (clone 6F/3D 1:50, Dako, Denmark) and a peroxidase-conjugated 

secondary antibody, visualized with 7mM diaminobenzidine in PBS (5 min). Sections 

were lightly counterstained with hematoxylin. The cortical total Aβ burden was calculated 

as the percentage of the area of amyloid deposition in plaques with respect to the total 

cortical area (0.6 mm2) in 9 pictures taken from 3 different sections (-0.1 mm, -1.5 mm 

and -2.0 mm from bregma) of each animal brain (3 pictures per section corresponding to 

cingular/retrospenial and motor cortex, somatosensory cortex and piriform/entorrhinal 

cortex). The selected areas were the main regions of the cerebral cortex in which Aβ is 

deposited in APP/PS1 mice. A researcher who did not know the treatments performed the 

quantifications. Aβ quantification was calculated using the Analysis tool of Adobe® 

Photoshop® CS4. 

 

Statistical analysis 

The sample size for experimentation was computed using the Power and Precision 

software (Biostat, Englewood, NJ, USA), assuming a power of 95% and no missing data. 

Data were analyzed using GraphPad Prism version 6.0 software. Statgraphics Plus 5.1 

software was used to analyze the surface of response. Student’s t-test or one way 

ANOVA, followed by Tukey’s multiple comparison or Dunnett’s multiple comparison 

test were used to analyze the in vitro assays. Statistical analysis for the in vivo assay was 

performed with the SPSS® Statistics v21.0 software (IBM, New York, NY, USA). 

Memory data were analyzed with two-way ANOVA (genotype and treatment as between 

factors), followed by Tukey’s post hoc. Aß area was analyzed with one-way ANOVA 

(treatment as between factors). 
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Results                                                   

Pioglitazone nanocarrier characterization and release profile 

After detailed analysis of the parameters affecting NP synthesis (Figures S1), a single 

formulation of nanoparticles was chosen for the biological studies (Figure S2). These 

PGZ-NPs had a mean size of 155.0 ± 1.8 nm, a polydisperse index distribution of 0.1, 

negative ZP of -13.0 ± 0.5 mV and an EE of 92.5% Smaller size facilitates passage 

through the BBB [16], and may improve the delivery of drugs. Moreover, low PGZ 

concentrations produced NPs with greater negative ZP, that could help prevent particle 

aggregation, thereby increasing the stability of the dispersion. 41 Importantly, the lower 

concentration of Tw also decreased the toxicity for hCMEC/D3 cells, besides facilitating 

interaction with endothelial surface molecules and hence transport across the BBB. 42 

 

Different kinetic models of drug release were tested with both formulations to select the 

best fit. The formulations showed dissimilar profiles and the best fits were ‘Phase 

Exponential Association’ for Free-NPs and ‘Hyperbola’ for PGZ-NPs, with respect to the 

AIC and coefficient of determination (r2) values obtained (Figure 1).  After 10 hours, the 

free drug achieved 76.2% transfer whereas NPs released 57.1 % of the initially bound 

drug. In addition, Free-PGZ showed a faster release than PGZ entrapped in the particles 

(comparing Ymax to Bmax). Free-PGZ had a constant of dissolution (K) of 0.46 h-1 whereas 

NP-entrapped PGZ had a constant of 1.72 h. This result indicates that NPs are still 

achieving a sustained release of the drug.  

                      

Cytotoxicity assay 

The in vitro cytotoxicity of PGZ-NPs and Rhod-NPs for hCMEC/D3 cells was assessed 

by determining the cell viability using the Alamar Blue assay (Figure 2). Cells exposed 

to increasing concentrations of PGZ-NPs for 24h showed a decreased cell viability from 

5.1 nM = 2 µg/mL (76.56 ± 2.72%). Treatment with Rhod-NPs also produced significant 

toxicity at 5.1 nM and Rhod-NPs were more toxic than PGZ-NPs at concentrations from 

5.1 nM (p < 0.05). On the basis of the cytotoxicity assays, the dose of 1 µg/ml was selected 

to investigate the characteristics of both types of NPs in vitro.  
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Transport of nanoparticles by brain endothelium  

Rhodamine-6G was used to track the cellular uptake of NPs by hCMEC/D3 cells. NPs 

prepared using Rhod showed high EE (around 99%) and remained associated with the 

cells for extended periods of time. The cellular uptake of Rhod-NPs into hCMEC/D3 was 

measured at 15, 30 and 60 minutes by FACS. The values of fluorescence of Rhod-NPs 

increased in a dose- and time-dependent manner (p<0.05) when compared to untreated 

cells (Figure 3). Uptake was time-dependent with significant uptake of NPs within the 

first 15 minutes of exposure. The fluorescence in Rhod-NPs treated hCMEC/D3 cells was 

>50x higher than cells exposed to Free-Rhod (Figure 3C).  

  

Routes of transcytosis   

To determine the subcellular localisation of the NPs, hCMEC/D3 cells were treated with 

Rhod-NPs and examined by confocal microscopy (Figure 4). Red punctate fluorescence 

was observed in all cells; the size corresponded to individual NPs, localised primarily in 

the cell body, close to the nucleus. These observations confirm the results obtained by 

FACS, which demonstrated that all cells take up the Rhod-NPs (Figure 3A) and that the 

fluorescence signal was much higher when using Rhod-NPs in comparison to Free-Rhod. 

It has been proposed that internalisation of NPs of this size occurs predominantly by 

adsorption to the cell surface followed by vesicular endocytosis. The results are consistent 

with NP-uptake into either caveolae or clathrin-coated vesicles (CCVs).   

Confocal microscopy has insufficient resolution to determine exactly where the 

nanoparticles are localised within the cells. To obtain a better understanding of the 

mechanism of NPs uptake, the cells were examined by transmission electron microscopy 

(TEM). The images show individual PGZ-NPs and Rhod-NP (100-150nm) in the 

cytoplasm (Figure 5); the size corresponds to their initial physical characterisation (Figure 

S2). No NPs were seen in intercellular junctions. This implies that the NPs have been 

taken up individually by endothelial cells and have not aggregated inside the cells. It is 

not possible to see a distinct vesicle membrane or electron-dense coat proteins around the 

NPs. However, it should be noted that both caveolae and CCVs are normally smaller (50-

100nm) than these NPs, hence a caveolus or CCV would contain just one NP and the 

closely apposed vesicular membrane would be difficult to visualise by TEM. Notably, 

NPs were not seen in larger pinocytotic vesicles or intercellular junctions. Nor was there 
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any evidence for disturbance of the plasma membrane. These observations exclude 

paracellular movement as the route of movement and direct trans-membrane transfer to 

the cytosol is also unlikely. Hence, the most likely route of uptake across the endothelium 

is via endocytosis from the apical surface, into a single CCV or caveolus. This accords 

with the observed clustering of the NPs in the perinuclear region seen by confocal 

fluorescence microscopy, which is a characteristic of caveolae. 

 

Transport and Permeability assays 

To determine whether NPs are released from the basolateral side of the endothelium, 

hCMEC/D3 cells were grown in confluent monolayers on filters in tissue-culture inserts. 

PGZ-NPs and Rhod-NPs were applied to the apical surface and the medium harvested 

from the basolateral side. After 6 hours, NPs had crossed the endothelial monolayer 

(Figure 6A and S3). The NPs are similar in size (100-200nm) to those initially applied, 

suggesting they have crossed the endothelium intact.  

 

The integrity of the cell monolayer after exposure to both types of NP was assessed using 

a paracellular tracer, FITC-dextran (MW 70 kDa). Changes in the permeability 

coefficient were calculated and the data shows that treatment of hCMEC/D3 cells with 

PGZ-NPs and Rhod-NPs for 6h does not increase the paracellular permeability of the 

endothelial monolayer (Figure 6B). This demonstrates that the NPs had not altered 

paracellular permeability of the endothelial monolayer, and further confirms that the NPs 

seen in Figure 6A had crossed the endothelium by transcytosis. 

  

Effect of treatment on memory and neuropathology in APP/PS1 mice  

In order to test the in vivo effect of the PGZ-NPs a comparison was made with Free-PGZ 

in APP/PS1 mice. Oral administration was chosen as this reflects the route of PGZ 

administration in humans. Previous work has shown that exposure of these NPs to acid 

(0,1M HCl) for 15 minutes (reflecting gastric conditions) followed by neutralization, does 

not affect their size, ZP, PI or EE.  Daily administration of Free-PGZ and PGZ-NPs (10 

mg/kg) for 4 weeks reduced the memory impairment observed in vehicle-treated 

APP/PS1 mice, as revealed by the two-object recognition test (Figure 7A). Two-way 

ANOVA revealed a significant genotype (F(1, 16) = 5.413, p<0.05) and treatment effect 
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(F(2, 16) = 12.717, p<0.001) and interaction between the two factors (F(2, 16) = 3.551, p = 

0.053). Subsequent Tukey’s post hoc tests revealed that APP/PS1 mice treated with 

vehicle exhibited a memory impairment when compared to corresponding WT littermates 

(p<0.01) and that Free-PGZ (p<0.05) and PGZ-NPs (p<0.01) increased the recognition 

index in APP/PS1 mice when compared to vehicle. No significant difference in the total 

exploration time during the memory acquisition session or the memory test was observed 

between groups, discarding any possible impact of the treatments on the anxiety levels or 

the activity of the mice. 

 

Chronic treatment with Free-PGZ or PGZ-NPs did not significantly modify (F(2, 8) = 

2.993, p = 0.04) the total Aβ burden in the cortex respect vehicle-treated mice(Figure 7B-

C). The vehicle employed in this study did not induce any modification in Aβ burden 

when compared to untreated mice (data not shown). Notably, the level of Aβ deposition 

in mice treated with PGZ-NPs was half of that in mice treated with Free-PGZ (Figure 7), 

however there was considerable variation between individual animals. These results 

demonstrate that a PPARγ agonist improves memory in APP/PS1 mice, and suggest that 

encapsulation of PGZ in the NPs can reduce the Aβ burden.  

 

Discussion 

In this study, we have demonstrated that PGZ-NPs developed by a displacement 

technique are appropriate for the treatment of a model of AD. The release profile from 

NPs was slower than Free-PGZ. Moreover, the NPs were not cytotoxic for human brain 

endothelium (hCMEC/D3) at the doses used, and produced no alteration in permeability 

of the endothelial monolayer. These results are in accordance with a previous study using 

mouse Bend-3 cells, which indicated that PLGA-PEG NPs did not damage the endothelial 

cells. 19 

Theoretically, endocytosis of NPs can occur by passive transfer across the cell membrane 

into the cytoplasm or by active endocytosis into vesicles, including CCVs and caveolae. 

NP size affects the principal entry route; the smallest NPs (<10nm) can directly cross the 

plasma membrane whereas endocytosis is the principal entry route for larger NPs. 43  

The route of endocytosis depends greatly on how the NPs interact with different domains 

on the plasma membrane which is affected by size, coating, surfactant and surface charge, 
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as well as any specific targeting molecule on the NPs. These factors may also affect the 

ability of the NPs to cross the BBB in vivo. 44 The subcellular localization of NPs in this 

study, determined by confocal and electron microscopy indicated that they cross the 

endothelium intact, by vesicular transcytosis. 

Most endothelial cells have large numbers of caveolae, which mediate transport of 

nutrients to the tissue. 45 However, brain endothelium in vivo has relatively few caveolae 

compared with endothelium in other tissues and consequently there is less internalization 

by this route. However, PEG on the surface of NPs can improve their internalization by 

brain endothelium 46 and it has been suggested that PEGylated PLGA NPs could enter 

these cells in CCVs 47 as an alternative to caveolar trancytosis. CCVs have previously 

been shown to play a key role in the transportation of pegylated NPs in which energy-

dependent endocytosis is involved. 48 Moreover, particles up to 200 nm in diameter can 

be efficiently taken up into CCVs. 49  The 50-fold higher rate of uptake of Rhod-NPs 

compared with free rhodamine also implies that the NPs are taken up by a different 

mechanism than the free tracer. 

These observations indicate that the PGZ-NPs enter and can potentially cross brain 

endothelium directly. Transcytosis of NPs within vesicles shields any cargo molecule 

such as PGZ or rhodamine  from ABC-transporters (eg pgp/ABCB1) located in the apical 

plasma membrane which act on substrates in the cytoplasm and/or the membrane. Even 

if the NPs enter the cytoplasm the delayed release of cargo means that less drug can be 

removed by multi-drug transporters.  

The experiments in vivo demonstrated the potential for PGZ and particularly PGZ-NPs to 

reduce memory deficit and neuropathology in APP/PS1 mice. These results are in 

accordance with  Searcy et al 50 who demonstrated that Free-PGZ improved reversal 

learning in a triple transgenic mouse model of AD mice. Moreover, other studies showed 

that APP/PS1 mice treated for nine days with PGZ reversed non-cognitive behavioural 

deficits and restored distance and speed travelled in an open field 51 and  improved 

partially the cognitive impairments in the Morris water maze test. 52 A number of other 

studies have reported neuroprotective properties of PGZ. 9,10,50,52,53 Moreover, a phase III 

clinical trial also demonstrated a role for PGZ in slowing cognitive decline in people with 

mild cognitive impairment due to Alzheimer’s Disease. 54 
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In this study, the overall reduction in Aβ burden in PGZ-NPs treated mice was striking 

although individual results were variable. Previous work has also produced divergent 

results. In one other study, the amyloidogenic APP processing and Aβ production were 

not affected by treatment with pioglitazone. 51 In contrast, an acute 2-week treatment with 

combined leptin and PGZ resulted in a reduction of spatial memory deficits (Y maze) and 

brain β-amyloid levels (soluble β-amyloid and amyloid plaque burden) relative to vehicle-

treated animals. 55 

 

Conclusion 

The overall conclusion from our study is that PGZ-NPs reduce the memory impairment 

and neuropathology, in APP/PS1 mice. However, it is not certain whether the release of 

PGZ from NPs in vivo occurs inside the CNS or outside the CNS. The results indicate 

that any difference between the effect of Free-PGZ and PGZ-NPs is most likely due to 

either the slower release profile from PGZ-NPs (Figure 1) or the improved rate of 

transcytosis across brain endothelium (Figures 3-6) with the potential  for evading the 

action of multi-drug transporters at the blood-brain barrier. 

The data all confirm that NPs cross endothelial cells in vitro without affecting cellular 

integrity. Moreover, PGZ encapsulated into polymeric NPs (PLGA-PEG) improved the 

cognitive deficit in APP/PS1 male mice in a similar way to Free-PGZ, and showed a clear 

tendency to reduce beta amyloid deposition in the cerebral cortex, suggesting PGZ-NPs 

are a new alternative to treat AD, both improving drug delivery into the brain and 

providing for a more sustained drug release. 
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Figure set article 
 

 

Figure 1.  Release profile of PGZ from NPs and Free-PGZ 
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Figure 2.  hCMEC/D3 cell viability measured by Alamar blue assay when exposed to 1.2  

to 25nM of PGZ-NPs and Rhod-NPs for 24h. Data are shown as percentage of control 

(cell culture medium), which represents the maximum cell viability. Data are compared 

for each concentration of Rhod-NPs versus PGZ-NPs * p<0.05, ** p<0.01, **** 

p<0.0001 by Student t-test  (n = 3). 

Figure 3a 
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Figure 3b  

 

Figure 3c 

 

Figure 3. a) FACS histograms of 10,000 hCMEC/D3 cells treated for 3 hours with Rhod-

NPs or untreated cells. b) Time-dependent interaction of Rhod-NPs with hCMEC/D3. 

Each value is the mean of the median fluorescence of 10,000 cells from three independent 

experiments. *** p<0.001, **** p<0.0001 by one way ANOVA followed by Tukey’s 

multiple comparison (n = 3). c) Uptake of  Rhod-NPs; Rhod-NPs-Free (not incorporated 

into the NPs) and Free-Rhod in comparison with untreated cells at 3 hours. Each value is 

the mean of three independent experiments. * p<0.05 by one way ANOVA and Tukey’s 

multiple comparison (n = 3).  
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Figure 4. Cellular uptake and intracellular distribution of Rhod-NPs in hCMEC/D3. a) 

hCMEC/D3 untreated (control); b) hCMEC/D3 exposed to Free-Rhod and c) hCMEC/D3 

exposed to Rhod-NPs. Cells were incubated for 3 hours with 1 µg/ml of NPs. Nuclei were 

counterstained with DAPI (blue).  

 

 

Figure 5. Localization of PGZ-NPs and Rhod-NPs in hCMEC/D3 by TEM. Cells 

exposed to 1 µg/ml for 6 hours. 
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Figure 6A 

 

Figure 6B 

 

Figure 6. A) Images of PGZ-NPs and Rhod-NPs by TEM after 6 hours in the basolateral 

compartment.  B) Permeability of hCMEC/D3, following exposure to 1μg/ml  of NPs for 

6 hours. TNFα + IFNγ (10ng/ml, for 24 hours) was used as a positive control, increasing 

endothelial permeability. Each value is the mean of three independent experiments. ns = 

nonsignificant, * p<0.05 by One way ANOVA  and Dunnett’s multiple comparison test 

(n = 3).  
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Figure 7. In vivo evaluation of PGZ-NPs. A) Memory performance of treated animals in 

the two-object recognition test. APP/PS1 animals treated with vehicle showed cognitive 

impairment when compared with wild-type littermates. In contrast, Free-PGZ and PGZ-

NPs treatment reduced the memory impairment in APP/PS1 mice. B) Cortical Aβ burden 

is not significantly modified in treated APP/PS1 mice, in spite of the tendency to 

decreased deposition in NP-PGZ-treated animals. C) Representative images of Aβ 

immunoreactivity in cortical sections of APP/PS1 mice chronically treated with Free-

PGZ, PGZ-NPs or vehicle. Upper panels correspond to low magnification images (scale 

bar = 500 µm). Bottom panels correspond to high magnification of brain areas indicated 

by squares (scale bar = 200 µm). Data are expressed as the mean ± SEM. ** p < 0.01 

compared to WT animals. $ p < 0.05, $$ p < 0.01, compared to vehicle group. 
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Figure S1: Design of experiments. Response surfaces of PGZ-NPs at Tw 80 1.16%, with 

different concentrations of PGZ and PLGA-PEG: A) Zav, B) PI, C) ZP and D) EE.  

 

A) 

 

B) 

                           

Figure S2: A) Image of PGZ-NPs by TEM and B) Size of PGZ-NPs by dynamic light 

scattering.   

D 
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Figure S3: Transport in vitro assay in hCMEC/D3. PGZ-NPs on the basolateral surface 

(filter side) of the endothelium after 6 hours. 

 

Table 1. Analytical measurement of HPLC for release profile. 

Time (h) Free-PGZ PGZ-NPs 

 Area 1 Area 2 Area 3 Area 1 Area 2 Area 3 

0,25 17090,4 13038,0 15064,2    
0,5 29912,1 21861,8 25886,9    

1 49411,6 42701,1 46056,3 37265,2 39596,5 38430,9 

2 78268,6 68649,6 73459,1 58224,4 53518,4 55871,4 

4 93584,9 86809,1 90197,0 69945,9 71449,2 70697,6 

7 104859,8 96046,9 100453,3 76024,5 78595,4 77310,0 

10 105938,2 100491,4 103214,8 80120,5 83083,5 81602,0 

16,6 111385,0 110295,6 110840,3 83061,7 88508,5 85785,1 

23 119010,5 113563,7 116287,1 91776,6 89597,9 90687,2 
 

 

Figure S4: Calibrate curve of Pioglitazone. 
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Abstract 

 

Pioglitazone (PGZ) is a member of the thiazolidinedione (TZDs) family of drugs used to treat 

type 2 diabetes. Previous studies have reported anti-inflammatory and neuroprotective effects 

in the central nervous system. Based on this, the aim of this study was to develop an oral solution 

of PGZ (PGZ-SOL) as an alternative treatment for geriatric patients with Alzheimer’s disease 

(AD). Solubility of PGZ was evaluated to establish the solution composition. Parameters 

including pH, rheology, extensibility and retention time were determined. In vitro release and 

ex vivo permeation studies were carried out using buccal, sublingual, nasal and intestinal 

mucosae. The toxicity of PGZ-SOL was evaluated by in vivo model using BALB/c mice. PGZ-

SOL showed a Newtonian behaviour and physical stability during a period of three months. 

The release profile of PGZ from formulation followed a first-order kinetic model. The 

biopharmaceutical parameters revealed the high permeability of PGZ through intestinal 

mucosa. Finally, the oral administration of PGZ-SOL did not cause damage of buccal, 

sublingual and intestinal mucosae. Therefore, these results suggest that this formulation 

constitutes a viable alternative for AD treatment in geriatric populations with difficulty 

swallowing conventional solid dosage forms.  

Keywords: Pioglitazone; thiazolidinediones; geriatric patients; oral administration; mucosal 

permeation; Alzheimer’s disease. 
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1. Introduction 

 

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by synapse loss, 

accumulation of senile plaques and a consequent decline in cognition (El Kadmiri et al., 2018). 

According to the World Health Organization, 50 million people suffer dementia worldwide and 

this figure is increasing by about 10 million new cases every year. AD represents the most 

common form of dementia, constituting 60 – 70% of cases and predominantly affecting people 

aged 65 or older (2016, Alzheimer’s Association; Spuch and Navarro, 2011). Pharmacological 

options currently available for the treatment of the disease include cholinesterase inhibitors 

(rivastigmine, donepezil and galantamine) and N-methyl-D-aspartate (NMDA) receptor 

antagonists (memantine) (Coman and Nemeş, 2017; Ulep et al., 2018). However, AD remains 

incurable because these treatments stop short of reversing, preventing or significantly delaying 

the progress of the disease (Hajipour et al., 2017). Due to this fact, AD is one of the great 

medical challenges of the 21st century (Scheltens et al., 2016). Several new therapeutic 

approaches based on evidence that link this disease to diabetes, inflammation, dyslipidemia and 

stress are currently being investigated (Caruso et al., 2018; Oliveira et al., 2018; Vieira et al., 

2017). Interestingly, chronic neuroinflammation has been related with amyloid plaque 

progression and neurodegeneration. This development has led to the exploration of new 

therapeutic targets (Combarros et al., 2011; Yao et al., 2009). 

Peroxisome proliferator-activated receptor gamma (PPAR-γ) is a nuclear receptor that regulates 

glucose hemostasis, lipid metabolism and inflammation (Park et al., 2016). Thiazolidinediones 

(TZDs) are a class of drugs that act as PPAR-γ agonists and are used to treat type 2 diabetes 

mellitus since they enhance insulin sensitivity. Several studies have reported additional 

pharmacological activities of TZDs, including anti-inflammatory effects in the central nervous 

system (CNS), neuroprotective effects and inhibition of neurotoxicity (Chou et al., 2017; El-

Sahar et al., 2015). Pioglitazone (PGZ) is a member of the TZDs and is classified as a class II 

drug due to its low solubility and high permeability, according to the Biopharmaceutical 

Classification System. Currently, PGZ is available in tablet form for oral administration (He et 

al., 2014; Taupitz et al., 2013). However, this type of formulation presents inconveniences 

among geriatric patients since they frequently have difficulty swallowing solid dosage forms 

(Mc Gillicuddy et al., 2016).  

Difficulty in swallowing medicines is common among elderly patients, especially in those who 

suffer from cerebrovascular or neurological conditions such as strokes, Parkinson’s disease and 
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AD (Schiele et al., 2013). People’s ability to take oral dosage forms is a parameter that must be 

considered during the development and design of therapeutic products in order to select the 

most convenient dosage form in accordance to patient needs (Lau et al., 2018; Notenboom et 

al., 2017). 

Oral liquid formulations offer the advantage of dosing flexibility in relation to the corporal 

weight along with the added benefit of decreased risk of choking. These dosage forms can be 

administered to patients who are geriatric, pediatric, or in palliative conditions, and can also be 

used for individual (pharmaceutical compounding) or batch scale (van der Vossen et al., 2017). 

Oral solutions constitute an appropriate alternative to drug administration for people with 

individualized needs, such as patients with AD, and therefore is the ideal form of administration 

because of their non-complex development process, low relative cost of production and ease of 

swallowing (Walsh et al., 2018). 

Considering the therapeutic potential of PGZ on neuroinflammation and the clinical state of 

patients with AD, the aim of this study was to develop and evaluate the permeability through 

different transmucosal tissues of an oral solution of PGZ using solubilizing excipients as an 

alternative treatment for geriatric patients with AD who have difficulty swallowing 

conventional solid dosage forms.  

 

2. Materials and methods 

 

2.1 Materials 

 

PGZ was purchased from Capot Chemical (Hangzhou, China) and Transcutol-HP (T-HP) was 

obtained from Gattefossé (Barcelona, Spain). Phosphate buffer saline (PBS) solution, propylene 

glycol (PG), polyethylene glycol (PEG) and reagents for histological analysis were obtained 

from Sigma-Aldrich (Madrid, Spain). Double distilled water was obtained from a MilliQ 

System lab supplied and used for all the experiments. All other chemicals were of analytical 

grade and used without further purification. 

 

2.2 Methods 

 

2.2.1 Solubility study and preparation of PGZ-SOL 

The solubility of PGZ was determined in several solubilizing excipients such as propylene 

glycol (PG), Transcutol-HP (oral route) and polyethylene glycol (PEG). An excess of drug was 

added to 2 g of these excipients and then mixed under stirring for 6 h. Samples were centrifuged 

at 8000 rpm for 20 min. The supernatant was diluted with methanol and PGZ was determined 
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using Thermo Spectronic Helios Beta UV-Visible Spectrophotometer (Satheeshkumar et al., 

2014). PGZ-SOL was prepared using the excipient that showed the greatest solubilizing 

potential for PGZ in order to improve its aqueous solubility. Different ratios of solubilizing 

excipient - water (20:80, 40:60, 50:50 and 60:40; v/v) were assayed, and the final formulation 

was selected based on physical and chemical stability properties analysis during a period of 

three months. The pH of PGZ-SOL was evaluated using a digital pH meter GLP 22 (Crison 

Instruments, Barcelona, Spain). Final formulation was filtered through using a filter of 0.22 μm 

to ensure microbiological stability.  

 

2.2.2 Release profile  

 

The release profile of the PGZ-SOL was carried out using Franz diffusion cells (FDC 400, 

Crown Glass, Somerville, NY, USA) with a membrane dialysis of MW 12 – 14 KDa. A volume 

of 0.3 ml of PGZ-SOL at 1 mg/ml concentration was placed in the donor compartment. Aliquots 

of 0.3 ml were withdrawn from the receptor compartment via syringe at predefined time points 

over 24 h. The extracted volume was immediately replaced by an equivalent volume of receptor 

solution (transcutol and water (60:40), stirred by a small magnetic bar (700 rpm) and 

thermostated at 37 ± 2 °C guaranteeing sink conditions. The experiment was performed with 

three cells and the amount of PGZ released was measured by HPLC (Silva-Abreu et al., 2017). 

The data of PGZ released at each time point was evaluated and fitted to the best kinetic model. 

Akaike’s information criterion (AIC) and coefficient of determination (r2) were determined for 

each case as an indicator of the model’s suitability for each dataset (Yamaoka et al., 1978). 

 

2.2.3 Rheological comportment  

 

The rheological behavior was conducted with PGZ-SOL in duplicate in a rotational rheometer 

HAAKE Rheostress 1 (Thermo Fisher Scientific, Karlsruhe, Germany) at 25 ± 0.2 ºC, 24 h after 

preparation sample. For measurements, the device was connected to a thermostatic circulator 

Thermo Haake Phoenix II + Haake C25P and equipped with cone-plate geometry (0.105 mm 

gap) including a Haake C60/2Ti mobile cone (60 mm diameter and 2º angle). The shear stress 

(s) was measured as a function of the shear rate (c). Viscosity curves (η = (𝛾 ̇)) and flow curves 

(𝜏 = (𝛾 ̇)) were determined at three steps shear rates; firstly, a ramp-up period from 0 to 50 s-1 

for 3 min, followed by a constant shear rate period at 50 s-1 for 1 min and finally the ramp-down 

period from 50 to 0 s-1 for 3 min. Viscosity mean value at t0 and 25°C was determined from the 

constant shear stretch at 50 s-1 of the viscosity curves (η = (𝛾 ̇)). The determination of the 

disturbance of the microstructure during the test or “apparent thixotropy” (Pa/s) was also 
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evaluated. The data from the flow curves (𝜏 = (𝛾 ̇)) were fitted to different mathematical models 

(Silva-Abreu et al., 2018) and the best fitting model was based on the correlation coefficient 

value (r). 

2.2.4 Extensibility and Retention Measurement 

 

The extensibility assay was carried out based on the method described previously (Campana-

Seoane et al., 2014). A sample of 30 µl was immediately placed as centered as possible between 

2 glass slides of 5 cm2. Force was generated onto the upper plate by adding known weights of 

8.65, 9.65, 11.65 and 16.65 g. After that, the sample was compressed to uniform thickness. 

After 60 s, the weights were removed and the area of the sample was recorded. PGZ-SOL was 

evaluated in triplicate and the values are reported as the mean ± SD (n = 3).  

 

The retention time of the formulation was analyzed by modifying a previously reported method 

(Vermani et al., 2002). The tubular intestine immediately extracted from the pig was cut into 

sections of 15 cm of diameter and suspended vertically with the help of some supports. The 

intestine was previously covered with wet cotton using Hanks solution and aluminium foil to 

keep the mucosa in ideal condition. An analytical balance was placed under the suspended 

intestine to weigh the quantity of PGZ formulation that falls at certain times. 1 mL sample was 

applied to the upper part of the intestine with the help of a syringe of 2 mL and the weights 

were determined for 10 min. The experiments were done in triplicate and the values are reported 

as the mean ± SD (n = 3). 

 

2.2.5 Mucosa samples  

 

Porcine mucosa was obtained from the Animal Facility at Bellvitge Campus of Barcelona 

University (Barcelona, Spain) (n=6), approved by the Animal Experimentation Ethical 

Committee of the University of Barcelona, Spain (CEEA-UB). Fresh mucosa was obtained 

immediately after pig’s sacrifice (male, weight 30–40 kg). Firstly, the animals were 

anesthetized with ketamine HCl (3 mg/kg), xylazine (2.5 mg/kg) and midazolam (0.17 mg/kg). 

To induce the sacrificed an overdose of sodium pentobarbital under deep anaesthesia was used. 

Then buccal, sublingual, nasal and intestinal mucosa was surgically removed and placed in 

Hanks balanced salt solution and refrigerated until the start of the experiments (not more than 

24 h).  
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2.2.6 Ex vivo permeation studies 

 

Each porcine mucosa was mounted using a membrane holder between the donor and the receptor 

compartments of Franz-type diffusion cells (Vidra Foc, Barcelona, Spain). Buccal and nasal 

tissue thickness was of 0.5 mm, sublingual of 0.3 mm and whole intestine. A volume of 200 µl 

of PGZ at 1 mg/ml (dissolved in transcutol/water, 6:4 v/v) was placed in the donor compartment 

and the same volume was withdrawn via syringe from the receptor compartment at predefined 

time intervals up to a maximum of 6 h and replaced with an equivalent volume of fresh receptor 

medium of transcutol/water (6:4 v/v). The condition temperature was controlled at 37 ± 0.5 °C 

by a circulating water bath and magnetic stir bar at 700 rpm to guarantee homogeneity of the fluid 

in the receptor compartment during the experiments. The amount of permeated PGZ per unit area 

(μg/cm2) in the different mucosa was analyzed in triplicates using a previously validated 

analytical method (Silva-Abreu et al., 2017). The parameters were assessed using GraphPad 

Prism® 6.0 (GraphPad Software Inc., San Diego, California, USA). The integrity rated of 

mucosae was assessed by measuring transepidermal water loss (TEWL) (TEWL-meter TM210 

Courage & Khazaka, Koln, Germany) and transepithelial electrical resistance (TEER), exhibiting 

values below 10 g/m2h and around 3.0 KΩ, respectively. Additionally, buccal, sublingual and 

intestine tissue structure were histologically analyzed after finishing the permeation assay. 

 

2.2.7 In vivo assay and histology analysis 

 

According to the previous permeation results, an in vivo model study was carried out using four 

months old male BALB/c mice. Animals were maintained under standard animal housing 

conditions in a 12-h dark-light cycle with free access to food and water. The experiment 

followed the guidelines of Ethical Committee for Animal Experimentation of the University of 

Barcelona and the Catalonia Government. For one week, a dose of 10 mg/kg per day of PGZ-

SOL, vehicle of transcutol/water, negative control with PBS solution and positive control with 

ketorolac tromethamine (NSAID) were orally administrated (n = 5). After the supplementation 

period, the mice were sacrificed by cervical dislocation and the intestine and stomach were 

removed to be analyzed histomorphologically.  

To carry out the histological analysis, the mucosa samples were fixed in 4% buffered 

formaldehyde at room temperature for 24 h, then washed in PBS for 3 h, dehydrated in graded 

ethanol (70%, 90%, and 100%), and after permeation in xylene, embedded in paraffin. The 

paraffin embedded samples were cut into 5 µm-sections and stained with hematoxylin and 
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eosin. After that, the samples were analyzed under a microscope (Olympus BX41 and camera 

Olympus XC50) with 100 or 200 times magnification for the evaluation of the tissue structure.   

 

2.2.8 Biopharmaceutical parameters  

 
2.2.8.1 Pioglitazone remaining in the tissue and data analysis  

After the ex vivo experiments, the amount of PGZ retained in the tissues was measured as 

previously described Qr, (μg PGZ/g tissue/cm2) (Silva-Abreu et al., 2017). The tissue was 

rinsed with sodium lauryl sulphate solution 0.05% and washed with distilled water. The 

permeation area was excised and weighed, then the PGZ retained was extracted with methanol 

(1 ml) under sonication for 20 min in ultrasound bath. The amount of PGZ was analysed by 

HPLC. The cumulative amount of PGZ (µg) permeated through mucosa was plotted as a 

function of time (h). The slope and intercept of the linear portion of the plot was derived by 

regression.  

The flux values Jss, (µg/min/cm2) across the mucosa and the permeability coefficients (Kp) were 

determined per unit surface area versus time plot. In this plot the lag time (𝑇𝑙 , min) is the 

intercept with the X-axis (time) by linear regression analysis of permeation. The flux values 

were demonstrated by the following equation (2) and all these parameters were estimated using 

the Prism®, version 6.0 software (GraphPad Software Inc., San Diego, CA, USA). 

 

                                 𝐽𝑠𝑠 =
𝑄𝑡

𝐴
 ·  𝑡                                   (2) 

 

Where Qt is the quantity of PGZ across the mucosa into the receptor compartment (µg), A is 

the active cross-sectional area accessible for diffusion (cm2) and t is the time of exposure (min). 

 

The permeability coefficient (Kp, cm/min) and the parameters of permeation (cm) and diffusion 

(min-1) P1 and P2, were estimated (Sanz et al., 2017). Moreover, the mean transit time (MTT, 

day) of the drug in the mucosa was stipulate (Parra et al., 2016). 

 

The theoretical human steady-state plasma concentration (Css) of drug, which would predict the 

potential systemic concentration achieved after mucosa administration, was obtained using the 

following equation (3): 

 

𝐶𝑠𝑠 = 𝐽𝑠𝑠  ∙
𝐴

𝐶𝑙𝑝
                             (3) 
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Where Css, is the plasma steady-state concentration, Jss the flux determined in this study, A the 

hypothetical area of application and Clp the plasmatic clearance. The calculations are based 

on a maximum area of application of 20 cm2 for buccal, 15 cm2 for sublingual, 150 cm2 for 

nasal and 126.5 cm2 for intestinal duodenal part (Christrup et al., 2009; Kapoor et al., 2016). 

The human 𝐶𝑙𝑝 value of PGZ was 2.26 L/h ± 1.22 in order to estimate the blood concentration 

(Wittayalertpanya, 2006). 

 

2.2.9 Statistical analysis 

 

All the data were presented as mean ± SD. One-way ANOVA followed by Tukey’s test were 

used for multi-group comparison. Statistical significance was set at p < 0.05. The software 

Haake RheoWin®Job Manager V.3.3 and RheoWin®Data Manager V.3.3 (Thermo Electron 

Corporation, Karlsruhe, Germany) were also used to carry out the test and analysis of the results 

of rheological data, respectively. GraphPad Prism® software version 6.0 (GraphPad Software 

Inc.) was used to carry out the analysis of all experiments. 

3. Results and discussion 

 

3.1 Solubility and preparation of PGZ-SOL 

 

The water-soluble organic solvent with the highest solubilizing potential for PGZ was 

Transcutol-HP (Figure 1) and was consequently selected for the formulation. PGZ-SOL with 

ratios of Transcutol-HP-water of 20:80, 40:60 and 50:50 (v/v) showed physical instability, 

which was evident by the presence of visible precipitation of the drug. The formulation with 

the ratio of Transcutol-HP-water of 60:40 (v/v) was physically stable during the study period, 

and therefore, was chosen as final formulation. The pH value of PGZ-SOL was 4.5, which is 

compatible for oral administration. Transcutol is an ethylene oxide derivative that is widely 

used as a strong solubilizer in pharmaceutical, cosmetic, nutraceutical and food products due to 

its low toxicity and high biocompatibility (Sullivan et al., 2014).  
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Figure 1: Solubility of PGZ at 25 °C in different water-soluble organic solvents (n = 3) 

 

 

3.2 Release profile 

 

The drug release studies demonstrate that release kinetics is not a limiting factor of the drug 

permeation. The data showed that at 4 h, 38.13 % of PGZ was released. Figure 2 shows the 

results fitted to “one-phase exponential association” reaching levels of Ymax of 52.19 (µg/cm2) 

with a constant of dissolution (h-1) of 0.53 during 24 h of experiment. The lower AIC (162.7) 

indicates that the release kinetics from the drug release was the best model assayed. This fact 

is due to PGZ being released from formulation following the concentration gradient pattern, 

based on Fick’s first law (Parra et al., 2015). This model showed a coefficient of determination 

(r) of 0.987 with a fast release. 
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Figure 2: Released cumulative amount of PGZ-SOL and its kinetic approach (One phase exponential association). 

Results are given as mean ± SD (n = 3). 

  

 

3.3 Rheological study 

 

The rheological behavior of PGZ solution showed the flow curves and indicated no thixotropic 

behavior in the system as the rheograms did not display any hysteresis loop (Figure 3).  
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Newton model was the best overall match fitted for rheological behavior, based on the 

correlation coefficient of regression (r = 0.9996). The value of viscosity (mPa·s) at 50 s-1 and 

25ºC was of (5.66 ± 4.96) 10-2, confirming that viscosity is not affected by changes in shear 

rate. On the other hand, rheology is a useful technique to characterize the structure of different 

formulations. However, viscosity of vehicles may play an important role in controlling the 

release and permeation of drugs. In this case, the formulation was found to be easily spreadable. 

Moreover, the Newtonian behavior of the PGZ solution at room temperature makes it suitable 

for application as an oral spray for geriatric patients, who have difficulty swallowing medicines 

such as tablets, capsules or pills (van der Vossen et al., 2017). 
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           Figure 3: Rheogram profile obtained from PGZ-SOL. 

3.4 Extensibility and Retention Measurement 

The extensibility showed an asymmetric sigmoidal profile, with a coefficient of determination 

(r2) = 0.980 (Figure 4). According to this result, the formulation presents easy extensibility, 

being able to spread over the surface of the application without difficulty in contrast to other 

formulations such as cream, gel and ointments (Abrego et al., 2016; Abrego et al., 2015; 

Mallandrich et al., 2017; Sanz et al., 2018). 

Retention of PGZ-SOL in the intestinal mucosa was assessed as described before (section 

2.2.4). The total weight of PGZ-SOL expelled from the vertically suspended pig’s intestinal 

was considered to be 100%, and the percentage of weight fallen with time was recorded (Fig. 

4b). PGZ-SOL was retained in the pig intestine suspended in the assembly for the entire period 

of observation (10 min). From the results obtained, it can be concluded that PGZ-SOL possesses 

lower bioadhesive strength under the conditions established in contrast to others studies of 

different formulation (Abrego et al., 2016; Mallandrich et al., 2017).  
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Figure 4: a) Profile of extensibility of PGZ solution; b) Retention of PGZ solution in vertically suspended isolated 

sheep intestinal tube. (The formulation fell down in 10 min) (n = 3). 

 

3.5 Ex vivo permeation assays 

 

Figure 5 shows the permeation profile of PGZ (µg) in nasal, sublingual, buccal and intestinal 

mucosa. The permeation of PGZ through the nasal mucosa showed high values in the different 

parameters analyzed (Table 1). In accordance with previous studies, the Cmax of orally 

administered PGZ in healthy people showed values from 0.1 µg/ml to 3.5 µg/ml at the doses of 

2 mg and 60 mg, respectively (Eckland and Danhof, 2000). The nasal passage is not a safe route 

due to its high levels of steady-state of PGZ in this study (Css: 4.20 ± 0.32 µg/ml, Table 1), 

therefore it could be a toxic route for administration of this formulation in geriatric patients 

with AD. Since it exceeds the allowed levels administered clinically in diabetes patients 

(45mg/day), it could cause hypoglycemic shock. Moreover, in Phase III clinical trials, PGZ has 

been used at 0.8 mg per day in people with mild cognitive impairment due to AD (Takeda). 

Based on this result, the nasal route has been excluded from the next analysis, instead focusing 

on the sublingual, buccal and intestinal routes.  
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According to the prediction and permeation parameters (Table 1), the intestinal mucosa showed 

statistically significant difference (SSD) in comparison with the other mucosae (sublingual and 

buccal). The intestinal mucosa showed lower Tl values than in the other mucosae, reaching 

plasma levels of steady-state equilibrium in less time (p < 0.05). Moreover, the P1 (partition 

coefficient vehicle/mucosa) has greater affinity in leaving the vehicle to penetrate the mucosa 

and the P2 (diffusion coefficient) in relation to the diffusion of drug through the mucosa, 

showing higher values compared to the other mucosae. In addition, the values of MTT showed 

that intestinal mucosa had a shorter residence time. 

When compared to sublingual and buccal mucosa, the intestinal mucosa showed the best values 

to the Css of 0.09 µg/ml (p < 0.05) and has safe plasma levels because the sublingual and buccal 

mucosa presented very low values for Css of 0.01 µg/ml and 0.02 µg/ml, respectively. Even in 

the early stages of the disease this could be useful for geriatric patients with AD, due to the 

absence of a first pass effect.  

Considering that the AD overwhelmingly affects the elderly, the drug administration ought to 

be as uncomplicated as possible. Solid dosage forms would be complicated medicines for them, 

especially in advanced stages of the disease when many do not have complete control of their 

faculties in order to keep the formulation in the buccal mucosa or under the tongue. Although 

the intestinal mucosa has a first-pass effect, it is important to mention that PGZ has active 

metabolites and will continue to be effective through oral route (Eckland and Danhof, 2000). 

The values of PGZ retained in the mucosa were different in all the tissue studied showing SSD 

(p < 0.05) (Figure 6). High values were found in the case of sublingual and nasal with an average 

amount of 977.46 and 478.91 (µg PGZ/ g tissue/ cm2), respectively. The intestine showed very 

low retained amount of PGZ, which indicates that the drug had crossed the intestinal wall and 

accessed the systemic circulation. 
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Figure 5: Cumulative permeated amount of PGZ through different mucosae (n = 6). 
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Figure 6: Retained amount of PGZ in different tissues (n = 6). One-way Analysis of Variance (ANOVA) with 

Tukey’s Multiple Comparison Tests were performed to assess the statistical significance with respect to PGZ 

solution at (p < 0.05). 

 

 
Table 1: Permeation and prediction parameters of PGZ expressed in different mucosae. 

Permeation and Prediction 

Parameters 
Nasal Sublinguala Buccal b Intestinal 

Jss (µg/(h/cm2)) 63.12 ± 6.29 1.82 ± 0.19 2.74 ± 0.24 a 1.71 ± 0.16 b 

Kp (cm/h) · 103 63.12 ± 5.50 1.82 ± 0.15 2.74 ± 0.25 a 1.71 ± 0.15 b 

Tl (min) 2.01 ± 0.15 2.76 ± 0.21 11.17 ± 0.01 a 0.19 ± 0.01 a,b 

P1 (cm) · 105 1274.87 ± 112.50 50.37± 4.50 307.05 ± 31.02 a 3.30 ± 0.29 a,b 

P2 (h-1) 4.95 ± 0.41 3.62 ± 0.32 0.89 ± 0.07 a 51.85 ± 0.49 a,b 

MTT (day) 0.21 ± 0.01 7.14 ± 0.65 4.76 ± 0.35 a 2.87 ± 0.18 a,b 

Css (µg/ml) 4.20 ± 0.32 0.01 ± 0.00 0.02 ± 0.00 a 0.09 ± 0.00 a,b 

a,b Results are expressed by mean ± SD (n = 6). One-way Analysis of Variance (ANOVA) with Tukey’s 

Multiple Comparison Tests were performed to assess the statistical significance between each mucosae 

with respect to PGZ at (p < 0.05). 
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3.6 Histomorphological assay 

 

Ex vivo assay 

 

After the ex vivo permeation assay histological architecture of buccal, sublingual or intestinal, 

tissues were analyzed. 

Treatment of the different tissues with PGZ did not induce important changes at the histological 

level. In Figure 7, histological sections from buccal, sublingual and intestine tissues stained 

with hematoxylin and eosin show normal morphology after exposure to control conditions and 

vehicle (A and C, respectively), and altered tissues induced by isopentaine alcohol application 

(B). Treatment of buccal mucosa and intestine with PGZ-SOL showed a similar pattern of the 

normal conditions or the vehicle. In the case of sublingual tissue, isopentaine alcohol showed 

loss of cornified layer and alteration of the stratum granulosum. The exposure to PGZ did not 

alter the different layers of the sublingual tissue, however some retraction can be observed. 

Altogether, these results suggest that PGZ does not damage the tissue, which corroborates with 

previous findings (Kandeel and Balaha, 2015).  

 

Figure 7. Histological sections of freshly excised normal buccal, sublingual or intestinal mucosae exposed to PBS 

(A), isopentaine alcohol (B), vehicle (C) or PGZ (D). Micrographs showing hematoxylin and eosin staining of 

buccal mucosa (x100, scale bar = 200 µm), sublingual and intestinal mucosae (x200, scale bar = 100 µm). 

In vivo assay 

Moreover, in the in vivo results (Figure 8) normal stomach and intestinal architecture could be 

observed in control conditions. In the case of the positive condition (ketorolac tromethamine, 

an NSAID) a leukocyte infiltrate was present in both tissues, being more noticeable in the case 

of the stomach. Treatment with PGZ did not show alterations of the tissue structure or signs of 

inflammation in any of the tissues analyzed.   
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Figure 8. Histological sections of mice stomach and intestinal tissue. Hematoxylin and eosin staining of the tissues 

after administration of PBS (A), ketorolac tromethamine (B), vehicle (C) or PGZ (D). (x100, scale bar = 200 µm, 

* indicates leukocyte infiltrate).  

 

4. Conclusion 

In summary, an oral solution of a poorly water-soluble drug was developed. PGZ-SOL showed 

Newtonian behavior, which is typical of a solution, and was physically stable during the study 

period. The formulation exhibited a fast release following a first-order kinetic model. The 

biopharmaceutical parameters revealed the ability of formulation to permeate through intestinal 

mucosa, thus favouring the likelihood of achieving adequate bioavailability of the drug at the 

site of action. Moreover, PGZ-SOL administered orally in vivo results in no damage of the 

mucosa, as demonstrated by histological results, and therefore suggests that this formulation is 

safe for oral administration. In conclusion, PGZ-SOL constitutes a suitable alternative for the 

geriatric population with AD who have difficulty swallowing solid dosage forms and can be 

developed for large-scale production or for pharmaceutical compounding. 
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4. DISCUSSION 

 

This research focused on the development and characterization dosage forms of PGZ able 

to reduce inflammation associated with rosacea, uveitis and Alzheimer disease’s.  

In recent years PPAR-γ agonists have been receiving considerable attention due to their 

capacity to act in different diseases, where the inflammation is of relevant importance 

(58,63). PGZ is an antidiabetic oral agent, agonist of PPAR-γ. It belongs to the TDZ class 

and is used to treat type 2 diabetes. This drug has been investigated due to its ability to 

reduce inflammation responses by different mechanisms (146).  

 

4.1 DEVELOPMENT, OPTIMIZATION AND CHARACTERIZATION OF DOSAGE 

FORMS  

 

PGZ dosage forms were optimized and characterized by different techniques. Liquid 

formulation is excellent to dermal and orally administration. It is easy to prepare, being 

suitable for compounding formulation. Moreover, it allows an individualized dosage 

according to the patient’s age and the stage to which the disease has developed. It enables 

dosing flexibility and offers a reduced risk of choking. Furthermore, they are very 

appropriate for geriatric patients who find it hard to swallow or in palliative conditions  

(182,183).           

PGZ solution with transcutol and water showed a transparent colour, a pH of 4.5 and good 

stability at 25ºC and 40ºC for 3 months. Moreover, extensibility and gravimetric assays 

for PGZ solution showed asymmetric sigmoidal and hyperbola profiles, respectively 

(Article 5, figure 4 a,b). It is able to spread over the surface of the application without 

difficulty, in contrast to other formulations such as cream, gel and ointments (184–187).      

The PGZ-NPs was produced by solvent displacement technique (178).  This is an easy 

and fast method which can produce particles in the range of around 50-300 nm (188). To 

select the better formulation a factorial design was carried out studying the effects of the 

independent variables such as: concentration of polymer, surfactant and drug, on the 

dependent variable (Size, polydispersity index (PI), ZP, encapsulation efficiency (EE)) 

(Article 2, Table 1). PLGA was selected to encapsulate NPs because of its characteristics 

of being biocompatible, biodegradable and easy to metabolize by the body via Krebs 

cycle. It is a polymer approved by the EMA and FDA for use in humans (170–173). In 



Pioglitazone dosage forms for the treatment of inflammation associated with skin, ocular and 

neurodegenerative diseases 
Discussion          

 

 164 

addition, PEG was added to the surface of PLGA to increase selective cellular binding, 

internalization and to avoid the RES uptake (171). In generally, NPs are advantageous 

systems of drug delivery as they offer good biocompatibility, the capacity to adjust drug 

release, remarkably enhance the efficacy and bioavailability (189–191). PGZ-NPs 

showed an average size of less than 200 nm with an PI range of monodisperse systems of 

0.1, a negative ZP (– 13.6) and EE of around 92 %. This system is a promising strategy 

to facilitate the delivery of PGZ across different tissues (Article 2 and 4, Figure 2 and S2, 

respectively). The ability of the NPs to cross biological membranes is influenced by their 

size, shape, NP composition, and surface properties (192). The analysis of PGZ was 

carried out by a reverse phase HPLC. The analytical method to PGZ determination was 

validated following the ICH guidelines Q2A and ICH Q2B in terms of linearity, precision, 

accuracy, robustness, sensitivity and specificity (Article 1).  

The interactions studies between drug and polymer were determined by thermal (DSC) 

and spectroscopic (Fourier transform infrared spectroscopy (FTIR) and X-Ray) methods. 

DSC profiles (Article 2, Figure 3 b) showed that PGZ-NPs had a thermic event that 

corresponds to glass transition (Tg) of the polymer in the form of NPs (midpoint ISO of 

40.98°C and onset of 38.82°C). The decrease in the Tg parameters in the NPs is probably 

due to a plastic effect exerted by the drug on the polymer. It showed how in the 

formulation the drug remained linked with the polymer. Furthermore, it showed no fusion 

of the drug, indicating that it is in a molecular dispersion or solid solution. These results 

are similar to those obtained by loaded NPs lipophilic drugs (193). As would be expected, 

FTIR analysis suggests that there is no evidence of new covalent bonds between the drug 

and the polymer (Article 2, Figure S2. Supplementary data) (194). The X-ray spectrum 

of PGZ powder showed sharp crystalline peaks, whereas PLGA-PEG and NPs, according 

to their profiles, were amorphous. These results suggested that when the drug was loaded 

in the form of NSs, it showed a similar polymer profile (Article 2, Figure 3 a). 

The short-time stability of PGZ-NPs showed a slight increase in sedimentation after the 

second month (Article 3, figure 4). The limited stability of NPs in aqueous suspension is 

well known. These results indicate that improved long-term stability could be attained by 

the removing of water from the solution by lyophilization or a spray-drying technique 

(194,195).  
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In accordance with rheological behaviour, both formulations showed flow curves which 

do not indicate any thixotropic behaviour in the system. This was because the rheograms 

did not display any hysteresis loop (Article 3 and 5, Figure 3 and 3, respectively). 

Moreover, the rheograms show a linear relationship between the shear stress and the strain 

rate, which is characteristic of Newtonian behaviour (196). In this case, the formulations 

were found to be easily spreadable, and they could be applied orally or via nasal route. 

4.2 BIOPHARMACEUTICAL BEHAVIOUR  

 

The drug release studies demonstrate that release kinetics is not a limiting factor of the 

drug permeation. To achieve sustained drug release and prolonged therapeutic activity, 

the particles need to be retained in the tissue after administration, and the consequent 

release of the drug from the particles must then be at an appropriate rate (172). The release 

profile of the PGZ-NPs and PGZ solution showed the same kinetic model for both 

formulations (one exponential association) (Article 2 and 5, Figure 4a and 2, 

respectively). This fact is due to PGZ being released from both formulations following 

the concentration gradient pattern, based on Fick’s first law (197). This is common of 

PLGA-NPs (184,185,194). Another consideration is that decreasing the surfactant 

concentration of the PGZ-NPs to 1.16 % the proportion of excipients leads to variations 

in the model, changing the fit model to hyperbola (Article 4, Figure 1), according to 

previous studies (198,199). This model at low concentrations behaves like a kinetic first 

order, similar to the results in articles 2 and 5. In addition, the fit models depend on the 

physicochemical characteristics of the molecules, excipients and the technology used in 

the preparation of the sample. However, the release of the drug from PLGA-PEG particles 

can occur through diffusion, erosion of the polymer or a combination thereof. If the 

diffusion of the drug progresses at a higher speed than the degradation of the matrix, the 

drug release mechanism makes itself felt mainly by diffusion  (200). 

The ex vivo permeation of PGZ dosage forms were tested in different tissues, such as 

skin, eye and different types mucosae (buccal, sublingual, nasal and intestinal). 

PGZ solution was tested with different enhancers to improve its permeability through 

human skin and to see how it treated the rosacea (Article 1, Figure 1). This led to the 

conclusion that limonene was the most effective penetration enhancer that promoted the 

permeation of PGZ through human skin. Moreover, as shown in (Article 1, Table 1), 

limonene presents the highest values for flux (Jss), permeability coefficient (kp), retained 
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drug (Qret) and steady-state plasma concentration (Css). These results are in accordance 

with those obtained by others authors (201,202), suggesting that hydrocarbon terpenes 

like limonene are more effective to enhance skin penetration of lipophilic drugs like PGZ. 

The amount of PGZ retained in the skin was higher in the presence of limonene (207.65 

µg/g of tissue) in comparison with other enhancers. This indicates that it can prolong the 

duration of drug action and increase efficacy in the treatment of rosacea, favouring the 

likelihood of a reduction in the dosing frequency in clinical practice.  

The results of the ocular permeation showed that PGZ from NPs permeates the sclera 

more than the cornea, indicating that the latter has a barrier effect three times higher than 

the sclera (203). This could be due to the physicochemical properties of the molecule, 

which interact better with scleral tissue, as well as another molecule favouring good 

scleral permeability, such as Triamcinolone (204). The permeability of the NPs is 

important because these systems facilitate the permeation of faintly water-soluble drugs, 

as PGZ. The permeability values (Jss, Kp and Qret), were higher in scleral tissue over 

corneal (Article 2, Figure 4 b,c). The high permeability and accumulation of PGZ from 

NPs in the scleral tissue could be attributed to these systems being more active against 

posterior ocular diseases, as well as posterior uveitis. This is probably due to high sclera 

permeability (205). These findings are in line with those obtained previously, which 

revealed that the PGZ could be effective in the treatment of endogenous uveitis (58). 

The PGZ-NPs and PGZ solution permeations through different mucosae (buccal, 

sublingual, nasal and intestinal) were also studied. PGZ-NPs showed a high retained 

amount in buccal, sublingual and nasal mucosae, with medium values of 158.45, 132.66 

and 129.81 (µg PGZ/g tissue /cm2), respectively. Moreover, based on the permeation 

parameters, the P2  and Css were higher for nasal mucosa, demonstrating that PGZ 

permeation is more favourable in this tissue and consequently that there is greater 

probability of delivering effective PGZ concentrations the site of action more quickly 

(206). The nasal mucosa showed values of Css 10 times greater than the other tissues, 

signifying that PGZ administered through this route would achieve greater PGZ 

concentrations in the bloodstream (Article 3, Table 2) (207). 

In a similar vein, the PGZ solution was tested in the same mucosae, and different results 

were given depending on the PGZ dosage forms (Article 5, Table 1). The intestinal 

mucosa showed significant statistical difference compared with other mucosae. 
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Moreover, the intestinal mucosa showed lower lag time (min) values compared to other 

mucosae, reaching plasma levels of steady-state equilibrium in less time (p < 0.05).  

The intestinal mucosa in comparison to sublingual and buccal mucosa showed best values 

of the Css of 0.09 µg/ml (p < 0.05). This mucosa showed a very low amount of PGZ 

retained, indicating that the PGZ had crossed the intestinal wall and accessed the systemic 

circulation.  

 

4.3 TOLERANCE AND CYTOTOXICITY  

 

Tests on skin and ocular tolerance of PGZ dosage forms were carried out in vitro or in 

vivo. The possibility of causing skin damage, a crucial factor to be reduced in the 

development of topical treatments, was assayed in the “in vivo Draize test” (208). PGZ 

solution was tested on a rabbit during 72 hours and the skin was evaluated in accordance 

with the guidelines (209). The data showed a primary irritation index below 0.5 in all 

cases, in accordance with others results (185,208) (Article 1). The ocular tolerances of 

the PGZ dosage forms were determined the in vivo (Draize) and in vitro (HET-CAM) 

test. In both assays PGZ-NPs showed an ocular irritation index less than 0.4, indicating 

that these systems are safe for application to the eye (Article 2). Moreover, in accordance 

with others studies they showed that NPs are safe for ocular administration (194,195,210).  

In vitro cytotoxicity assays in cell culture from skin (HaCat), ocular (Y-79) and in the 

brain (hCMEC/D3) have been studied. 

Toxicology of nanomaterials is becoming an important issue nowadays, especially with 

regard to nanomaterials present in the environment and nanomaterials intended for 

medical use (211). PGZ solution exposed to HaCat cell line showed greater than 80 % in 

cellular viability in almost all the dilutions assayed (Article 1, Figure 2). In the case of Y-

79 cell line PGZ-NPs up to 10 µg/ml showed no toxicity with a viability above 80 % 

(Article 2, Figure 5). Moreover, for hCMEC/D3 PGZ-NPs up to 2 µg/ml = 5.1nM also 

showed 80% of cellular viability (Article 4 Figure 2). These results are in accordance with 

a previous study using HaCat, Y-79 and mouse Bend-3 cells, which indicated that NPs 

did not damage the cells line (179,212,213).  Additionally, the uptake of NPs can vary 

depending on the cell types into which they induce cytotoxicity, which can be by a 

number of means (182). Moreover, characteristics such as material, surfactants, size and 
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surface of the particle are decisive in the internalizing in the cell and whether or not they 

consequently produce toxicity.   

 

4.4 INTERNALIZATION, TRANSPORT AND PERMEABILITY STUDIES   

 

Internalization, transport and permeability studies of PGZ-NPs in hCMEC/D3 cell 

line have been carried out.  

The subcellular localization of NPs was determined by confocal and electron microscopy 

indicating that they crossed the endothelium by vesicular transcytosis intact. In addition, 

images of TEM show individual PGZ-NPs (100-150 nm) in the cytoplasm (Article 4, 

Figure 5), and no NPs were seen in the intercellular junctions. This implies that the NPs 

were taken up individually by endothelial cells and had not aggregated inside the cells.  

Moreover, the PEG on the surface of NPs can improve their internalization by brain 

endothelium (214) and it has been suggested that PEGylated PLGA NPs can enter these 

cells in CCVs (215) as an alternative to caveolar transcytosis.  

Over the last decade, drug access directly into the brain has been extensively investigated. 

It has made marked progress recently with different mechanisms and techniques to 

transport therapeutics through the BBB (85). It is believed that only small and soluble 

lipid (lipophilic) molecules with a molecular mass under 400 Da can go through the BBB 

(80,81) and due to their structure make it difficult for the development of new treatments 

for brain diseases (216). 

The assay showed that PGZ-NPs were able to across the BBB the in vitro model without 

changing the permeability of the barrier (Article 4, Figure 6 a,b). Due to the small particle 

size, negative charge and appropriate surfactant (Tween 80) this meant that these systems 

were able to across the BBB. On the same subject, NPs are efficient nanocarriers for CNS 

drug delivery because they protect the drug from the first pass metabolism and facilitate 

the drug delivery across the BBB model without damaging the BBB.  

 

4.5 THERAPEUTIC EFFICACY OF DOSAGE FORMS 

 

The efficacy of the PGZ solution for the treatment of rosacea was determined by a 

colorimetric assay on an inflammatory model on the back skin of mice (BALB/c), 

analysing the possible reduction (%) of erythema and vasodilation, which are the main 

clinical features of rosacea. PGZ decreased the level of erythema in all the time intervals 
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tested (p < 0.0001), and at 20 minutes the differences intensified, decreasing below the 

basal value with a notably reduction in erythema (Article 1, Figures 3 and 4 b). In the 

same area, histological analysis from back skin of mice stained with haematoxylin and 

eosin showed that this had significantly attenuated the inflammatory response with less 

leukocyte infiltration compared to the positive skin control (Article 1, Figure 5 

c). Therefore, the results of histological and colorimetric studies suggested that PGZ 

might be considered as a promising therapeutic treatment for rosacea. Another study 

using animal models of inflammatory skin diseases has confirmed that dermal 

administration of PPAR-ligands, like PGZ, decreases epidermal hyperplasia, enhances 

the permeability barrier function, and reduces the inflammation mediated by T 

lymphocytes (217). Consequently, the PGZ could constitute a new therapeutic strategy to 

reduce the inflammation usually associated to rosacea.  

The efficacy of PGZ-NPs to prevent ocular inflammatory process, was tested in the eyes 

of six male pigs in a model of eye inflammation induced by topical administration of 

sodium arachidonate (SA). PGZ-NPs showed significant differences regarding the 

positive control for the first 30 min after SA administration (p = 0.0008), reducing the 

degree of conjunctival inflammation and iris hyperaemia significantly, as shown in 

Article 2, Figure 6. These results demonstrate that PGZ-NPs constitute an effective 

therapeutic agent for ocular inflammation, and are in accordance with the permeation 

studies, in which PGZ-NPs provided higher drug levels in the sclera and cornea, as well 

as higher drug penetration in different eye tissues (Article 2, Figure S4. Supplementary 

data). Some studies corroborate that PGZ might improve impaired insulin signalling in 

the retinas of diabetic rats (218) and that TZDs may have the potential to inhibit the 

progression of diabetic retinopathy (64). However, in another study it was demonstrated 

that PGZ inhibited intraocular concentrations of TNFα and IL-6 in the endogenous uveitis 

model (147). Taking into account these results, it means that PGZ-NPs may constitute a 

new and promising therapeutic approach focused on clinical applications for the treatment 

of ocular disorders, such as uveitis, in which inflammatory process could be considered 

a crucial factor.  

The efficacy of PGZ-NPs in AD was evaluated in a transgenic model on mice of APP/PS1 

by orally administration or PGZ-NPs (10 mg/Kg) during 30 days. Memory performance 

was evaluated with the two-object recognition test and after that the mice were killed and 
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their brains rapidly removed and analyzed by immunohistochemistry. The results showed 

that PGZ-NPs (p < 0.01) reduce memory deficit in APP/PS1 when compare to the 

vehicle (Article 4, Figure 7 a). These results are in agreement with those obtained by 

Searcy et al. (219), which had demonstrated that PGZ improved reversal learning in a 

triple transgenic mouse model of AD mice. However, others studies showed that 

APP/PS1 mice treated for nine days with PGZ reversed non-cognitive behavioural 

deficits and restored distance and speed travelled in an open field  (220). In addition, 

several studies have reported neuroprotective effects of PGZ (127,219,221–223). 

Moreover, PGZ-NPs showed a clear tendency to reduce beta amyloid deposition in the 

cerebral cortex (Article 4, Figure 7 b,c), in agreement with another study (224). These 

results suggest that PGZ-NPs represent a new alternative to pharmacological treatment 

for AD, both improving drug delivery into the brain and providing for a more sustained 

drug release. 
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5. CONCLUSIONS 

 

In this work Pioglitazone dosage forms were designed to reduce the inflammation 

associated with skin, ocular and neurodegenerative diseases. 

5.1 Pioglitazone solution has been developed to treat the inflammation associated with 

rosacea and AD. 

• The in vitro release of drug from the dosage form follows a first order kinetic 

model according to Fick's law, being effective and safe in accordance with the 

results of calorimetric, histological and cytotoxicity assays, for rosacea indication. 

• PGZ solution: there was no damage to the intestinal mucosa, reaching in 

prediction in terms of ex vivo permeation, plasmatic concentrations in a steady 

state effective to treat AD. 

5.2 PGZ-NPs prepared by solvent displacement technique and optimized by factorial 

design, were confirmed to be suitable for inflammation associated with uveitis and AD. 

• NPs were characterised by spectroscopic (FTIR, X-Ray) and thermal (DSC) 

methods confirming that the drug was encapsulated in the polymeric matrix. 

• These nanostructured systems demonstrated a sustained release of the drug from 

the polymer, which can be adjusted to first order and hyperbola kinetic model. 

• The optimized NPs demonstrated to be non-cytotoxic at concentration studied in 

ocular (Y-79) and brain (hCMEC/D3) cells line. 

• PGZ-NPs assessed in vivo demonstrated to efficiently prevent ocular 

inflammation, with optima ocular tolerance. 

• These systems were internalized and transported in hCMEC/D3 cells line and they 

were able to pass across the BBB in vitro model without alteration in the 

permeability of the barrier. 

• PGZ-NPs were assessed for AD in an in vivo model (APP/PS1 mice). These NPs 

proved to efficiently treat AD improving the cognitive deficit and showing a clear 

tendency to reduce beta-amyloid depositions in cerebral cortex. 

• PGZ dosage forms developed could constitute, after clinical assays, a new 

therapeutic indication of this drug to provide an approach to the inflammation 

associated to different local and systemic diseases. 
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