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Resumo 

A retinopatia diabética é uma doença neurovascular crónica associada à diabetes, 

sendo uma das principais causas de perda de visão e cegueira em adultos em idade ativa [1, 

2]. As causas desta patologia residem predominantemente nos níveis elevados de glicose no 

sangue e na inflamação crónica da retina, tendo as células da microglia da retina um papel 

importante na inflamação [3–8]. 

Em situações agudas, as células da microglia desempenham um papel duplo que 

inclui funções anti e pró-inflamatórias. Em condições de hiperglicemia crónica, ocorre 

inflamação persistente na retina, causando  reatividade microglial permanente, perpetuando 

assim a lesão [2, 9–11]. Como resultado, citocinas pró-inflamatórias como o fator de necrose 

tumoral (TNF) e a interleucina-1β (IL-1β), quimiocinas e outros mediadores como a síntase 

induzível do monóxido de azoto (iNOS) contribuem para a patogénese da retinopatia 

diabética. Em indivíduos com diabetes, os níveis destas citocinas pró-inflamatórias e 

quimiocinas estão elevados, resultando em alterações e danos celulares na retina e na barreira 

hematorretiniana [12–17].  

A dipeptidil peptidase 4 (DPP4) é uma exopeptidase de serina, com um papel 

importante na clivagem das hormonas incretinas, fatores de crescimento, citocinas e 

quimiocinas, participando assim em diversos processos fisiológicos, incluindo respostas 

imunes e regulação da inflamação [18–25]. 

A sitagliptina é um inibidor da DPP4 que inibe a clivagem de hormonas incretinas, 

conduzindo a um aumento dos níveis das mesmas, e consequentemente, da secreção de 

insulina e a uma diminuição da produção de glicose. Além disso, reportámos previamente 

que a sitagliptina tem efeitos protetores e anti-inflamatórios na retina diabética, inibindo o 

aumento dos níveis de citocinas pró-inflamatórias, o stress nitrosativo e a apoptose, bem 

como a rutura da barreira hematorretiniana. Além disso, a sitagliptina inibe o aumento da 

imunorreatividade da iNOS em células CD11b-positivas, em culturas primárias de células 

da retina e culturas organotípicas de retina, bem como as alterações morfológicas das células 

da microglia induzidas por exposição a lipopolissacarídeo (LPS) [26–28]. No entanto, os 

nossos resultados anteriores não demonstraram se a sitagliptina é capaz de inibir diretamente 

a reatividade da microglia. 

Deste modo, este estudo foi realizado com o objetivo de 1) determinar se a 

sitagliptina pode exercer efeitos anti-inflamatórios diretamente nas células da microglia; e 
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2) verificar se esses efeitos dependem da inibição da DPP4 pela sitagliptina, ou se existem 

outros efeitos pleiotrópicos. 

Para atingir os objetivos, utilizaram-se dois modelos in vitro: células BV-2, uma 

linha celular de microglia, e células BV-2 Dpp4 knock-out (KO). As experiências 

envolvendo a exposição de células BV-2 a LPS, na ausência ou presença de sitagliptina, 

produziram resultados significativos. A sitagliptina inibiu eficazmente o aumento dos níveis 

das proteínas iNOS, IL-1β e TNF, induzido pelo LPS, e inibiu o aumento da eficiência 

fagocítica detetada nestas células, quando expostas a LPS. Estes resultados fornecem 

evidências claras que suportam as propriedades anti-inflamatórias da sitagliptina e também 

o seu impacto direto nas células da microglia. A obtenção de células DPP4 KO foi bem 

sucedida, e verificou-se que a deleção de Dpp4 não alterou a morfologia das células. Os 

resultados com as células BV-2 Dpp4 KO revelaram que a sitagliptina não exerceu o seu 

efeito preventivo sobre o aumento da eficiência fagocítica induzido pelo LPS nestas células, 

indicando que o efeito da sitagliptina se deve, essencialmente, à inibição da DPP4. 

Em conclusão, este estudo estabelece inequivocamente que a sitagliptina exerce 

uma influência direta nas células da microglia, e particularmente, efeitos anti-inflamatórios. 

No entanto, apesar dos resultados obtidos sugerirem que o efeito da sitagliptina é mediado 

pela inibição da DPP4, é necessário prosseguir com a investigação, de modo a determinar se 

as propriedades anti-inflamatórias da sitagliptina dependem exclusivamente da sua interação 

com a DPP4, ou se existem outros efeitos pleiotrópicos, que também poderão desempenhar 

um papel nos efeitos da sitagliptina. 
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Abstract 

Diabetic retinopathy is a chronic neurovascular disease associated to diabetes, 

emerging as a primary driver of vision impairment and blindness among working-age adults 

[1, 2]. The origins of this condition lie predominantly in elevated blood glucose levels and 

enduring retinal inflammation, playing retinal microglial cells a significant role in 

inflammation [3–8]. 

In acute injury, microglia are prompted into action, engaging in a dual role of both 

anti-inflammatory and pro-inflammatory functions. Under chronic hyperglycemia, 

persistent inflammation occurs in the retina leading to a continuous microglial reactivity, 

perpetuating the injury [2, 9–11]. Consequently, pro-inflammatory cytokines, such as tumor 

necrosis factor (TNF) and interleukin-1β (IL-1β), chemokines, and other mediators like 

inducible nitric oxide synthase (iNOS) contribute to the pathogenesis of diabetic retinopathy. 

Among individuals with diabetes, these pro-inflammatory cytokines and chemokines are 

heightened, resulting in cellular failure in the retina and the disruption of the blood-retinal 

barrier (BRB). [12–17]. 

Dipeptidyl peptidase 4 (DPP4) is a serine exopeptidase, with an important role in 

the cleavage of incretin hormones, growth factors, cytokines, and chemokines, thus 

participating in diverse physiological processes, including immune responses and the 

regulation of inflammation [18–25]. 

Sitagliptin is a DPP4 inhibitor that inhibits the cleavage of incretin hormones, 

leading to an increase in their levels, and consequently insulin secretion and a decrease in 

glucose production. Beside this, we previously reported that sitagliptin has protective and 

anti-inflammatory effects in the diabetic retina, inhibiting the increase of pro-inflammatory 

cytokine levels, nitrosative stress, and apoptosis, as well as the breakdown of the BRB. 

Furthermore, it inhibits the lipopolysaccharide (LPS)-induced augmentation of iNOS 

immunoreactivity in CD11b-positive cells in retinal primary cell cultures and organotypic 

cell cultures, as well as microglial morphological changes triggered by LPS [26–28]. 

However, our previous data did not demonstrate whether sitagliptin is able to directly inhibit 

microglia reactivity. 

Therefore, this study was undertaken with the aim of 1) determining whether 

sitagliptin can directly exert anti-inflammatory effects on microglial cells; and 2) 

establishing whether these effects were contingent upon the inhibition of DPP4 by 

sitagliptin, or if other pleiotropic effects might be at play. 
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To accomplish our aims, we used two in vitro models: BV-2 cells, a microglia cell 

line, and Dpp4 knock-out (KO) BV-2 cells. Our experimentation involving the exposure of 

BV-2 cells to LPS, in the absence or presence of sitagliptin, yielded significant findings. 

Sitagliptin effectively inhibited the LPS-induced upregulation of iNOS, IL-1β, and TNF 

protein levels, and it reduced the heightened phagocytic efficiency observed in these cells 

when exposed to LPS. These results provide strong evidence supporting the anti-

inflammatory properties of sitagliptin and its direct impact on microglial cells. On the other 

hand, while we were successful in generating Dpp4 KO cells and ascertained that the 

deletion of Dpp4 did not alter the morphology of these cells, our investigations revealed that 

sitagliptin did not exert its preventive effect on the LPS-induced increase in phagocytic 

efficiency in the Dpp4 KO cells, indicating that the effect of sitagliptin was essentially due 

to DPP4 inhibition. 

In conclusion, this study unequivocally establishes that sitagliptin exerts a direct 

influence on microglial cells, and particularly anti-inflammatory effects. Despite the results 

obtained suggesting that the effect of sitagliptin is mediated by the inhibition of DPP4, 

further investigation is needed to determine whether the sitagliptin anti-inflammatory 

properties are exclusively dependent on its interaction with DPP4, or if there are other 

pleiotropic effects, that might also play a role. 
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1. Introduction 

1.1. The eye 

The eye is the organ responsible for capturing images from the environment and 

initiating the process of vision, which allows for the perception of information transmitted 

by the observed images. Both the structures and functions of the eye are quite complex, as 

each eye constantly needs to adjust the amount of light allowed in, focus on objects whether 

they are near or far, and produce electrical signals from the captured light to be transmitted 

to the brain, where they will be processed and transformed into continuous visual images [3, 

29]. 

The eye is composed of three main layers of tissue - the external or fibrous, the 

intermediate, and the internal or nervous - with only the internal layer containing light-

sensitive neurons capable of transmitting visual signals. This layer is also known as the retina 

[30]. 

The external layer is composed of the cornea and the sclera, whose main function 

is to protect the eye. The sclera is the outer, white, opaque, fibrous membrane composed of 

collagen fibers that cover and protect the eyeball. The cornea is the most important lens of 

the eye, being thin, resistant, transparent, and avascular, allowing the entry of light rays into 

the eyeball through the pupil [4, 31]. 

The intermediate layer includes the iris, ciliary body, and choroid. The iris, better 

known as the circular and coloured part of the eye, surrounds the pupil and its main function 

is to control the amount of light entering the eye, allowing a variable amount of light to enter 

through the dilation and contraction of the pupil to adapt to the brightness of the 

environment. The ciliary body is a muscular structure that surrounds the lens and changes 

its shape during the focusing process, allowing the eye to accommodate the image it is 

seeing. This structure also produces aqueous humor, a fluid that provides the necessary 

nutrients to the eye [6]. The choroid is the tissue layer located between the retina and the 

sclera, responsible for nourishing the retina's photoreceptors through the blood vessels 

present in it [4, 30]. 

The retina is the only nervous tissue of the eye that, through light-sensitive 

photoreceptors, converts light into electrical signals and then sends these nerve impulses to 

the brain through the optic nerve [30, 32]. 
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1.2. The retina 

The retina is divided into five neuronal classes, which are organized into three main 

cellular layers - the outer nuclear layer (ONL), the inner nuclear layer (INL), and the 

ganglion cell layer (GCL), separated by two synaptic layers - the outer plexiform layer (OPL) 

and inner plexiform layer (IPL) (Figure 1) [33, 34]. 

 

 

The ONL is composed of photoreceptors that can be divided into rods and cones, 

which are responsible for light detection. The photoreceptors have the main function of 

converting light signals into nerve impulses, which are subsequently transmitted by the 

bipolar cells, the ganglions cells, and the optic nerve to the lateral geniculate nucleus, in the 

humans, or to the superior colliculus in rats, and, subsequently, to the visual cortex, which is 

in the back of the brain. There are two types of photoreceptors, rods, and cones. Rods are the 

most numerous (estimated to be 120 million per eye in humans), mainly distributed in the 

periphery of the retina, allowing a minimum perception of objects under conditions of very 

low luminosity, but without allowing their distinction [35]. Cones (6 million per eye in 

Figure 1 - Structure of the retina. (A) Section of the retina showing the overall arrangement of the retinal 

layers. (B) Diagram of the basic circuitry of the retina. Adapted from [38]. 

(A) (B) 



 

5 

 

humans), located mainly in the central region of the retina (also known as the macula), have 

the function of allowing vision in conditions of high luminosity, as well as the visualization 

of colours and visual acuity. This type of cell is responsible for detailed object vision [35].  

The photoreceptors establish synapses with the dendrites of the bipolar cells and 

horizontal cells. These cells, as well as the amacrine, and the Müller cells are the main 

constituents of the inner nuclear layer (INL) [33]. 

The retinal pigment epithelium (RPE) is a layer of single hexagonal, polarized, and 

pigment-containing cells that holds great significance in the retina due to its multifunctional 

and structural properties. It acts as an outer blood-retinal barrier and carries out essential 

metabolic activities that are crucial for maintaining and supporting the photoreceptors and 

overall visual function [36, 37]. RPE perform several critical functions, including 

eliminating metabolites (CO2 and lactate) produced by active photoreceptors, phagocytosing 

the outer segments of photoreceptors, and also secreting angiogenic and angiostatic 

cytokines in order to maintain the confluency and permeability of the blood vessels of 

choroid [38]. 

The bipolar cells are postsynaptic to rods and cones, allowing communication 

between photoreceptors and ganglion cells [39].  

The horizontal cells play a role in connecting bipolar cells to one another, thus 

regulating the flow of information between photoreceptors and bipolar cells in the outer 

plexiform layer (OPL) of the retina. Additionally, horizontal cells can form connections 

directly with photoreceptors and can synapse with both photoreceptors and bipolar cells. 

Furthermore, these cells are responsible for facilitating eye adjustment, ensuring consistent 

visual acuity regardless of changes in lighting conditions. [35, 40, 41]. 

The amacrine cells, like horizontal cells, integrate and modulate the flow of 

information presented to the ganglion cells by releasing neurotransmitters [35]. 

The outer plexiform layer (OPL) contains axons and nerve terminals of rods and 

cones, as well as dendrites of horizontal and bipolar cells, and is the site where synapses 

occur between these structures. Meanwhile, the inner plexiform layer (IPL) also contains 

axons and nerve terminals of bipolar cells and dendrites of ganglion and amacrine cells, 

allowing for synapse between them [35, 40, 41]. 

The ganglion cells layer (GCL) contains the retinal ganglion cells and amacrine 

cells. The ganglion cells are responsible for receiving visual signals from the bipolar and 

amacrine cells and transmitting them to the brain through their axons [32]. The axons of 

ganglion cells group in nerve fibers and form the optic nerve [39]. 
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1.3. The blood-retinal barrier 

The blood-retinal barrier (BRB) has two components, the inner BRB (iBRB) and 

the outer BRB (oBRB) (Figure 2) and plays a crucial role in the retina. The BRB controls 

the retinal microenvironment by regulating the fluids and molecular movements between the 

retinal vasculature, the choroidal vessels, and retinal tissue, effectively preventing the entry 

of macromolecules and potentially harmful substances in the retina. In this way, the BRB 

functions as a physiological barrier capable of controlling the flux of ion, protein, and water 

into or out of the retina [42–44]. 

The iBRB is constituted mainly by endothelial cells of retinal vessels that build 

tight junctions, forming a barrier along the vasculature of the inner retina. These vessels 

supply blood to the retina up to and including the OPL, while the photoreceptor cell layer 

remains devoid of blood vessels. The activity of the iBRB can be directly influenced by 

regulatory signals sent by astrocytes, Müller cells, and pericytes, but also by microglial cells 

and neurons, in response to changes in the microenvironment of the retinal neuronal circuit 

[42–45]. 

The oBRB is composed by the RPE cells, which are also connected by tight 

junctions. Its primary functions include the regulation of nutrients access from the blood to 

the photoreceptors, the elimination of waste molecules from the outer retina, and ensuring 

the retinal adhesion [42–45].  
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1.4. The retinal glial cells  

Retinal glial cells are usually divided into macroglia (Müller cells and astrocytes) 

and microglia. They can be activated when the retina is exposed to stress or damaged, 

initially releasing various biologically active molecules to promote tissue repair [46]. 

 

1.4.1. The Müller cells 

The Müller cells are the most prevalent glial cells in the retina. They have their cell 

bodies located in the INL, and their axons extend throughout all layers of the retina, thus 

enabling the formation of supportive structures. These structures are crucial to the proper 

functioning of the retina, as they ensure the survival of photoreceptors and other retinal 

neurons, guide light to the photoreceptors, provide structural support, regulate immune and 

inflammatory responses, as well as supply neurons and photoreceptors with essential 

nutrients. Moreover, the Müller cells play a key role in maintaining the microenvironment 

Figure 2 - Anatomic localisation of the blood-retina barriers. iBRB is formed by the blood vessels that supply 

the retina. oBRB is constituted by the RPE. Adapted from [46]. GCL: ganglion cell layer; INL: inner nuclear 

layer; OPL: outer plexiform layer; ONL: outer nuclear layer; RPE: retinal pigment epithelium. 
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of the retina by controlling the ionic composition of the extracellular fluid and removing 

neurotransmitters from the synapse after their release, among other functions [47, 48]. 

 

1.4.2. The astrocytes 

The astrocytes have multiple functions in the retina, including the regulation of 

local blood flow, the contribution for the normal function of neurons and retinal blood 

vessels. Importantly, astrocytes participate in the formation and maintenance of the BRB. 

They play a crucial role in the development and proper functioning of the retina by providing 

neurotrophic support for neurons, protecting them from toxins and injuries, and offering 

mechanical support to damaged neurons. Astrocytes also maintain the microenvironment by 

removing excess potassium and neurotransmitters from the synaptic cleft [48, 49]. 

 

1.4.3. The microglia 

Microglial cells promote the surveillance of the central nervous system (CNS) 

environment, including the retina, and play a crucial role in the immune-mediated protective 

mechanisms. These cells can exhibit different phenotypes, such as a ramified morphology 

with a small cell body and long, thin processes under healthy conditions, to survey the 

environment, or a reactive state, under injury situations, where they appear more ameboid 

with enhanced phagocytic and migration capacity. In such circumstances, microglial cells 

are capable of migrating to the site of injury, proliferating and releasing cytokines, 

chemokines, nitric oxide (NO), reactive oxygen species (ROS), and other factors [9]. 

Due to the presence of sensitive molecules, such pattern recognition receptors, 

cytokine and chemokine receptors on their surface, microglial cells can identify pro-

inflammatory mediators, leading to increased microglial activation. This contributes to 

ongoing inflammation processes that attempt to combat the injury process [9, 10, 32]. 

However, in neurodegenerative diseases, the activation of microglia may become 

chronic, and this excessive reactivity of microglia can be one of the main reasons for the 

progression of the those diseases [9]. 

Under normal healthy conditions in the retina, microglial cells are primarily found 

in the synapses-rich layers, IPL and OPL, while being absent in the photoreceptor cell bodies 

layer, the ONL, and sparsely populated in the INL [29].  
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In their non-reactive state, microglial cells play a crucial role in maintaining a 

healthy environment by phagocytosing cellular debris and releasing mediators that support 

the survival of retinal cells [29].  

Upon activation in response to injury, these cells exhibit a higher capacity to 

phagocytose apoptotic cells and cellular waste. They also release pro-inflammatory 

mediators, such as nitric oxide, and cytokines, like tumor necrosis factor (TNF), interleukin 

(IL)-1β and IL-6, chemokines, and reactive oxygen species (ROS). Elevated levels of these 

pro-inflammatory factors can lead to an overactive immune response, resulting in neuronal 

and retinal damage [2, 9–11, 32, 50].  

 

1.5. Diabetic retinopathy 

Diabetic retinopathy (DR) is the leading cause of vision loss and blindness in 

working-age adults, in individuals with diabetes, including those with type 1 or type 2. 

World Health Organization estimates that more than 422 million people worldwide 

had diabetes, representing 8.5% of the adult population and the prevalence tends to rise every 

year. According to the National Eye Institute, over half of diabetic individuals will develop 

diabetic retinopathy, but controlling blood glucose levels can reduce the risk of developing 

this condition. The risk of developing diabetic retinopathy increases with the duration of 

diabetes [3, 4, 30].  

Diabetic retinopathy had been considered for many decades a microvascular disease 

of the retina, but nowadays, based on increasing evidence obtained from many human and 

animal studies, it is considered a chronic neurovascular disease.  

 

1.5.1. The vascular dysfunctions observed in diabetic retinopathy 

Hyperglycemia and altered metabolic pathways in diabetes leads to retinal 

microglial and endothelial cell dysfunction (Figure 3) [1, 2]. Regarding the microvascular 

disease, diabetic retinopathy has two main stages: nonproliferative retinopathy and 

proliferative retinopathy [2, 8]. In nonproliferative retinopathy, which is the early stage of 

the disease, blood vessels can leak or bleed [8]. This stage is characterized by three subtypes: 

mild (presence of small areas of inflammation), moderate (blood vessels obstruction and 

increased vascular permeability, due to inflammation), and severe (blood vessels blocking). 
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The advanced stage of the disease is called proliferative retinopathy. It is characterized by 

the atypical growth of novel weak blood vessels on the retina's surface that leak or bleed 

easily, which may lead to vitreous hemorrhages causing severe vision loss or blindness [4, 

8, 31, 51].  

The early detection of the disease increases the chances of successful treatment. 

However, it is impossible or very difficult to detect the early and mild stages of the 

nonproliferative retinopathy. Thus, to prevent the advance of the disease before the 

appearance of retinal dysfunction and damage. Although there is currently no cure for 

diabetic retinopathy, there are several treatment options available, which are targeted for the 

later stages of the disease, that can delay or reduce vision loss. These include 

photocoagulation, or laser treatment, which, although it is not much used nowadays in 

developed countries, it is believed to have a direct effect on closing leaking microaneurysms, 

improving oxygenation, and stimulating retinal pigment epithelium. Another option is 

vitrectomy, which involves surgically removing the injured vitreous gel and replacing it with 

a silicone oil bubble. Additionally, anti-vascular endothelial growth factor (VEGF) injections 

can be administered to slow down, stop, or prevent the growth of irregular retinal blood 

vessels, as vascular endothelial growth factor is known to trigger their growth [3–8].  

However, these strategies have limitations and may not provide definitive solutions. 

With laser treatment, patients experience peripheral visual field loss and delayed dark 

adaptation. While anti-VEGF injections can help prevent the progression of diabetic 

retinopathy, they require frequent administration and monitoring. Unfortunately, the cost of 

regular clinic visits and anti-VEGF medications is very high. Vitrectomy is considered the 

last option for this condition, as it carries the potential risk of permanent vision loss due to 

complications such as retinal detachment or ischemic alterations [12]. 

 

1.5.2. Neuronal dysfunction and neurodegeneration 

The dysfunction of vascular, neuronal, and glial elements in diabetic retinopathy 

has been the subject of numerous scientific investigations, and there is evidence suggesting 

their interdependence and importance for the pathology's development and progression 

(Figure 3). Neuronal dysfunction and neurodegeneration has emerged as an early event in 

the pathogenesis of DR, possibly interconnected with the microvascular anomalies observed 

during the pathology's progression [52, 53]. 
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Glutamate excitotoxicity, loss of neuroprotective molecules, reactive gliosis, 

apoptosis of neural cells, diminished retinal neural function, are five features of diabetes-

induced neuroglial dysfunction/degeneration observed in experimental models of DR. These 

aspects often precede the frequently described microangiopathy characteristic of this 

condition [52, 53]. 

So far, optical coherence tomography (OCT) has been employed to demonstrate the 

thinning of inner retinal layers, such as the retinal nerve fiber layer, ganglion cell layer, and 

to varying extents, the inner plexiform layer, in patients with either type 1 or type 2 diabetes 

without diagnosed DR. This thinning holds particular relevance as retinal ganglion cells and 

amacrine cells, along with photoreceptors, represent the first neurons to exhibit diabetes-

induced apoptosis. Consequently, early neuronal dysfunction in DR contributes to its 

development and progression. The alterations in inner retinal thickness and the visual 

function impairments hint at the potential interdependence or cooccurrence of the 

neurodegenerative component of the pathology alongside vascular manifestations [52–54]. 

 

1.5.3. Inflammation in diabetic retinopathy 

In addition to hyperglycemia, inflammation is a critical factor in the development 

of diabetic retinopathy (Figure 3). Inflammation is a non-specific reaction to injury, 

involving molecular mediators, such as anti and pro-inflammatory factors [12, 13]. Chronic 

inflammation is a known consequence and associated risk of prolongated hyperglycemia 

triggered by cell death and increased oxidative stress. Diabetic retinopathy is characterized 

by a low-grade chronic inflammation due to the chronic microglia reactivity, leading to the 

secretion of pro-inflammatory cytokines, e.g., TNF, IL-1β, IL-6, and chemokines, e.g., IL-

8, and upregulation of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-

2), and other factors such as NF- κB [13–15]. In diabetic patients, increased levels of TNF 

have been found in the vitreous fluid and retina, which is correlate with the severity of their 

pathology [12, 32]. Animal studies have also demonstrated that TNF induces endothelial 

dysfunction by producing ROS, leading to leukocyte adhesion and breakdown of the blood-

retinal barrier [32]. Other pro-inflammatory factors, including IL-1β and iNOS, are also 

upregulated in the diabetic retina [15, 16]. iNOS has been shown to play a crucial role in 

blood-retinal barrier breakdown and diabetic retinal cell death, contributing to the 

development of diabetic retinopathy,  as it is associated with the initiation of early vascular 

alterations in diabetes [16, 17, 32]. Furthermore, evidence has shown that IL-1β not only 

contributes to the breakdown of the BRB through its association with the accelerated 
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apoptosis of diabetic retinal endothelial cells but also by activating various types of cells that 

initiate an inflammatory signalling cascade, being this way associated to an important role 

in the involvement of innate immunity and contributing directly for this disease [2, 13]. 

 

1.5.4. Microglial changes in diabetic retinopathy 

Microglial reactivity in the early stages of diabetic retinopathy have been linked to 

the low-grade pro-inflammatory state in the retina, but alterations in microglial behaviour 

during advanced pathology are also relevant [55, 56]. Microglial reactivity entails a change 

in their phenotype, in which these cells display both pro and anti-inflammatory actions. Early 

in the disease, the anti-inflammatory responses coincide with the pro-inflammatory actions, 

trying to mitigate inflammation and slowing the disease progression. However, as the disease 

advances, the anti-inflammatory actions diminish, allowing pro-inflammatory actions to 

persist and chronically activate pro-inflammatory signalling pathways. Thus, diabetes-

related retinal inflammation has an increasingly recognized pathological role, supported by 

growing evidence from studies demonstrating that microglial activation in cell cultures and 

diabetic animal models leads to increased expression of pro-inflammatory factors (cytokines 

and chemokines) and subsequent induction of neuronal dysfunction and cell death [52–54, 

57]. 
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1.6. Sitagliptin, an inhibitor of dipeptidyl peptidase 4 

Sitagliptin was approved and introduced to the market in the USA, as Januvia, in 

2006. It holds the distinction of being the first dipeptidyl peptidase 4 (DPP4) inhibitor 

authorized for use as an oral antihyperglycemic medication for treating type 2 diabetes [58]. 

In more than 130 countries, sitagliptin is already approved as a therapy, alone or combined 

with other drugs, and it is taken, usually, once a day, having a low risk of pharmacokinetic 

drug interactions, being safe and with high levels of efficiency. Sitagliptin prevents the 

cleavage and subsequent degradation of incretin hormones [e.g., glucagon-like peptide-1 

(GLP-1) and glucose-dependent insulinotropic polypeptide (GIP)], therefore increasing their 

levels, which leads to a stimulation of insulin secretion and a decrease of the glucose 

production. In other words, sitagliptin allows a better blood glucose control (Figure 4) [39, 

59–61]. 

Figure 3 - Pathophysiology of Diabetic Retinopathy. Adapted from [12]. PKC: protein kinase C; AGEs: 

advanced glycation end products; DR: diabetic retinopathy; DME: diabetic macular edema; NPDR: non-

proliferative diabetic retinopathy; PDR: proliferative diabetic retinopathy. 
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Sitagliptin belongs to the gliptins class, a set of anti-hyperglycemic agents that have 

been synthesised and used in clinics. It contains a β-amino acid scaffold, which allows 

sitagliptin to selectively connect and inhibit DPP4 (Figure 5) [26, 62]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - DPP4 function and DPP4 inhibitors' mechanisms of action. Adapted from [28] 

H 

Figure 5 - Sitagliptin structure. Adapted from [62]. 
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1.6.1. Dipeptidyl peptidase 4 

DPP4, also known as CD26, is a 110 kDa protein that can be present in two different 

forms, a type II transmembrane glycoprotein and a cleaved and soluble form, present in 

blood plasma and others body fluids (Figure 6) [18]. This protein can be localized in many 

tissues and cell types, such as neural, in specific glial cells (microglia and astrocytes), 

endocrinal, gastrointestinal, pancreatic, respiratory tissues, and immune cells [63]. DPP4 is 

a serine exopeptidase, first studied for its ability to cleave the incretin hormones GLP-1 and 

GIP, thus regulating their levels. Moreover, DPP4 plays a role by cleaving many other 

dipeptides such as chemokines, cytokines, or neuropeptides. Finally, DPP4 attaches to many 

binding proteins, such as adenosine deaminase (ADA), CD45, fibronectin, caveolin-1, 

among others. Therefore, DPP4 is involved in many physiological processes [63]. DPP4 can 

regulate the activation of several immune cell types such as T-cells, their migration, and 

cytokine production. Moreover, DPP4 can cleave growth factors, potentially impacting their 

bioactivity and signalling pathways, which also by interacting with immunomodulatory 

peptides involved in immune responses, have an influence on the inflammatory response 

regulation [19–25, 63]. Overall, DPP4 is considered a regulator of immune responses and 

inflammation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 - DPP4 isoforms. Adapted from [18]. sDPP4: soluble DPP4. 

Chemokines/Cytokine



 

 

16 

 

1.6.2. Beneficial effects of sitagliptin 

During the last decade, our group was the first demonstrating that sitagliptin has 

protective effects in the retina. In a rat model of type 2 diabetes (Zucker Diabetic Fatty rats), 

we demonstrated that sitagliptin prevents the redistribution and intracellular accumulation 

of tight junction proteins, such as occludin and claudin-5, thereby inhibiting changes in tight 

junctions. Furthermore, sitagliptin prevents the increase in inflammation, and particularly 

the levels of pro-inflammatory cytokines and intercellular adhesion molecule (ICAM-1), in 

the retina, as well as nitrosative stress and apoptosis [26]. We also demonstrated that 

sitagliptin can prevent BRB breakdown in a rat model of type 1 diabetes independently of 

the glycemia regulation. [26, 27, 46]. Furthermore, our group has also verified, in primary 

retinal cell cultures and organotypic retinal cell cultures, that sitagliptin not only significantly 

reduces the increase in iNOS immunoreactivity and nitrite levels in CD11b-positive cells 

(likely microglial cells) exposed to LPS, but also prevents the alterations in CD11b-positive 

cells morphology triggered by LPS, suggesting that sitagliptin presents potential anti-

inflammatory effects  [28]. However, we had no evidence that the anti-inflammatory effects 

observed in microglial cells were due to a direct effect of sitagliptin on these cells. 
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Main goals 

Diabetic retinopathy is a non-curable neurovascular disease that commonly affects 

individuals with diabetes. A large body of evidence, including by our group, has shown that 

a chronic low-grade neuroinflammation mediated, at least in part, by microglial cells, plays 

a crucial role in the development and progression of diabetic retinopathy and other retinal 

degenerative diseases [15, 64–67]. 

Although there are some treatments available for this disease, they are not very 

effective in many patients. They are mainly targeted for the later stages of diabetic 

retinopathy and have several adverse effects. Therefore, there is an urgent need to develop 

novel treatments, particularly for the early stages of the disease that could at least to halt or 

delay its progression. 

Sitagliptin is currently used as an oral antidiabetic medication to control blood 

glucose levels in patients with type 2 diabetes. Sitagliptin exerts its effect by inhibiting the 

DPP4 enzyme, thereby increasing the levels of incretins and, consequently, insulin levels. 

Extensive research has been conducted on sitagliptin effects using cellular and 

animal models, both in type 1 and type 2 diabetes. Our group was the first demonstrating 

significant protective effects of sitagliptin in the retina, both in type 1 and type 2 diabetic 

animal models. In type 1 diabetic animals, the protective effects were independent of the 

glycemic control. In this case, the animals were not able to produce insulin and the glycemic 

levels were very high. Moreover, sitagliptin presented protective effects against the blood-

retina barrier breakdown, and anti-inflammatory effects in the retina, namely by reducing 

the levels of IL-1β and ICAM-1 [26, 46]. Unpublished data from our group shows that 

sitagliptin is able to inhibit microglia reactivity in retinal primary mixed cultures and 

organotypic cultures. However, we do not have clear evidence that these anti-inflammatory 

effects on microglial cells were due to direct effects on these cells. 

Therefore, considering the previous findings from our group, the main goals of this 

thesis are to 1) elucidate whether sitagliptin can exert direct anti-inflammatory effects on 

microglial cells; and 2) clarify whether those effects are dependent on the inhibition of DPP4 

by sitagliptin, or if other pleiotropic effects can be involved. 
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2. Materials & Methods 

2.1. BV-2 cell line 

BV-2 cells, derived from raf/myc-immortalized C57/BL6 mouse neonatal 

microglia, have been extensively employed in scientific research as a prominent microglial 

cell line. They resemble primary microglial cells in terms of both morphology and 

functionality, displaying similar reactivity and exhibiting an inflammatory response when 

exposed to LPS [68–70].  

In situations where human cell availability is limited and considering the adherence 

to the principles of reduction, replacement, and refinement (3 R's), using commercially 

available immortalized mouse microglial lines becomes an option for advancing 

neurological research. BV-2 cells, therefore, serve as a valuable experimental model for 

researching the mechanisms underlying neuroinflammation and degenerative diseases. Their 

application in studying anti-inflammatory drugs make them particularly relevant in this study 

[68–71]. 

 

2.2. Culture and exposure of BV-2 cells to sitagliptin and LPS  

BV-2 cells were cultured in Roswell Park Memorial Institute (RPMI) medium 1640, 

supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin antibiotics, 

and 1% L-glutamine, under 5% CO2 and 95% humidity, at 37ºC. BV-2 cells were passaged 

at ≈ 1:30 dilution, every three days. The stock of BV-2 cells was from passage 4 and the cells 

were kept in culture until passage 25 at maximum, before being replaced by new stocks.  

For experimental purposes, the cells were seeded in RPMI containing 2% FBS at a 

cell density of 1 x 104 cells/cm2. After 18 h of cell seeding, the cells were incubated with 200 

μM sitagliptin (Sigma-Aldrich, USA), 0.1 μg/ml LPS (Sigma-Aldrich, USA), and sitagliptin 

plus LPS, for 24 h. Sitagliptin was added 30 min before the incubation with LPS (Figure 7). 

Fresh medium was added to the cells before the treatment. 

Figure 7 – BV-2 cells drug exposure protocol. Made with BioRender. 
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2.3. EdU assay 

Cells were seeded in a 12-well plate containing coverslips (16 mm diameter). The 

cells were then treated with sitagliptin and LPS and incubated for 22 h. After that, 500 μl of 

the cell medium was removed from each well, and 500 μl of fresh medium containing 100 

μM EdU (Click-iT™ EdU Cell Proliferation Kit for Imaging, Alexa Fluor™ 488 dye, 

ThermoFisher, Scientific, USA) was added. After a 2 h incubation, the medium was 

aspirated, and the cells were washed with 1x PBS and fixed with methanol at -20ºC for 10 

min. Following another wash, the cells were permeabilized using 0.5% Triton X-100 for 20 

min at room temperature (RT). Subsequently, the cells were washed with phosphate-buffered 

saline (PBS) + 3% bovine serum albumin (BSA). To detect cell proliferation, an EdU assay 

using Click-it chemistry with various fluorescent dyes was performed. The Click-it reaction 

cocktail was prepared by combining 430 μl of EdU reaction buffer (component D), 20 μl of 

CuSO4 (component E), 1.2 μl of Alexa Fluor 488 picolyl azide (component B), and 50 μl of 

EdU reaction additive at 1x concentration. The cells were then incubated with this cocktail 

for 30 min in a humidified chamber at RT, in the dark. After another wash with PBS + 3% 

BSA, the cells were stained with DAPI (1:10 000) at RT for 1 h. Finally, the cells were 

washed 3 times with PBS and mounted on slides using 10 μl of fluorescence mounting 

medium (DAKO, Denmark). Fluorescence microscopy (ZEISS, Germany) was used to 

capture images in five random fields per condition, and the images were subsequently 

analysed using ImageJ. 

 

2.4. Apoptosis assay 

Cell apoptosis was evaluated by immunocytochemistry, by assessing active 

(cleaved) caspase 3. Cells were seeded in a 12-well plate containing coverslips (16 mm 

diameter), and then incubated with sitagliptin, LPS and puromycin (1μg/ml; positive 

control). After 22 h, the cells were fixed with methanol at -20ºC for 10 min, permeabilized 

with PBS + 1% Triton X-100 for 5 min, and then blocked with PBS + 3% BSA + 0.2% 

Tween 20 for 1 h at RT. Primary antibody (anti-cleaved caspase 3; diluted 1:200 in PBS; Cell 

Signaling 9661 rabbit polyclonal, Cell Signaling, USA) was then added to the coverslips and 

incubated in a humidified chamber at RT for 1 h 30 min. After being washed three times, the 

coverslips were incubated with the secondary antibody (goat anti-rabbit; diluted 1:200 in 

blocking buffer; Alexa Fluor® 488 conjugate; Invitrogen, USA) for an additional hour, at 

RT. Finally, DAPI (1:2000; Invitrogen, USA) + phalloidin (1:500; Sigma-Aldrich, USA) 
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were incubated for 30 min, after which the coverslips were mounted on slides using 

fluorescence mounting medium (DAKO, Denmark). Fluorescence microscopy (ZEISS, 

Germany) was used to capture images in five random fields per condition, and the images 

were subsequently analysed using ImageJ. 

 

2.5. Protein extraction and quantification 

The bicinchoninic acid assay (BCA) method was employed to perform protein 

extraction. Cells were seeded in a 6-well plate and treated with sitagliptin and LPS. After 24 

h, the cells were washed with PBS and scraped with radioimmunoprecipitation (RIPA) lysis 

buffer (100 μl/well; 150 mM NaCl, 50 mM Tris HCl, 5 mM EGTA, 0.5% sodium 

deoxycholate, 0.1% SDS, 1% Triton X-100, 0.1 mM DTT, milli-Q water until 100 ml; pH 

7.5), supplemented with protease inhibitors (Roche, Germany). The resulting protein 

extracts were subjected to sonication (three times with 5 s pulses), incubation on ice for 30 

min, and centrifugation (16 000x g for 10 min at 4ºC) in chilled Eppendorf tubes. A volume 

of 6 μl of each protein extract was transferred to a new tube, and Sample Buffer 6x (1:5, v: 

v) was added to the remaining volume of protein extract. The samples were denaturated at 

95ºC and stored at -80ºC. Protein quantification was measured using the Pierce BCA Protein 

Assay Kit (ThermoFisher, Scientific, USA) with the 6 μl protein samples. 

 

2.6. Western blot 

The prepared leader and protein samples (20 μg per well) were added to each well 

of the acrylamide gel, stacked at 70V and raced at 140V for approximately 15 min and 1 h 

30 min, respectively. During that time, the membranes were activated in methanol (2 min), 

water (2 min) and Transfer Buffer (5 min minimum). Once separated by size, the proteins 

were transferred to polyvinylidene difluoride (PVDF) membranes at 0.75 A, for about 1h 30 

min, at 4ºC. Later, the membranes were blocked with 5% low fat milk / 0.1% Tris-buffered 

saline (TBS; 200 mM Tris HCl; 1.37 mM NaCl) supplemented with 0.1 % Tween 20 (TBS-

T) for 1h. The membranes were incubated with the primary antibody overnight, at 4ºC on a 

shaker. After 3 washes with TBS-T, the membranes were then incubated with the secondary 

antibody for 1h and washed again 3 times with TBS-T for 10 min each. The membrane 

revelation and the image acquisition were performed with chemiluminescence detection 

machine (ImageQuant™ LAS 500, General Eletric, USA) [72]. 
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2.7. Phagocytic assay 

Cells were seeded in a 12-well plate containing coverslips (16 mm diameter) in 

RPMI + 2% FBS. After 18 h, the cells were treated with sitagliptin and LPS. Following 23 

h of treatment, cells were incubated with 0.0025% fluorescent latex beads for 1 h (Sigma-

Aldrich, USA). The cells were washed with PBS and fixed with methanol at -20ºC. After 10 

min, the cells were permeabilized and blocked with 3% bovine serum albumin (BSA) + 1% 

Triton X-100 in PBS, for 30 min, stained with phalloidin-TRICT, diluted to 1:500 in PBS, 

for an additional 30 min. After staining, the cells were washed three times with PBS and 

stained with DAPI (diluted to 1:10 000 in PBS). After 30 min, the cells were washed with 

PBS and milli-Q water, and the coverslips were mounted with 10 μl fluorescence mounting 

medium (DAKO, Denmark) on glass slides. Fluorescence microscope images of 10 random 

fields were captured from each condition, and the phagocytic efficiency (%) was determined 

using the following formula [15]: 

Phagocytic efficiency (%)= 
∑(1 x 𝑥1 +  2 x 𝑥2 +  3 x 𝑥3 … +  𝑛 x 𝑥𝑛)

Total number of cells
 ×100% 

𝑥𝑛 represents the number of cells containing n beads (𝑛 = 1,2,3, ... up to a maximum of 6 

points for more than 5 beads per cell). 

 

2.8. Polymerase chain reaction (PCR) and reverse transcription 

PCR (RT-PCR) 

The PCRs were performed on deoxyribonucleic acid (DNA) isolated from BV-2 

cells while RT-PCRs were performed on complementary DNA (cDNA) from BV-2 cells. The 

PCR amplification was conducted according to the Supreme NZYTaq II 2x Green Master 

Mix protocol (NZYtech, Portugal) [73]. Each DNA or cDNA sample was mixed with 

Supreme NZYTaq II 2x Green Master Mix, primers (Table 1), and nuclease-free water. The 

amplification was carried out for 31 cycles using 200 ng of genetic material and 10 μM of 

forward and reverse primers. The amplification protocol consisted of an initial denaturation 

at 95ºC (5 min), followed by 31 cycles of denaturation at 94ºC (30 sec), annealing at the 

appropriate temperature (generally at 60ºC for 30 sec), and extension at 72ºC (20 sec), ending 

with a final extension at 72ºC for 5 min. The resulting samples were suitable for 

electrophoresis on a 1% agarose gel with 1% (v/v) green safe.  
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2.9. CRISPR/Cas9 cloning  

Benchling.com was utilized to design the single guide ribonucleic acid (sgRNA). 

To initiate primer annealing, the forward and reverse primers were combined at equal 

concentrations with T4 buffer, diethyl pyrocarbonate (DEPC) water, and T4 polynucleotide 

kinase (PNK) (New England BioLabs, USA). The mixture was incubated at 37ºC for 30 min, 

followed by a 5 min incubation at 95ºC. The temperature was then gradually reduced at a 

rate of 5ºC per min until reaching 25ºC, allowing for primer annealing and the formation of 

ds-gRNA. The resulting product was purified using the PureLinkTM Quick Gel Extraction 

and PCR Purification Combo Kit (Invitrogen, USA), following the manufacturer's protocol. 

Subsequently, 2 μg of pX459 plasmid was digested with the 1 μl BbS1 restriction enzyme 

(R0539S, New England BioLabs, USA) (Figure 8A). Complete digestion was ensured by 

running 100 μg on agarose 0.8% gel. The purified ds-gRNA was then ligated to the digested 

plasmid using T7 DNA ligase and the appropriate ligation buffer (M0318, New England 

BioLabs, USA) (Figure 8B). The ligation reaction was performed overnight at 16ºC. The 

pX459 plasmid contains resistance genes for both ampicillin and puromycin. 

 

 

Gene Primer Sequence 

Dpp4  

 

F3 ex11: 5’-CGTGAATCTGCCAAACTCCATG-3’ 

R3 ex13: 3’-CGACGCGGGGTGCACT-5’ 

F4:  CTGAGCTACTCTACCTTACTG 

R2:  GATCTGGCCATTTTCTCTCTTTAG 

Gapdh 

F31:  CGACTTCAACAGCAACTC 

R33:  TGTAGCCGTATTCATTGTCATA 

Ywhaz 

F34:  CAGCAAGCATACCAAGAAG 

R35:  TCGTAATAGAACACAGAGAAGT 

Table 1 - List of primers used for RT-PCR and RTq-PCR. 
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Competent E. coli bacteria (dH5α, 18265017, Alfagene, Portugal) were 

transformed with the pX459 plasmid resulting from the ligation reaction and cultured on an 

agar + Luria broth (LB) plate. The transformed bacteria were selected by using ampicillin. 

Subsequently, the recombinant plasmid was isolated from the selected bacteria. The ds-

gRNA and plasmid constructs were validated through bacterial sanger sequencing, from the 

U6 promoter using the U6-Fwd primer (Table 2). 

 

Name Sequence 

sgRNA sequence CAGCTAGTGAATACGTTCTG CGG 

Top oligo CACCGCAGCTAGTGAATACGTTCTG 

Bottom oligo AAACCAGAACGTATTCACTAGCTGC 

U6-Fwd GAGGGCCTATTTCCCATGATTCC 

Dpp4 ex11 F3 CGTGAATCTGCCAAACTCCATG 

Dpp4 ex12 R3 CGACGCGGGGTGCACT 

BbsI BbsI

CACC GTTTsgRNA

BbsI BbsI (A) 

BbsI BbsI

CACC GTTTsgRNA
(B) 

Figure 8 - CRISPR/Cas9 cloning. (A) pX459 plasmid digestion with BbsI restriction enzyme. (B) ds-sgRNA 

ligation to the plasmid by DNA ligase and ligation buffer. Made with BioRender. 

Table 2 - Sequence of the oligos used to perform CRISPR/Cas9 cloning and transfection, and the primers. 
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2.10. Deletion of Dpp4 

To perform transfection, cells were seeded in a 6-well plate, at a concentration of 8 

x 104 cells/well. The LipofectamineTM 3000 Transfection Reagent (L3000015, Alfagene, 

Portugal) protocol was followed, which requires 2500 ng of DNA, 5 μl of P300 and 7.5 μl 

of lipofectamine 3000 reagent for a 6-well plate [74]. Mix 1, consisting of 125 μl of 

OptiMEM and 7.5 μl of lipofectamine 3000 reagent, was combined with mix 2, which 

contains 125 μl of OptiMEM, 2.5 μg of plasmid pX459, and 5 μl of P3000 reagent. After 

cells were seeded for 18 h, the two mixes were combined and kept on ice for 15 min. Then, 

the cells were incubated with the mixture along with 2 ml of Opti-MEM. After 3 h, FBS was 

added in a volume corresponding to 10% of the total volume. The cells were incubated with 

5 μg/ml of puromycin for 24 h and then washed with PBS, and only the transfected cells 

were selected. New medium was added to the cells for recovery, and after 24 h, a dilution 

was performed to obtain a maximum of 600 cells per 12 ml (Figure 9). Diluted cells (100 μl) 

were then added in each well of three 96-well plate to obtain clonal populations of BV-2 

cells. The potential Dpp4 potential mutant / knock-out (KO) cells were validated by Sanger 

sequencing (Table 1). 

 

 

2.11. DNA extraction 

To prepare the DNA samples, proteinase K (0.1 mg/ml) was added to the DNA 

buffer (100 mM NaCl, 10 mM Tris-HCl, 25 mM EDTA, 5 mM SDS 10%, pH8; 1 μl 

proteinase K per 100 μl DNA buffer). The cells were pelleted, and the supernatant was 

discarded before adding the DNA Buffer mix to the cell pellets (300 μl/well). The samples 

were incubated for 4 h at 56ºC. Following incubation, 300 μl of isopropanol was added and 

mixed by inverting the tube. After a 15 min centrifugation at 10 000x g, the supernatant was 

(A) (B) 

Figure 9 - Deletion of DPP4. (A) Original colony after the 600 cells/12 ml dilution. (B) Growing colony. 
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discarded, and 500 μl of 70% ethanol RNase-free (prepared with RNase-free water) was 

added to the sample, which was then centrifuged for 10 min (14 000x g). The supernatant 

was removed, and the pellet was centrifuged again for 5 min. The tubes were then air-dried 

for 20 min at RT. Finally, 100 μl of DEPC-treated water was added to each sample, and the 

DNA concentration was measured using a Nanodrop One (ThermoFisher, Scientific, USA). 

 

2.12. RNA extraction 

For the ribonucleic acid (RNA) extraction, RNeasy Mini Kit (QIAGEN, Germany) 

was used according to manufacturer protocol [75]. The cells' medium was collected and 

centrifuged, and the supernatant was removed while the pellet was mixed with 350 μl Buffer 

RLT, before being frozen at -20ºC. To disrupt the cells, a syringe (1 ml) and a needle (23G) 

were used to mix the pellet up and down. The sample was then mixed with 1 volume of 70% 

ethanol RNase-free, transferred to a RNeasy Mini spin column, and centrifuged for 15 s 

(8000x g or more), discarding the flow-through after every centrifugation. The spin column 

was washed twice with 700 μl of Buffer RW1 with a 15 s centrifugation in between, followed 

by two washes with 500 μl Buffer RPE and a 15 s centrifugation after each wash. After a 2 

min centrifugation, the spin column was transferred to a new Eppendorf tube, and 30 μl of 

RNase-free water (DEPC-treated water) was added. The sample was centrifuged for 1 min, 

and the amount of RNA in each sample was then quantified with the Nanodrop One 

(ThermoFisher, Scientific, USA). 

 

2.13. cDNA synthesis 

The NZY First-Strand cDNA synthesis kit (NZYTech, Portugal) was employed for 

cDNA synthesis, according to manufacturer protocol [76]. The procedure was conducted on 

ice, and the following components were added to a sterile microcentrifuge tube for each 

sample: 10 μl of NZYRT 2x Master Mix, 2 μl of NZYRT Enzyme Mix, an appropriate 

volume of RNA to yield up to 5 μg of genetic material in the sample, and RNase-free water 

to bring the total volume to 20 μl. Subsequently, cDNA samples were appropriately diluted 

to achieve a final concentration of 25 ng/μl. 
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2.14. Quantitative reverse transcription PCR (RT-qPCR) 

All the required components for this experiment were kept on ice, and the number 

of tubes needed for the primer mix equalled the number of genes being studied. For the 

cDNA mix, the number of tubes matched the number of samples plus a negative control 

(water). Each primer mix consisted of 5 μl of primer F/R (Table 2) and 7.5 μl of DEPC-

treated water, while the cDNA mix contained 5 μl of cDNA and 7.5 μl of DEPC-treated 

water. After adding 5 μl of the primer mix to the PCR plate (ThermoFisher Scientific, USA), 

the cDNA tubes were supplemented with 25 μl iTaq Universal SYBR Green Supermix (Bio-

Rad Laboratories, USA). The contents were mixed, and 15 μl of the mixture were transferred 

to the plate. The plate was sealed with a MicroAmp Optical Adhesive Film (ThermoFisher 

Scientific, USA) and centrifuged to eliminate any bubbles. Subsequently, the plate was 

inserted into the RT-qPCR machine (QuantStudio 3, Applied Biosystems, ThermoFisher 

Scientific, USA), and information regarding the genes (primers), samples, duplicates, and 

housekeeping controls was added. The protocol, spanning approximately 2 h, entailed 40 

cycles, and consisted of three phases: a hold stage (95ºC for 10 min), a PCR stage (95ºC for 

15 s, 60ºC for 45 s, 72ºC for 30 s), and a melt curve stage (95ºC for 15 s, 60ºC for 1 min, 

95ºC for 15 s). 

The relative quantification of target gene expression was assessed using the 

comparative threshold (Ct) method, also known as the ΔΔCt method. Ct values were 

determined for each sample, and subsequently, the ΔCt value was calculated as: 

 ΔCt = Ct target gene – Ct housekeeping gene.  

Following that, the ΔΔCt value was determined by the formula: 

 ΔΔCt = (Ct target gene – Ct housekeeping gene) treated group – (Ct target gene – Ct housekeeping gene) 

control group.  

The relative quantification provides information on the change in the expression of 

the target gene in treated samples compared to its expression in control samples. 
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2.15. Statistical analysis 

Results are presented as mean ± Standard Error of the Mean (SEM.) Statistical 

analysis was performed using GraphPad Prism 8.0.2 for Windows. The data were first tested 

for normality and lognormality distribution. For normally distributed data, an Ordinary one-

way ANOVA with Tukey's multiple comparisons test was conducted. For lognormal data, a 

Kruskal-Wallis’ test was employed, followed by uncorrected Dunn’s multiple comparison 

test. Statistical significance was considered at p<0.05.
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3. Results 

In the present work, we aimed to elucidate if sitagliptin can exert direct anti-

inflammatory effects on microglial cells. Furthermore, we also intended to clarify if these 

effects were dependent of the inhibition of DPP4 by sitagliptin, or if other pleiotropic effects 

could be involved. For this purpose, immortalized microglial cell cultures (BV-2 cell 

cultures) were exposed to a pro-inflammatory stimulus, LPS, and the effect of sitagliptin in 

BV-2 cells, expressing or not DPP4, was evaluated. 

 

3.1. Effect of sitagliptin and LPS on BV-2 cells morphology 

BV-2 cells were exposed to 200 μM sitagliptin and 0.1 μg/ml LPS. We first assessed 

whether exposure for 24 h to LPS and/or sitagliptin could affect the viability of BV-2 cells. 

Phalloidin stained images (Figure 10A) and brightfield images (Figure 10B) show no 

significant difference between the untreated cells (control condition; CT), and cells treated 

with 200 μM sitagliptin, 0.1 μg/ml LPS, and 200 μM sitagliptin plus 0.1 μg/ml LPS (Sita 

+LPS). We conclude that the concentrations of sitagliptin and LPS chosen, do not affect the 

viability of BV-2 microglial cells. 

However, cells exposed to 0.1 μg/ml LPS, a concentration known to trigger BV-2 

cells reactivity, are more round shape, which is an indicative of reactive microglial cells. 

Figure 10 – Effect of sitagliptin and LPS on BV-2 cells morphology. Cells were cultured for 18 h and then 

exposed to LPS (0.1 μg/ml) for 24 h in the presence or absence of 200 μM sitagliptin. (A) Staining with 

phalloidin (red) (40X magnification). (B) Brightfield (5X magnification). Scale bar: (A) 10 μm; (B) 40 μm. 

CT: control; Sita: sitagliptin. 
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3.2. Sitagliptin does not affect the proliferation rate of BV-2 cells 

We also investigated the impact of sitagliptin on the proliferation of microglial cells 

and its potential safeguarding effect on microglial cells when exposed to LPS, using the EdU 

assay. This evaluation took place 2 h following the EdU incubation, aiming to determine the 

percentage of cells incorporating EdU into recently synthesized DNA. (Figure 11A). 

As observed, incubating cells with sitagliptin did not affect microglia proliferation, 

comparing to control. Upon exposure to LPS, the proliferation of BV-2 cells decreased, and 

this reduction remained unaffected by sitagliptin, indicating that sitagliptin is unable of 

preventing this decrease (Figure 11B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 - Sitagliptin does not affect the proliferation of BV-2 cells. Proliferation was evaluated in BV-2 

microglial cell cultures using the EdU assay. Cells were exposed to LPS (0.1 μg/ml) for 24 h in the presence 

or absence of 200 μM sitagliptin. (A) Staining of EdU-positive cells (pink), and cell nuclei with DAPI (blue). 

Scale bar: 20 μm. (B) The percentage of BV-2 microglial cells proliferating was assessed by counting EdU-

positive cells in 5 random fields per experiments (20X magnification). Data are presented as mean ± SEM of 

5 independent experiments. CT: control; Sita: sitagliptin. *** p<0.001, compared to CT, one-way ANOVA test, 

followed by Tukey’s multiple comparison test. 
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3.3. Sitagliptin does not induce changes in apoptosis in BV-2 cells 

Cleaved caspase-3 is a programmed cell death marker that was used to assess the 

percentage of apoptotic BV-2 cells after exposure to sitagliptin and/or LPS (Figure 12A). 

Sitagliptin, LPS and sitagliptin plus LPS did not increase the number of caspase-3-positive 

cells (Figure 12B). In fact, the number of apoptotic cells in culture was residual. Puromycin 

was used as a positive control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 - Sitagliptin does not increase apoptosis in BV-2 cells. Apoptosis was evaluated in BV-2 microglial 

cell cultures by cleaved caspase 3 immunostaining. Cells were exposed to LPS (0.1 μg/ml) for 24 h in the 

presence or absence of 200 μM sitagliptin. (A) Immunocytochemistry was performed for cleaved caspase-3 

(green). DAPI (blue) was employed for counterstaining the nuclei and phalloidin (red) counterstained the 

cytoskeleton. Scale bar: 20 μm. (B) The percentage of caspase-3-positive cells was quantified, in 5 random 

fields per experiment (20X magnification). Data are presented as mean ± SEM of 3 independent experiments. 

One-way ANOVA test, followed by Tukey’s multiple comparison test. CT: control; Sita: sitagliptin. 
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3.4. Sitagliptin inhibits the upregulation of iNOS, IL-1β and TNF 

protein levels in BV-2 microglia triggered by exposure to LPS 

Microglia can react to pro-inflammatory stimuli by upregulating the expression of 

pro-inflammatory mediators like iNOS, IL-1β, and TNF. iNOS produces large amounts of 

nitric oxide, and IL-1β and TNF can be released, thereby enhancing the inflammatory 

response. 

The protein levels of iNOS (Figure 13A), IL-1β (Figure 13B), and TNF (Figure 

13C) were quantified by Western Blot in BV-2 microglial cell cultures exposed to LPS, in 

the absences or presence of sitagliptin. As expected, LPS exposure triggered an increase of 

iNOS, IL-1β and TNF protein levels, compared to control. The results were normalized to 

LPS experimental condition (100%), because in some experiments the bands of these 

proteins in the control condition were barely or even not detected. The presence of sitagliptin 

significantly inhibited the increase of iNOS, IL-1β and TNF protein levels, triggered by LPS, 

to 39.35 ± 6.24%, 47.19 ± 8.11%, and 34.02 ± 7.16%, respectively, comparing to LPS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 - Sitagliptin inhibits the upregulation of iNOS, IL-1β and TNF protein levels in BV-2 cells 

triggered by LPS. Protein levels of iNOS (A), IL-1β (B) and TNF (C) were normalized to LPS condition 

(100%), and to β-actin. Results are presented as mean ± SEM of 3-5 independent experiments. (A, B) ** p<0.01 

and **** p<0.0001, compared to CT; #### p<0.0001, compared to LPS; one-way ANOVA, followed by 

Tukey’s multiple comparison test. (C): **** p<0.0001, compared to CT; #### p<0.0001, compared to LPS; 

Kruskal-Wallis’ test, followed by uncorrected Dunn’s test. CT: control; Sita: sitagliptin. 
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3.5. Sitagliptin inhibits the increase in the phagocytic activity of BV-

2 microglia triggered by LPS 

Phagocytosis represents a primary function carried out by microglial cells, as it is 

critically essential for the elimination of apoptotic cells, extracellular protein aggregates, and 

infectious bacteria. The phagocytosis efficiency of BV-2 cells, pre-treated or not with 

sitagliptin, and exposed to LPS, was quantified, using fluorescent latex beads (Figure 14A). 

Microglial cells in culture have basal reactivity and so they incorporate beads, as we can see 

in the Figure (Figure 14A). The phagocytic efficiency of untreated cells (CT) was very low 

(20.0 ± 3.3%). The phagocytic efficiency of cells treated with sitagliptin (28.7 ± 7.5%) was 

similar to the control. In BV-2 cells exposed to LPS there was a significant increase in the 

number of phagocytized beads (375.0 ± 20.3%; p<0.0001), when compared with the control 

(Figure 14B). However, cells treated with sitagliptin and exposed to LPS presented a 

significant reduction of the phagocytic efficiency, of approximately 35% (237.8 ± 17.8%; 

p<0.0001), when compared to cells exposed to LPS, indicating that sitagliptin has the 

capability of reducing the phagocytic efficiency of reactive microglial cells. 
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Figure 14 - Sitagliptin inhibits the LPS-induced increase in the phagocytic efficiency of BV-2 microglial 

cells. (A) Phagocytosis was evaluated in BV-2 microglial cells using fluorescent latex beads (yellow-green). 

Cells were cultured for 18 h and then exposed to LPS (0.1 μg/ml) for 24 h in the absence or presence of 200 

μM sitagliptin. Actin filaments of the cells were stained with phalloidin (red). Scale bar: 20 μm. (B) Phagocytic 

efficiency was quantified in 5 random fields (20X magnification) of each coverslip, for each independent 

culture (n=4). Data are presented as mean ± SEM. **** p<0.0001, compared to CT; #### p<0.0001, compared 

to LPS; one-way ANOVA test, followed by Tukey’s multiple comparison test. CT: control; Sita: sitagliptin. 
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3.6. BV-2 microglial cells express Dpp4 

A major aim of this study was to investigate whether the anti-inflammatory effects 

of sitagliptin in BV-2 cells were exclusively due to the inhibition of DPP4, or if some 

pleiotropic effects could be involved. Therefore, it was necessary to make sure that BV-2 

microglial cells express DPP4. The presence of Dpp4 mRNA in BV-2 microglial cells was 

confirmed through RT-PCR analysis (Figure 15). It is possible to observe that Dpp4 mRNA 

is expressed in untreated cells, as well as in cells treated with sitagliptin and exposed or not 

to LPS. 

 

 

 

 

 

 

 

 

 

 

 

 

3.7. Generation of clones 2 and 31 by CRISPR/Cas9 cloning 

Given that Dpp4 mRNA is expressed in BV-2 cells and that sitagliptin is recognized 

as a DPP4 inhibitor, it becomes imperative to examine whether the sitagliptin’s effects on 

BV-2 inflammatory response triggered by LPS exposure is only mediated by DPP4, or if 

some pleiotropic effects could be implicated. To achieve this, a CRISPR/Cas9 cloning, Dpp4 

deletion and cells transfection, were performed, with the purpose of obtaining Dpp4 knock-

out (KO) cells. Several clonal populations of BV-2 cells transfected with pX459 plasmid 

containing a sgRNA against the exon 3 of Dpp4 were screened by Sanger sequencing. The 

Sanger sequencing results revealed distinct alterations in the base pair (bp) sequence called 

indel comparing the WT BV-2 cells and the transfected cells, indicative of a successful gene 

editing outcome. The success rate of gene editing was superior to 50% generation of indels 

which is very acceptable for a cell line that is difficult to transfect (10% transfection 

efficiency with GFP plasmid). 

Figure 15 – Dpp4 mRNA is expressed in BV-2 microglial cells. Control BV-2 cells, and cells treated with 

sitagliptin exposed or not to LPS, express Dpp4. Dpp4 mRNA expression was assessed by RT-PCR. CT: 

control; Sita: sitagliptin. 
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Clone 2 (Figure 16A) and clone 31 (Figure 16B) were selected to perform the 

experiments. These clones present the addition of a base pair (in pink, Figure 16) at exon 3, 

in the 5’ of the PAM sequence (CCG, in blue, Figure 16) resulting in a change in the reading 

frame of the target gene and causing a frameshift mutation. Consequently, the encoded 

protein is likely to be altered, truncated, or not translated, potentially leading to functional 

changes or loss of function. The difference between these two clones is the base pair added 

to the sequence, which for clone 2 was a guanine and for clone 31 was an adenine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 

Figure 16 - Sanger sequencing of Dpp4 knock-out clones. CRISPR/Cas9 allowed the generation of two 

clonal populations of BV-2 cells presenting an indel in the exon 3 of the Dpp4 gene by adding a new base pair: 

(A) Guanine, in clone 2; and (B) Adenine, in clone 31. In pink: indel; In blue: PAM sequence; Squared in 

yellow: sgRNA complementary sequence in the exon 3 of Dpp4 gene. 
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3.8. Dpp4 deletion does not affect the morphology of the BV-2 

microglial cells 

After making sure that the indel was present in both clones (2 and 31), it was 

necessary to know whether these clones expressed or not the Dpp4 gene. The Dpp4 mRNA 

expression was tested by RT-qPCR (Figure 17A). Both clones present almost no Dpp4 

mRNA expression, comparing to WT BV-2 microglial. Therefore, clones 2 and 31 were 

consider as Dpp4 KO. 

To test if the deletion of Dpp4 interfere with the cells’ morphology, brightfield 

images were taken of each clone and compared to WT cells (Figure 17B). Clone 2 and clone 

31 present similar morphology than WT parentals cells, demonstrating that Dpp4 deletion 

does not affect the morphology of the cells. 
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Figure 17 - Characterization of the selected Dpp4 clones. (A) Dpp4 mRNA expression in clones 2 and 31 

was assessed by RT-qPCR. Data are presented as mean ± SEM of 2 independent experiments. (B) Morphology 

of clones 2 and 31 compared to WT BV-2, assessed in brightfield images. Scale bar: 20 μm. Magnification: 

10X. WT: wild type; KO: knock-out. 

(B) 



 

41 

 

3.9. Dpp4 deletion abolishes the inhibitory effect of sitagliptin on 

LPS-induced increased in phagocytic activity 

Given that sitagliptin significantly inhibited the LPS-induced increase of 

phagocytic efficiency in WT BV-2 microglia, it is important to examine whether the deletion 

of Dpp4 in BV-2 microglia impacts on the effect of sitagliptin on phagocytic efficiency. 

Non-treated Dpp4 KO cells presented an increase, although not significant, in the 

number of internalized fluorescent beads, when compared to untreated WT BV-2 cells 

phagocytic activity (Dpp4 KO 2: 74.98 ± 11.6%; Dpp4 KO 31: 86.83 ± 17.3%; non-

significant) (Figure 18A, B, C). When Dpp4 KO BV-2 cells were exposed to LPS, as 

expected, there was a significant increase in the phagocytic efficiency (Dpp4 KO 2: 325.4 ± 

34.3%; Dpp4 KO 31: 329.4 ± 29.3%; p<0.05), when compared to untreated KO cells (Figure 

18A, B, C).  

However, in Dpp4 KO cells treated with sitagliptin and exposed to LPS, the 

phagocytic efficiency (Dpp4 KO 2: 329.6 ± 55.9%; Dpp4 KO 31: 335.4 ± 51.6%) was similar 

to that found in Dpp4 KO cells exposed to LPS alone, meaning that, in Dpp4 KO cells, 

sitagliptin was not able to inhibit the LPS-induced increase in phagocytic efficiency, contrary 

to what was found in WT BV-2 microglial cells. 
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Figure 18 - Dpp4 deletion abolishes the inhibitory effect of sitagliptin on LPS-induced increase in 

phagocytic efficiency. Phagocytosis was evaluated in Dpp4 KO BV-2 cell cultures using fluorescent latex 

beads (yellow-green). Cells were exposed to LPS (0.1 μg/ml) for 24 h in the absence or presence of 200 μM 

sitagliptin. (A) Phalloidin and DAPI staining were used to respectively counterstain the actin filaments (red) 

and nuclei (blue) of BV-2 cells engulfing the fluorescent latex beads (yellow-green). Scale bar: 20 μm. (B, C) 

Phagocytic efficiency was quantified in 5 random fields (20X magnification) of each coverslip. Data are 

presented as mean ± SEM of 5 independent experiments. **** p<0.0001, compared to WT; ## p<0.01, 

compared to WT LPS; one-way ANOVA test, followed by Tukey’s multiple comparison test. $ p<0.05, 

compared to KO, Kruskal-Wallis’s test, followed by uncorrected Dunn’s multiple comparison test. WT: wild 

type; KO: knock-out; Sita: sitagliptin.  
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4. Discussion 

Diabetic retinopathy is a chronic neurovascular disorder associated with diabetes, 

standing as the leading cause of vision impairment and blindness among working-age adults 

affected by diabetes [1, 2]. This condition arises primarily due to heightened levels of blood 

glucose and persistent inflammation in the retina, with retinal microglia playing a significant 

role in its progression [3–8]. In acute injury, microglia become reactive and undertake dual 

roles of both anti-inflammatory and pro-inflammatory actions. However, under chronic 

inflammation, the injury becomes persistent, resulting in the ongoing activation of microglia 

[2, 9–11]. Consequently, under these conditions, there is a gradual decline in anti-

inflammatory responses, prompting microglia to shift their role towards promoting 

inflammation. This alteration leads to the secretion of pro-inflammatory cytokines (such as 

TNF and IL-1β) and, chemokines, and to the upregulation of iNOS, among others, which 

together exacerbate diabetic retinopathy. In individuals with diabetes, the levels of pro-

inflammatory cytokines and chemokines are elevated in the retina, contributing to retinal 

cell death and the breakdown of the blood-retinal barrier [16, 17, 32]. Due to these factors 

and the lack of effective therapies, there is an urgent need to discover solutions, also targeted 

for the early stages of the disease, that could effectively treat, reverse, or even prevent this 

condition [12–17]. 

Sitagliptin is a DPP4 inhibitor that inhibits the cleavage and degradation of incretin 

hormones. This action leads to elevated levels of these hormones, resulting in increased 

insulin secretion and reduced glucose production. Our group has reported that sitagliptin has 

protective and anti-inflammatory effects in the retina, even in a type 1 diabetes animal model, 

in which sitagliptin effectively prevents the breakdown of the blood-retina barrier. Its mode 

of action includes the inhibition of the increase of pro-inflammatory cytokine levels, and 

consequently a reduction of inflammation, as well as the reduction of nitrosative stress and 

apoptosis. Furthermore, it diminishes the increase of iNOS immunoreactivity in CD11b-

positive cells in retinal primary mixed cultures and organotypic cultures, and prevents 

changes in microglia morphology triggered by exposure to LPS [26–28]. 

This way, in this study we aimed to test whether sitagliptin has direct anti-

inflammatory effects on microglia, and also investigate if the anti-inflammatory effects on 

microglia are due to the inhibition of DPP4 present in these cells, by using WT BV-2 

microglia and Dpp4 KO BV-2 microglia, or if other pleiotropic effects could be involved. 
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In our research, we assessed the morphology, proliferation, apoptosis, 

inflammation, and phagocytosis of WT BV-2 microglial cells. These cells were subjected to 

various conditions: untreated or exposed to LPS, both with and without the presence of 

sitagliptin. BV-2 cells were employed due to their origin as immortalized neonatal microglia 

from C57/BL6 mice, making them a commonly used model in scientific investigations. The 

experimental procedure involved the initial incubation of these cells with sitagliptin to 

evaluate the drug's capacity to prevent inflammation. Subsequently, the cells were exposed 

to LPS to induce a pro-inflammatory response. Given the critical role of inflammation in 

diabetic retinopathy, this approach enabled the assessment of sitagliptin's anti-inflammatory 

effects specifically on retinal microglia. 

The outcomes of our study revealed that sitagliptin did not influence the 

morphology of BV-2 cells, nor did it impact their proliferation and apoptosis, regardless of 

LPS exposure. However, we observed that sitagliptin effectively suppressed the elevation of 

iNOS, IL-1β, and TNF protein levels, as well as the increase of LPS-induced phagocytic 

activity. These findings align with our previous work showing that sitagliptin prevents 

nitrosative stress and apoptosis, and the increase of pro-inflammatory cytokines, in the retina 

of diabetic animals [26, 46]. 

Furthermore, we demonstrated the presence of Dpp4 mRNA in WT BV-2 microglial 

cells, untreated or exposed to LPS, in the presence or absence of sitagliptin. This result 

further support our hypothesis that the anti-inflammatory effect of sitagliptin in the retina is 

mediated by DPP4 expressed by microglial cells. 

To determine whether the effects of sitagliptin on microglia were exclusively 

dependent on the inhibition of DPP4, or if they could be due to pleiotropic effects, the 

engineering of Dpp4 KO microglial cells was essential. To accomplish this, parentals (WT) 

BV-2 were transfected with a plasmid containing a selection marker providing resistance to 

puromycin (2A-Puro). This plasmid also included the Cas9 gene from S. pyogenes, along 

with a sgRNA targeting the exon 3 of the Dpp4 gene. We initially ensured the presence of 

indels in multiple clones through Sanger sequencing. Subsequently, two distinct clones 

(clone 2 and clone 31) were chosen. Both have an indel at exon 3, allowing the alteration in 

the reading frame of the target gene, resulting in a frameshift mutation. The cell morphology 

and Dpp4 mRNA expression of both clones were assessed. 

Our findings not only revealed an almost negligible Dpp4 mRNA expression in 

these two clones, indicating the successful generation of Dpp4 KO cells, but also highlighted 
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that their morphology remained practically unchanged being similar to WT parentals cells, 

which means that Dpp4 deletion does not affect the morphology of Dpp4 KO cells. 

Subsequent to this step, we faced uncertainty regarding the outcomes of the 

remaining experiments involving these KO cells, given the scarce available literature on 

experiments involving Dpp4 KO cells. Though, we hypothesized that without the presence 

of DPP4 in microglial cells, and once sitagliptin is a DPP4 inhibitor, sitagliptin no longer 

could exert effects on microglia cells and, consequently, on inflammatory responses by 

microglia. 

Therefore, we investigated the phagocytic activity of non-treated Dpp4 KO clones, 

through which we observed that there was an increase of their phagocytic activity, comparing 

with WT cells, but non-statistically significant. Moreover, the deletion of Dpp4 did not 

significantly affect the phagocytic efficiency in cells exposed to LPS, when compared to WT 

cells. However, and importantly, sitagliptin lost the inhibitory effect on the increase in the 

phagocytic efficiency induced by LPS, clearly indicating that, at least regarding the 

phagocytic activity, the effects of sitagliptin were mediated exclusively by the inhibition of 

DPP4, present in BV-2 cells. 

Nonetheless, to substantiate the influence of Dpp4 deletion on the protective effects 

of sitagliptin, additional experiments, and a scientific acceptable number of independent 

experiments for each assay, are still necessary to assess various parameters in the Dpp4 KO 

cells. 

Based on the findings from this investigation, it can be asserted that sitagliptin is a 

specific inhibitor of DPP4. However, this specificity does not preclude the possibility that 

even when inhibited, some DPP4 proteins could still interact with other proteins, such as the 

adenosine deaminase, to induce an anti-inflammatory effect, but this still needs to be further 

explored.  

In summary, it can be asserted that sitagliptin exerts direct effects on microglia and 

has anti-inflammatory effects on these cells. Data with the Dpp4 KO clones presented here, 

and some rather preliminary not shown here, suggest that the sitagliptin anti-inflammatory 

effects can be mediated, almost exclusively, by the DPP4 inhibition, but we cannot 

completely exclude the involvement of some pleiotropic effects. 
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5. Conclusions and future directions 

The results obtained in this study allowed drawing the following main conclusions: 

 

• BV-2 cells express Dpp4; 

• Sitagliptin inhibits the LPS-triggered upregulation of iNOS, IL-1β and TNF 

protein levels, as well as the phagocytic activity, in BV-2 cells, confirming 

that sitagliptin is able to induce anti-inflammatory effects; 

• Sitagliptin exerts direct effects on microglial cells;  

• Dpp4 deletion does not significantly affect the morphology of BV-2 cells; 

• The inhibitory effect of sitagliptin on LPS-induced increase in phagocytic 

efficiency in BV-2 cells is lost when Dpp4 is deleted, indicating that the 

effect of sitagliptin was mediated by the inhibition of DPP4. 

 

The results obtained in this study suggest that the anti-inflammatory effects of 

sitagliptin in BV-2 microglia are essentially mediated by the selective inhibition of DPP4. 

However, since other parameters need to be evaluated in the future, it remains to be clarified 

whether the anti-inflammatory properties of sitagliptin are exclusively dependent on its 

interaction with DPP4, or if it exerts other pleiotropic effects.  

Regarding future perspectives, it is imperative to research deeper into the 

mechanisms underlying the anti-inflammatory effects of sitagliptin. The investigation should 

aim to identify the molecules that may interact with sitagliptin and/or DPP4, and 

consequently the pathways involved, uncovering the underlying mechanisms through which 

sitagliptin exerts its proven anti-inflammatory effects. 
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