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ABSTRACT 
 
 

 The antimicrobial properties of allicin, while long known, require further 

investigation in order to evaluate this garlic-derived chemical as an anti-infective agent against 

Staphylococcus aureus wound infection.  S. aureus is well adapted to live on skin as either 

normal flora or as a pathogen.  Indeed, it is carried as normal flora by approximately one-third of 

all people.  Thus, there is an important ongoing clinical problem with wound infection by this 

pathogen.  Compounding this problem is the fact that antibiotics continue to lose their 

effectiveness against pathogenic staph strains. This has motivated us to explore alternative 

methods to deal with this common clinical problem and allicin quickly emerged as an agent 

worthy of testing in a standardized wound infection model. In this model, 6-8 week old BALB/c 

female mice were employed to evaluate allicin when topically applied to an S. aureus infection 

of the epicutaneous layer of mouse ear tissue. Using this model, we followed wound progression 

in the presence of low and high levels of a commercial preparation of allicin applied at the 

wound site, and compared that to uninfected and untreated controls.  We followed the 

progression of this infection in several ways: visually (by periodic photography of the wound 

site) and by histologic staining and microscopic analysis of wound tissue. These forms of 

analysis served as the basis for determining whether allicin is effective at controlling wound 

infection and may be useful in designing more effective control of such wound infections in the 

future. 
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CHAPTER 1 

 
INTRODUCTION 

 
 

Antibiotic resistance is a growing public health problem, causing infection control issues 

in clinical settings across the world.  Bacteria can gain resistance to antibiotics by eliminating the 

target receptor, inactivating the antibiotic, or simply by pumping the antibiotic out of the cell.  

Resistance genes are shared between individual bacterial cells and they are even shared across 

bacterial species boundaries.  Most new antibiotics are a derivative of an antibiotic that has 

already been rendered ineffective by pathogenic bacteria.  Since antibiotics present bacteria with 

selective pressure by putting them in an extreme “live or die” predicament, bacteria that survive 

exposure to one antibiotic are more likely to gain resistance to others, especially if they are 

similar to an antibiotic to which the pathogen has already been exposed.  The misuse and overuse 

of antibiotics, through over-prescription in humans and in raising of livestock, have all 

contributed to creating this problem.  

Resistance to antibiotics arises in several different ways.  Prescribed antibiotic treatments 

work over time, slowly killing target bacteria but also permitting the survival of new resistant 

variants.  These few resistors are then able to transfer their resistance genes to others, even across 

species.  Also to be considered is that when a course of antibiotics is given to treat an infection, 

the antibiotics kill the disease causing bacteria but they also kill some of the host’s normal flora. 

This normal flora was helping to protect the host by occupying space and using the host’s 

nutrients so that pathogenic bacteria cannot take over.  When the normal flora are killed by broad 

spectrum antibiotics, a void is left that allows resistant bacteria to expand their foothold and 

provides another opportunity for them to spread their resistance genes to others.  The spread of 
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resistant bacteria and their resistance genes is much more difficult to treat without effective 

antibiotics.  The problem as a whole grows when the patient does not finish a course of 

prescribed antibiotics.  This generally happens when the symptoms begin to wane and the patient 

feels normal again.  Not finishing the entire course of antibiotics is problematic because all of the 

disease causing bacteria have probably not been killed after just a few pills.  The ones that were 

not killed have now been exposed to the antibiotic and survived the encounter, becoming 

stronger and harder to kill.  Moreover, overuse and over prescription of antibiotics has led to the 

decline of their efficacy.  Antibiotics are routinely prescribed for conditions that they will not be 

helpful against.  In some undeveloped countries, penicillin is available over the counter [1].  This 

means that anyone can decide at any time to take a course of antibiotics whether this form of 

treatment is needed or not.  Animals are also a part of this resistance web.  Eighty percent of all 

antibiotics that are sold are given to animals [1].  Not only are they used to treat sick animals, 

antibiotics are used as a method to help animals gain weight before going to market.  Ultimately, 

these antibiotics end up back in the environment where they have a chance to enter the water 

supply. 

The best solution to this problem is to research new, more effective antibiotics that are 

not just derivatives of agents that are currently being used.  However, very few are currently in 

development, due to them not perceived a sufficiently profitable by the pharmaceutical industry.  

So if not new antibiotics, then what?  While it is hoped that, at some point, there will be new, 

effective antibiotics to solve this problem, there needs some thought given to antimicrobial 

solutions for the short term.  One approach is to look for an alternative inhibitor in the form of an 

anti-infective substance.  The purpose of an anti-infective is to at least promote the bacteria into 

entering a period of stasis, and perhaps even being to some degree bactericidal.  Promoting stasis 
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might mean that a bacterium that lives as normal flora, but which is also capable of causing 

illness, would resist becoming pathogenic even when an opportunity presented itself.  An anti-

infective is different from an antibiotic because it reduces the selective pressures that drive the 

acquisition of resistance genes.  This is important for bacteria such as S. aureus, which is part of 

the normal flora of about one-third of the population, but which is also known to cause soft tissue 

infections and have multi-drug resistance in some strains.  S. aureus has been known to be 

opportunistic, therefore if the skin barrier becomes compromised, it has the opportunity to enter 

into the deeper tissues of the host and shift from normal flora to pathogenic.  An anti-infective 

substance can perhaps be employed to stop this shift, a shift that could be life threatening to an 

immunocompromised patient, so that any S. aureus that entered the host through a skin wound 

could be held in a period of stasis and eventually be cleared by the host’s microbial defense 

systems.  

Methicillin resistant Staphylococcus aureus (MRSA) infections have become a serious 

complication in both hospitals and communities.  Hospital-acquired MRSA infections can be 

spread very easily among the immunocompromised by healthcare providers moving from patient 

to patient.  With more knowledge, healthcare providers are using more caution to stop the spread 

of MRSA and the result has been a decrease in the number of hospital-acquired MRSA 

infections.  Some MRSA strains are categorized as being community-acquired, differing in 

virulence from those seen in nosocomial cases.  These community-acquired strains are spread 

among healthy individuals without any apparent risk factors.  The presence of a specific 

virulence factor gene, Panton Valentine Leukocidin (pvl), makes community-acquired strains 

more virulent than hospital-acquired strains, although the pvl gene has been found in some 

hospital acquired strains as well 
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CHAPTER 2 

 
LITERATURE REVIEW 

 
 

When considering an anti-infective, there were some promising natural applications with 

well-known benefits that deserved further investigation.  Garlic has been recognized for many 

years to possess anti-inflammatory benefits. Further research has shown the chemical compound 

allicin to be the active ingredient in garlic that is responsible for these health benefits. Garlic 

preparations have been shown to have broad spectrum antimicrobial properties, showing 

antibacterial properties against Gram-negative and Gram-positive bacteria species such as those 

of Escherichia, Salmonella, Staphylococcus, Streptococcus, Proteus, Clostridium and others [2, 

3]. Furthermore, bacterial strains that have shown resistance, such as MRSA and others that are 

quickly gaining multi-drug resistance, have been shown to be sensitive to allicin [2]. Allicin has 

also shown antifungal, antiviral, and antiparasitic activity. Importantly, when combined with 

antibiotics, allicin has been shown to produce a synergistic effect. This effect is thought to be 

caused by the inability of bacteria to form resistance to it because its action is different than that 

of other antibiotics [2, 4], in a similar manner to disinfectants, to which bacteria also do not 

become resistant. In a rabbit model study where a prosthetic joint infection biofilm was treated 

using an intra-articular lavage with: 1) vancomycin alone; 2) allicin alone; and, 3) a combination 

of allicin plus vancomycin, it was shown that allicin prevented S. epidermidis biofilm formation 

[5].  Moreover, when allicin and vancomycin were used in combination, not only was there 

prevention of biofilm formation, but vancomycin was also able to act on the biofilm-enmeshed 

microorganisms, showing greater effectiveness together than the treatments given singularly [5]. 
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This was important work because, even in 2014 when it was published, this was the first time 

such in vivo effectiveness was shown using allicin.   

In 2015, researchers combined allicin with chlorhexidine, a disinfectant, to test the 

efficacy of preventing bacterial infection in a hernia repair rabbit model.  A polypropylene mesh 

was soaked in chlorhexidine alone and one in allicin-chlorhexidine and the adhesion of S. aureus 

was evaluated.  This in vitro study showed that both were efficient at inhibiting the attachment of 

S. aureus although the zone on inhibition was significantly larger with allicin-chlorhexidine than 

with chlorhexidine alone [6].  The meshes were then implanted into rabbits following hernia 

repair.  After 14 days, the animals were euthanized and macroscopic observations were taken.  

The implant that was soaked in allicin-chlorhexidine showed the lowest rate of bacterial 

clearance on the implant surface and a large amount of inflammatory cells along with cell debris 

in the area of mesh anchoring.  The mesh soaked in chlorhexidine alone showed complete mesh 

integration into the host tissue [6].  This finding shows that while allicin has useful antibacterial 

properties, it may not be practical as an antibiotic for subcutaneous use because of the risk of 

indiscriminate side effects on host cells and bacterial cells alike.  Since allicin targets organisms 

that utilize thiol containing enzymes, and because all mammalian cells use thiol containing 

enzymes, there is not a way to target allicin specifically to pathogenic cells.  This interference 

could benefit bacteria because the addition of allicin could be keeping the immune cells focused 

on tissue damage possibly caused by allicin instead of defending the body against potential 

pathogens.  For this reason, more in vivo studies are necessary to see if allicin can be helpful if 

paired with antibiotics/antibacterial agents or if it can be administered topically for the 

epicutaneous infections frequently caused by S. aureus.  It will also be important to determine if 

its effectiveness is concentration dependent to help address issues like whether a low 
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concentration might be helpful, but above a certain level, the tissue damage caused by allicin 

makes the treatment counterproductive.   

There has been a lot of research over the years into allicin’s method of action and what 

makes it effective.  Allicin is thought to be produced by garlic as a defense mechanism in 

response to fungal pathogens. In this context, allicin can be thought of as a chemical response to 

stop pathogen invasion and protect healthy tissue.  It starts when the non-protein amino acid 

alliin is acted on by the enzyme alliinase (alliin lyase EC 4.4.1.4) to produce allicin in a reaction 

that happens rather quickly inside the garlic clove. 

 

Because the end product is unstable and has a short half-life, both alliin and alliinase are housed 

in separate compartments inside the cells of the garlic clove until a defense response is required 

[7, 8]. They only interact when necessary for protection and preservation of the clove.  Allicin is 

produced when garlic cloves are crushed, breaking the barrier that separates alliin from alliinase, 

and it is also responsible for the characteristic garlic smell [2, 8]. Production of allicin is a 

localized response that works to confine any tissue damage that occurs during the process to a 

single, small area that leaves that rest of the garlic clove unharmed.  Onions have also been 

found to contain alliinase, however, they do not have the precursor alliin so they cannot produce 

allicin.   
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Allicin’s method of action is what makes it so effective. It works by inhibiting certain 

thiol containing enzymes by rapidly reacting thiosulfinates with thiol groups, resulting in an 

antibiotic effect [3, 7-9].  An example of such enzymes are cysteine proteases which breakdown 

proteins.  These enzymes are key to cellular activity and their inactivation has been shown to 

shift the redox potential, inducing apoptosis (programmed cell death) at times [10, 11].  Allicin 

reacts with the thiol group on cysteine residues of enzymes in cells, the end result being 

apoptosis [12].  As a reactive sulfur species (RSS), allicin oxidizes thiol groups in proteins and 

also in the antioxidant glutathione.  Allicin has also been shown to damage cell walls and 

membranes, leading to a loss of integrity and morphological damage [13].  More recently, garlic 

has been shown to have a method of action similar to that of dimethylsulfoxide (DMSO), making 

membranes permeable through pore formation [10, 13].  Structurally, the compounds are very 

similar, both having an oxidized sulfur with an oxygen atom bound to the sulfur by means of a 

dipolar bond [10].   

 

Allicin is actually much more effective than DMSO at forming pores, about 100x more effective, 

because it is more active on a mol-for-mol basis [10].  In addition, allicin has been shown to 

inhibit biofilm formation and, when used in combination with β-lactam antibiotics, allicin 
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reduces the minimum inhibitory concentration needed to be effective against Staphylococcal 

bacteria and P. aeruginosa [14]. 

Allicin’s apoptotic action has been confirmed in yeast cells using allicin at different 

concentrations.  Using allicin as an oxidizing treatment, Gruhlke et al showed that caspases were 

activated, which were observed by red fluorescence [10].  This same result was seen in the 

positive control.  Caspases are enzymes that play an essential role in apoptosis and inflammation.  

Adding anti-apoptotic proteins protected the yeast cells from damage caused by allicin, further 

confirming that allicin promotes cell death. 

In order to perform a quantitative analysis of allicin’s action against S. aureus, several 

inflammatory cytokines on both the host and the mouse side were chosen for evaluation.  Tumor 

necrosis factor is a cytokine that has been shown to play an important role in the host’s response 

to a S. aureus skin infection, along with interferon gamma (IFN-γ).  Both protect the host against 

infection by facultative intracellular pathogens and can be induced by staphylococcus 

enterotoxins [15].  Nakane et al showed that IFN-γ plays an important role in protection early on 

in infection but it can also play a detrimental role later on [16]. Other cytokines that can be 

induced by staphylococcus exotoxins are IL-1, IL-2, and IL-6 but based on their findings, TNF, 

IFN-γ, and IL-6 are the first on the scene after initial infection.  Because of this, these cytokines 

were chosen for this study as semi-quantitative factors to measure host response to S. aureus in 

the presence of allicin. 

S. aureus has a fairly extensive toolbox when it comes to infection; this certainly plays a 

major factor its success.  The pvl gene plays an important role in helping S. aureus establish its 

presence within the host.  Like its name suggests, the expression of this gene allows S. aureus to 

be able to lyse white blood cells, weakening the host’s defenses.  The presence of pvl makes a 
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strain of MRSA more virulent and a major problem for the immunocompromised.  It is an 

enzyme that is considered one of the important determinants of pathogenicity in S. aureus [17].  

Once thought to be the hallmark for community acquired MRSA infections, it has been shown 

that pvl can be present in strains of hospital associated MRSA infections also [17].  Because of 

this finding, we decided that measuring the expression of pvl in the presence of allicin could be a 

determinant of whether or not allicin had an effect on S. aureus pathogenicity. 

In light of the in vitro work that has already been done with allicin, the overall objective 

of my research is to explore the effectiveness of allicin in vivo using a mouse model. This 

research is necessary because, if allicin has potential to serve as an effective anti-infective agent, 

there will need to be in vivo studies that either support its effectiveness or raise new questions 

about allicin that will need to be answered.  Studies of this type are lacking, meaning they either 

have not been performed or that allicin is not as effective in vivo as it is in vitro and, hence, in 

vivo studies may not have been published.  For our study, the effectiveness will be measured in 

several ways. Wound progression will be assessed visually by collecting photographs at specific 

time points and by histologic analysis.  Tissue samples were also collected to look at the 

expression of certain biomarkers on both the mouse and the host side to see if their expression 

levels change in the presence of allicin. Although we were unable to complete this latter portion 

of the project due to technical problems, it will still be described in the methods and discussion 

section so as to show the original intent and to lay the groundwork for future work on this 

project. 
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CHAPTER 3 
 

METHODOLOGY 
 
 

3.1 Mouse Model 

All animal procedures described in this section were approved by the Institutional Animal 

Care and Use Committee (IACUC).  Mus musculus domesticus was chosen for this study due to 

its having been established as a model for epicutaneous challenge with S. aureus by previously 

published work involving skin infections [18].  The S. aureus strain ATCC 25923 was chosen for 

this study instead of a MRSA strain because it has the ability to infect mouse skin but it lacks the 

multiple drug resistance of other strains that could create safety problems [19]. 

 Our study included the use of 72 female BALB/c mice that were inoculated at 6-8 weeks 

of age, with 6 mice per treatment class per time point.  It was determined that 72 was the 

minimum number of mice that needed to be used to give an acceptable p value in the event a 

significant difference existed between treatment classes.  To make the numbers of mice being 

handled more manageable, this study was split into two equal parts: half of the mice entered the 

study on April 4, 2015 and the other half entered on June 30, 2015.  The treatment groups are as 

follows:  

1. a negative control that was pretreated with 100% allicin (0.8 ug/ml) and inoculated with sterile 

water,  

2. 100% allicin pretreatment and inoculation with 10 ul of S. aureus,  

3. 50% allicin (0.4 ug/ml) and inoculation with 10 ul of S. aureus, and  

4. A positive control that was pretreated with sterile water and inoculated with 10 ul of S. aureus.  

The allicin that was used in this study was obtained from Allimax (Allimax Nutraceuticals US, 
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Chicago, IL) in liquid form at a concentration of 0.8 µg/ml.  The mice were inoculated 

epicutaneously in the epidermis of the left ear with a Morrow-Brown allergy needle.  The 

epidermis was pricked a total of ten times in the same spot to ensure effective inoculation.   

The mice were received a week ahead of the scheduled inoculation date to allow them 

time to acclimate to animal room conditions in order to reduce their stress levels.  To prepare for 

inoculation, the S. aureus culture was started by streaking a Brain-Heart Infusion (BHI) Agar 

plate 72 hours in advance. Once this plate was incubated for 24 hours at 37C, an isolated colony 

was picked and a fresh BHI plate was streaked.  After another 24 hours of incubation, this plate 

was removed from the incubator and five isolated colonies were picked to inoculate 5 ml of BHI 

broth for an overnight culture.  At this time, five 100 ml flasks containing 50 ml of BHI broth 

were also placed in the incubator overnight so that they would already be at 37°C at the time of 

culture inoculation.  The morning of the mouse inoculation, each of the flasks containing 50 ml 

of BHI broth was inoculated with 1 ml from the overnight culture.  These flasks were then 

moved to a walk-in incubator and placed on a shaker plate until they reached an OD of 0.8.  The 

cells were then centrifuged to pellet them and they were resuspended in PBS to a final 

concentration of 1x1011 CFU/ml.   

At the time of inoculation, the mice were anesthetized with a mixture of 50 mg of 

ketamine/kg and 5 mg of xylazine/kg of body weight diluted in sterile PBS and delivered via 

intraperitoneal (IP) injection.  Once the mouse was anesthetized, the left ear was swabbed with 

70% (v/v) isopropanol and dried with a fan.  The same ear was then pretreated with the 

respective test substance according to the mouse’s designated treatment group using a sterile 

swab.  The ear was again dried with a fan before inoculation.  Once dry, 10 ul of S. aureus was 

added to the surface of a Morrow-Brown allergy test needle using a micropipettor.  This needle 
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was then used to prick the pinna 10 times for epicutaneous inoculation.  The mouse was then 

transferred to a recovery cage for the anesthesia to wear off and then moved back to its home 

cage.   

At 24 hours post inoculation, the mice from each group that were assigned to this time 

point were euthanized by administering an overdose of pentobarbital via IP injection. These mice 

were then photographed for the assessment of the extent of tissue necrosis and a sample was 

collected from the inoculation site on the left ear.  The sample that was collected was cut in half: 

one half will be used for quantitative analysis in the form of RT-qPCR and the other half was 

preserved for histologic staining and microscope analysis of the wound site.  The half that was 

collected for RT-qPCR was placed in liquid nitrogen until it could be transferred to an ultralow 

freezer.  

 

 

 

 

The remaining mice were also photographed at the 24 hour post inoculation time point.  It 

was important the mice to remain still in order for the pictures to be uniform so they were 

anesthetized for several seconds in an isofluorane inhalation chamber.  At this time, the mice 

were retreated according to their respective treatment group so an isofluorane nosecone was also 

employed.  Once the mice were retreated, they were returned to their original cages for the 

continuation of the study. 

Figure 3.1. A diagram of the tissue collected from the mouse ear. 
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This same procedure was repeated at 48 and 72 hours post inoculation, although it was 

not necessary to retreat the mice at 72 hours as this time point marked the conclusion of the 

study.  The pictures that were collected during the study serve mostly as a visual aid for the 

advance and spread of the wound, since, based on our experience, 72 hours would not be enough 

time for the infection to clear.  However, the progression of the infection can be assessed by 

comparing the photos from the mice that were photographed at 24, 48, and 72 hour time points 

(3 from each group).  

3.2 Sample Preparation 

Samples collected for PCR were stored at -80°C until the assay was performed.  To 

isolate the RNA, the samples were removed from the freezer held in a combination of wet and 

dry ice to keep them frozen.  To the cryovial was added 200 µl of TRIzol reagent (Invitrogen 

catalog #15596026) and this, along with the tissue, was poured into an Eppendorf microfuge 

tube.  The tissue was then homogenized by grinding with a pestle.  Another 800 µl of TRIzol 

reagent was used to rinse the pestle and bring the volume in the tube up to 1 ml.  Chloroform was 

then added to each sample at a volume of 200 µl and the tubes were shaken vigorously and left to 

sit at room temperature for 3 minutes.  After this time passed, they were centrifuged at 12,000xg 

for 15 minutes at 4°C.  The aqueous phase was then carefully collected and transferred to a new 

Eppendorf tube containing 500 µl of isopropanol.  The tubes were gently mixed and then stored 

immediately at -80°C where they currently remain awaiting further analysis.  Later, the samples 

were thawed and centrifuged at 7,500xg at 4°C for 8 minutes.  The supernatant was removed and 

the RNA was dried at room temperature for around 20 minutes. The pellet was then resuspended 

in 25 µl of RNase free water.  The RNA concentration was found by adding 5 µl of RNA to 195 

µl of RNase free water in a 96-well plate and inserting the plate into the plate reader.  SoftMax 
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Pro software was used to find the OD 260 of the samples, which helped to determine the purity 

of the RNA that was isolated. 

The cDNA was prepared for each sample by adding 10 µl of RNA (after being diluted to 

a final concentration of 0.1 ug/ul) to 30 µl of cDNA master mix.  The master mix was prepared 

by combining Taq DNA polymerase buffer (Invitrogen #18067-017), MgCl2, deoxynucleoside 

triphosphates or dNTPs (Invitrogen #10297-018), RNase inhibitor (Invitrogen #15518-012), 

random primer pair for DNA synthesis (Invitrogen #48190-011), reverse transcriptase M-MLV 

(Invitrogen #28025-013), and RNase free water. The combined 40 ul preparation of each sample 

was placed in a reaction tube and placed in the thermocycler for synthesis and the resulting 

cDNA was stored at -20°C overnight. For RT-qPCR, the cDNA was diluted 1:3 by adding 80 µl 

of RNase free water to 40 µl of cDNA.  These samples were then used to find the OD 260/280 

ratios and the concentration of genetic material present.  From here, 6 ul of cDNA was used for a 

25 ul real time PCR reaction, along with the primer set, SYBR Green PCR Master Mix 

(Invitrogen #43643-46), and RNase free water.  An 18S ribosomal RNA primer set was used as 

an internal control to check for amplification and, later, β-actin.  

For the histological analysis, we retained the services of the Histology Lab at Via Christi 

Medical Center, Wichita, Kansas for sectioning, staining, and mounting the samples that we had 

preserved using paraformaldehyde and stored in ethanol.  To preserve the samples, 

paraformaldehyde was added to each tissue vial after collection, enough to cover the specimen. 

At 24 hours, the paraformaldehyde was removed and replaced with fresh paraformaldehyde. At 

48 hours, the paraformaldehyde was again removed and the tissue was stored in approximately 3 

mL of 75% ethanol.  The tissues were stained using both hematoxylin and eosin.  This resulted in 

cell nuclei being stained blue and protein based structures being stained shades of red and pink.  
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The tissues were sectioned as to target the area of the ear that received treatment and then 

mounted on a microscope slide for viewing. 

3.3 Allicin vs. Fresh Garlic Extract 

After the epicutaneous mouse study and in order to more fully evaluate the commercial 

preparation of  allicin we used, we next conducted experiments to compare its effectiveness at 

inhibiting S. aureus growth in a standard agar plate growth assay with a freshly prepared garlic 

extract (FGE).  A new bottle of liquid Allimax was purchased along with fresh cloves of garlic 

from a local grocery store.  A S. aureus culture was prepared as stated prior with the exception of 

starting with 100 ml of BHI broth in the flask instead of 50 ml.  The culture was grown for a total 

of 3 hours before being harvested.  At that time, the OD 600 of the culture was 0.608, which 

corresponded to a density of 1.2 x 108 total cells, or 1.2 x 106 CFU/ml.  The procedure for 

preparing the FGE was followed as published [20].   

The Allimax allicin and the FGE were plated onto agar media in a couple of different 

ways for comparison.  One method of plate preparation was to add the S. aureus culture to the 

liquid BHI agar prior to pouring the plates at a concentration of 0.5 ml/ 20ml plate, or 6 x 105 

CFU/plate.  The second was to inoculate prepared BHI agar plates by spreading 0.5 ml of the 

same S. aureus culture on the plate surface.  The agar was allowed to absorb the culture for at 

least 15 minutes.   

For comparison, both sterile discs soaked in either allicin, FGE, or sterile water as a 

control and wells were used to apply the treatments to the plates. The plates were left to sit and 

absorb the treatments for 45 minutes before being placed in a 37°C incubator for 24 hours.  

Following the incubation period, the plates were examined for zones of inhibition.  
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CHAPTER 4 
 

RESULTS 
 
 

4.1 Macroscopic Observations 

 At 24, 48, and 72 hours, pictures were taken of the infection site to document noticeable 

differences after infection.  We were most interested in differences between treatment groups and 

also between different time points within the same treatment group.  Figures 4.1a and 4.1b show 

typical positive and negative results on the outer pinna of the ear.  See Appendix A for 

representative pictures from each group at each time period. 

 

     

 

 

4.2 Microscopic Observations 

 The samples that were collected for histological analysis were stained with hematoxylin 

and eosin and mounted to slides for observation.  These slides were used to compare the amount 

of inflammation present in the infection site by measuring the thickness of the mounted tissue.  

Typical positive tissues had an influx of white cells in the infected area. 

 

4.1a. A typical negative tissue magnified under a 10x 
stereomicroscope. 

4.1b. A typical positive tissue magnified under a 10x stereomicroscope. 
The presence of pus and redness translated to greater thickness on the 
H&E section slides 
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4.3 Tissue Thickness 

 Histology analysis was used to evaluate the extent of inflammation present in the pinna. 

The width of the tissue was measured and used as a basis of comparison for the un-inoculated 

and the untreated controls.  Table 1 shows a measurement of the thickness of each ear sample 

and the average for the group.  An analysis of variance was used to find trends among treatment 

groups.  

 
 
 
 
 
 
 
 
 

4.2a. A typical negative tissue magnified 
at 200x total magnification 

4.2b. A typical positive tissue magnified at 200x total 
magnification. There are many more white cells present than in 
the negative. 
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TABLE 1 
 

PINNA TISSUE WIDTHS TAKEN FROM HISTOLOGY SLIDES 
 

 
 
 
 

4.4 Tissue Width Analysis Using SAS 

 

 The average tissue width from each group was compared using a 2-way analysis of 

variance (ANOVA) to see if the following existed: 1) a dose dependent trend when treating 

infected pinna with different levels of allicin and 2) a time dependent trend that suggests that the 

amount of inflammation present is dependent of the number of the hours post infection.  A 2-way 

ANOVA was chosen because of the two fixed effects that were present in the study.  Either 

treatment separately or both treatments together could have had an effect on the outcomes.  The 

SAS results showed that there were no significant differences across time points.  When the 

average thickness was compared across the four groups however, all of the groups were 

Mouse # Tissue Width Mouse # Tissue Width Mouse # Tissue Width

Neg. Ctrl. Neg. Ctrl. Neg. Ctrl.

24 hrs Trial 1 M1 62.1 48 hrs Trial 1 M1 165.5 72 hrs Trial 1 M1 229.3

Trial 1 M2 262 Trial 1 M2 169 Trial 1 M2 258.6

Trial 1 M3 96.6 Trial 1 M3 165.5 Trial 1 M3 144.8

Trial 2 M1 325.9 Trial 2 M1 182.8 Trial 2 M1 217.2

Trial 2 M2 200 Trial 2 M2 215.5 Trial 2 M2 143.1

Trial 2 M3 204.4 Trial 2 M3 131 Trial 2 M3 105.2

Average 191.83 Average 171.55 Average 183.03

100% Allicin 100% Allicin 100% Allicin

24 hrs Trial 1 M1 665.5 48 hrs Trial 1 M1 217.2 72 hrs Trial 1 M1 524.1

Trial 1 M2 289.5 Trial 1 M2 220.7 Trial 1 M2 200

Trial 1 M3 262.1 Trial 1 M3 472.4 Trial 1 M3 401.7

Trial 2 M1 269 Trial 2 M1 277.6 Trial 2 M1 287.9

Trial 2 M2 241.4 Trial 2 M2 444.8 Trial 2 M2 386.2

Trial 2 M3 269 Trial 2 M3 258.6 Trial 2 M3 224.1

Average 332.75 Average 315.22 Average 337.33

50% Allicin 50% Allicin 50% Allicin

24 hrs Trial 1 M1 600 48 hrs Trial 1 M1 448.3 72 hrs Trial 1 M1 274.1

Trial 1 M2 294.8 Trial 1 M2 374.1 Trial 1 M2 327.6

Trial 1 M3 162.1 Trial 1 M3 372.4 Trial 1 M3 212.1

Trial 2 M1 486.2 Trial 2 M1 260.3 Trial 2 M1 427.6

Trial 2 M2 322 Trial 2 M2 369 Trial 2 M2 124.1

Trial 2 M3 258.6 Trial 2 M3 365.5 Trial 2 M3 172.4

Average 353.95 Average 364.93 Average 256.32

Pos. Ctrl. Pos. Ctrl. Pos. Ctrl.

24 hrs Trial 1 M1 263.8 48 hrs Trial 1 M1 258.6 72 hrs Trial 1 M1 765.5

Trial 1 M2 274.1 Trial 1 M2 386.2 Trial 1 M2 496.6

Trial 1 M3 533.8 Trial 1 M3 306.9 Trial 1 M3 482.8

Trial 2 M1 408.6 Trial 2 M1 310 Trial 2 M1 510.3

Trial 2 M2 272.4 Trial 2 M2 374.1 Trial 2 M2 258.6

Trial 2 M3 262.1 Trial 2 M3 274.1 Trial 2 M3 351.7

Average 335.80 Average 318.32 Average 477.58
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significantly different from the negative control group (p < 0.05). The treatments groups, 

however, were not significantly different from each other.  The complete analysis can be found 

in Appendix B.  

4.5 PCR 

Real-time PCR is planned to be used as a tool in an attempt to answer questions about 

allicin’s effect on cytokine expression in the host and virulence factor expression in the bacteria.  

As a result, however, no amplification has been achieved using an 18S primer or an actin primer.  

To check the condition of the RNA, a 1% agarose gel was prepared and about 1 ng of whole 

RNA from selected samples was loaded in each well and compared with a DNA ladder. Based 

on the results, the RNA was deemed to be of not high enough quality to continue on to the qPCR 

step. 

 
Figure 4.5. Whole RNA Samples run on a 1% agarose gel with a DNA ladder 
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4.6 Allicin vs. Fresh Garlic Extract 

 

 By comparing commercial allicin with FGE on agar plates, we were able to see a 

significant increase in inhibition against S. aureus with FGE than with the commercially 

available allicin.  More photos comparing allicin and FGE on agar plates can be found in 

Appendix C. 

 

Figure 4.6. BHI agar plate inoculated with S. aureus used to compare commercial allicin with FGE using wells 
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CHAPTER 5 
 

DISCUSSION/CONCLUSION 
 
 

 Based on the findings of this study, the commercial preparation of allicin alone does not 

seem to be a likely candidate for use as an alternative to the currently prescribed antibiotics.  

Using the described method, the level of variation seen within the treatment groups prevents us 

from being able to say definitively that allicin would be an effective antibiotic treatment.  There 

are a number of reasons why this could be the case.  Being a reactive sulfur species makes allicin 

extremely effective at pore formation.  This pore forming quality is good because the pores 

create an unrestricted port of entry into pathogenic cells.  This same characteristic, though, may 

be what keeps allicin from being effective as an antibiotic.  The pores that are formed by allicin 

are not restricted to pathogen cell membranes; meaning all cells, including the host’s own cells, 

are predicted to be vulnerable to this action by allicin.  Unless it is determined that there is a way 

to make the targets specific, large doses of allicin may produce an unwanted level of cytotoxicity 

to the host.  

Moreover, in the blood, reactive sulfur species are treated the same as reactive oxygen 

species because of their similarity in structure. By nature, antioxidants in the body prevent 

damage to important cellular components that can be caused by ROS.  This defense is good for 

the host but limits the potential usefulness of allicin.  Because of the presence of antioxidants, 

allicin may not be present in the blood long enough for its antimicrobial properties to be 

beneficial.  However, since the epidermal layer of skin is composed of dead cells, use of allicin 

as a topical treatment may prove to be effective against skin infections caused by S. aureus. 

Another consideration is the form in which allicin is applied in an animal model.  A 

stabilized formulation is commercially available and was used in this study.  Another option is to 
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buy fresh garlic and crush the cloves to prepare a liquid extract to be applied directly to the 

animal.  When comparing the activity of each, there is reason to believe that purified commercial 

allicin might be significantly less effective.  Fresh garlic extract appears to be considerably more 

potent than using a commercially available form of purified allicin.  Even though allicin is the 

active ingredient that gives garlic extract antimicrobial properties, isolating the allicin from 

garlic is not effective as a stand-alone treatment.  The reason for this is that the dipolar oxygen 

that is attached to the sulfur molecule makes allicin unstable.  Moreover, allicin has been shown 

to have antioxidant properties but it is also capable of indiscriminate pore formation, including 

the formation of pores in host cells. 

Since it has been reported that fresh garlic extract should be used fairly quickly after 

preparation, it would prove useful to find out how much time could be allowed before the 

effectiveness of the preparation starts to diminish.  After crushing garlic cloves and making disc 

diffusion plates for this study, the FGE was placed in the freezer (approximately 0°C) pending 

further evaluation.  Every 24 hours, the FGE was thawed and a new diffusion plate was prepared.  

Even after 120 hours, the FGE still showed inhibition against S. aureus growth.  This shows us 

that one preparation of FGE could be made and applied over the course of a 72 hour mouse 

model, as was done in this study, and still possibly be effective.  Being that garlic is available in 

all parts of the world, if it can be shown that rubbing crushed garlic on an open cut can prevent 

infection, it would certainly point us in the right direction before entering a post-antibiotic world.  

 

 

 

 



23 
 

CHAPTER 6 

FUTURE RESEARCH 
 
 

Based on the findings from this study, we are now in the position to ask the next 

questions regarding allicin’s inhibitory effects against S. aureus.  The main limitation of this 

study is that commercially available allicin was used to evaluate allicin’s effectiveness against S. 

aureus infections.  Because it now appears that freshly-prepared garlic extract yields a much 

more inhibitory form of allicin, a future aim is to replace this allicin with a fresh garlic extract 

using the same epicutaneous mouse model.  Although FGE proved to be much more inhibitory 

on the surface of an agar plate when compared to commercial allicin, the important question is 

whether these results translate to an effective treatment agent in an in vivo model?  This model 

should also include a control group of mice that is treated only with FGE so that any possible 

inflammation that is caused by the action of allicin can be assessed without attributing this 

reaction to the bacterial infection.  Other future aims of this research include looking at the 

efficacy of allicin against an actual MRSA strain.  Due to concerns about the safety of using 

MRSA in the Wichita State University Animal Care Facility, this study used a methicillin 

sensitive strain of S. aureus.  Since MRSA, both community-acquired and hospital-acquired, 

continues to be a problem for which we have few answers, it would be beneficial to find out if 

allicin could be an effective MRSA treatment.  In addition, it would be important to ultimately 

incorporate an antibiotic along with the allicin into a mouse study and see if the synergism 

observed in other studies is revealed in our model system.    It would be a very notable 

accomplishment to not only find that allicin is effective at helping to control cutaneous 

infections, it would also be very helpful if it could be used to retain the ability to use some 

current antibiotics that have lost their effectiveness for treating this pathogen. 
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APPENDIX A 

MACROSCOPIC AND MICROSCOPIC EAR TISSUE PICTURES 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.1. Representative macroscopic and microscopic samples from each treatment group 

from mice assigned to the 24 hour post-infection group. All microscopic images are at 100 

um. 

Negative Control 50% Allicin 

100% Allicin Positive Control 



29 
 

APPENDIX A (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

50% Allicin Negative Control 

100% Allicin Positive Control 

Figure A.2. Representative macroscopic and microscopic samples from each treatment 

group from mice assigned to the 48 hour post-infection group. All microscopic images are 

100 um 
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APPENDIX A (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Negative Control 50% Allicin 

100% Allicin Positive Control 

Figure A.3. Representative macroscopic and microscopic samples from each treatment 

group from mice assigned to the 72 hour post-infection group. All microscopic images are 

100 um 
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APPENDIX B 
 

SAS DATA ANALYSIS 
 
 

                       The SAS System       13:40 Tuesday, December 1, 2015  12 
 
                             Obs    TIME           GROUP       WIDTH 
 
                               1    24 hours           1        62.1 
                               2    24 hours           1         262 
                               3    24 hours           1        96.6 
                               4    24 hours           1       325.9 
                               5    24 hours           1         200 
                               6    24 hours           1       204.4 
                               7    48 hours           1       165.5 
                               8    48 hours           1         169 
                               9    48 hours           1       165.5 
                              10    48 hours           1       182.8 
                              11    48 hours           1       215.5 
                              12    48 hours           1         131 
                              13    72 hours           1       229.3 
                              14    72 hours           1       258.6 
                              15    72 hours           1       144.8 
                              16    72 hours           1       217.2 
                              17    72 hours           1       143.1 
                              18    72 hours           1       105.2 
                              19    24 hours           2       665.5 
                              20    24 hours           2       289.5 
                              21    24 hours           2       262.1 
                              22    24 hours           2         269 
                              23    24 hours           2       241.4 
                              24    24 hours           2         269 
                              25    48 hours           2       217.2 
                              26    48 hours           2       220.7 
                              27    48 hours           2       472.4 
                              28    48 hours           2       277.6 
                              29    48 hours           2       444.8 
                              30    48 hours           2       258.6 
                              31    72 hours           2       524.1 
                              32    72 hours           2         200 
                              33    72 hours           2       401.7 
                              34    72 hours           2       287.9 
                              35    72 hours           2       386.2 
                              36    72 hours           2       224.1 
                              37    24 hours           3         600 
                              38    24 hours           3       294.8 
                              39    24 hours           3       162.1 
                              40    24 hours           3       486.2 
                              41    24 hours           3         322 
                              42    24 hours           3       258.6 
                              43    48 hours           3       448.3 
                              44    48 hours           3       374.1 
                              45    48 hours           3       372.4 
                              46    48 hours           3       260.3 
                              47    48 hours           3         369 
                              48    48 hours           3       365.5 
                              49    72 hours           3       274.1 
                              50    72 hours           3       327.6 
                              51    72 hours           3       212.1 
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APPENDIX B (continued) 
 
 

 
   The SAS System       13:40 Tuesday, December 1, 2015  13 

 
                             Obs    TIME           GROUP       WIDTH 
 
                              52    72 hours           3       427.6 
                              53    72 hours           3       124.1 
                              54    72 hours           3       172.4 
                              55    24 hours           4       263.8 
                              56    24 hours           4       274.1 
                              57    24 hours           4       533.8 
                              58    24 hours           4       408.6 
                              59    24 hours           4       272.4 
                              60    24 hours           4       262.1 
                              61    48 hours           4       258.6 
                              62    48 hours           4       386.2 
                              63    48 hours           4       306.9 
                              64    48 hours           4         310 
                              65    48 hours           4       374.1 
                              66    48 hours           4       274.1 
                              67    72 hours           4       765.5 
                              68    72 hours           4       496.6 
                              69    72 hours           4       482.8 
                              70    72 hours           4       510.3 
                              71    72 hours           4       258.6 
                              72    72 hours           4       351.7 
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APPENDIX B (continued) 
 
 

   The SAS System       13:40 Tuesday, December 1, 2015  14 
 
------------------------------------- GROUP=1 TIME=24 hours -------------------------------------- 
 
                                       The MEANS Procedure 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     191.8333333      99.0171433 
                                ---------------------------------- 
 
 
------------------------------------- GROUP=1 TIME=48 hours -------------------------------------- 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     171.5500000      27.5033634 
                                ---------------------------------- 
 
 
------------------------------------- GROUP=1 TIME=72 hours -------------------------------------- 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     183.0333333      60.2208823 
                                ---------------------------------- 
 
 
------------------------------------- GROUP=2 TIME=24 hours -------------------------------------- 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     332.7500000     163.7421723 
                                ---------------------------------- 
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APPENDIX B (continued) 
 
 

 The SAS System       13:40 Tuesday, December 1, 2015  15 
 
------------------------------------- GROUP=2 TIME=48 hours -------------------------------------- 
 
                                       The MEANS Procedure 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     315.2166667     113.7185722 
                                ---------------------------------- 
 
 
------------------------------------- GROUP=2 TIME=72 hours -------------------------------------- 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     337.3333333     122.9135414 
                                ---------------------------------- 
 
 
------------------------------------- GROUP=3 TIME=24 hours -------------------------------------- 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     353.9500000     160.2799020 
                                ---------------------------------- 
 
 
------------------------------------- GROUP=3 TIME=48 hours -------------------------------------- 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     364.9333333      60.0912195 
                                ---------------------------------- 
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B 

APPENDIX B (continued) 
 
 

The SAS System       13:40 Tuesday, December 1, 2015  16 
 
------------------------------------- GROUP=3 TIME=72 hours -------------------------------------- 
 
                                       The MEANS Procedure 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     256.3166667     110.6471042 
                                ---------------------------------- 
 
 
------------------------------------- GROUP=4 TIME=24 hours -------------------------------------- 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     335.8000000     112.2015864 
                                ---------------------------------- 
 
 
------------------------------------- GROUP=4 TIME=48 hours -------------------------------------- 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     318.3166667      51.8471375 
                                ---------------------------------- 
 
 
------------------------------------- GROUP=4 TIME=72 hours -------------------------------------- 
 
                                  Analysis Variable : WIDTH WIDTH 
 
                                 N            Mean         Std Dev 
                                ---------------------------------- 
                                 6     477.5833333     172.1368922 
                                ---------------------------------- 
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APPENDIX B (continued) 
 
 

 The SAS System       13:40 Tuesday, December 1, 2015  17 
 
                                        The GLM Procedure 
 
                                     Class Level Information 
 
                       Class         Levels    Values 
 
                       GROUP              4    1 2 3 4 
 
                       TIME               3    24 hours 48 hours 72 hours 
 
 
                             Number of Observations Read          72 
                             Number of Observations Used          72 
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APPENDIX B (continued) 
  
 

The SAS System       13:40 Tuesday, December 1, 2015  18 
 
                                        The GLM Procedure 
 
Dependent Variable: WIDTH   WIDTH 
 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       11      519854.415       47259.492       3.65    0.0005 
 
       Error                       60      777451.752       12957.529 
 
       Corrected Total             71     1297306.167 
 
 
                        R-Square     Coeff Var      Root MSE    WIDTH Mean 
 
                        0.400718      37.54102      113.8311      303.2181 
 
 
       Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
       GROUP                        3     382528.7637     127509.5879       9.84    <.0001 
       TIME                         2       5328.3503       2664.1751       0.21    0.8147 
       GROUP*TIME                   6     131997.3008      21999.5501       1.70    0.1372 
 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       GROUP                        3     382528.7637     127509.5879       9.84    <.0001 
       TIME                         2       5328.3503       2664.1751       0.21    0.8147 
       GROUP*TIME                   6     131997.3008      21999.5501       1.70    0.1372 
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APPENDIX B (continued) 
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APPENDIX B (continued) 
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APPENDIX B (continued) 
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APPENDIX B (continued) 
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APPENDIX B (continued) 
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APPENDIX B (continued) 
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APPENDIX B (continued) 
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APPENDIX B (continued) 
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APPENDIX B (continued) 
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APPENDIX C 

FRESH GARLIC EXTRACT DIFFUSION PLATES 

 

 

 

 

 

 

 

Figure C.1. A comparison of allicin, FGE, and sterile water (control) on brain heart 
infusion agar plates. The substances were added to the plate by cutting wells in the agar. 

Figure C.2. A comparison of allicin, FGE, and sterile water (control) on brain heart infusion 
agar plates using the disc diffusion method. 
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APPENDIX C (continued) 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

Figure C.4. Brain heart infusion agar plates inoculated with S. aureus with 
commercial allicin diffused from a well in the center 

Figure C.3. Brain heart infusion agar plates inoculated with S. aureus with 
FGE diffused from a well in the center of the plate. 
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APPENDIX C (continued) 
 

 

Figure C.5. Brain heart infusion agar plates inoculated with S. aureus with FGE, 
120 hours after it was first made, diffused from a well in the center of the plate.  
The FGE has been through 5 freeze/thaw cycles. 

 


