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CHAPTER I 
INTRODUCTION 

 

1.1 Background / Problem 
      The homeostasis of the central nervous system (CNS) is maintained by the blood-
brain barrier (BBB), which comprises of various types of cells such as pericytes, 
astrocytes, and endothelial cells that contain the tight junctions to connect between 
the cells and allow a highly regulated BBB permeability. The BBB strictly controls the 
passage of any substances that can be transferred from the circulation into the brain. 
It also acts as a protective barrier that shields the CNS from toxins and pathogens 
circulating in the blood (Abbott et al., 2010). However, certain bacteria possess the 
ability to penetrate the BBB to cause meningitis, which is a serious and life-threatening 
disease (Doran et al., 2016). 
      The BBB models have been used to develop the treatment for brain disorders. 
Among the various types of BBB models that were established to study the drug 
delivery to CNS, the transwell BBB models are the simplest in vitro BBB model that 
provides easy handling and cost-effectiveness (Jackson et al., 2019). The human 
cerebral microvascular endothelial cell line hCMEC/D3 is well-characterized and the 
most widely used for constructing the in vitro BBB models. The hCMEC/D3 cells 
represent a stable and easily grown BBB model, which appears to be suitable for drug 
uptake studies (Weksler et al., 2013). 

      Allicin is a principal active compound of freshly crushed garlic (Allium sativum). 
Previous studies have revealed that allicin possesses a wide range of biological 
properties, which are anti-inflammatory (Alam et al., 2018), antihypertensive 
(Borlinghaus et al., 2014), anticancer (Oommen et al., 2004), and antimicrobial activities 
(Ankri and Mirelman, 1999). Recently, Itepu et al. (2019) have constructed the2D 
structure of allicin and its modified molecule to examine their ability to penetrate BBB 
by using the SwissADME sever. The study showed that the calculated polar surface  
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area (PSA) of allicin is 61.58 angstroms, which is predicted to be able to pass BBB 
because the previous study has showed that the molecules that have the PSA less 
than 90 angstroms can penetrate the BBB (Hitchcock and Pennington, 2006). Moreover, 
the neuroprotective effects on ischemia-reperfusion brain injury (IRBI) in mice has been 
reported, leading to the presumption that allicin may be able to pass BBB (Kong et al., 
2017). However, there is no direct evidence clearly demonstrating that allicin can pass 
BBB. According to a broad spectrum of antibacterial activity of allicin against Gram-
positive and Gram-negative bacteria (Ankri and Mirelman, 1999), the aims of this 
research are to investigate the capability of allicin to pass BBB and its antibacterial 
activity against pathogens causing meningitis. 

 

1.2 Research objectives 
      1.2.1 To examine the antibacterial activity of allicin on pathogens causing  
       meningitis. 
      1.2.2  To investigate the cytotoxicity of allicin on hCMEC/D3 cells. 
      1.2.3  To investigate the ability of allicin to pass the blood-brain barrier in vitro  
       model. 
      1.2.4  To investigate the uptake of allicin by hCMEC/D3 cells. 
 

1.3 Research hypothesis 
     Allicin passes the blood-brain barrier in vitro model and inhibits the bacterial 
pathogens causing meningitis. 

 

1.4 Scope and limitations of the study 
      In this study, the antibacterial activity of allicin against bacterial pathogens and the 
cytotoxicity of allicin on hCMEC/D3 cells were evaluated. The in vitro BBB model was 
used to observe the ability of allicin to pass the BBB. The uptake of allicin into 
hCMEC/D3 cells was investigated indirectly by cellular uptake experiments. The 
limitation of this study was the obtained results could not completely prove that allicin 
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has the ability to cross the in vitro BBB model. Further study of the ability of allicin to 
cross the in vitro BBB model with extended duration of experiments, the direct allicin 
uptake experiments, and the direct experiments of allicin formation change within the 
hCMEC/D3 cells are required in future studies. 

       

 

 

 

 

 

 

 

 

 

 



CHAPTER II 
LITERATURE REVIEW 

 

2.1 Blood-brain barrier (BBB) 
      The brain of all organisms with a well-developed central nervous system (CNS) 
has a blood-brain barrier (BBB) (Abbott, 2005). The BBB consists of the capillary 
basement membrane and various types of cells such as endothelial cells, pericytes 
that embrace the endothelium, and astrocytes end-feet which connect to both the 
endothelium and pericytes (Figure 2.1). All the BBB components are believed to be 
essential for the normal function and stability of the BBB (Ballabh et al., 2004). 
 

 
Figure 2.1 The blood-brain barrier structure (Abbott et al., 2010). 

 

      Brain endothelial cells are connected to each other with tight junctions (TJs)  
which allow a highly regulated BBB permeability (Jackson et al., 2019). BBB plays  
a major role in controlling the passage of any substances that can be transferred from 

the blood into the brain. The circulating molecules can selectively pass into the brain
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through several transport mechanisms (Figure 2.2). The paracellular transport of water-
soluble (hydrophilic) molecules is restricted to moving across the BBB by TJs, whereas 
the small lipid-soluble (lipophilic) molecules such as O2 and CO2 can diffuse across 
the plasma membrane of BBB along their concentration gradients via the transcellular 
lipophilic pathway (Grieb et al., 1985). The necessary nutrients such as glucose, amino 
acids, and nucleosides can be selectively transported through the brain via transporter 
proteins (Barar et al., 2016). The larger molecules that are able to attach to the cell-
surface receptors, such as insulin, leptin, and iron transferrin, could be uptaken via 
receptor-mediated endocytosis (Pardridge et al., 1985; Zhang and Pardridge, 2001). The 
substance with cationized ligands or peptides such as albumin induces absorptive 
transcytosis (Lu et al., 2014). On the contrary, the neurotoxic substances and pathogens 
are restricted to enter the brain (Daneman and Prat, 2015). Thus, the BBB can provide 
a stable fluid microenvironment (homeostasis), which is essential for neural function 
and protect the CNS tissue from possible damages (Abbott et al., 2010). The highly 
selective permeability of the BBB also provides an obstacle for drug delivery to the 
CNS. Therefore, major efforts have been made to generate methods to deliver drugs 
through the BBB (Larsen et al., 2014). 

 
Figure 2.2 Transport mechanisms across the blood-brain barrier (modified from Jena 
et al., 2020) 
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2.2 The BBB models 
      In order to study and develop the treatment of CNS-related disorders, several 
types of the BBB model, in vivo and in vitro, are utilized to investigate the drug delivery 
across the BBB.  

       2.2.1 In vivo BBB models 

     The utilization of living animals as the BBB models or in vivo BBB models 
allows the prediction of therapeutic candidates delivered to CNS because they 
replicate the complexity of structural, physiological, and functional of the BBB in its 
natural habit (Passeleu-Le Bourdonnec et al., 2013). The rodent models (mice and rats) 
are the widely used mammalian models due to rodents and humans shared similar 
brain features in morphology, physiology, and pathology (Sharma et al., 2019). In order 
to assess the study of drug transport through the BBB of rodent models, several 
techniques both noninvasive and invasive could be performed. The noninvasive 
techniques, which are live-imaging (e.g., magnetic resonance imaging (MRI), positron 
emission tomography (PET), and single-photon emission computed tomography 
(SPECT)), can be used to study BBB integrity, permeability, brain uptake kinetics, and 
the function of efflux transporters in the alive animals (Pandey et al., 2015). On the 
other hand, most invasive techniques require animal sacrifice to determine the 
concentration of the test compounds within the brain, such as brain uptake index (BUI) 
techniques, brain efflux index techniques, quantitative autoradiography, and in situ 
brain perfusion method (Bicker et al., 2014). Although rodent models are useful for 
pre-clinical trials, performing high-throughput studies could be difficult and very 
expensive (Jackson et al., 2019). 

      Recently, another in vivo BBB model that has been introduced is zebrafish 
(Danio rerio). This organism possesses a small size and easy cultivation, which suitable 
for high-throughput studies with cost and time effective (Jackson et al., 2019). The BBB 
of zebrafish has a similar structure and function to higher vertebrates, such as mice 
and rats (Sharma et al., 2019). Moreover, the BBB in adult zebrafish has been found to 
express the TJs proteins (e.g., claudin-5 and zonula occludens-1 (ZO-1)) and efflux 
transporter P-glycoprotein (P-gp) which is homolog to the human BBB (Jeong et al., 
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2008; Umans and Taylor, 2012). Although the transporters of BBB need more well-
characterization, the zebrafish has proved to be a reliable BBB model for drug delivery 
studies (Jackson et al., 2019; Sharma et al., 2019). However, the utilization of in vivo 
models requires expertise in animal handling and consideration of ethical concerns. 
Furthermore, it has been revealed that >80% of drug candidates can be successfully 
used in animals but failed in humans due to the difference in species (Chin and Goh, 
2018). 

       2.2.2 In vitro BBB models 

     2.2.2.1 The cell types used in In vitro BBB models 

      The in vitro BBB models could be constructed by using primary and 
immortalized cell lines derived from various sources, such as bovine, porcine, mouse, 
rat, and human. The primary brain endothelial cells can be harvested from brain tissue 
isolation. This cell type provides a close relevance phenotypic of the in vivo BBB. 
However, the difficulty in the isolation and purification processes results in time-
consuming, labor-intensive, and receiving a very low yield. The limitations of primary 
brain endothelial cells also include the ethical issue and the rapid loss of BBB 
properties through the culture period; thus, the sub-culture and storage for future use 
are impossible (Passeleu-Le Bourdonnec et al., 2013; Bicker et al., 2014). Therefore, 
several immortalized brain endothelial cell lines from a variety of species, such as 
rodents (RBE4, b.End3, b.End5), porcine (PBMEC/C1-2), bovine (t-BBEC-117), and 
humans (HBMEC, hCMEC/D3) were created to overcome the limitations of primary cells 
(Sobue et al., 199; Neuhaus et al., 2006; Sivandzade and Luca Cucullo, 2018). 

       The hCMEC/D3 or immortalized human cerebral microvascular 
endothelial cell line is widely used and well-characterized. It was produced from 
cerebral microvessel endothelial cells (CECs) of dead epilepsy patients by transduction 
with lentiviral vectors carrying the SV40 T antigen and human telomerase reverse 
transcriptase (hTERT) (Weksler et al., 2005). According to this immortalization process, 
hCMEC/D3 cells are able to give a large yield and generate at least 35 passages while 
remaining the same traits of the human BBB genotype and phenotype (Weksler et al., 
2013). The hCMEC/D3 cells might form low tightness monolayers due to the low 
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expression of some enzymes and transporters. However, the barrier function was 
considered adequate (Daniels et al., 2013). The hCMEC/D3 cells possess the major 
advantage in providing a stable and easily grown BBB model. It is suitable to study the 
drug uptake and investigate the response of brain endothelial cells to human 
pathogens and inflammatory stimuli (Weksler et al., 2013). 

       The construction of the in vitro BBB model with brain endothelial 
cell-like cells derived from human induced pluripotent stem cells (iPSCs) is recently 
growing attention for BBB modeling. The previous studies revealed that iPSC-derived 
brain endothelial cells expressed the TJs protein, nutrient transporters, and efflux 
transporters, which could lead to the effective exhibition of the barrier function 
(Lippmann et al., 2013). However, further characterization of iPSC-derived brain 
endothelial cells is required for standard use. In order to mimic the rearrangement of 
BBB in situ and increase the tightness of in vitro BBB models, other neurovascular unit 
cells, such as astrocytes, pericytes, and neurons, could be used in co-culture BBB 
models (Jackson et al., 2019).     

     2.2.2.2 Static In vitro BBB models (Transwell BBB models)  

            The static in vitro BBB models or transwell BBB models have been 
established to study the physiology and pathology of the BBB, which would lead to 
the development of drug delivery to the CNS with more versatility and lower cost 
compared to the in vivo models (Jackson et al., 2019). The commonly used static in 
vitro BBB models divided into monoculture and co-culture models (Figure 2.3). 
Monoculture is the simplest BBB model in which only brain microvascular endothelial 
cells (BMECs) are grown on the microporous membrane (0.2-0.4 µm) of the transwell 
insert system. The upper chamber of the insert mimics the blood side, whereas the 
lower chamber mimics the brain side (Pardridge et al., 1990). Co-culture models are 
further divided into (1) Non-contact co-culture: BMECs are seeded on the upper surface 
of the insert membrane, while the astrocytes (or pericytes) are seeded at the bottom 
of the lower chamber to act as the “feeder cells” for endothelium induction (Cecchelli 
et al., 1999); (2) Contact co-culture: BMECs are seeded on the upper surface of the 
insert membrane with astrocytes on the lower surface. This model allows direct 
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contact between two CNS cell types (Dehouck et al., 1990); and (3) Triple culture: 
BMECs are seeded on the upper surface of the insert membrane, pericytes on the 
lower surface, and astrocytes at the bottom of the lower chamber. This model allows 
the interactions between three CNS cell types and mimics the cell arrangement within 
the neurovascular unit (Nakagawa et al., 2009). The monoculture model is more simple 
and easier to handle compared to the co-culture models. However, the co-culture 
models allow the interaction between BMECs and other CNS cell types which 
promotes BBB regulation and would be more closely mimic to the BBB in vivo. 
Although the co-culture models are more reliable in vitro BBB models but the 
involvement of the different cell types in the same model also leads to a more 
demanding workload and experimental skills (Helms et al., 2016; Bagchi et al., 2019). 
The integrity and permeability of TJs forming in BMECs monolayer can be evaluated 
by trans-endothelial electrical resistance (TEER) measurement and the trace of 
hydrophilic marker molecules that transport through the paracellular route. The 
sufficiently high TEER values and low permeability of the marker molecules are the 
indicators for in vitro BBB models to be considered adequate for drug transport studies 
(Malina et al., 2009; Wilhelm et al., 2011). The TEER values in a range of 150-200 Ω.cm² 
have been considered sufficient for the in vitro BBB models to proceed with the drug 
delivery studies (Deli et al., 2005; Tóth et al., 2011).    
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Figure 2.3 Schematic representation of monoculture and co-culture in vitro BBB 
models (Helms et al., 2016). 

 

     2.2.2.2 Microfluidic In vitro BBB models (BBB-on-a-chip) 

      The microfluidic in vitro BBB models or BBB-on-a-chip have been 
developed to provide the dynamic system of BBB that imitate shear stress, which is 
the force generated by blood flow, resulting in closely resembling the realistic in vivo 
situation of the BBB (Chin and Goh, 2018). As shown in figure 2.4, the microfluidic BBB 
model consists of two perpendicular crossing channels, which are luminal (blue) and 
abluminal (red). The size of these channels was 200 µm tall, 2 mm wide in the luminal 
channel, and 5 mm wide in the abluminal channel. A polycarbonate porous membrane 
separates the two channels of the model and also enables the co-culture of brain 
endothelial cells and astrocytes, which are seeded on the luminal and abluminal 
surfaces, respectively. The wiring of multiple built-in Ag/AgCl electrodes connects the 
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microfluidic BBB model to the Volt-Ohm meter to facilitate the measurement of TEER. 
The pumps and a gas tubing systems allow O2 and CO2 exchange and generate shear 
stress by allowing the dynamic flow of media through and around the channels of the 
model (Booth and Kim, 2012). The significant advantage of the microfluidic BBB model 
is that it provides the ability to monitor real-time BBB integrity, permeability, and cell 
imaging (Sivandzade and Cucullo, 2018). Moreover, co-culture with astrocytes of this 
model demonstrates high TEER values that can rise to ≥250 Ω.cm² (Booth and Kim, 
2012). The different designs of BBB-on-a-chip are continuously developed to improve 
the modeling of BBB as close as the in vivo environment. Although the dynamic 
microfluidic models closely represent the physiological conditions of BBB, the 
elevation of complexity leads to a high cost, time-consuming, and requires technical 
expertise. These limitations made the microfluidic in vitro BBB models not suitable for 
high-throughput drug screening (Jackson et al., 2019).  

 

 
Figure 2.4 Schematic representation of microfluidic in vitro BBB model or BBB-on-a-
chip (Booth and Kim, 2012). 
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2.3 Brain infectious diseases 
      Brain and spinal cord infections are serious, life-threatening diseases that continue 
to be concern globally. Brain infectious diseases can be characterized by infection 
areas of the brain such as meningitis (meninges), encephalitis (brain parenchyma), or 
brain abscess (brain parenchyma and extradural). The causative pathogens can be 
bacteria, viruses, parasites, or fungi that are able to cross the BBB and enter the CNS. 
The treatment of these diseases depends on rapid identification of the causative 
pathogens and selection of the right drugs with the effective concentration that can 
eliminate the pathogens within the CNS. However, there are difficulties to treat brain 
infections because of these three following obstacles: (1) limited access of antibiotics 
into the CNS due to the highly selective permeability of the BBB; (2) the antibiotics 
resistance development during treatments; and (3) the effect of immunomodulators 
(Ekizoğlu, 2017). Therefore, more studies are needed to find and develop effective 
treatments for brain infections. 

      Meningitis is one of the brain infections, which occurs when there is an 
inflammation of the membrane (meninges) surrounding the brain and spinal cord. The 
pathogens causing meningitis are bacteria (bacterial meningitis) and viruses (viral 
meningitis). In most cases, viral meningitis is considered to be the least deadly 
meningitis form compared to bacterial meningitis due to its mild symptoms and no 
significant long-term sequelae after recovery (Hoffman and Weber, 2009). For bacterial 
meningitis, it is a significant cause of infection-related deaths. Over 1.2 million cases of 
bacterial meningitis are estimated to occur worldwide each year (Borchorst and Moller, 
2012). The incidence and mortality rates vary by age group, pathogen, region, country, 
immune status, and vaccination programs. The mortality rates can reach 70% if the 
patients have been left without treatment. Moreover, long-term sequelae such as 
neuron degeneration and permanent damage of the visual and hearing systems were 
found in 10-20% of the bacterial meningitis survivors (Edmond et al., 2010). The most 
common pathogens of bacterial meningitis are Neisseria meningitidis, Listeria 
monocytogenes, Streptococcus pneumoniae, and Haemophilus influenzae (Van de 
Beek et al., 2006). H. influenzae type b was once the leading cause of bacterial 
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meningitis in children. The development of the H. influenzae type b conjugate vaccine 
reduced the number of cases among children, whereas this type of bacterial meningitis 
still occurs in adults with immunocompromisation (Bisgard et al., 1998). S. pneumoniae 
is a common bacterial pathogen for meningitis in children and adults, especially the 
age under 5 years old and older than 60 years old. It was found to be the cause of 
death with 20-30% cases of hospital mortality (Weisfelt et al., 2006). L. monocytogenes 
is a common cause of bacterial meningitis in newborns, adults over 50 years old, 
immunodeficiency persons, and pregnant women. It can also cross the placenta barrier 
and lead to the fatal of the baby (Brouwer et al., 2006). Another pathogen that 
significantly causes bacterial meningitis worldwide with high morbidity and mortality is 
N. meningitidis (Rouphael and Stephens, 2012). The six of N. meningitidis serogroups, 
A, B, C, W135, X, and Y, were found to be responsible for meningococcal meningitis 
globally (Stephens, 2007). Infants, children, and adolescents are most vulnerable to 
being affected by this type of meningitis pathogen (MacNeil et al., 2018). Other bacteria 
that occasionally cause bacterial meningitis could be Escherichia coli, Streptococcus 
agalactiae (Group B streptococcus; GSB), Pseudomonas aeruginosa, Klebsiella 
pneumoniae, or methicillin-resistant Staphylococcus aureus (MRSA) (Pintado et al., 
2011; Ekizoğlu, 2017). As shown in figure 2.5, the pathogenesis of bacterial meningitis 
begins with the colonization of the pathogens within the host nasopharynx. Then, the 
bacterial pathogens invade the mucosal barrier produced by epithelial cells and cross 
the vascular endothelium to enter the bloodstream. The bacteria replicate themselves 
within the blood to a high level, resulting in bacteremia. The expression of the thick 
capsule is one of the necessary mechanisms for the bacterial pathogens to defend the 
host’s immune system and survive within the blood. Bacteria can penetrate the BBB 
through transcellular migration, paracellular migration, or invasion into white blood 
cells during transmigration (“Trojan-horse” mechanism), depending on the type of 
pathogens (Kim, 2008) (Figure 2.6). The penetration of bacterial pathogen across the 
BBB results in the elevation of the inflammatory mediators, including cytokines, 
chemokines, matrix metalloproteinases (MMPs), and reactive oxygen species (ROS) 
within the cerebrospinal fluid (CSF). This circumstance induces inflammation, BBB 
disruption, and recruitment of blood-borne neutrophils into the CNS (pleocytosis), 
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which leads to meningitis progression (Agyeman et al., 2017). However, the less 
common routes for bacteria to enter the CNS, such as the spreading from sinusitis and 
mastoiditis area, skull fracture, or ventricular shunts, can also cause meningitis (Kim, 
2003). 

 
Figure 2.5 Pathogenesis of bacterial meningitis development (Agyeman et al., 2017). 
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Figure 2.6 Mechanisms involved in the pathogen penetrate across the blood-brain 
barrier (Kim, 2008). 
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2.4 Allicin 
      Allicin (diallyl thiosulfinate) is a small lipophilic molecule that found to be  
the principal active compounds of freshly crushed garlic (Borlinghaus et al., 2014).  
“Allicin” was termed from the Latin name of the garlic plant, Allium sativum, and is 
also responsible for garlic’s characteristic pungent odor (Cavallito and Bailey, 1944). 
The precursor of allicin biosynthesis is the non-protein amino acid alliin (S-allyl-L-
cysteine sulfoxide). The conversion of alliin to allicin occurs by the action of alliinase 
(E.C.4.4.1.4) enzyme. This reaction gives two products which are dehydroalanine and 
allyl sulfenic acid. Then, the two molecules of allyl sulfenic acid condense 
spontaneously to yield one molecule of allicin (Ilic et al., 2011) as showed in figure 
2.7. 

 

 
Figure 2.7 Enzyme-catalyzed biosynthesis of allicin (Reiter et al., 2017). 

 

      In nature, allicin production is a potential defense mechanism against microbial 
pathogens of the soil. The garlic cloves are odor-free because of the different location 
of substrate alliin and the enzyme alliinase. The membrane which encloses the 
compartments that contain the substrate and enzyme would be destroyed upon the 
damage of garlic tissue by crushing or invading fungi or other soil pathogens. Therefore, 
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allicin would be rapidly produced and inactivate the invader. However, the massive 
production of allicin could be toxic for the plant tissues themselves. Thus, allicin 
possesses a short half-life and produces a limited amount to ensure that the clove 
defense mechanism remains in a very small location and a short period of time 
(Ellmore and Feldberg, 1994; Ankri and Mirelman, 1999). In the aqueous extract, allicin 
was most stable at pH 5-6 at room temperature (25°C) but rapidly degraded when the 
pH was above 11 or below 1.5, where allicin was completely degrading within 2 hours. 
The storage temperature also affects the stability of allicin. It rapidly degraded when 
the temperature was higher than 40°C. The half-life of allicin depends on its 
concentration, higher concentrations are more stable than lower concentrations. At 
room temperature, the half-life of allicin was approximately 15 days (Wang et al., 2014). 

      Allicin is a natural compound that possesses many different biological properties. 
Since ancient times, garlic has been used for medical therapeutic purposes. It has been 
reported to reduce blood lipid (Abramovitz et al., 1999) and lower blood pressure 
(Ried et al., 2008). Moreover, it has been demonstrated the anti-tumor activities which 
would be useful for cancer therapy and prevention (Hirsch, 2000). Several studies have 
been reported that allicin suppressed the proliferation of various types of cancer cells. 
The cytotoxic potential of allicin showed that allicin scored IC50 of 19.26 µM, 28.51 µM, 
36 µM, 77.92 µM, 41.97 µg/ml, and 6.23 µg/ml on human hepatocellular cancer cell 
line HepG-2, human breast cancer cell line MCF-7, human lung cancer cell line A-549, 
human prostatic cancer cell line PC-3 (Ossama et al., 2019), human glioma cell line 
U251 (Li et al., 2018) and human glioblastoma cell line DBTRG-05MG 
(Weeranantanapan et al., 2020), respectively. Another significant property of allicin is 
antimicrobial activity. The effects of allicin have been investigated against a wide range 
of microorganisms including bacteria, fungi, protozoa, and viruses (Weber, 1992; Curtis 
et al., 2004). The antifungal activity of allicin was found to be useful for agricultural 
applications according to it inhibits the spore germination and hyphal growth of fungi 
(Curtis et al., 2004). Allicin can also be applied to medical therapy for the treatment 
of Candida-infections on the skin and aspergillosis in the lung (Shadkchan et al., 2004; 
Khodavandi et al., 2011). Moreover, allicin exhibited the antiparasitic effects on the 
protozoan parasite in the human intestinal tract, Entamoeba histolytica (Mirelman et 
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al., 1987). A recent proteome study demonstrated that allicin showed the antiviral and 
immunomodulatory activity in the human lung cell line Calu-3 infected with the Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) (Mösbauer et al., 2021). 

      2.4.1 Antibacterial properties of allicin 

    In 1944, Cavallito and Bailey were the first group who revealed that the 
antibacterial action of garlic is mainly due to allicin. Allicin exhibits a broad spectrum 
of antibacterial activity against Gram-negative and Gram-positive bacteria including 
species of Escherichia, Salmonella, Klebsiella, Proteus, Bacillus, Streptococcus, and 
Staphylococcus (Ankri and Mirelman, 1999). Allicin also has been reported the 
antibacterial effects on some of the most common meningitis pathogens. The 
minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) values for L. monocytogenes were 64 and 1,024 µg/ml allicin, respectively (Imani 
Rad et al., 2017). The MDR (multi-drug resistant) and non-MDR S. pneumoniae strains 
showed MICs ranging from 32 to 64 µg/ml allicin and MBCs from 64 to 128 µg/ml allicin 
(Reiter et al., 2017). The antibacterial effects of allicin against N. meningitidis were 
reported as percent of inhibitions, which were 32 ± 2.4%, 76 ± 4.8%, and 87 ± 3.5% at 
allicin concentrations of 100, 200, and 300 µg/ml, respectively (Shrivastava and Garg, 
2015). Some antibiotic-resistant human pathogens were also shown to be susceptible 
to allicin such as Methicillin-resistant Staphylococcus aureus (MRSA). Interestingly, 
allicin was found to has a synergistic effect with certain antibiotics. For instance, 
streptomycin and chloramphenicol were discovered to have a synergistic effect with 
allicin against Mycobacterium tuberculosis (Gupta and Viswanathan, 1955). Moreover, 
most bacteria are unable to develop resistance to it due to the completely different 
mode of action from other antibiotics (Ankri and Mirelman, 1999). 

      2.4.2 Mechanism of action of allicin on bacteria 

    The major mechanism involved in the antimicrobial effect of allicin is its 
interaction with essential thiol-containing enzymes in the microorganism. Allicin 
inactivates certain thiol-containing enzymes by the rapid reaction of thiosulfinates with 
thiol groups (Ankri and Mirelman, 1999). It specifically inhibits the bacterial enzyme 
such as acetate kinase and phophotransacetyl-CoA synthetase in the acetyl-CoA-
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forming system (Focke et al., 1990). Moreover, allicin was found to affect DNA, protein, 
and RNA synthesis in Salmonella typhimurium (Feldberg et al., 1988). The study in  
E. coli also suggested that RNA polymerase could be a target for allicin (Ozolin et al., 
1990). Therefore, the multiple inhibitory effects of allicin on the various thiol-
dependent enzymatic system are the reason for its broad-spectrum antimicrobial 
activities. 

 

2.5 The possibility of allicin to cross the BBB 
      Kong et al. (2017) have investigated the neuroprotective effects of allicin on 
ischemia-reperfusion brain injury (IRBI) in vivo. The mice with allicin administration 
showed significantly reduced stroke size following IRBI compared to untreated mice. 
This study suggested that allicin may have the ability to pass BBB to attenuate the IRBI. 
A recent study on allicin's BBB penetrate ability was also reported by Itepu et al. (2019). 
They have constructed the 2D structure of allicin and its modified molecule to 
investigate their BBB penetration properties using the SwissADME sever. The polar 
surface area (PSA), which is often used in medicinal chemistry to optimize the cell 
permeation ability of drugs, has been calculated. The study revealed that the PSA of 
allicin is 61.58 angstroms. The molecules that can penetrate the BBB should have PSA 
less than 90 angstroms (Hitchcock and Pennington, 2006). Thus, allicin is predicted to 
be able to pass BBB. Taken together, the results from these studies showed the 
possibility of allicin to cross the BBB. However, there is no direct evidence to clearly 
prove that allicin can pass through BBB. 

 

 

 

 

 



CHAPTER III 
MATERIALS AND METHODS 

 

3.1 Materials 
     3.1.1 Bacterial strains and cell lines 

   The methicillin-resistant Staphylococcus aureus (MRSA) DMST20654, 
Escherichia coli TISTR780, Escherichia coli O157:H7 DMST12743, and the most common 
meningitis pathogens, including Listeria monocytogenes DMST20093 and Neisseria 
meningitidis ATCC13090 DMST7950 were purchased from the culture collection of the 
Department of Medical Sciences Thailand (DMST) and Thailand Institute of Scientific 
and Technological Research (TISTR). Meningitis pathogens were cultured in Tryptic soy 
broth (TSB), and other strains were cultured in Mueller Hinton broth (MHB) at 37°C for 
24 h. 

   The hCMEC/D3, which is the brain microvascular endothelial cell line, was 
purchased from the American Type Culture Collection (Merck Millipore, MO, USA). This 
cell line was used to construct the BBB model in vitro. The cells were grown in EMB-2 
medium containing growth factors and antibiotics (gentamicin sulfate and 
amphotericin-B) on a collagen-coated flask. The cultured cells were incubated at 37°C 
in a humidified incubator with 5% CO2.  

     3.1.2 Media and reagents 

            3.1.2.1 Bacterial culture media 

     Mueller Hinton (MH) medium (Himedia, India) contained beef extract 
2 g/l, casein hydrolysate 17.5 g/l, and starch 1.5 g/l (pH 7.4 ± 0.2).  

     Tryptic soy (TS) medium (Himedia, India) contained tryptone 
(pancreatic digest of casein) 17 g/l, soya peptone 3 g/l, sodium chloride 5 g/l, 
dipotassium hydrogen phosphate 2.5 g/l, and dextrose 2.5 g/l (pH 7.3 ± 0.2). 
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     The solid medium was prepared by adding 15 g into the medium 1 
liter. All the media were sterilized by autoclaving at 121°C for 20 min. 

    3.1.2.2 Cell culture media 

     Endothelial cell growth basal medium-2 (EBM-2), supplements, and 
growth factors were purchased from Lonza (Walkersville, MD, USA). The 1X EMB-2 
medium was prepared by adding the growth factors and supplements (25 ml FBS; Fetal 
bovine serum, 0.2 ml hydrocortisone, 2 ml hFGF-B; Human fibroblastic growth factor-
basic, 0.5 ml VEGF; Vascular endothelial growth factor, 0.5 ml R3IGF-1; Recombinant 
long R insulin-like growth factor-1, 0.5 ml ascorbic acid, 0.5 ml hEGF; Human epidermal 
growth factor, and 0.5 ml GA-1,000; Gentamicin sulfate-Amphotericin-B) into 500 ml 
basal medium. Then, the culture medium was stored at 4°C until used. 

    3.1.2.3 Allicin 

     Allicin (purity >98%) was purchased from Abcam (USA). The stock 
solution of allicin (1 mg/ml) was prepared by dissolving in absolute ethanol (RCI 
Labscan, Thailand). Then, the stock allicin was aliquot and stored at -20°C until used. 
The new aliquot of stock allicin was used in the individual experiment. 

            3.1.2.4 Collagen Type I, Rat tail  

    Collagen Type I, Rat tail (extracted from rat tail tendons) was 
purchased from EMD Millipore (Billerica, MA, USA) and stored at 2-8°C until used. 

            3.1.2.5 MTT 

    MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
powder was purchased from Invitrogen (Eugene, OR, USA) and stored at -25-30°C until 
used. 

            3.1.2.6 Hanks' Balanced Salt Solution (HBSS) 

    The sterile HBSS (1X) was purchased from Gibco (NY, USA) and stored 
at 15-30°C until used. 
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   3.1.2.7 Dulbecco’s phosphate buffered saline (DPBS) 

    The sterile DPBS was purchased from Millipore (USA) and stored at 
25°C until used. 

            3.1.2.6 Lucifer yellow (LY) 

    Lucifer yellow CH dipotassium salt powder was purchased from Sigma 
(St. Louis, MO, USA) and stored at 25°C until used. 

 

3.2 Methods 

     3.2.1 Minimum inhibitory concentration (MIC) assay 

   In order to determine the minimum inhibitory concentration (MIC) of allicin 
for each bacterial pathogen, the broth microdilution assay was performed. Each strain 
was streaked onto MHA plates (or TSA; Tryptic soy agar for meningitis pathogens) and 
incubated for 24 h at 37°C. The colonies were selected using a sterile cotton swab and 
transferred into a sterilized tube containing sterile MHB (or TSB; Tryptic soy broth for 
meningitis pathogens). The turbidity was verified by measuring the absorbance of the 
inoculum spectrophotometrically. The absorbance was in the same range as 0.5 
McFarland standard (OD625 nm approximately at 0.08–0.13). Then, diluted the 
inoculum 1:100 in broth and transferred 50 µl of the bacterial suspension into a 96-
well microplate containing 50 µl of various concentrations of allicin in a range of 0.5 
to 50 µg/ml. The final inoculum density would be approximately 5 x 105 CFU/ml. The 
growth control well was filled with 50 µl of broth and 50 µl of the bacterial suspension. 
The sterility control well was filled with 100 µl of broth. The experiments were 
repeated in triplicate. Afterward, the plates were incubated for 20-24 h at 37°C. After 
incubation, the lowest concentration of allicin that inhibits the visible growth of the 
bacterial pathogens was determined as MIC value.  

     3.2.2 Cell viability assay 

   Cell viability of hCMEC/D3 cells was examined using an MTT assay. The 
yellow MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is reduced 
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to purple formazan form by the action of mitochondria succinate dehydrogenase 
enzymes in living cells. The quantity of formazan is proportional to the number of 
viable cells. The hCMEC/D3 cells were seeded in 96-well plates at a density of 1 x 104 
cells/well for 24 h. Then, the cells were treated with 100 µl of allicin at concentrations 
of 0.5, 1, 2, 5, and 10 µg/ml for 3 h. After allicin removal, 10 µl of MTT reagent (5 
mg/ml) and 100 µl of PBS were added to each well and incubated for 4 h. After MTT 
removal, 50 µl of DMSO was added to solubilize the formazan crystals. The optical 
density (OD) was measured at a wavelength of 540 nm using the microplate reader. 
The experiments were repeated in triplicate. 

     3.2.3 The construction of the in vitro BBB model 

   The in vitro model of BBB was generated using a transwell system that 
consists of the upper (apical or AP) and lower (basolateral or BL) chambers which 
imitate the blood and brain side of the BBB, respectively (Fig 3.1). The two chambers 
of the insert are separated by a porous membrane (0.4 µm). Firstly, the 24-well inserts 
(Millicell, Germany) were coated with collagen 1:20 in Dulbecco's phosphate-buffered 

saline (DPBS) at 200 µl/well and incubated at 37°C and 5% CO₂ for 40-60 min. After 
collagen removal, the hCMEC/D3 cells were seeded on the collagen-coated 
membrane of the insert at a density of 1 x 104 cells/well. The cell-free inserts, which 
are collagen-coated and non-collagen-coated, were also used as control inserts. Then, 
the apical and basolateral chambers of the BBB model were filled with the Endothelial 
cell growth basal medium-2 (EMB-2) medium at 200 µl and 1,000 µl, respectively. The 

cells were cultured for approximately 21 days at 37°C and 5% CO₂. The culture 
medium in both AP and BL chambers was carefully changed every 3 days from 1X to 
0.5X and 0.25X during the culture period. The number of X refers to the concentration 
of the growth factors and supplements that were added into the culture medium. On 
day 21, TEER (Trans-endothelial electrical resistance) measurement and lucifer yellow 
assay were performed to verify the integrity of the BBB model in vitro. 
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Figure 3.1 The in vitro BBB model (modified from Wolff et al., 2015) 

 

    3.2.3.1 Trans-endothelial electrical resistance measurement (TEERs) 

     To confirm the integrity and permeability of the endothelial 
monolayer of the in vitro BBB model using a TEER measurement system known as an 
Epithelial Voltohmmeter (EVOM2) with chopstick electrode STX2, each stick of the 
electrode pair was placed in the AP and BL chambers to measure the electrical 
resistance across an endothelial monolayer. The measurement process includes 
measuring the blank resistance (R Blank) of the membrane without cells and measuring 
the resistance across the cell layer on the membrane (R Total). The cell-specific 
resistance (R Tissue) in units of Ω, was obtained as: 

R Tissue (Ω) = R Total – R Blank 

The TEER values are typically reported (TEER Reported) in units of Ω.cm² and calculated 
as: 

TEER Reported = R Tissue (Ω) x Area of the membrane (cm²) 

 

    3.2.3.2 Lucifer yellow permeability assay 

     Lucifer yellow (LY) assay allows measuring the endothelial layer 
permeability by monitoring the passage of LY across the in vitro BBB model. Firstly, all 
media was removed from the apical and basolateral chambers of the inserts. Then,  
200 µl of LY (20 µM) and 1,000 µl of HBSS were added into AP and BL chambers, 
respectively. After incubation for 1 h at 37°C and 5% CO2, the samples were collected. 
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The concentration of LY from the BL chamber of the inserts was measured using a 
fluorescence microplate reader with excitation at 485 nm and emission at 530 nm. The 
%LY rejection of the in vitro BBB model was calculated using the equation (Nkabinde 
et al., 2012) below: 

%LY rejection = (1 - 
LY concentration in BL chamber

Initial concentration of LY
) X 100 

 

     3.2.4 Determination of allicin in the in vitro BBB model by HPLC analysis 

   According to the cell viability assay results, the non-toxicity concentrations of 
allicin (0.5, 1, 2, and 5 µg/ml) were selected. After verifying the in vitro BBB model by 
TEER measurement and LY assay, the allicin test was carried out by adding 200 µl of 
the selected concentrations of allicin and 1,000 µl of HBSS into the apical and 
basolateral chambers of the inserts, respectively. Simultaneously, the cell-free control 
inserts, which are collagen-coated and non-collagen-coated, were also treated with 
200 µl of allicin 5 µg/ml. After incubation for 3 h at 37°C and 5% CO2, the samples 
were collected. The LY assay and TEER measurement were performed again, 
respectively to confirm that the integrity of the in vitro BBB model before and after 
the allicin test is still intact. The concentrations of allicin that can cross the endothelial 
layer from AP to BL chamber were analyzed by high-performance liquid 
chromatography (HPLC) analysis. The HPLC system consisted of the following 
components: A pump, an injector, a hypersil ODS column (250 x 4.0 mm, 5 µm particle 
size), and a UV detector (254 nm). The column operated in isocratic mode (50:50 
MeOH: H2O) at a 0.5 ml/min flow rate. The standard concentrations of allicin and HBSS, 
which is the solvent of allicin, were also analyzed by HPLC analysis. Allicin 
concentrations of 0.5, 1, 1.5, 2, 3, 4, and 5 µg/ml were used to generate a standard 
curve for determining the concentration of samples from the in vitro BBB model. The 
chromatogram from HPLC analysis showed the different peaks or patterns of the 
components in the sample. The peak of allicin was detected by comparing the 
chromatogram of the samples to the chromatogram of HBSS (baseline). The peak area 
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of allicin refers to the concentration of allicin in the samples according to the standard 
curve. 

     3.2.5 Cellular uptake experiments 

   In order to investigate the ability of the hCMEC/D3 cells in allicin uptake, 
cellular uptake experiments were performed. The experiments consisted of two 
conditions: (1) with cells and (2) without cells. In the first condition (with cells), the 
hCMEC/D3 cells were seeded in the collagen-coated wells of the 24-well plate at a 
density of 1 x 104 cells/well. Simultaneously, one well was also seeded with hCMEC/D3 
cells at a density of 5 x 104 cells/well to investigate whether the increases in the cells 
number would increase the allicin uptake. The second condition (without cells) was 
filled with a cell-free medium. All wells were filled with 500 µl of culture medium and 
incubated for 24 h at 37°C and 5% CO2. Afterward, the culture medium was removed 
from the plate. Then, 250 µl of the non-toxicity concentrations of allicin, which are 
0.5, 1, 2, and 5 µg/ml, were added into the wells with cells (1 x 104 cells/well) and 
without cells. However, the well with a cell density of 5 x 104 cells/well was treated 
with only 250 µl of 5 µg/ml allicin. After incubation for 3 h at 37°C and 5% CO2, the 
supernatants were collected and analyzed to determine the allicin concentration by 
HPLC analysis.  

     3.2.6 Statistical analysis 

  The experiments were performed in triplicates. Data were expressed as the 
mean ± standard error of the mean (SEM). The statistical difference in the cell viability 
of hCMEC/D3 cells after allicin treatment relative to control was carried out by using a 
one-way analysis of variance (one-way ANOVA) followed by Bonferroni’s post hoc test. 
The significant difference between the allicin concentration in the presence and 
absence of hCMEC/D3 cells was compared by using an independent t-test. The p-value 
of <0.05 was used to indicate a statistical significance. 

 

 

 



CHAPTER IV 
RESULTS AND DISCUSSION 

 

4.1 Minimum inhibitory concentration (MIC) values of allicin against  
     bacterial pathogens 
      Antibacterial activity of allicin was examined by using the broth microdilution 
method to determine the minimum inhibitory concentration (MIC) of allicin for 
individual bacterial pathogens. The results showed that MIC values of allicin ranged 
from 3 to 30 µg/ml. Allicin exhibited the strongest antibacterial activity against N. 
meningitidis ATCC13090 DMST7950 with the MIC value of 3 µg/ml. The weakest 
antibacterial activity of allicin was observed against L. monocytogenes DMST20093 with 
the MIC value of 30 µg/ml (Table 4.1). These results revealed that N. meningitidis was 
the most sensitive to allicin. 

Table 4.1 The MIC values of allicin against bacterial pathogens. 

Bacterial pathogens MICs (µg/ml) 
N. meningitidis ATCC13090 DMST7950 3 
L. monocytogenes DMST20093 30 
E. coli TISTR780 25 
E. coli O157:H7 DMST12743 25 
MRSA DMST20654  15 

 

      According to the evidence that allicin exhibited a broad spectrum of antibacterial 
activity against Gram-positive and Gram-negative bacteria (Ankri and Mirelman, 1999) 
including some of the meningitis pathogens. In this study, the antibacterial activity of 
allicin was investigated against two of the most common meningitis bacteria, which are 
N. meningitidis and L. monocytogenes, including other bacteria, which occasionally be 
the causative pathogens of bacterial meningitis. E. coli, a Gram-negative bacterium, is 
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regularly found as a cause of meningitis among neonates, infants, the elderly, and 
immunocompromised people (Ekizoğlu, 2017). Methicillin-resistant Staphylococcus 
aureus (MRSA) is a Gram-positive bacterium that rarely causes bacterial meningitis, but 
the symptoms could be severe and lead to death. MRSA meningitis occurred in 
patients who received recent neurosurgery or acquired cerebrospinal fluid (CSF) 
devices (Pintado et al., 2011). The previous study has been reported that MIC values 
of allicin against E. coli and L. monocytogenes were 32 and 64 µg/ml, respectively 
(Imani Rad et al., 2017), whereas the obtained results showed the lower MICs in E. coli 
(25 µg/ml), the pathogenic form E. coli O157:H7 (25 µg/ml) and L. monocytogenes (30 
µg/ml). According to this finding, this study could define the MIC value more precisely 
due to the tested concentration of allicin was in a range of 0.5 – 50 µg/ml, while their 
study used 2-fold serial dilutions of allicin in a range of 2 – 1,024 µg/ml. Cutler and 
Wilson (2004) have investigated the effect of allicin against 30 clinical isolates of MRSA 
and revealed that 88% of strains had MICs at 16 µg/ml, and all strains were inhibited 
at 32 µg/ml. In comparison to the present study, the obtained result showed the 
correlated MICs of allicin against MRSA (15 µg/ml) with their majority tested strains. 
Moreover, this study provided the first evidence that the MIC value of allicin against N. 
meningitidis was 3 µg/ml. The Gram-negative N. meningitidis is a significant cause of 
bacterial meningitis globally. In spite of effective antibiotics (e.g., cephalosporin; 
cefotaxime or ceftriaxone, Penicillin G, ampicillin, chloramphenicol, fluoroquinolone, 
and aztreonam) and partially effective vaccines, the prevention of the infection with 
N. meningitidis is still challenging (Tzeng and Stephens, 2000; Tunkel et al., 2004). 
According to the results from this study, allicin inhibited the growth of N. meningitidis 
with a low MIC value compared to other tested pathogens. Therefore, in case allicin is 
proved to be able to cross the BBB, it will be beneficial for the treatment of meningitis 
caused by N. meningitidis. 
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4.2 The cytotoxicity of allicin on hCMEC/D3 cells 
      According to the MIC method, the doses of allicin that inhibited the growth of 
meningitis pathogens were revealed. To propose allicin as a therapeutic candidate for 
meningitis treatment, the cytotoxicity dose of allicin on the BBB cells used in this study, 
which is hCMEC/D3 cells, was also determined. In order to investigate the effect of 
allicin on the cell viability of hCMEC/D3 cells, the MTT assay was performed. The result 
showed that allicin at a concentration of 10 µg/ml significantly reduced the cell 
viability compared to the untreated control group (p < 0.05). The highest non-toxicity 
concentration of allicin on hCMEC/D3 cells was 5 µg/ml (Figure 4.1). Therefore, the 
non-toxicity concentrations of allicin (0.5, 1, 2, and 5 µg/ml) were selected to further 
investigate the ability of allicin to cross the in vitro BBB model.  

 
Figure 4.1 The cytotoxicity of allicin on hCMEC/D3 cells. The cells were treated with 
various concentrations of allicin (0-10 µg/ml) for 3 h. Then, the cell viability was 
measured by MTT assay. The percentage of cell viability compared with the untreated 
control. The values were expressed as mean ± SEM (n=3). * p < 0.05 compared with 
the untreated control. 
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4.3 The ability of allicin to cross the in vitro BBB model 
      In order to investigate the ability of allicin to cross the in vitro BBB model, the 
construction of in vitro BBB model was the first process of experiments. The 
monoculture BBB model in which only hCMEC/D3 cells are grown on the collagen-
coated membrane of the transwell insert was used in this study. The in vitro BBB 
model was divided into two compartments, which are the apical (AP) and basolateral 
(BL) chambers (Figure 3.1 in chapter III) that mimic the blood and brain side of the BBB, 
respectively. The cells were grown to form a confluent monolayer; then, TEER 
measurement and LY assay were performed before and after the allicin test to verify 
the integrity and permeability of the BBB model in vitro. 

      The results of the TEER measurement showed that the average TEER value of the 
in vitro BBB models before the allicin test was 14.43 ± 1.2 Ω.cm2 and slightly decreased 
to 10.33 ± 0.5 Ω.cm2 after the allicin test. The previous study has been reported that 
TEER values of hCMEC/D3 monolayer under static culture conditions were 
approximately 30 – 50 Ω.cm2 (Weksler et al., 2013). In comparison to the obtained 
results, TEER values in the present study were lower than the desired value. 

      Because the obtained TEER values were lower than expected, the LY assay was 
performed to ensure the integrity of the in vitro BBB model. The results showed that 
the average %LY rejection of the in vitro BBB models before the allicin test was 97.61 
± 0.3%. To our best knowledge, there was no available report of %LY rejection value 
which indicates the intactness of the hCMEC/D3 monolayer. Himanshu et al. (2013) 
have reported that the %LY rejection values >99% suggested that the integrity of the 
Caco-2 monolayer was intact. In comparison, the obtained %LY rejection value was 
lower than the criteria of Caco-2 cells, which are the epithelial cell line of colon 
carcinoma. The possible reason underlying this circumstance might be the original 
location of the cells. The hCMEC/D3 cells, derived from the brain, are more vulnerable 
than the cells in the intestine. However, the previous study also reported that the 
Caco-2 monolayer with an average TEER value of 250 Ω.cm2 (intact monolayers) 
showed the %LY rejection value of 96.88 ± 0.2% at day 21 (Nkabinde et al., 2012), 
which is consistent with the obtained results. Taken together, although TEER values of 
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the in vitro BBB models before the allicin test were lower than the desired value, the 
obtained %LY rejections in this study were considered intact. The principle of the LY 
assay was measuring the permeability by directly monitoring the passage of LY across 
the hCMEC/D3 monolayer. Hence, the %LY rejections were considered more reliable 
than TEER values. Therefore, the results of %LY rejection indicated that the in vitro 
BBB models were efficient to proceed with the allicin test. Moreover, the integrity of 
the in vitro BBB model after performing the allicin tests was also verified and showed 
that the %LY rejection was slightly decreased to 95.04 ± 1.3%. Although the %LY 
rejection at the end of the allicin test was reduced, the present study showed that 
there was no leakage of allicin into the BL chamber of the in vitro BBB model (Figure 
4.3), suggesting that the integrity of the hCMEC/D3 monolayer was acceptable. 

      After allicin testing via the in vitro BBB model, HPLC analysis was used to determine 

the concentration of allicin that crosses the hCMEC/D3 monolayer from AP to BL 

chamber of the in vitro BBB model. The standard allicin (0.5-5 µg/ml) and HBSS (blank) 

were the first to be analyzed. Then, the peak of allicin was detected by comparing the 

chromatogram of the standard allicin to the baseline chromatogram of HBSS. As shown 

in Figure 4.2B-H, the retention time of the allicin peak was approximately 8.7 min. Due 

to the peak area referring to the concentration of allicin in the sample, the size of the 

peak area was proportional to the concentration of the standard allicin (arrows). 

According to these results, the standard curve of allicin was established and the 

correlation coefficient was 0.999 (Appendix B). 
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Figure 4.2 HPLC analysis of HBSS (baseline) and standard allicin. (A) Chromatogram of 

HBSS. (B-H) Chromatogram of standard allicin 0.5, 1, 1.5, 2, 3, 4, and 5 µg/ml, 

respectively. 

 

      Surprisingly, the HPLC analysis results of the samples from AP and BL chambers of 

the in vitro BBB model showed that allicin peak did not appear in either AP and BL 

samples tested with allicin 0.5, 1, 2, and 5 µg/ml (Figure 4.3).  

 

 



33 
 

 

Figure 4.3 HPLC analysis of allicin samples from the in vitro BBB model. (A-B) 

Chromatogram of AP and BL samples tested with allicin 0.5 µg/ml. (C-D) Chromatogram 

of AP and BL samples tested with allicin 1 µg/ml. (E-F) Chromatogram of AP and BL 

samples tested with allicin 2 µg/ml. (G-H) Chromatogram of AP and BL samples tested 

with allicin 5 µg/ml. 

 

      On the contrary, the allicin peak was detected in the AP and BL samples from the 

cell-free control inserts, which are collagen-coated and non-collagen-coated, tested 

with allicin 5 µg/ml (Figure 4.4 and 4.5). Moreover, the peak area of allicin from the 

collagen-coated and non-collagen-coated control inserts was similar in size on both 

AP and BL samples, resulting in similarly calculated allicin concentration. The allicin 

concentration of AP from the collagen-coated and non-collagen-coated control inserts 
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were 1.97 and 1.72 µg/ml, respectively, while the allicin concentration of BL from the 

collagen-coated and non-collagen-coated control inserts were 1.09 and 1.11 µg/ml, 

respectively (Table 4.2 and 4.3). 

 

 

Figure 4.4 HPLC analysis of allicin samples from the collagen-coated control insert 

(cell-free) tested with allicin 5 µg/ml. (A) Chromatogram of AP samples (B) 

Chromatogram of BL samples. 

 

Table 4.2 Peak area and allicin concentration of AP and BL samples of the collagen-

coated control insert. 

Sample Peak area of allicin 
(mAU*s) 

Allicin concentration 
(µg/ml) 

AP of the collagen-coated 
control insert 

53.78 1.97 

BL of the collagen-coated 
control insert 

29.69 1.09 

Abbreviation: mAU: milli-Absorbance Units, s: second. 

Each value was obtained from n=1 experiment. 
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Figure 4.5 HPLC analysis of allicin samples from the non-collagen-coated control insert 

(cell-free) tested with allicin 5 µg/ml. (A) Chromatogram of AP samples (B) 

Chromatogram of BL samples. 

 

Table 4.3 Peak area and allicin concentration of AP and BL samples of the non-

collagen-coated control insert. 

Sample Peak area of allicin 
(mAU*s) 

Allicin concentration 
(µg/ml) 

AP of the non-collagen-coated 
control insert 

47.08 1.72 

BL of the non-collagen-coated 
control insert 

30.26 1.11 

Abbreviation: mAU: milli-Absorbance Units, s: second. 

Each value was obtained from n=1 experiment. 

 

      Interestingly, the triplicate results of HPLC analysis were consistent that allicin peak 

was not detected in the AP and BL samples of the in vitro BBB model. The temperature 

used in the allicin test (37°C) was suspected to be one of the factors responsible for 

allicin degradation at the end of the experiments. To prove this possibility, the 

temperature test was performed by incubating the opened cap eppendorf containing 

allicin at a concentration of 5 µg/ml at 37°C for 3 h. The results from HPLC analysis 

showed that the allicin peak was detected, and the concentration of allicin in the 

sample was approximately 4.91 ± 0.7 µg/ml (Appendix C), which is similar to the initial 
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concentration of allicin (5 µg/ml) before temperature test. Moreover, the previous 

studies revealed that allicin rapidly degraded when the temperature was higher than 

40°C (Wang et al., 2014). Tanongkankit et al. (2019) also reported that the half-life 

period of allicin at 40°C was 3 days, which the temperature and time were higher and 

longer than the allicin test condition (37°C and 3 h) in this present study. These findings 

suggested that allicin did not degrade during the allicin test. Thus, the disappearance 

of allicin might occur due to the structure of the in vitro BBB model. At least, the allicin 

peak was expected to be detected in AP samples due to a higher allicin concentration 

than BL samples, whereas the results were inconsistent with the prediction. Therefore, 

this finding led to the hypothesis that allicin, which is supposed to move across the 

hCMEC/D3 monolayer from AP to BL chamber, might be trapped in some part of the 

in vitro BBB model. Thus, the 3 possibilities of where allicin localized after testing via 

the in vitro BBB model was proposed: (1) Allicin was uptaken into hCMEC/D3 cells (2) 

Allicin was trapped in the collagen, and (3) Allicin was trapped in the membrane of 

the insert (Figure 4.6). 

      As previously mentioned, the obtained results revealed that the allicin peak was 

detected in both AP and BL samples from the collagen-coated and non-collagen-

coated inserts (Figure 4.4 and 4.5, Table 4.2 and 4.3). This finding demonstrated that 

the absence of allicin in the in vitro BBB model was probably not due to allicin being 

trapped in the collagen or membrane of the insert. Consequently, the remaining 

hypothesis, which allicin was uptaken by hCMEC/D3 cells, would be further 

investigated using cellular uptake experiments. 
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Figure 4.6 The schematic represents 3 possibilities movement of allicin across the in 

vitro BBB model after 3 h of treatment. (A) Allicin was uptaken into hCMEC/D3 cells. 

(B) Allicin was trapped in the collagen. (C) Allicin was trapped in the membrane of the 

insert. 

 

4.4 The uptake of allicin by hCMEC/D3 cells 
      Cellular uptake experiments were used to indirectly prove the possibility that 
allicin in the in vitro BBB model was uptaken by hCMEC/D3 cells. The non-toxicity 
concentrations of allicin were used to test hCMEC/D3 cells (1 x 104 cells/well) and 
their cell-free wells of the 24-well culture plate for 3 h. Then, the concentration of 
allicin in the supernatant of each well was determined using HPLC analysis. The results 
showed that the allicin at concentrations of 0.5, 1, and 2 µg/ml were significantly 
reduced in the presence of hCMEC/D3 cells when compared to its cell-free wells (p < 
0.05). On the contrary, the concentration of allicin at 5 µg/ml was not statistically 
different in the presence or absence of hCMEC/D3 cells (p > 0.05) (Figure 4.7). Thus, 
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this finding led to the hypothesis that the cell number of hCMEC/D3 cells used in the 
experiments might not be sufficient to uptake allicin at 5 µg/ml. Although the number 
of the cells used in the in vitro BBB model and the cellular uptake experiment were 
the same, the duration of culturing cells in both assays were different. The cells used 
in the BBB model were cultured approximately for 21 days; whereas, the cells in the 
uptake experiments were grown for 1 day. Therefore, the number of the cells that we 
firstly used was presumably much lower than that in the in vitro BBB model. 

      In order to investigate whether the number of hCMEC/D3 cells affects the allicin 
uptake, the number of the cells in the wells was increased to 5 x 104 cells/well. The 
results showed that the concentration of allicin (5 µg/ml) was significantly reduced in 
the presence of hCMEC/D3 cells compared to its cell-free well (p < 0.05) (Figure 4.8). 
Therefore, these results suggested that allicin was uptaken into the hCMEC/D3 cells as 
the cell numbers increased. 
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Figure 4.7 The cellular uptake of allicin by hCMEC/D3 cells. (A) Comparative HPLC 

chromatograms of allicin between “with cells (1 x 104 cells)” and “without cells” 

conditions. (B) Quantitative analysis of (A) as allicin concentration in each condition. 

The values were expressed as mean ± SEM (n=3). * p < 0.05.  
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Figure 4.8 The cellular uptake of allicin (5 µg/ml) by hCMEC/D3 cells. (A-C) 

Comparative HPLC chromatogram of allicin between “without cells”, “hCMEC/D3 cells 

(1 x 104 cells)”, and “hCMEC/D3 cells (5 x 104 cells)” conditions, respectively. (D) 

Quantitative analysis of (A-C) as allicin concentration in each condition. The values 

were expressed as mean ± SEM (n=2-3). * p < 0.05. 
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      Altogether, the results of the allicin test with the in vitro BBB model and the 

cellular uptake experiments led to the new presumption. These findings suggested 

that at 3 h of allicin testing, allicin in the AP chamber was absorbed by hCMEC/D3 cells 

instead of passing to the BL chamber of the in vitro BBB model or passing in a small 

amount, which is unable to be detected by HPLC analysis. According to this 

presumption, the allicin concentration that was able to cross the in vitro BBB model 

could not be determined in this study. 

      However, the previous in vivo study revealed that allicin has neuroprotective 

effects on ischemia-reperfusion brain injury (IRBI) (Kong et al., 2017). Moreover, the 2D 

structure of allicin was predicted to penetrate the BBB by using computer programs 

(Itepu et al., 2019). Although the present study was not able to conclude that allicin 

cross BBB, the obtained allicin uptake results were consistent with these findings. 

Therefore, this study proposes that allicin, a small lipophilic molecule, might be able 

to pass the BBB via the transcellular route (Figure 2.2 in chapter II). Other small lipid-

soluble molecules, which are propranolol, morphine, and midazolam, were also 

reported to cross the hCMEC/D3 monolayers via the transcellular lipophilic pathway 

(Poller et al., 2008). According to the effect of allicin on pathogens causing meningitis, 

the results from this study showed that the MIC of N. meningitidis is lower than the 

highest concentration of the hCMEC/D3 cells uptake. These findings suggested that 

allicin could potentially affect N. meningitidis, the most common and leading cause of 

bacterial meningitis. 

      Interestingly, Miron et al. (2000) have investigated the ability of allicin to cross 

through the phospholipid membrane of artificial phospholipid vesicles loaded with 

glutathione (GSH) and human red blood cells in which GSH is present. They revealed 

that allicin can easily penetrate through the phospholipid bilayers to interact with the 

thiol (SH) groups of GSH and gave the product, S-allylmercaptoglutathione (GSSA), 

without causing membrane leakage, fusion, or aggregation. These findings also 

supported that allicin might cross the BBB through the transcellular lipophilic pathway. 
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However, GSH is a major thiol compound within mammalian cells, including brain 

endothelial cells (Li et al., 2012). Therefore, their study also provides another clue that 

the possible reason why the present study could not detect allicin in the BL chamber 

of the in vitro model might be allicin interacts with GSH in hCMEC/D3 cells and already 

turned into GSSA. 

      For future studies, the results from the present study suggest that the ability of 

allicin to cross the in vitro BBB model should be further investigated due to the highest 

concentration of allicin that uptake into hCMEC/D3 cells might have an effect on N. 

meningitidis. The duration of the allicin test with the in vitro BBB model at 3 h might 

not be the right time point that allicin would be released from the cells. Thus, the 

time of the experiments should be extended and observe whether allicin could cross 

the hCMEC/D3 monolayer. Moreover, the directly prove of GSSA formation as a product 

of the interaction between allicin and GSH within the hCMEC/D3 cells should be further 

investigated in the future study. 

 

 

 

  

 

 

 

 

 

 

 

 



CHAPTER V 
CONCLUSION 

 

 The blood-brain barrier (BBB) plays a crucial role in strictly controlling the 
passage of substances that circulate within the blood into the central nervous system 
(CNS). However, the bacterial infections result in dysfunction of BBB, which could lead 
to meningitis. Bacterial meningitis is a serious disease that requires effective drugs to 
eliminate the causative pathogens. Allicin, a bioactive compound derived from garlic, 
has been reported to exhibit antibacterial activity against a wide range of bacteria, 
including some of the most common meningitis pathogens. In this study, the broth 
microdilution method demonstrated that N. meningitidis was the most sensitive to 
allicin among the tested pathogens. Moreover, this study is the first to report the MIC 
value of allicin against the most common meningitis bacteria, N. meningitidis. To date, 
there is no available report regarding the direct evidence that allicin has the ability to 
pass through BBB. The results of HPLC analysis revealed that allicin could not be 
detected on both the apical (AP) and basolateral (BL) chambers of the in vitro BBB 
model. However, the HPLC results from the cellular uptake experiments suggested 
that allicin was uptaken by hCMEC/D3 cells.  

In conclusion, the present study could not completely prove that allicin has 
the ability to cross the in vitro BBB model. Nevertheless, the obtained data provide 
the new presumption that allicin could be uptaken into hCMEC/D3 cells resulting in 
an undetectable concentration of allicin that passes through the in vitro BBB model. 
Moreover, the results showed that the MIC value of allicin against N. meningitidis was 
lower than the concentration of allicin uptaken in hCMEC/D3 cells, suggesting that 
allicin could possibly be useful for the treatment of N. meningitidis-causing meningitis. 
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APPENDIX A 
LABORATORY EQUIPMENT 

 

A.1 Equipment 
Name           Source 
Autoclave Tomy Kogyo, Japan 
HPLC 1260 Agilent, USA 
Hot air oven Memmert, Germany 
Vortex mixer Finecpr, Korea 
Laminar flow Esco, Singapore 
Haemocytometer Boeco, Germany 
Electronic balance Shimadzu, Japan 
Centrifuge CT15RT Techcomp, Hong Kong 
Microscope CKX41SF Olympus, Philippines 
Hotplate magnetic stirrer Merck, USA 
Epithelial Volt-Ohm meter Millipore, USA 
Incubator shaker Innova 42R Eppendorf, Germany 
T80+ UV/VIS spectrophotometer PG Instruments, UK 
Forma Series II water-jacketed CO2 Incubator  Thermo scientific, USA 
Multiskan Go microplate spectrophotometer Thermo scientific, Finland 
Varioskan Lux multimode microplate reader Thermo scientific, Singapore  
Autopipette (1-10, 2-20, 20-200, 100-1000 µl.) Gilson, France 
Cuvettes VWR, Germany 
Petri dish Biologix, China 
Cryovial (1.8 ml.) SPL life science, Korea 
Microtubes (0.6 ml.) Axygen, China 
Conical tube (15, 50 ml.) Corning, China 
24-well cell culture plate Corning, USA 
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96-well cell culture plate Corning, China 
Cell culture flask (75 cm2.) Nunc, China 
Sterile syringe filter (0.2 µm.) Corning, Germany 
Microcentrifuge tube (1.5 ml.) Hycon, Thailand 
Syringe without needle (3 ml.) Nipro, Thailand 
24-well hanging inserts (0.4 µm PET) Millicell, Germany 
Pipette tips (0.5-10, 1-200, 100-1000 µl.) Kirgen, China 
A.2 Glassware 
Duran bottles (250, 500, 1000 ml.) 
Beakers (50, 100, 250, 500, 1000 ml.) 
Erlenmeyer flasks (100, 250, 500, 1000 ml.) 
Measuring cylinders (50, 100, 500, 1000 ml.) 
 

 

 

 

 



APPENDIX B 
STANDARD CURVE OF ALLICIN 

 

 

 
Figure B The standard curve of allicin was established by the peak area of allicin at 
concentrations of 0.5, 1, 1.5, 2, 3, 4, and 5 µg/ml. 

 

 

 

 

 

 

 

 



APPENDIX C 
TEMPERATURE TEST OF ALLICIN 

 

 
Figure C HPLC chromatogram of allicin sample from the opened cap eppendorf 
containing allicin 5 µg/ml and incubated at 37°C for 3 h.  

 

 Table C Allicin concentration of the sample from the temperature test. 

Sample Allicin concentration 
(µg/ml) 

Allicin sample from the opened cap eppendorf 
containing allicin 5 µg/ml and incubated at 37°C 
for 3 h 

4.91 ± 0.7 

The value was expressed as mean ± SEM (n=3). 
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