
Saudi Pharmaceutical Journal 27 (2019) 830–840
Contents lists available at ScienceDirect

Saudi Pharmaceutical Journal

journal homepage: www.sciencedirect .com
Original article
Potential efficacy of garlic lock therapy in combating biofilm and
catheter-associated infections; experimental studies on an animal model
with focus on toxicological aspects
https://doi.org/10.1016/j.jsps.2019.05.004
1319-0164/� 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: 3 Ahmed El Zomor St., El Zohoor Dist., Children Village
P.O., Code 11787, Nasr City, Cairo, Egypt.

E-mail address: soheirhagras@gmail.com (S.A.A. Hagras).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Hala A. Farrag a, Alaa El-Dien M.S. Hosny b, Asrar M. Hawas a, Soheir A.A. Hagras a,⇑, Omneya M. Helmy b

aDrug-Radiation Research Department, National Center for Radiation Research and Technology (NCRRT), Egyptian Atomic Energy Authority (EAEA), Cairo, Egypt
bMicrobiology & Immunology Department, Faculty of Pharmacy, Cairo University, Egypt

a r t i c l e i n f o a b s t r a c t
Article history:
Received 11 March 2019
Accepted 14 May 2019
Available online 15 May 2019

Keywords:
Biofilm
Antibacterial
Resistance
Garlic
Lock therapy
Central venous catheter-related infections
Antibiofilm
Histological
Background: Life-threatening central venous catheter-related infections are primarily initiated by biofilm
formation on the catheter surface. Antibiotic lock therapy is recommended for eradicating intraluminal
biofilm. In the era of antibiotic resistance, antibiotics of natural origins provide an effective and cheap
option for combating resistant strains. Garlic especially stole the spotlight because of its impressive
antimicrobial effectiveness against such superbugs.
Aim: Is to estimate the potential use of fresh garlic extract (FGE) as a lock agent against multi-drug resis-
tant (MDR) bacteria.
Methods: The agar well diffusion and broth microdilution techniques were employed to test the antimi-
crobial activities of FGE against five MDR strains; E. coli, Pseudomonas aeruginosa (P. aeruginosa), Klebsiella
pneumoniae (K. pneumoniae), Serratia marscens (S. marscens) and Methicillin-resistant Staphylococcus
aureus (MRSA). Then the protective and therapeutic efficiencies of FGE against bacterial biofilms were
in-vitro evaluated; at concentrations of 100, 75, 50 and 25%; in tissue culture plate (TCP) and on the poly-
urethane (PU) sheets using the crystal violet (CV) assay and colony-forming unit (CFU), respectively.
Scanning electron microscopy (SEM) was also used to confirm eradication of biofilms on PU sheets.
Finally, systemic and deep tissue infections by P. aeruginosa and MRSA were induced in mice that were
then treated by FGE at either 100 or 200 mg/kg for seven days. Where the antibacterial activity was
assessed by tissue and blood culturing at the end of the treatment period. Biochemical, hematological
and histological parameters were also investigated.
Results: FGE exhibited potent in-vitro and in-vivo antibacterial and antibiofilm activities against MDR
strains. It not only didn’t exhibit toxicological effects at the hematological and the histological levels but
also provided protective effects as demonstrated by the significant drop in the biochemical parameters.
Conclusion: FGEhas thepotential tobeusedas aprophylactic and/or therapeutic lock agent against biofilm-
associated infections caused by MDR bacteria.
� 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction (Gahlot et al., 2014). In spite of its crucial role, it poses patients to
Central venous catheter (CVC) is an indispensable tool formanag-
ing critically ill patients; such as hemodialysis and cancer patients
a high risk of catheter-related bloodstream infections (CRBSIs)
resulting in high rates of morbidity, mortality and increased cost
(Haddadin and Regunath, 2018). Catheters could be contaminated
via four different routes including; migration of skin normal flora
along the external surface at the insertion time, catheter hub con-
tamination during catheter manipulation, hematogenous seeding
of the catheter from another infected site, and the contamination
of the catheter lumen with contaminated fluids (Trautner
and Darouiche, 2004). The commonest culprits in CRBSI are
P. aeruginosa, S. aureus, E. coli, K. pneumoniae, Acinetobacter
baumannii, Enterobacter spp., Serratia spp., and Candida spp. (Hosny
et al., 2014; Trautner and Darouiche, 2004). CRBSIs due to central
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venous catheterization are up to 64 times greater than peripheral
venous catheters (Gahlot et al., 2014). Such infections are initiated
by biofilm formation (Gominet et al., 2017),where the inert catheter
surface acts as a substratum for microbial biofilms (Justo and
Bookstaver, 2014).

A biofilm is a microbial community of sessile bacteria encased
in a self-producedmatrix of exopolysaccharides, protein, and eDNA
(Chang, 2018). Biofilm formation process encompasses sequential
steps; starting with attachment to a surface leading to micro-
colony formation, giving rise to three-dimensional structures and
ending up; after maturation; with detachment (Tewari et al.,
2018). Biofilm bacteria are highly resistant to antibiotics and the
human immune system (Fleming et al., 2017; Tewari et al.,
2018). CVC is extraluminally colonized by cutaneous microorgan-
isms in short-term catheterization (<10 days). Meanwhile, intralu-
minal colonization; from the hub; is common with long-term
catheterization (>10 days) (Haddadin and Regunath, 2018).
Preventive measures such as insertion under aseptic conditions
and insertion site care mainly decrease the extra-luminal coloniza-
tion, meanwhile antibiotic lock therapy (ALT) is recommended for
eradicating intraluminal biofilm through filling the catheter lumen
with a highly concentrated (100–1000 times MIC) antibiotic solu-
tion and leaving it indwelling (lock) for hours or days to eradicate
biofilms (Justo and Bookstaver, 2014). In spite of proven efficiency
in eradicating microbial biofilms, the emergence of resistant
strains due to ALT was reported by many investigators (Dixon
et al., 2012; Justo and Bookstaver, 2014). Moreover, ALT failed to
treat infections caused by S. aureus, P. aeruginosa or Candida spp.
(Blackwood et al., 2017; Funalleras et al., 2011).

In the era of antibiotic resistance, natural products could substi-
tute for antibiotics to treat infections with low potential for resis-
tance. Garlic (Allium sativum) was put to focus as a weapon against
multi-drug resistant pathogens (Gupta et al., 2015). In addition to
many other compounds, allicin is the main bioactive antibacterial
compound in garlic (Gupta et al., 2015). The ability of garlic essen-
tial oils to penetrate the microbial cellular membranes and the
sub-cellular organelles membranes was well documented (Li
et al., 2016). Intracellularly, it interferes with RNA synthesis and
blocks vital enzymes; within bacteria, fungi and viruses; such as
cysteine proteinases, alcohol dehydrogenases, acetate kinase,
phosphotransacetyl-CoA synthetase and thioredoxin reductases
(Ratthawongjirakul and Thongkerd, 2016). This explains the
broad-spectrum activity of garlic against different bacterial, viral
and fungal infections with low potential for developing bacterial
resistance because of the multiple sites of action (Reiter et al.,
2017). Its potent antimicrobial and antibiofilm activities were
reported against a big number of MDR Gram-positive and Gram-
negative bacteria in addition to Candida spp. (Mendoza-Juache
et al., 2017; Nidadavolu et al., 2012; Rammo, 2017), including
resistant strains of Helicobacter pylori, E Coli-0124, E Coli-0111, Sal-
monella spp., Shigella spp. and S. aureus (Abiy and Berhe, 2016;
Bayati, 2018). Even fatal diseases such as anthrax and tuberculosis
were found to be sensitive to garlic components (Abiy and Berhe,
2016). The aim of this study was directed to assess the antibacte-
rial and antibiofilm activities of fresh garlic extract (FGE) against
MDR bacterial species in both in-vitro and in-vivo models to assess
its potential use in antibiotic lock therapy.

2. Materials & methods

2.1. Test strains, culture conditions, and inoculum preparation

Five strong biofilm-forming MDR clinical isolates namely, Pseu-
domonas aeruginosa (P. aeruginosa), Klebsiella pneumoniae (K. pneu-
moniae), Serratia marscens (S. marscens) and Methicillin-resistant
Staphylococcus aureus (MRSA),were used. Test strains were isolated
from the catheter tips of central venous catheters collected from
oncology patients within an Egyptian University Hospital. Strains
were identified using the VITEK 2� system and stored in tryptic
soy broth (Oxoid, England) with 20% (vol/vol) glycerol at �80 �C.
Their ability for in-vitro biofilm formation was assessed by the
crystal violet (CV) staining assay in tissue culture plates (TCP) as
previously described (Stepanović et al., 2000). For propagation,
bacteria were spread over sheep blood agar, incubated aerobically
at 37 �C/24 h. Colonies were suspended in tryptic soy broth (TSB),
incubated till the logarithmic growth phase, then standardized
according to EUCAST (Hasselmann and Diseases, 2003).

2.2. Preparation of fresh garlic extract (FGE)

Fresh garlic bulbs were purchased from a public food store,
peeled, and homogenized using sterile mortar and pestle. Then fil-
tered through a cheesecloth, centrifuged at 12,000 rpm for 10 min
and filtered twice through a 0.22 lmfilter (Millipore TM; MA, USA)
to obtain raw garlic extract. This represented the 100% concentra-
tion that was then diluted with sterile distilled water to get con-
centrations of 75%, 50%, and 25%, then stored in the refrigerator
for subsequent uses (Khan et al., 2014).

2.3. Testing the antibacterial activity of FGE

FGE at concentrations of 100%, 75%, 50%, and 25% were tested
for antibacterial activity by the agar well diffusion assay as
described elsewhere (Andualem, 2013) using chloramphenicol
(32 mg/mL) and sterile distilled water as positive and negative con-
trols, respectively. Inhibition zones with diameter less than 12 mm
were considered as negative for antibacterial activity.

2.4. Determination of the minimal inhibitory concentration (MIC) of
FGE against test strains

The MIC of FGE against test strains was tested by the microdilu-
tion method according to the guidelines (Hasselmann and
Diseases, 2003) using two-fold serial dilution (1–1024 mg/mL),
where untreated bacterial broth and uninoculated broth were used
as positive and negative controls, respectively.

2.5. Estimation of the antibiofilm activity of sub-inhibitory
concentrations of FGE

To assess the antibiofilm efficiency of FGE, the crystal violet
assay was used as previously described (Yang et al., 2017) with
minor modifications. Briefly, bacterial isolates were exposed to
FGE at 1/2, 1/4 or 1/8 MIC prepared in TSB supplemented with 1%
glucose (TSB/1% glucose) in a sterile tissue culture plate (TCP),
200 ll each using untreated inoculated broth (cells + broth) as
growth control. Un-inoculated FGE-free and un-inoculated FGE-
supplemented media were used to define the background OD570

values. Plates were aerobically incubated on a shaker (100 rpm)
at 37 �C for 24 h. Culture media were then removed, wells were
washed twice with sterile phosphate buffer saline (PBS, pH 7.2).,
fixed with methanol, stained for 20 min with 1% w/v crystal violet,
washed and then solubilized by 95% ethanol. The OD570 was deter-
mined using ELISA microplate reader ELX800 (Biotek/USA). The
antibiofilm activity was calculated as the percentage of reduction
using the previously described formula (Mathur et al., 2013) as
follow:

½ðOD Growth control� OD SampleÞ=OD Growth control� � 100
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2.6. Testing for the antibiofilm efficiency of test concentrations against
test strains

To assess the efficiency of test concentrations of FGE in inhibit-
ing biofilm formation, the above-mentioned protocol was used
with the exception of replacing the sub-MICs of FGE with test con-
centrations (100%, 75%, 50% & 25%). To assess the biofilm eradica-
tion efficiency, mature biofilms were first formed by inoculating
wells with a heavy bacterial suspension (1 � 108 CFU/ml) prepared
in TSB/1% glucose, then aerobically incubated in an incubator sha-
ker at 37�/48 h. Media were discarded and wells were washed with
sterile PBS (pH 7.2). Biofilms were then treated with test concen-
trations and aerobically incubated at 37�/24 h. Biofilms were
detected by crystal violet staining and quantified as mentioned
above. All tests were performed in independent triplicates.

2.7. In-vitro lock models

Test concentrations were evaluated as lock solutions for either
inhibition or eradication of bacterial colonization of CVC. For
assessing the inhibitory efficiency, the previously described
method (Bradford, 2011) was used with minor modifications.
Briefly; 3 mm segments of a 4-French Polyurethane (PU) CVC
(Amecath, Egypt) were inserted into a 24-well Costar plate con-
taining 0.5 ml test concentrations of FGE in TSB/1% glucose along
with bacterial cultures and incubated aerobically at 37� for 24 h
in a shaker (100 rpm). Segments were then picked up, washed
and prepared for viable counting. Where adhered cells were
released via sonication using a VCX-400 sonicator (Sonics & Mate-
rials Inc., Danbury, CT, USA) (120 s, 30% cycle, pulse 3.5 s), vor-
texed, serially diluted, and spread over Mueller-Hinton agar. The
eradication efficiency was assessed according to Ko et al. (Ko
et al., 2010) with modifications. CVC sheets were incubated in
human plasma at 37 �C for 24 h (Kuhn et al., 2002). Plasma was
then replaced by microbial suspensions (1x108 CFU/ml) of test
strain in TSB/1% glucose in an incubator shaker (100 rpm) at
37 �C/5 days. Sheets were then picked up, washed with PBS, placed
in 10 ml of FGE test concentration. Garlic-free broth was used as a
control. After 1, 3, 5, 7 & 10 days, segments were processed for
viable counting as mentioned above. Experiments were performed
in triplicates. Scanning electron microscopy (SEM) was used for
confirming the effectiveness of garlic lock in eradicating biofilms
of P. aeruginosa and MRSA according to the published protocol
(Lazaro-Diez et al., 2016). Briefly; segments were fixed for 2 h at
4 �C with 3% glutaraldehyde, then dehydrated in a graded ethanol
series (30%, 50%, 70%, 90% and 100%, 10 min each), dried, sputter
coated with gold and observed with a high-resolution scanning
microscope (JEOL-Japan Electron Optics Laboratory) at 30 KV.

2.8. In-vivo antimicrobial activity of FGE

2.8.1. Animals
Female albino mice (weight 25–30 g) were acclimatized for two

weeks in a temperature and light-controlled room (25 �C, 12-h
light/dark cycle) in the animal house at the NCRRT with free access
to water and food.

2.8.2. Ethical considerations
All procedures in this study were approved by the Ethics Com-

mittee, Faculty of Pharmacy, Cairo University (MI-1082).

2.8.3. Selection of garlic doses
The corresponding MIC values against P. aeruginosa and MRSA

were prepared in human serum, then 20 ml were inoculated on a
blank filter paper disk, placed on inoculated agar, incubated at
35–37 �C for 24 h and the diameter of the inhibition zone was
determined. At the same time, mice were intraperitoneally injected
with different doses (50, 100, 200 & 400 mg/kg) of FGE, 2-hours
post-injection; and at 6-hours interval over 24 h; the antibacterial
activity of serum garlic was estimated by the Kirby-Bauer method
as previously described (Driscoll et al., 2012). Inhibitions zones
were compared to that obtained by the disc holding the MIC.

2.8.4. Bacterial inoculum and induction of infections
P. aeruginosa and MRSA were grown in TSB/1% glucose till the

log phase. Bacterial concentration was determined by measuring
the OD600 and comparing to the growth curve constructed by plot-
ting OD600 of bacterial suspension and colony-forming units (CFU)
plated on Mueller-Hinton agar. Different bacterial doses (106-1012

CFU) were injected into the animals. Over a 24 h period and at 6-
hours intervals, animal’s body temperatures were measured and
blood samples were collected from the tail and processed for total
white blood cells (WBCs) count.

Mice were divided into 12 groups of 7 each, six groups were
allocated for each test strain. Out of which, group A was used as
a negative control (saline-treated). Groups B through F were
injected intraperitoneally with the corresponding infective dose
and categorized as follow, group B was used as a positive control
(infected and treated with normal saline), groups C and D were
infected and simultaneously treated with either 100 mg/kg or
200 mg/kg of FGE, respectively. To ascertain metastatic infections
and assess the efficiency of FGE in eradicating tissue biofilms, the
other two groups were treated after 48 h with 100 mg/kg (group
E) or 200 mg/kg of FGE (group F). Extra two groups were only
injected with FGE, 100 mg/kg (group G) or 200 mg/kg of FGE
(group H) without being infected for estimating the toxicity pro-
files. Animals received treatments once a day for seven days and
observed for any physical change during the treatment period.

2.8.5. Terminal harvest and processing of blood and tissues
2.8.5.1. In-vivo antimicrobial efficiency of garlic treatment. One day
after the end of the experiment, mice were euthanized under asep-
tic conditions, blood samples and organs (heart, liver, kidney, and
spleen) were collected from infected groups. Blood and minced
body organs (1 g each) were cultured for detecting the total viable
count by the spread plate technique (Sanders, 2012), any growth
was recorded.

2.8.5.2. Evaluation of toxicity profile of garlic. Blood and tissue sam-
ples from groups A, G &H were assessed for biochemical, hemato-
logical and histopathological changes. Biochemical profiles of
heart, kidney, and liver functions were assessed by measuring
the serum aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), albumin, bilirubin, total protein, creatine kinase
(CK-MB), lactate dehydrogenase (LDH), creatinine and blood urea.
All tests were performed according to the standard methods
(Scott et al., 2012). Hematological parameters; hemoglobin, hema-
tocrit (HCT), red blood cells (RBC), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), white blood cell (WBC), granu-
locyte count and lymphocytes were determined using Animal
Blood Counter-ABC vet (Horiba ABX, France).

For histopathological studies, at autopsy, one gram from liver,
heart, lung, kidney, and spleen was fixed in 10% formaldehyde;
dehydrated through ascending grades of alcohol, cleared in xylene,
wax-impregnated and embedded in paraffin wax. They were sec-
tioned using microtome (Leica RM 2125, Leica Biosystems Nuss-
loch GmbH, Germany) and stained with haematoxylin and Eosin
and examined for histopathological changes using light micro-
scope (Olympus BH-2, Olympus, Tokyo, Japan) (Fowotade et al.,
2017).
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2.9. Statistical analysis

Experiments were performed in triplicates. All data are
expressed as means ± standard deviation (mean ± SD). ANOVA test
(SPSS, version 18) was used for comparing data. P < 0.05 was con-
sidered significant.

3. Results

3.1. Antibacterial activity of FGE

With the exception of MRSA and K. pneumoniae, inhibition zone
measurement showed a significant (P value <0.001) higher
antibacterial activity with all test concentrations; compared to
chloramphenicol; that was concentration and strain-dependent
(Fig. 1a). The MIC values were found to be 16 mg/ml for E. coli
and P. aeruginosa, 32 mg/ml for S. marscens and MRSA, while
K. pneumoniae recorded 64 mg/ml.

3.2. Estimation of the antibiofilm activity of FGE

Crystal violet staining in tissue culture plate (TCP) was used for
evaluating the antibiofilm efficiency of FGE. FGE at sub-inhibitory
concentrations exhibited a concentration (P < 0.001) and strain-
Fig. 1. (a) Antibacterial activity of FGE, (b) Antibiofilm efficiency of FGE at sub-MICs a
represent SD.
dependent (P < 0.05) antibiofilm activity with the highest effi-
ciency observed with 1/2 MIC against all test strains with predom-
inance against S. marscens (66%) followed by K. pneumoniae (61%),
E. coli (57%) and MRSA (56%). However, P. aeruginosa recorded the
lowest inhibition rate (55%) (Fig. 1b).

Additionally, test concentrations (100%, 75%, 50% & 25%)
showed concentration and strain-dependent effectiveness in inhi-
bition and eradication of biofilms (P-value < 0.001). Where the
inhibitory effect of pure FGE (100%) recorded inhibition rates
exceeded 90% with test strains as follow; 98.50, 96.10, 95.30,
95.30 &93.70% with K. penumoniae, S. marscens, E. coli, MRSA and
P. aeruginosa, respectively. While at a concentration of 25%, FGE
exhibited inhibition rates of 53.60, 44.70, 50.60, 50.50 and
48.40%, respectively (Fig. 2a). On the other hand, when evaluating
Fig. 2(b), it was observed with the concentration of 100% that garlic
was able to eradicate over 70% of the mature biofilm of S. marces-
cens, whereas for P. aeruginosa, its activity was not very
accentuated.

3.3. In-vitro lock models

Upon evaluating the chemoprotective efficacy of garlic lock
against catheter colonization, pure garlic almost inhibited biofilm
formation by test strains on the catheter sheets after 24 h. how-
gainst test strains, Data are presented as means of three trials (n = 3), error bars



Fig. 2. Efficiency of test concentrations of FGE in: Inhibition of biofilm in tissue culture plates (a) Eradication of mature biofilms in tissue culture plates (b), and Inhibition of
biofilms on Polyurethane sheets (c). Data are presented as means of three trials (n = 3), error bars represent SD.
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ever, low growth was detected with P. aeruginosa and MRSA. While
concentration-dependent differences (P value < 0.001) in inhibi-
tion rates were observed with other concentrations (Fig. 2c). Sim-
ilarly, the chemotherapeutic efficacy of FGE showed significant
concentration and time-dependent variations among test strains
(P-value < 0.001). Where the average initial biofilm count was
7.6 � 106, 9.2 � 109, 2.4 � 1010, 1.3 � 107 and 4.3 � 106 CFU/seg-
ment for E. coli, P. aeruginosa, K. penumoniae, S. marscens and MRSA,
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respectively. Pure garlic extract (100%) completely eradicated bio-
films formed by S. marscens, K. penumoniae and E. coli after one day
lock. Meanwhile, P. aeruginosa and MRSA required three days for
complete eradication. The lowest concentration (25%) achieved
zero survivors after 7 days lock period with all test strains, except
P. aeruginosa required 10 days (Fig. 3).

Garlic locks induced morphological changes in bacterial bio-
films of MRSA and P. aeruginosa; as revealed by the SEM; compris-
ing cell-shape deformation and cellular breakdown. Untreated
samples showed clumps of heavy biofilms composed of aggregates
of bacterial cells embedded in a matrix. However, sheets treated
with 100% FGE showed clean surface almost free from any adhered
cells after a three-days lock period, representative images for SEM
are shown in Fig. 4.
Fig. 3. Efficiency of garlic lock in the eradication of biofilms by test strains at different loc
3.4. Bacterial inoculum and induction of infections

Doses of 1.0 � 106 and 1.0 � 108 CFU were found enough to
induce infections by P. aeruginosa and MRSA, respectively after
12 h as confirmed by leukocytosis.

3.5. In-vivo antimicrobial activity of FGE

By comparing the inhibition zones achieved by the MIC and test
doses, doses of 100 and 200 mg/kg produced comparable results
sustained for 24 h. Systemic infections with P. aeruginosa andMRSA
were induced in mice via intraperitoneal injection. In case of P.
aeruginosa, groups C and D recorded survival rate of 85.7%; where
one mouse died after 4 and 1.5 h, respectively. For groups E and F;
k periods. Data are presented as means of three trials (n = 3), error bars show the SD.



Fig. 4. SEM micrographs showing the effects of the highest (100%) and the lowest
(25%) garlic lock concentrations on biofilms of MRSA and Pseudomonas at different
lock periods.

Table 1
Serum biochemical parameters in mice treated with FGE.

Parameter Control 100 mg/kg 200 mg/kg

CK-MB 624 ± 1 244 ± 3* 615 ± 1*

LDH 171.9 ± 1 174 ± 1.5* 159 ± 0.9*

Creatinine 1 ± 0.0 0.6 ± 0.03* 0.95 ± 0.0
Blood urea 29 ± 1 22 ± 0.8* 24 ± 1*

Serum Albumin 3.2 ± 0.0 3.6 ± 0.36 2.8 ± 0
Bilirubin 0.27 ± 0.01 0.25 ± 0.0 0.29 ± 0.01
AST (SGOT) 36 ± 1 31 ± 1.6* 27 ± 1*

ALT (SGPT) 47 ± 1 42 ± 0.5* 39 ± 0*

Results are presented as means ± SD (n = 7).
* Indicates a significant reduction in the treated group compared to control.
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in spite of the high fever (40.2 ± 0.9 C0) developed; their body tem-
perature dropped to (36.5 ± 0.44 C0) after being treated and sur-
vived till the end of the experiment. However, the untreated
group (B) showed an increase in their body temperatures, and
Fig. 5. Log surviving cells within blood and organs of animals in group E of: (a) P. aerug
recorded a 100% mortality by the 5th day. In case of MRSA, all ani-
mals in groups C and D survived till the end of the experiment.
Groups E and F developed fever (39.2 ± 0.54 C0), but dropped to
(35.6 ± 0.24 C0) after treatment and survived till the end of the
experiment. However, only one mouse (14.3%) survived in group B.

One day after the end of the treatment period, blood samples
and tissues were harvested for viable counting from survived ani-
mals. No growth was detected in the blood or tissues of groups C, D
or F in both infections. However, for E groups, low growth levels
were detected within the tissues, but their blood was growth-
free (Fig. 5 a &b).

By comparing the biochemical parameters of groups G&H with
that of the control (group A), both doses exhibited cardio and hep-
atoprotective effects as noticed by the significant (P-value < 0.001
& <0.05) drop in the cardiac and hepatic biomarkers. No alteration
in the kidney biomarkers was recorded, except for the blood urea
which significantly decreased upon garlic treatment (P-
value < 0.005) (Table 1). Upon evaluating the hematological
parameters, no significant alterations (P value > 0.05) were found
in the tested parameters (Fig. 6).

3.6. Histological investigation

The H & E staining showed no histological changes in the archi-
tecture of the heart, spleen, lung, kidneys or liver of animals trea-
ted with tested doses; when compared to the control ones (Fig. 7).
4. Discussion

Natural organosulfur compounds within garlic provide the basis
for innovative sources of novel antibiotics against resistant patho-
gens (Haina Wang, 2014). This study was directed to assess the
potential use of garlic in the prevention and treatment of CVCRIs.
Where FGE was in-vitro evaluated; in relation to its antibacterial
activity; against five MDR clinical bacterial strains. Additionally,
inosa, and (b) MRSA. Data are presented as means (n = 3), error bars represent SD.



Fig. 6. Effect of garlic on the hematological parameters. Data are presented as means of three trials (n = 7).

H.A. Farrag et al. / Saudi Pharmaceutical Journal 27 (2019) 830–840 837
the in-vivo antibacterial activity was further evaluated against
P. aeruginosa and MRSA infections. We also highlighted the poten-
tial toxic effects of garlic on mice. We prepared fresh raw garlic
extract to be used, as its antimicrobial activity was reported to
be superior to its isolated compounds (Venâncio et al., 2017). In
agreement with others (Bayati, 2018), FGE showed potent antibac-
terial activity that was concentration and strain-dependent.
Among the five test strains, the highest MIC value was recorded
with K. pneumoniae. Its capsule might block the access of plant
essential oils to the fragile inner membrane (Fournomiti et al.,
2015). Garlic allicin interferes with crucial bacterial enzymes
through the inactivation of thiol group (Ratthawongjirakul and
Thongkerd, 2016; Reiter et al., 2017). Other investigators
(Mohsenipour, 2015; Pakdel et al., 2017) didn’t record prominent
antibacterial activity for either the aqueous or alcoholic extract of
garlic by the disk diffusion methods. However, many factors could
affect the results; such as the plant origin, period of the year, extrac-
tionmethods, microbial test strains (Bayati, 2018; Pakdel et al., 2017),
testing methodology (agar well, filter paper, macro-broth dilution or
micro-broth dilution) and storage conditions. The antibacterial activ-
ity of fresh garlic was found to be superior to garlic powder, garlic oil
and butylated hydroxyanisole (Sallam et al., 2004). Drying tempera-
ture and time might also affect the results (Rahman et al., 2006).
Finally, testing strains might have variable results; clinical strains
are more resistant than standard ones (Abiy and Berhe, 2016).

Biofilm plays a vital role in pathogenicity, virulence and antimi-
crobial resistance of microbial pathogens (Bayati, 2018; Tewari
et al., 2018). We found that sub-MICs of FGE showed an evident
antibiofilm activity in a concentration-dependent fashion. Allicin
at sub-MIC levels was found to inhibit adherence and biofilm
(Pérez-Giraldo et al., 2003). Our findings revealed that the inhibi-
tory effect was more prominent than the eradication effect on
mature biofilm. However, both effects on biofilm were concentra-
tion and strain-dependent. These findings agree with that of Moh-
senipour (Mohsenipour, 2015). In the same way, the antibiofilm
activity of garlic on Gram-positive and Gram-negative bacteria
under chemopreventive and chemotherapeutic conditions was
reported (Nidadavolu et al., 2012; Ratthawongjirakul and
Thongkerd, 2016). The higher preventive effect could be due to
the bactericidal effect of garlic on the planktonic phase and subse-
quently, interference with the initial attachment step which is
essential for biofilm formation (Nidadavolu et al., 2012). Addition-
ally, allicin down-regulates biofilm genes expression (Wu et al.,
2015), reflecting the chemotherapeutic efficiency of garlic on
mature biofilm.

For the in-vitro evaluation of garlic lock, PU catheter sheets
were used because PU; compared to other biomaterials; is more
susceptible for microbial colonization (Wildgruber et al., 2016).
Generally, the results of the lock model matched with that of the
CV assay in TCP regarding the preventive and therapeutic efficien-
cies of garlic, where pure garlic extract showed the highest effi-
ciency against biofilms in both cases. Similar observations were
documented by others (Mathur et al., 2013; Mohsenipour, 2015).
Morphological deformation noticed by the SEM could be due to
the interaction of allicin with the cellular thiol groups (Fujisawa
et al., 2009). The increased exposed surface area of bacterial rods
might explain the fragmentation noticed in Pseudomonas. Other
investigators documented similar observations with other bacilli
(Lu et al., 2011).

Because bacterial behaviors, as well as the effectiveness of
antimicrobial agents, might differ in-vivo from that of in-vitro
(Venâncio et al., 2017), we designed an in-vivo model to assess
the effectiveness of FGE in managing infections. Systemic infec-
tions were induced in mice, then treated daily with 100 or
200 mg/kg of FGE for seven days. A 7-day catheter-lock period
was reported to be an effective period for managing CVC-related
infections (Oncu et al., 2004). The in-vivo results demonstrated
promising antibacterial effectiveness for FGE. The early death
occurred in Pseudomonas-infected mice; simultaneously treated
with garlic; demonstrates the potent antibacterial activity of garlic
on planktonic cells that provoked an inflammatory response and
endotoxic shock due to massive cell destruction and the release
of endotoxins (Fink, 2014). Being less sensitive to lipopolysaccha-
rides (LPS), mice require a high dose to elicit an inflammatory
response (Popov and Pavlov, 2013), this indicates the high biobur-
den within infected mice. The in-vivo antimicrobial activity of gar-
lic against MRSA (Karunanidhi et al., 2017) and P. aeruginosa
(Bjarnsholt et al., 2005) was previously documented. Moreover,
the prophylactic garlic treatment was found to be associated with
reduced mortality (Bjarnsholt et al., 2005). Biofilm-related infec-
tions could affect internal organs (Lebeaux et al., 2013). We estab-
lished such infections by delayed garlic treatment 2-days post-
infections. In spite of the complete clearance of infecting pathogens
from the bloodstream, few cell numbers were detected in the



Fig. 7. Light micrographs of the mice organs showing the control and treated ones (X400).
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organs in both infections treated with 100 mg/kg. This might rec-
ommend a longer treatment duration to completely eradicate
organs biofilm. However, this low number explains the antibiofilm
activity of garlic treatment; especially organs biofilms were com-
pletely eradicated when treated with 200 mg/kg. Tsao and col-
leagues (Tsao et al., 2003) found that oral garlic treatment of
MRSA-infected mice reduced bacterial bioburden within internal
organs. Additionally, the in-vivo antibiofilm activities against
Pseudomonas spp. as well as Staphylococcus spp. were reported
(Bjarnsholt et al., 2005; Zhai et al., 2014). Moreover, garlic exhib-
ited antibiofilm activity in a burn model against Gram-negative
and Gram-positive bacteria (Nidadavolu et al., 2012). On the con-
trary, A. sativum failed to eradicate MRSA infections in induced
granulation tissues in rats upon oral administration of 100 or
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400 mg/kg (Venâncio et al., 2017). The discrepancies may be due to
the short treatment durations used by the investigators (6–24 h),
especially they recorded an in-vitro antimicrobial activity against
the test strains. This supports our explanation for the low detected
CFU in organs.

The toxic effects of garlic could be a barrier against its potential
usefulness, so we assessed the potential toxic effects of the two
selected doses at the biochemical, hematological and histological
levels. Regarding the biochemical profile, a cardioprotective effect
was found with both doses, where a significant lowering in the car-
diac enzymes was reported; compared to the control. This could be
due to the cardiac glycosides within garlic (Fowotade et al., 2017).
In agreement with others, garlic treatment exhibited dose-
dependent hepatoprotective effect as exhibited by the drop in liver
biomarkers (Fowotade et al., 2017) which could be due to the
antioxidant nature of garlic (Haina Wang, 2014). Garlic doses up
to 350 mg/kg were reported to have protective effects on liver,
heart, and kidneys (Fowotade et al., 2017). No changes in the
hematological parameters were recorded in our study. Garlic
dosing at 300 mg/kg was previously reported to be safe for use
based on the biochemical and hematological investigations
(Lawal et al., 2016). Finally; and in agreement with others
(Fowotade et al., 2017); no prominent changes in the histological
architecture of the heart, lung, kidneys, spleen, and livers were
observed in our study, such findings support the biochemical
measurements.
5. Conclusions

Considering the results, FGE demonstrated a unique antibacte-
rial activity against clinical pathogenic bacteria; either in the
planktonic or biofilm forms; in both in-vitro and in-vivo models
without observed toxic effects. This supports its potential use as
a prophylactic and/or therapeutic lock agent against biofilm-
associated infections caused by MDR bacteria.
5.1. Recommendations for future researches

Despite the breadth of studies on the antimicrobial properties of
garlic, there remains a paucity of the in-vivo researches and clinical
trials. Furthermore, the majority of studies were in-vitro performed
on mono-species biofilms, so it’s difficult to extrapolate the in-vitro
results to the complex, multispecies biofilms in patients. So, we
recommend further in-vivo studies on multispecies biofilms on
catheter models for verifying the effectiveness of garlic in lock
therapy.
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