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초록 

 

비브리오 패혈증의 효과적인 치료약제에 대한 평가 

 

거네스 포러사더 네오파네  

지도교수 김동민, M.D., Ph.D. 

의과대학  

조선대학교 대학원 

 

 

Vibrio vumlnifucus 에 의한 패혈증은 만성 간질환자나 면역저하자에서 

해산물을 날로 섭취했을 때나 V. vulnificus가 포함되어 있는 해수에 노출 되었을 

때 발생한다. 간질환을 가지고 있는 환자의 경우 V. vulnificus 패혈증의 사망률은 

50%이상이므로 사망률 감소에 있어서 신속한 진단과 적절한 항생제투여가 

필수적이다. 

 

V. vulnificus는 증식에 철이 필요한 균이고, 패혈증 환자의 약75% 에서 혈청 

철의 상승이 확인되었다. 세 가지 iron chelating 약인 deferoxamine, 

deferiprone, 과 deferasirox을 가지고 In vitro iron chelation 실험으로 행하였다. 

경구 철 착화제인 deferiprone 과 deferasirox는 V. vulnificus의 성장을 

감소시켰으나, deferoxamine 은 오히려 V. vulnificus 의 성장을 촉진시켰다. 

과잉철 상태의 질환에서 철 착화제로 dereroxaime 보다는 deferiprone 과 

deferasirox 의 사용이 적절하리라 사료된다.  

 

병합요법은 급속도로 치명적인 질환의 사망률을 감소시키기 위해 자주 사용된다. 

Ciprofloxacin(CIP)와 deferasirox(DFS)를 혼합한 In vitro time-kill 연구에서 

24시간에 박테리아 수를 2log10 CFU/mL 이상으로 감소하여 V. vulnificus에 

걸리기 쉬운 환자들의 치료에서, 항균 요법의 새로운 접근을 제시함으로써 새로운 
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형식의 synergism을 보여주었다. 또한 V. vulnificus에 대한  ciprofloxacin(CIP) 

과 tigecycline(TG)이 포함된 in vitro time-kill 실험에서는 24시간에 박테리아 

수를 3log10 CFU/mL 이상으로 감소시킴으로써 synergism을 보였다.  

 

 In vivo 실험에서 철이 투여된 ICR 쥐들은 V. vulnificus 감염이 쉽게 되었고, 

LD50은 101 에서 100 CFUs까지 감소되었다. Kaplan-Meier 생존 곡선에서 

CIP경우 48시간에서(p=0.0002) 30%의 높은 생존 비율로 단독요법에서 가장 

효과적인 약임을 보여주었다. 그러나 병합요법에서 doxycycline(DX IP) plus 

ceftriaxone(CTR)의 경우 마우스의 생존율이 50%(P=<0.0001)를 보였다. CTR 

plus DX PO와 CIP plus CTR은 mice생존에 효과적이지 않았다. 균 접종후 

12시간째 혈액을 이용한 qPCR 검사에서 죽은 마우스의 혈액내 DNA copies 수는 

최소 104 copies/uL 이었으나, 생존한 마우스의 DNA copies 수는 102~103 

copies/uL을 보였다. 그러므로 혈액 내에 존재하는 DNA는 mouse에서 질병의 

심한 증세를 예견하는 지표로 이용가능하리라 사료된다. 

 

결론적으로 수혈을 받고 있거나 지중해 빈혈을 가지고 있는 환자처럼 V. 

vulnificus에 걸리기 쉬운 혈중 철농도가 높은 환자의 경우 DFS or DFP를 

이용하여 착화요법을 하는것이 바람직하며,  DX IV이 없는 경우, V. vulnificus 

감염의 사망률을 줄이기 위해서는 DX PO보다 CIP을 투여하는것이 생존률 향상에 

도움이 되리라 사료된다. 
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ABSTRACT 

 

Evaluation of chemotherapeutic combinations against Vibrio vulnificus infection  

Ganesh Prasad Neupane 

Advisor:  Prof. Dong-Min Kim, M.D., Ph.D. 

Department of Medicine, 

Graduate School of Chosun University 

 

Background. Vibrio vulnificus is an emerging opportunistic human pathogen 

that can be life-threatening, particularly in patients with chronic diseases or 

compromised immune systems. V. vulnificus infection generally occurs 

following consumption of contaminated, raw seafood or through open wounds 

immersed in waters containing a high density of V. vulnificus. The mortality 

rate is greater than 50% in patients with liver diseases, and it may be further 

increased (67%) in patients who develop septicemia. V. vulnificus is 

ferrophilic organism, and almost 75% of infections progressing to septicemia 

are associated with iron overload. Hence, rapid diagnosis and administration 

of appropriate antibiotics are essential for reducing the mortality associated 

with this pathogen. 

 

Methods. In vitro iron chelation experiments were performed to compare the 

efficacy of three different iron chelating drugs, deferiprone (DFP), 

deferasirox (DFS), and deferoxamine (DFO), to inhibit growth and reduce 

virulence of V. vulnificus organisms. In vitro time-kill studies were compared 

using either the bactericidal antibiotic ciprofloxacin (CIP) in combination with 

DFS or a combination of CIP and tigecycline (TG), a new glycylcycline class 

of antibiotic. In vivo mouse studies were performed to determine the efficacy 

of highly used antibiotics against V. vulnificus as assessed with a Kaplan-
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Meier survival curve. Following infection, qPCR was performed to measure 

the bacterial loads in surviving and nonsurviving mice. 

 

Results. In vitro iron chelation experiments demonstrated that the oral drugs 

DFP and DFS reduced the growth of V. vulnificus, which suggests that these 

drugs might be effective inhibitors of ferrophilic pathogens. In vitro time-kill 

studies using a combination of CIP and DFS or CIP and TG exhibited 

synergistic effects, reducing bacterial counts by ≥2log10 CFU/mL at 24 hr. 

The synergistic effects of CIP combined with DFS were novel and suggest a 

new antimicrobial treatment for V. vulnificus infected iron overloaded patients. 

The Kaplan-Meier survival curve suggested that, CIP was an effective 

monotherapeutic drug associated with a survival rate of 30% at 48 hr (P = 

0.0002). However, a single dose of intraperitoneal doxycycline (DX) 

combined with ceftriaxone (CTR) improved the survival of mice by 50 (P = 

<0.0001). Neither CTR combined with oral DX nor CIP combined with CTR 

were effective in terms of mouse survival. As measured by qPCR, the number 

of DNA copies in blood of single-dose antibiotic-treated nonsurviving mice 

at 12 hr were ≥ 104 copies/µL in contrast to 102 � 103 copies/µL in 

survival mice. 

 

Conclusions. DFS or DFP are more effective therapies for V. vulnificus-

susceptible, iron-overloaded patients receiving regular blood transfusions or 

with thalassemia. In unavailable condition of intravenous DX, CIP alone might 

be superior to DX p.o. for lowering the mortality of V. vulnificus infection. 

Furthermore, qPCR can accurately quantify changes in circulating bacterial 

counts and help clinicians predict disease severity and guide an aggressive 

treatment plan, if needed. 
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1. INTRODUCTION 

 

1.1 Background 

 

V. vulnificus, an emerging opportunistic human pathogen can be life-

threatening to immunocompromised patients, and especially in patients with 

liver cirrhosis, cancer, hepatitis B or C, adrenal insufficiency, 

hemochromatosis or other blood disorders, alcoholism, HIV/AIDS, gastric 

disorders, chronic renal diseases, malignancy, or diabetes [1-4]. V. 

vulnificus infection occurs following the consumption of raw seafood, 

particularly oysters, or from exposure of open wounds to waters containing a 

high density of V. vulnificus [5]. Clinically, the infection is characterized as 

severe, invasive, and life-threatening, in contrast to infections with other 

Vibrio species [6]. This virulent, halophilic, Gram-negative bacterium 

produces three perceivable syndromes [7]: (1) primary septicemia following 

consumption of raw or undercooked seafood; (2) wound infection resulting in 

cellulitis after an open wound is exposed to warm seawater highly 

concentrated with V. vulnificus; and (3) gastrointestinal illness characterized 

by vomiting, diarrhea, or abdominal pain. V. vulnificus infection is the leading 

cause of death related to seafood consumption in the United States [3]. 

Almost 67% of V. vulnificus infections are fatal owing to rapid and extensive 

tissue damage. The prognosis is directly linked to the accuracy of diagnosis 

and aggressive treatment. The mortality rate in shellfish consumption cases 

is approximately 53%, but it is even higher (67%) in patients with liver 

disease in whom V. vulnificus septicemia develops [8]. The mortality rates 

may increase to 100% in patients with septicemia if treatment is delayed by 

72 hr [9]. Starks et al. [5] reported that death can occur within 24 hr after 

exposure to V. vulnificus. Infected individuals typically exhibit fever, chills, 
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hypotension, and characteristic bullous skin lesions, which are rapidly 

progressive with major damage and pathology. 

 

The first description of V. vulnificus etiology dates back to 5th century B.C. 

when Hippocrates mentioned a man with a “violent pain in his foot” who also 

experienced symptoms of shivering, nausea, and fever followed by a 

disturbance in consciousness [10]. The patient died the following day when 

his foot became erythematous and swollen with black blisters. In 1970, 

Roland [11] examined a patient with a generalized papular hemorrhagic rash, 

vomiting, diarrhea, and fever who subsequently developed gangrene in the 

left leg and endotoxic shock. These symptoms were most likely caused by V. 

vulnificus infection. Initially the bacterium was identified as a “halophilic, 

lactose-positive marine Vibrio” and was named V. vulnificus in only 1979 

by Farmer [12]. 

 

In 1976, Hollis and coworkers [13] of The Centers for Disease Control and 

Prevention (CDC) first characterized V. vulnificus as a lactose-positive 

bacterium, and the clinical syndromes associated with the disease were 

described by Blake et al [14]. In 1978, Matsuo et al [15] reported the first 

case of V. vulnificus in Japan. The first published report of Vibrio infection in 

Korea dates back to 1982 [16]. Vibrio infection is more prevalent in Korea 

than Japan and United States because of widespread consumption of raw 

seafood, even in inlands, and owing to a high prevalence of underlying liver 

diseae [17]. Yuan et al [18] in 1985 first reported V. vulnificus disease in 

Taiwan and is prevalent as in Korea. Infections of V. vulnificus now have 

been documented worldwide with an increased number of cases over the past 

2 decades which may be attributed to various factors. It is believed that 

several virulence factors contribute to fulminant V. vulnificus disease, 



- 3 - 

 

including lipopolysaccharide, capsular lipopolysaccharide, cytolysin, 

metalloprotease, and siderophores [7, 19-22]. 

 

1.2 Role of iron and other virulence factors for pathogenesis 

 

Iron plays an essential and complex role in the growth and virulence of 

virtually all microbial pathogens[23]. Iron plays indispensable biochemical 

roles in oxygen binding, ATP synthesis and DNA metabolism in cell cycle 

regulation. During infection period it is very substantive for pathogens to 

acquire iron from their human host. However, almost all the iron present in 

the human body is sequestered as hemoglobin, myoglobin, or feritin-

hemosiderin, and most of the extracellular iron in the body is tightly bound to 

high-affinity iron-binding compound like the glycoprotein transferrin[24-

26]. Hence, there is too little freely available iron in the body to sustain the 

growth of bacteria[27]. Infection can progress rapidly only in high iron 

availability conditions. Limiting iron to invading microbes can slow down the 

course of disease, and allow immune mechanisms more time to clear the 

infection. In some pathological conditions iron availability increases in the 

body as intracellular iron is released as the result of cell destruction, 

resulting in an increase in transferrin iron-saturation levels. As a 

consequence, host susceptibility to a variety of ferrophilic pathogens, 

including V. vulnificus, increases [25, 28]. Non-transferrin-bound iron 

(NTBI) which is readily available in the body is required for the initiation of V. 

vulnificus infection under both in vitro iron-limited conditions and human ex 

vivo conditions. The excess iron in the body gets deposited in various tissues 

of the body, particularly in the liver, heart, and endocrine organs [29]. In 

human and animal studies Hor et al. [30]demonstrated that the free levels of 

iron have markedly increased the growth and lethality of V. vulnificus 



- 4 - 

 

infection. Many patients especially with chronic liver diseases have a much 

higher risk some times more than 80% of septicemia and death [1]. 

According to Blake et al. [14], seventy-five percent of infections resulting in 

septicemia are associated with iron overload, including hemochromatosis, 

thalassemia, and liver cirrhosis. In majority of the infection, V. vulnificus 

produces siderophores in iron-starvation conditions which are used for the 

trapping and transporting of iron compounds into the cell [31]. 

 

Iron over loaded mice became highly susceptible to V. vulnificus infection and 

their LD50 decreased five logs when infected per peritoneum [30], and even 

up to the 1.1 cells and reduce the time of death after post infection [32]. 

Additionally, elevated serum iron levels were produced by damaging livers 

with injection of CCl4. Similarly, the LD50s were less affected unless the 

mouse was treated with an additional drug such as cyclophosphamide or D-

galactosamine via infected with oral route. Mice with or without iron-

overloading died when the bacterial concentration in the blood reached 10(5) 

CFU/mL or above.  

 

The virulence and pathogenesis of V. vulnificus is associated with different 

factors that confer resistance to human innate immunity have been described 

for biotype 1 strains including polysaccharide capsule that protects bacteria 

from phagocytosis [33], iron uptake systems (IUSs) used for sequestering 

iron from host transferrin[34] extracellular hemolysin/cytolysin[21, 35], an 

elastolytic protease [36], and an endotoxic lipopolysaccharide [37], and 

resistance to the effects of the bactericidal [38].  

 

Recently, several other genes such as wbpO, wbpP, and wza, have been 

described in V. vulnificus biotype 1 [39-41]. Moreover, wbpO genes that 
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encodes a putative UDP-N-acetyl-D-galactosamine dehydrogenase is 

essential for LPS biosynthesis, wbpP gene encodes a putative UDP-N-

acetylglucosamine 4-epimerase essential for capsule biosynthesis, and wza 

which encodes a sugar transferase are also needed for capsule biosynthesis. 

Additionally, V. vulnificus biotype 2 serovar Egne plays an essential role both 

in O-antigen biosynthesis of the LPS and in virulence for both humans and 

eels [41]. 

 

1.3 Iron overload and chelation therapy  

 

Patients with chronic anemia such as thalassemia, sickle cell disease and 

myelodysplastic syndromes can be treated with long term blood transfusion 

therapy [42-44]. Indeed, many aplastic anaemia patients require repeated 

blood transfusions to alleviate symptoms of severe anaemia, although these 

patients can be effectively treated with bone marrow transplantation or 

immunosuppressive/immunomodulatory therapy. Each unit of blood contains 

200-250 mg of iron [43], almost 100 times more than the normal iron 

absorbed from diet on a single day. After multiple transfusions (10-20 

transfusions/ 20-40 RBC units), the body iron will be excessively high as 

there is lack of proper active mechanisms in the human body to remove extra 

iron and required iron chelation therapy [45]. Three different iron chelating 

drugs deferoxamine, deferiprone and deferasirox have been widely used with 

primary goal of preventing of accumulation of iron reaching harmful levels.  

 

1.4 Antibiotic treatment  

 

The morbidity and mortality of V. vulnificus infections can be reduced only by 

aggressive therapy after suspecting V. vulnificus etiology. V. vulnificus 
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infections in humans have been treated with a variety of antimicrobial agents, 

but the proper selection and administration of antibiotics combined with full 

medical attention may be crucial in reducing mortality [46]. Clinicians should 

give more emphasis to the wound site; amputation of the infected limb is 

sometimes mandatory for survival. The CDC recommends the following 

antibiotics: (1)Doxycycline (100 mg p.o./i.v., b.i.d. for 7 – 14 days) and a 

third-generation cephalosporin (e.g., ceftazidime, 1 – 2 g i.v./i.m., t.i.d.); (2) 

a single-agent regimen with a fluoroquinolone such as levofloxacin, 

ciprofloxacin, or gatifloxacin; and trimethoprim-sulfamethoxazole combined 

with an aminoglycoside for children younger than 8 yrs, in whom DX and 

fluoroquinolones are contraindicated [8]. 

 

1.5 Study objectives  

 

Regular blood or red blood cell (RBC) transfusion increases survival time in 

patients with thalassemia, aplastic to severe anemia, or more complex blood 

disorders. Iron chelation therapy is required because there is no adequate 

mechanism for removal of surplus iron deposits in the body, especially in the 

heart, liver, pancreas, and endocrine glands due to long term transfusion. 

Following extended use of the parenteral iron chelating drug DFO, growth of 

ferrophilic organisms such as V. vulnificus and Yesasia enterocolitica have 

been reported. However, the potential for the growth and virulence of V. 

vulnificus following treatment with the other two oral iron chelating drugs, 

DFP and DFS, still remains unknown. 

 

The overall objectives for this research have been to investigate the in vitro 

iron chelation properties of the three commonly prescribed iron chelating 
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drugs (DFO, DFP, and DFS) for the growth and virulence of V. vulnificus 

organisms, and also to study the potential of combination therapy using CIP 

and DFS in V. vulnificus-susceptible, iron-overloaded patients taking regular 

blood or RBC transfusions. In vitro time-kill studies examining this 

combination were compared with time-kill kinetics for CIP combined with TG. 

The purpose of this study was to compare the efficacy of DX p.o. with DX i.p., 

CIP, CTR, and TG on the survival of mice inoculated with 1×108 CFU V. 

vulnificus, and to quantify the DNA copies (and, by extension, bacterial loads) 

in surviving and non-surviving mice by qPCR to predict the severity of V. 

vulnificus disease. 
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2. MATERIALS AND METHODS  

 

2.1 Vibrio vulnificus strains used in the study  

 

V. vulnificus (ATCC) 27562 and ATCC 33815 were purchased from 

American Type Culture Collection and Korean Collection for Type Cultures 

(KCTC) Canter respectively, and 5 clinical isolates (Table 1) of V. vulnificus 

were selected randomly from patients admitted to Chosun University Hospital 

and used for various study.  

 

Table 1. Vibrio vulnificus strains used in the present study  

Strain Type 

ATCC 27562 Type strain 

ATCC 33815 Type strain 

CUH 4214 Clinical isolate 

CUH 4231 Clinical isolate 

CUH 4359 Clinical isolate 

CUH 4361 Clinical isolate 

CUH 4465 Clinical isolate 

ATCC, American Type Culture Collection; CUH, Chosun University Hospital 

 

2.2 Media and reagents  

 

The media used were MHB, LB Broth, MHA (Difco Laboratories), LB Plates 

(LB supplemented 5.0% Agar), top agar (LB containing 0.6 % agar), TSA 

(Difco TM, France) plates. Standard CIP powder was obtained from Bayer 

Health Care, Korea, DFO (Sigma-Aldrich), DFP Ferriprox; Apotex, Toronto, 

Canada, and DFS (Novartis Pharma, Basel, Switzerland). Iron chelator α, α' 



- 9 - 

 

dipyridyl (DD) (Sigma-Aldrich) was added in the medium to obtain iron-

poor condition if needed. Ferric chloride (FeCl3) was purchased from Sigma-

Aldrich. For the time-kill and minimal inhibitory concentration (MIC) 

determination, stock solution of the drugs were prepared as 2.048 mg/mL in 

sterile distilled water however, DFS was dissolved in dimethyl sulfoxide 

(DMSO, Amresco). Unless otherwise stated, all the chemicals and media were 

purchased from Sigma-Aldrich.  

 

Iron poor liquid medium (IPLM) was prepared and used for iron chelation 

experiment with slightly modification of the chemically defined liquid medium 

of Perry et al. [47]and Carniel et al. [48]using high purity components 

containing minimal traces of iron. It contained 180 mM sodium chloride 

(NaCl), 10 mM ammonium chloride (NH4Cl), 0.4 mM potassium hydrogen 

phosphate (K2HPO4), 2.5 mM sodium thio sulphate (Na2S2O3), 40 mM 

morpholinepropanesulfonic acid (C7H15NO4S), and 10 mM Tricin (C6H13NO5). 

The pH was adjusted to 7.0 with sodium hydroxide (NaOH) and the medium 

was heat sterilized at 110°C for 15 min. Fructose (0.1 %) and casamino acids 

(0.2%; Difco Laboratories) were filter-sterilized before being added to the 

medium. After preparation of the complete medium (iron deficient medium) 

the final concentration of iron was fond to be 7.1 ppb by ICP-Atomic 

Emission Spectrophotometer and was still sufficient to permit the growth of V. 

vulnificus. This iron deficient liquid medium was used to prepare iron-

starved bacteria for the synthesis and use of siderophores. Iron-rich IPLM 

was made by adding 150 µm ferric chloride (FeCl3) (Sigma Aldrich) to the 

medium 24 hr before use.  
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2.3 In vitro iron chelation experiment 

 

2.3.1 Determination of the MIC of α, α' dipyridyl necessary to inhibit the 

bacterial growth 

Starter culture of V. vulnificus ATCC 27562 grown in 10 mL iron poor LB 

broth (supplemented with 0.2 mM α, α' DD) for 24 hr at 37°C in shaking 

incubator with 220 rpm was washed twice in 0.9% saline water, and then 

incubated at a concentration of 105 CFU/ml in IPLM alone or in iron-rich 

IPLM supplemented with 150 µm FeCl3 or with 0.05, 0.1, 0.2, 0.3 and 0.4 mM 

α, α' DD were incubated at 37°c with 220 rpm. At various time intervals 

after inoculation, aliquots of the cultures were removed and tenfold dilution in 

0.9 % saline was streaked into duplicate onto TSA plates and then bacterial 

colonies were counted after 24 hr. The minimal concentrations of α, α 

dipyridyl necessary to inhibit bacterial growth in IPLM were recorded and 

used in further experiments. Additionally, V. vulnificus type strain (ATCC) 

27562 was overnight cultured in 10 mL iron-poor LB broth. 0.1 mL of 109 

CFU/mL bacteria were mixed with 5 mL of melted top agar (0.6 % agar) 

containing various concentrations of α, α' DD and poured onto LB agar 

plates containing the same concentration of α, α' DD. The plates were 

incubated at 37°C and bacterial growth was observed after 24 hr incubation. 

The minimal inhibitory concentrations of α, α' DD were noted and used in 

further experiments. 

 

2.3.2 Evaluation of the iron-chelation capacity of deferiprone and deferasirox  

V. vulnificus pre-cultured in iron-poor LB broth was inoculated at 105 

CFU/mL into IPLM alone; IPLM with 0.2 mM α, α’ DD; IPLM with DFP, 

DFO and DFS or with these same concentrations and 150 µm FeCl3. Aliquots 
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were withdrawn at various times and bacterial growth was monitored by 

measuring optical density at 600 nm (by spectrophotometer). Similarly, 10-

fold dilutions of aliquots were streaked in duplicate onto TSA plates for colony 

counting. The concentrations of the three iron chelators were chosen to cover 

the concentrations achieved in human serum (7 to 10 µm for DFO, 70 µm for 

DFP and 20 µm for DFS).  

 

Furthermore, 108 CFUs bacteria pre-cultured in iron-poor LB broth was 

mixed with 5 mL of melted top agar containing a subinhibitory concentration of 

α, α' DD (0.3 mM). 20 µl of various concentrations of DFP, DFS and DFO 

solutions were soaked into 6 mm diameter Whatman filter paper discs (Tokyo 

Roshi Kaisha, Ltd. Japan) and placed over the solidified top agar. The plates 

were incubated at 37°C for 24 hr and then diameter of the zone of growth 

inhibition surrounding each disk was recorded. The minimal concentrations of 

DFP and DFS necessary to inhibit bacterial growth were mixed with various 

concentrations of FeCl3 absorbed on discs and then placed on the top agar. 

Inhibitory zones were again evaluated after 24 hr. 

 

2.3.3 Kinetics of growth of V. vulnificus in the presence of deferiprone, 

deferasirox and deferoxamine  

Five mL of IPLM alone as a control for bacterial growth and IPLM 

supplemented with 0, 10, 50, 100 µM DFP, DFS and DFO were inoculated with 

an overnight iron-depleted culture of V. vulnificus as described above. These 

concentrations were chosen in order to cover the range of concentrations 

achieved in human serum. At 0 to 48 hr post-inoculation, 10-fold dilutions of 

the bacterial cultures were streaked in triplicate onto TSA plates and CFU 

were counted after 24 hr.  
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2.3.4 Growth of various strains of V. vulnificus around paper discs absorb 

into deferiprone, deferasirox and deferoxamine  

V. vulnificus strains (ATCC 27562 and 33815, CUH 4359, 4361 and 4465) 

were grown overnight, mixed with top agar and poured onto iron-poor LB 

plates contained 0.3 mM α, α' DD as described above. Filter paper discs 

absorbed 20 µl of various concentrations of DFP, DFS and DFO were placed 

on the solidified top agar. Plates were incubated at 37°C for 24 hr and the 

diameters of the zones of bacterial growth surrounding each disk were 

recorded. The experiments were performed twice. 

 

2.4 Time-kill assays  

 

2.4.1 Minimum inhibitory concentrations 

The MICs of CIP, CTR, DX, TG, DFS, and DFP for both type strains and 

clinical isolates were determined based on the Clinical and Laboratory 

Standards Institute (CLSI) guidelines for the micro-broth dilution procedure 

[49]. The MIC was defined as the lowest concentration of a drug that 

completely inhibited visible growth of the organism.  

 

2.4.2 In vitro time kill evaluation with ciprofloxacin alone and in combination 

with iron chelator deferasirox  

Time-kill studies were performed with CIP alone and in combination with 

iron chelator DFS to evaluate synergy based on my above in vitro iron 

cheltation experiment for both ATCC strains and two clinical isolates of CUH 

[50-52]. Bacteria were diluted to a standardized cell suspension of about 5×

105 CFU/mL in 50 mL fresh cation adjusted MHB containing 2% NaCl in a 

250-mL conical flask, and exposed to different concentration of antibiotic CIP 

and iron chelator DFS. Growth control was assessed in an extra conical flask 
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with the same 50 mL MHB but without antibiotic. Each flask was incubated at 

37°C in a shaking incubator at 200 rpm. At 0, 2, 4, 8, 12, 24 and 48 hr of 

incubation, aliquots of 100 µL bacterial cultures were obtained, spun-down at 

3200 g for 15 min, resuspended in fresh MHB to minimize the drug carryover 

effect and serially diluted 10-fold in MHB and then cultured on duplicate drug 

free Mueller-Hinton agar plates [53] for overnight incubation in ambient 

conditions at 37°C to enumerate CFU/mL [54-55]. Time kill curves were 

constructed by plotting mean colony counts on log scale versus time with 

lower limit detection of 2log10 CFU/mL. According to the 2009 guidelines of 

Antimicrobial Agents and Chemotherapy (AAC) and figure 1, synergy was 

defined as a ≥2 log10 decrease (100-fold drop) in the numbers of CFU per 

mL between the combination and the most efficient agent alone at 24 hr. 

Indifference and antagonism were defined at 24 hr as ±1-log10 kill to <2 

compared to the most efficient agent alone and >1 log10 growth compared with 

the less active agent, respectively [54, 56]. Bactericidal activity of individual 

drugs alone and drug combinations were defined as ≥3 log10 CFU/mL 

(99.9%) reduction compared to the starting inoculum and to the most active 

antimicrobial agent at 24 hr respectively [52]. To confirm the results, all the 

experiments were performed at least in duplicate.  
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Figure 1. Schematic representation of the criteria used to interpret results 

from time kill studies of drug-drug interactions. The following criteria are 

commonly applied: Synergy, a ≥2-log10 decrease in CFU/mL compared to 

the most active constituent and starting inoculums; antagonism, a ≥2log10 

increase in CFU/mL compared to the least active drug; additivity, a <2 but 

>1-log10 decrease in CFU/mL compared to the most active agent; and 

indifference, a ±1-log10 kill to <2-log10 compared to most active efficient 

agent at 24 hr(Adopted from [57]).  
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2.4.3 In vitro time kill evaluation with chemotherapeutic combinations; 

ciprofloxacin plus tigecycline  

Additionally, time kill experiment was performed with chemotherapeutic 

combinations of two different drugs having different mode of actions; CIP a 

bactericidal drug and TG a bacteriostatic drug. To evaluate the in vitro 

activities of the drugs, the sub-MIC (0.75 MIC) of CIP was combining with 

the same sub-MIC level (0.75 MIC and Supra MIC (1and1.5 MICs) of TG 

compared individually and in combination as described above. Control growth 

was assessed in an additional conical flask without drugs and all the 

experimental procedures were same as above.  

 

2.5 In vivo mouse model infection  

 

2.5.1 Animal, bacteria and reagents   

Unless noted otherwise, 28-30 gram of 6 week-old male imprinting 

controlled region (ICR) mice housed under specific pathogenic free/viral 

antibody-free (SPF/VAF) condition were purchased from ORIENT CHARLES 

RIVER Technology, South Korea and used in all experiments. The mice were 

fed a standard laboratory diet and tap water was provided ad libitum. Drugs 

administered were standard injectable formulations of ciprofloxacin (Bayer 

Vital GmbH, Germany), doxycycline for i.p. (Ben Venue Labs, Inc. Bedford, 

OH), doxycycline hyclate for p.o. (Sigma-Aldrich), ceftriaxone (Shanghai 

Roche Pharmaceuticals Ltd, China) and tigecycline (Wyeth, USA), ready to 

use or diluted in sterile water for injection. For making iron loading condition, 

mice were i.p. injected with 1.0 mg of filter-sterilized FeCl3 at least 2 hr 

prior to V. vulnificus inoculation. For the mouse model infection, clinical 

isolate CUH 4214 was selected as being more virulence than both type 

strains. The animal use protocol was approved by the ethical committee of 
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the Chosun University, Animal care and use. All animals were treated as 

humanely as possible. 

 

2.5.2 LD50 experiments 

For the determination of fifty percent lethal dose (LD50), a single colony of V. 

vulnificus grown in TSA plate was picked up and cultured in 30 mL BHI broth 

and then incubated overnight in ambient condition. Overnight cultured bacteria 

were diluted 1:20 in fresh BHI broth and cultured for 4-6 hr in same 

condition unless and otherwise noted. Bacteria were harvested by 

centrifugation at 6000 x g for 10 min at room temperature and washed twice 

with PBS and again suspended in PBS to determine the 0.5×OD600 (1 x109 

CFU/mL) by spectrophotometer. The initial inoculum size was cross checked 

to match that of a 0.5 McFarland standard by plating in duplicate TSA plates 

containing 2% NaCl. Bacteria were made 10 fold dilutions (1 x109 to 102 

CFU/mL), and i.p. injected 0.1 mL of the bacterial suspension into the iron 

loaded mice (n=6) in each group. The control mice were injected only sterile 

PBS in the same condition.  

 

2.5.3 Animal experiments  

An inoculum size of 1x108 CFU was chosen for animal experiments to 

compare the efficacy of different antimicrobial agents for determining the 

effectiveness of aggressive therapy in humans. One mg of FeCl3 was injected 

2 hr prior to bacterial infection via i.p. V. vulnificus strain grown as above in 

LD50 determination study were prepared for injection (0.1 mL of 0.5O×D600) 

in 90 mice randomly divided into 9 groups. After 1.5 hr of bacterial infection 

antibiotic therapy was started in mice and monitored for at least 48 hr. Drug 

dilutions were freshly prepared before use in order to deliver the appropriate 

dose in a volume of 0.09 - 0.1 mL. All antimicrobial agents were given i.p. 
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except DX was given both i.p. and p.o. to compare the efficacy of both ways. 

The doses of antibiotics given was CIP 8 mg/kg body weight at every 12 hr, 

CTR 50 mg/kg body weight at every 12 hr, TG 7 mg/kg body weight at every 

12 hr and DX 6 mg/kg body weight at every 24 hr. Control animals were 

given 0.1 mL sterile PBS. Antibiotics were given for a total of 24 hr. The 

mice were monitored in each every 30 min for at least 12 hr and thereafter 

24, 36 and 48 hr of Vibrio injection. Animals were euthanized when they were 

moribund even though they were still breathing by considering animal rights. 

Blood was drawn immediately after euthanized or died by cardiac puncture 

and stored for -20°C for DNA quantification by real time qPCR. 

 

2.5.4 Quantitative real time PCR  

For estimation of bacteria in blood, the maximum amount of blood was 

collected by cardiac puncture from each sacrificed animal and allocated 200 

µL in each eppendrof tube for DNA extraction. Total genomic DNA was 

extracted from the whole blood as described in the manual supplied with the 

QIAamp DNA mini kit (Qiagen, Hilden, Germany). Genomic DNAs were stored 

at -20°C until their use as templates in PCR assays. PCR was performed with 

a LightCycler (Roche Biochemicals, Mannheim, Germany) using primers and 

probe for ToxR gene (Table 2) for the whole assay.  

 

The qPCR assay was performed in reaction mixture volume of 20 µL 

containing 5 µL of template DNA, 1 µL of each of 5 pmol/µL forward and 

reverse primer (Tox-130 and Tox-200), 1 µL of 2 pmol/µL probe, 4 µL of 

master mix (reaction buffer, FastStart Taq DNA polymerase, MgCl2, and 

dNTP with dUTP instead of dTTP) (Roche Diagnostics, Indianapolis), and 

sterile distilled water as mentioned by Kim et al. [58]. The amplification 
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conditions consisted of pre-incubation (Pre-denaturation) at 95°C for 10 min 

and two steps (45 cycles) of denaturation at 95°C for 10 sec and annealing at 

60°C for 30 s followed by cooling at 40°C for 30 s. The results were analyzed 

using Light Cycler Software 4.0 (Roche, Basel, Switzerland). The number of 

DNA copies obtained from qPCR in different treatment groups was 

determined by using standard curves plotted against time to obtain the growth 

kinetics of the bacteria as described by [59]. 

 

Table 2. Primer and Probe used for the quantitative PCR 

Gene Primers Primer sequence Size 

(bp) 

Reference 

Tox-

130 

5'-TGTTCGGTTGAGCGCATTAA-3'  

Tox-

200 

5'-GCTTCAGAGCTGCGTCATTC-3'  
ToxR 

Tox-

152 

Probe 

5'-FAM-

CGCTCCTGTCAGATTCAACCAACAACG-

BHQ1-3' 

 

Kim et al. 
(74) 

 

 

2.5.5 Determination of viable V. vulnificus cells in real time PCR using 

ethidium bromide monoazide (EMA). 

200 µL thawed mouse blood sample containing V. vulnificus cells were 

treated with 0.25 µg of EMA from a stock solution and tubes placed in the 

dark at room temperature for 5 min. The tubes were then set into chipped ice, 

with their lids off, and exposed to the light from a type T halogen lamp (500 

W) for 10 min, unless and otherwise indicated, at a distance of 14-15 cm to 

activate and photolyse the free EMA. EMA, a DNA binding dye was used to 

differentiate viable and dead cells following implication [60-61], and handled 

as a carcinogen. Total genomic DNA was extracted from EMA treated whole 

blood with the QIAamp DNA mini kit (Qiagen, Hilden, Germany). The main 
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objectives of this study was to determine the number of viable cells of V. 

vulnificus in mouse blood and compared with the cells amplified by qPCR 

without treating the EMA [62]. 

 

2.6 Statistical analysis 

 

All data were analyzed with GraphPad Prism software (Graphpad Software, 

Inc), Microcal(TM) Origin® version 6.0 software and Microsoft Excel 

program. For survival analysis, Kaplan-Meier survival curves were analyzed 

by the log-rank test. An unpaired Student’s t” test was used to determine 

significant differences between the groups. All the experiments were 

repeated at least triplicate. P values of ≤ 0.05 or less were considered 

statistically significant. 
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3. RESULTS 

 

3.1 In vitro efficacy of Iron chelators deferiprone, deferasirox and 

deferoxamine on the growth and virulence of V. vulnificus infection.  

 

In vitro efficacy of the commonly prescribed three iron chelators DFP, DFS 

and DFO has been compared to measure their ability of iron chelation to inhibit 

the growth of pathogenic V. vulnificus infections. 

 

3.1.1 MICs of α, α' dipyridyl necessary to inhibit the growth of V. 

vulnificus. 

IPLM prepared particularly for this experiment contained minimal traces of 

iron, but it was still able to promote bacterial growth. I made iron depletion 

conditions in the medium further by adding various concentration of α, α' DD 

and growth of V. vulnificus was monitored on duplicate streaked plates after 

24 hr incubation. Bacterial growth was inversely proportional to the 

concentration of α, α' DD added to the medium. The minimal concentration 

of α, α' DD that inhibited bacterial growth was recorded 0.2 mM (Figure 2), 

and this concentration was used subsequently in further experiments. 

Additionally, when growth of V. vulnificus was examined on iron poor agar 

plates containing 0.05, 0.1, and 0.2 mM α, α' DD, no bacterial growth was 

observed beyond 0.3 mM α, α dipyridyl. Hence, 0.3 mM α, α' DD was 

chosen in further experiments. 
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Figure 2. Growth kinetics of V. vulnificus in an iron poor liquid medium (IPLM) 

at various concentrations of α, α' dipyridyl. V. vulnificus was grown in IPLM 

plus 0.05 and 0.1 mM α, α' DD. However, growth of V. vulnificus was 

inhibited in IPLM with 0.2 mM and above concentrations. 
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3.1.2 Antibacterial activity of deferiprone, deferasirox and deferoxamine 

Antibacterial activity of DFP, DFS and DFO by culturing V. vulnificus type 

strain 27562 in IPLM with various concentrations of these chelators. Bacterial 

growth was inhibited at and above 80 µM DFP and 10 µM DFS. In contrast, no 

antibacterial activity was observed in DFO even in 40 µM concentration 

(Figure 3, A-C). Similarly, IPLM containing the MICs of 80 µM DFP and 10 

µM DFS was when supplied with 150 µM FeCl3, growth inhibition was 

abolished. Additionally in agar plates, growth inhibition zone was formed 

around paper discs impregnated with 10 mM or more DFP, and 5 mM or more 

DFS, and were proportional to the concentrations of the drugs (Figure 4). 

However, no growth inhibition zone was formed around paper discs 

impregnated with concentrations of even 200 mM DFO. The zone of inhibition 

formed around the Whatman filterpaper discs impregnated with 10 mM DFP 

and 5 mM DFS, or higher concentrations, were abolished by adding 10 mM 

FeCl3 to the DFP and DFS (Figure 4). Hence, the inhibition caused by these 

iron chelators resulted from iron deprivation.  
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Figure 3. Antibacterial activity of deferiprone, deferasirox and deferoxamine. 

Absorbance (OD600) of V. vulnificus grown in IPLM alone, and IPLM with 

various concentration of DFP (5 to 120 µM, A); DFS (0.1 to 40 µM, B); and 

DFO (0.5 to 40 µM, C). or with above concentrations of iron chelators with 

150 µM FeCl3. DFP at 80 µM or above and DFS at above 10 µM or above 

showed growth inhibition while DFO at even 0.5 to 40 µM concentration 

showed no growth inhibition effect. However, the growth inhibition was 

abolished by supplying 150 µM iron chloride in both DFP (more than 80 µM) 

and DFS (more than 10 µM). 
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Figure 4. Antibacterial activity of deferiprone and deferasirox  

(A)Deferiprone inhibited iron in above 10 µM concentration(red vertical 

triangle) and it was abolished by adding of just 10 µM FeCl3(upward facing 

black triangle); (B), zone of inhibition formed by 150, 100 and 50 µM DFP in 

agar plate; (C), inhibition formed by 20, 10 and no zone of inhibition at 0 µM 

DFP. Similarly, (D), DFS at above 5 µM concentration formed zone of 

inhibition (red vertical triangle) and it was abolished by adding 10 µM FeCl3 as 

in DFP(upward facing black triangle). (E), zone of inhibition by 150, 100 and 

50 µM DFS concentrations and (F), inhibition by 20, 10 and no inhibition at 0 

µM. Figure (a) and (d) are the mean ± SD of three independent experiments.  
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3.1.3 Kinetics of V. vulnificus in the presence of iron chelators.    

The lowest concentration of DFO maximally enhancing the growth of V. 

vulnificus was found to be 10 µM. Additionally, I investigated the potential of 

DFP and DFS to promote the growth of bacteria under similar conditions, 

nevertheless none of the concentrations of both oral chelators stimulated 

growth of the bacteria (Figure 5).  

 

3.1.4 Effects of deferiprone, deferasirox and deferoxamine on various strains 

of V. vulnificus on iron poor agar plates.  

The growth promoting effect of three different chelators were investigated by 

measuring halo of bacterial growth around Whatman filterpaper discs No.1, 

containing various concentrations of the drugs placed on iron limited agar 

plates containing 0.3 mM α,α' DD. When various V. vulnificus strains were 

grown on such iron limited agar plates no growth was visible around filter 

paper discs soaked in solutions containing 0, 0.5 and 1 µM DFO. Zones of 

growth started to be seen at drug concentrations of 5 µM for ATCC 33815 and 

the clinical isolate CUH 4359, and at 10 µM for remaining strains (ATCC 

27562, CUH 4361 and 4465). Diameters of the growth zones were 

proportional to the concentration of DFO (Table 3). No growth was visible at 

any concentration of DFP and DFS.  
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Figure 5. Growth kinetics of V. vulnificus growth in iron poor liquid medium plus 

0.2 mM α,α'  dipyridyl in the presence of various concentrations (0 to 100 

µM) of deferiprone, (A); deferasirox, (B); and (C) deferoxamine.   
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Table 3. Growth of variuos strains of V. vulnificus around filter paper discs impregnated with deferoxamine, 

deferiprone and deferasirox 

Diameter (cm) of growth around filter paper disk with indicator concentration. 
Strain 

Iron 

chelators 
 0 µM 0.5 µM 1 µM 5 µM 10 µM 20 µM 50 µM 100 µM 150 µM 200 µM 

DFO 0 0 0 0 0.8 (0.1) 1.6(0.2) 1.2 (0.4) 1.6(0) 2.2(0.2) 2.8(0.4) 

DFP 0 0 0 0 0 0 0 0 0 0 

ATCC 27562 

DFS 0 0 0 0 0 0 0 0 0 0 

DFO 0 0 0 0.8(0.1) 1.25(0.25) 1.6(0.4) 1.9(0)  1.95(0.05) 2.1(0.4) 2.25(0.25) 

DFP 0 0 0 0 0 0 0 0 0 0 

ATCC 33815 

DFS 0 0 0 0 0 0 0 0 0 0 

DFO 0 0 0 0.8(0.1) 1.4 (0) 1.8(0) 1.75(0.35) 2.1 (0.1) 2.15(0.25) 2.4(0.1) 

DFP 0 0 0 0 0 0 0 0 0 0 

CUH 43-59 

DFS 0 0 0 0 0 0 0 0 0 0 

DFO 0 0 0 0 1.2 (0.1) 1.2(0.2) 1.6(0) 1.8(0.28) 2.2(0.57) 2.2(0.57) 

DFP 0 0 0 0 0 0 0 0 0 0 

CUH 43-61 

DFS 0 0 0 0 0 0 0 0 0 0 

DFO 0 0 0 0 0 0 1.25(0.25) 1.4(0.1) 2.1(0.1) 1.4(0) 

DFP 0 0 0 0 0 0 0 0 0 0 

 CUH 44-65 

DFS 0 0 0 0 0 0 0 0 0 0 

DFO, Deferoxamine; DFP, Deferiprone; DFS, Deferasirox and the number in bracket indicates mean standard 

deviation 
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 Table 4.  Susceptibility of two ATCC strains and 5 clinical isolates of V. vulnificus to different antimicrobial 

agents and iron chelators DFS and DFP 

MIC (µg/mL) for Strain No 

Ciprofloxacin Doxycycline Cefotaxime Tigecycyline Deferasirox Defriprone 

ATCC 27562 0.0313 0.0313 0.0156 0.0313 8 32 

ATCC 33815 0.0625 0.0625 0.125 0.0313 8 32 

CUH 42-14 0.0313 0.0313 0.0313 0.016 8 32 

CUH 42-31 0.0313 0.0625 0.0313 0.016 8 32 

CUH 43-59 0.0313 0.0625 0.0313 0.016 8 32 

CUH 43-61 0.0156 0.125 0.0313 0.0313 8 32 

CUH 44-65 0.0313 0.125 0.0313 0.0313 8 32 

ATCC, American Type Culture Collection; DFP, Deferiprone; DFS, Deferasirox; CUH, Chosun  

University Hospital 
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3.2 In vitro time-kill activity of ciprofloxacin plus deferasirox 

3.2.1 Minimum inhibitory concentrations 

The MICs of all isolates including two ATCC and 5 clinical isolates for CIP, 

CTR, TG, DFP and DFS against the V. vulnificus are shown in Table 4. Based 

on the iron chelation properties of DFS, it has been selected for the time-kill 

study with alone and in combination with CIP.   

 

3.2.2 Time-kill study 

In vitro time-kill studies of CIP plus DFS were performed against four strains 

including 2 of each, type strains and clinical isolates with various drug 

concentrations. In time kill study of 0.0225 µg/mL (0.75 MIC) CIP plus 10 

µg/mL (1.25 MIC) of DFS, growth inhibition were observed for short time 

until 2 hr in type strain ATCC 27562. The bacteria then began to regrow 

slightly and remained constant until 8 hr and thereafter proliferated to an 

extent level at 36 hr. At 24 hr, the mean reduction in bacterial counts was 

only 1.2 ± 1.5 CFU/mL and showed indifference(Figure 6, A). However in 

combination therapy of CIP at 0.0225 µg/mL (0.75 MIC) with 12 µg/mL (1.5 

MIC) of DFS, the growth inhibitory effect was continued up to 24 hr with the 

mean reduction in bacterial counts 2.67 ± 2.6 CFU/mL; and showed 

synergistic effect (Figure 6, B). In above time kill study, CIP alone at 0.75 

MIC seems to be more effective than combination therapy in early hours for 

the reduction of bacterial counts. 

 

Similarly, in ATCC 33815 strain, combination regimen of CIP at 0.0469 µg/mL 

(0.75 MIC) plus DFS at 10 µg/mL (1.25 MIC) and CIP at 0.75 MIC plus DFS 

at 12 µg/mL (1.5 MIC), the growth inhibition was prolonged up to 8 and 12 hr 

respectively with less killing of bacteria than ciprofloxacin monotherapy at 

early hours. Afterwards, bacteria in both combination regimens started to 
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proliferation and the mean reduction of the bacterial counts was 3.1±3.2 in  

0.75 MIC CIP plus 1.25 MIC DFS. However, the reduction of bacterial counts 

was <2 log CFUs/mL as compared to the starting inocula (Figure 6, C) and 

less signified for synergy. Furthermore, in 0.75 MIC CIP plus 1.5 MIC  DFS 

the mean reduction of bacterial counts was 4.4 ± 5.2 log CFU/mL as 

compared to single active agent CIP at 24 hr and indicating clear synergistic 

effect (Figure 6,D).  
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MIC, Minimal inhibitory concentration; CIP, Ciprofloxacin; DFS, Deferasirox 

 

Figure 6. Time-kill kinetics of ciprofloxacin plus deferasirox against V. 

vulnificus type strains ATCC 27562 (A, B) and ATCC 33815 (C, D). The 

combination of 0.75 MIC of CIP plus 1.5 MIC of DFS reduced bacteria counts 

by 2 Log10 CFU/mL at 24 hr and showed clear synergistic effects (Figure, B 

and D).  
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In time-kill study of clinical isolate CHU 4214, it revealed a growth inhibitory 

effect of CIP at 0.0225 µg/mL (0.75 MIC) up to 4 hr and of DFS at both 10 

µg/mL (1.25 MIC) and 12 µg/mL (1.5 MIC) up to 12 hr.  However in 

combination regimen of CIP (0.75 MIC) and DFS (1.25 MIC) the growth 

inhibitory effect continues till 12 hr and bacteria started to proliferated. At 24 

hr, the mean bacterial differences in combination group from a single active 

agent DFS was just 0.06 ± 0.02 Log CFU/mL and displayed indifferences 

(Figure 7, A). Accordingly, the growth inhibitory effect of CIP at 0.75 MIC 

plus 1.5 MIC DFS was continued till 24 hr and the mean reduction of bacterial 

counts was 2.13 ± 0.3 log CFU/mL as compared to the most active single 

agent DFS and showed synergistic effect (Figure 7,B). 

 

Similarly, in time kill study of 4231 strain, the growth inhibitory infect was 

prolonged for 8 hr in 0.0225 µg/mL (0.75 MIC) of CIP and up to 4 and 12 hr 

in 10 µg/mL (1.25 MIC) and 12 µg/mL (1.5 MIC) of DFS respectively. 

However in combination therapy of 0.75 MIC of CIP plus 1.25 MIC of DFS the 

mean reduction of bacterial counts was 0.20 ± 0.2 log CFU/mL as compared 

to the most active single agent (Figure 7, C). Additionally, the mean reduction 

of bacterial counts in CIP at 0.75 MIC plus 1.5 MIC of DFS was 2.1 ± 2.1 log 

CFU/mL at 24 hr. (Figure 7, D).  



33 

 

  

MIC, Minimal inhibitory concentration; CIP, Ciprofloxacin; DFS, Deferasirox 

 

Figure 7. Time-kill kinetics of ciprofloxacin plus deferasirox against clinical 

isolates CUH 4214 (A, B), and CUH 4231(C, D). The mean reduction of 

bacterial counts in 0.75 MICs of CIP plus 1.25 MIC of DFS combinations was 

less than 2Log10 CFUs/mL as compared to the either most active single agent 

or with the starting inoculums in both strains (Figure A, and C) and showed 

indifference. However, the reduction of bacterial counts in 0.75 MICs of CIP 

plus 1.5 MICs of DFS in both strains was >2 Log10 CFUs/mL at 24 hr as 

compared to either most active single agent deferasirox or with starting 

inocula and showed clear synergistic effect (Figure B, and D). 
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3.2.3 In vitro time kill studies with ciprofloxacin and tigecycline 

Additional time-kill studies with the above strains and one clinical isolate 

(CUH 4214) were performed to evaluate the combination therapy of CIP and 

TG and to compare this combination with CIP and DFS. In time-kill studies 

using V. vulnificus ATCC 27562, CIP and TG each at 0.0225 µg/mL (0.75 

MIC) inhibited growth for up to 8 hr and 4 hr, respectively. Thereafter, the 

bacteria regrew and proliferated to an extent approaching the original 

maximum level. In the combination regimens of CIP and TG each at 0.75 MIC, 

the reduction of bacterial counts was more significant (at least 3.5 CFU/mL 

either by comparing with the most active antimicrobial agent CIP or with the 

starting inoculums) at 24 hr and exhibited synergy (Figure 8, A). In another 

time-kill study using ATCC 33815, the combination regimen of 0.0469 µg/mL 

(0.75 MIC) CIP with 0.0225 µg/mL (0.75 MIC) TG gave a more significant 

reduction of bacterial counts (6.2 CFU/mL by comparing with the single 

active antimicrobial agent and 3.5 CFU/mL from the starting inoculums) at 

24hr and had a synergistic effect (Figure 8, B). Using the clinical isolate CUH 

4214, the reduction in bacterial counts following treatment with the 

combination regimen of 0.0225 µg/mL (0.75 MIC) CIP and 0.012 µg/mL(0.75 

MIC) TG was 4.12 ± 4.1 CFU/mL comparing with CIP alone and 0.18 ± 0.5 

CFU/mL from the starting inoculum. Synergistic effects were not observed 

with this combination (Figure 8, C); however, when the same CIP 

concentration was combined with 0.024 µg/mL (1.5 MIC) TG, the reduction in 

bacterial counts was more significant (mean 6.46 ± 2.5 CFU/mL compared 

with the single active antimicrobial agent and 2.3 ± 0.4 CFU/mL from the 

starting inoculums) and had a pronounced synergistic effect (Figure 8, D). 
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MIC, Minimal inhibitory concentration; CIP, Ciprofloxacin; and TG, 

Tigecycline 

 

Figure 8. Time-kill kinetics of ciprofloxacin plus tigecycline against V. 

vulnificus. (A), Time kill kinetics of type strains ATCC 27562, (B), ATCC 

33815 and (C and D), clinical isolate CUH 4214. 
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3.3 In vivo mouse model infection  

 

A single virulent clinical strain, CUH 4214, was selected for the in vivo animal 

studies. To overcome the high mortality and morbidity of V. vulnificus 

infection, four antibiotics were compared: DX, CIP, TG, and CTR. These were 

chosen because they are the most commonly prescribed antibiotics for the 

treatment of V. vulnificus infection in humans. When control animals (n = 8) 

were inoculated with 1x108 CFU bacteria, animals invariably died within the 

first 4.5 hr. 

 

3.3.1 Selection of clinical strain and LD50 study 

Iron-overloaded mice, Imprinting Control Region (ICR) were inoculated i.p. 

with 10-fold serially diluted V. vulnificus (1 x 109 – 1 x 101 CFU) in sterile 

PBS. Mice were monitored for at least 24 hr. Mice with rectal temperatures 

below 33°C were considered moribund and were euthanized. Most mice in the 

high-dose treatment groups (1 x 109 – 1 x 106 CFU) died within 5 hr after 

inoculation. Most mice in the low-dose treatment groups (1 x 105 – 1 x 101), 

died or were moribund with 24 hr of inoculation, yielding an LD50 level <10 

CFU. 

 

3.3.2 Monotherpay with ciprofloxacin, ceftriaxone, tigecycline or 

doxycycline Per Os versus intraperitoneal.  

CIP (8 mg/kg body weight), CTR (50 mg/kg body weight), TG (7 mg/kg body 

weight) or DX both i.p. and p.o. (6 mg/kg body weight) were compared firstly 

with 10 numbers of mice at each group in above mouse model infection 

inoculated with high dose V. vulnificus (108 CFUs) versus control mice 

without drugs (Figure 9, A). In CTR treated group all mice were died or 

moribund within 6 hr of Vibrio infection and found high number of DNA copies 
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in blood with no significant differences between control and CTR therapy (P 

= 0.30). In contrast, CIP treated mice were survived for longer duration with 

30% survival rate at 48 hr (P = 0.0002) showed highly significant and 

followed by DX i.p. with 20% survival rate (P = 0.0025) at 48 hr. The 

survival rate of TG treated mice was 20 % at 48 hr (P = 0.032) while DX p.o. 

the most commonly ascribed mode for the V. vulnificus infection in patients 

had only 10 % survival rate (P = 0.25) (Figure; 9, A; and table 5).  

 

3.3.3 Doxycycline Per Os versus doxycycline intraperitoneal and 

ciprofloxacin.  

Due to high cumulative survival rate of CIP and DX i.p. in above experiment 

(n=10), I further performed additional experiment by increasing the number 

of mice (n=21) to compare their efficacy versus DX p.o. In an unavailable 

condition of DX i.v. in the market, the clinicians need to prescribe p.o. form in 

combination with extended spectrum cephalosporin for the treatment of V 

vulnificus patients despite no effective survival rate in septicemia cases. 

However, till date no animal studies were performed for the comparison of 

the efficacy of p.o. vs i.p. DX administration. In this study, mice survival rate 

at 48 hr was 19.05 % in DX i.p. group showed highly significant (P= 0.005)  

in contrast to 4.76 % survival rate in DX p.o. treated group at the same time. 

Indeed, the administration of DX i.p. (6 mg/kg body weight) significantly 

increased the survival period of V. vulnificus infected mice even though 

survival animals were appeared very sluggish and had ruffled hair up to 12 to 

16 hr in contrast to DX p.o. route. Furthermore, CIP treated group had 

survival rate of 28.57 % showed highly significant versus DX p.o. group 

(P=0.0002) (Figure; 9, B). Indeed, based on the Logrank test, CIP alone 

showed highly significant as compared to the DX i.p. and other 

chemotherapeutic drugs TG and CTR.  
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Table 5. Comparison of the survival curves by log rank test in different 

antibiotic treated mice infected with V. vulnificus clinical isolate CUH 4214 

versus control animals treated with PBS. 

Treatment 

group 

Chi 

square 

Median survival 

(hr) 

P value 

CTR 1.059 3.5 0,3035 

DX p.o. 2.360 3.75 0.1245 

TG 4.593 6.0 0.0321 

DX i.p. 9.126 7.5 0.0025 

CIP 13.99 10.5 0.0002 

CTR, Ceftriaxone; DX p.o., Doxycycline Per Os; DX i.p., Doxycycline 

intraperitoneal; TG, Tigecycline; CIP, Ciprofloxacin; 
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CONT, Control; CIP, Ciprofloxacin; TG, Tigecycline; DX p.o., Doxycycline Per 

Os; DX i.p., Doxycycline intraperitoneal; and CTR, Ceftriaxone. 

 

Figure 9. Kaplan-Meier survival curve of antibiotic (mono therapy) treated 

ICR mice (n=10) infected with V. vulnificus clinical isolate CUH 4214. (A).CIP 

showed highly significant followed by DX i.p., TG, DX p.o. and CTR versus 

control mice given with 0.1 mL PBS instead of antibiotics. Due to high 

significant values of CIP and DX i.p. these two groups were further compared 

with DX p.o. in the same high inocula of V. vulnificus in iron overloaded mice 

(n=21) and monitored for 48 hr to draw Kaplan-Meier survival curve. (B). 

Both CIP and DX i.p. showed highly significant (P=0.0002 and 0.005 

respectively) versus DX p.o. 
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3.3.4 Combination therapy with ceftriaxone plus doxycycline p.o., ceftriaxone 

plus doxycycline i.p., ciprofloxacin plus doxycycline i.p., ciprofloxacin plus 

tigecycline and ciprofloxacin plus ceftriaxone  

Interestingly, combination therapies are the most effective therapies for 

reducing the mortality of V. vulnificus infections. During experiment, various 

combination therapies were compared versus control (Table 6) animals 

received only PBS and highly used combination therapy DX p.o. plus CTR 

were compared with other possible combination therapies (Table 3.5). In 

mouse experiment, iron overloaded ICR mice injected with high inoculum dose 

of V. vulnificus were when treated with DX i.p. plus CTR were survived for 

more longer time with high significant value versus control mice (P = 

<0.0001), followed by DX i.p. plus CIP (P = 0.0006), DX p.o. plus CTR (P = 

0.0014), CIP plus TG (P = 0.0171) and CIP plus CTR (P = 0.0123). 50% of 

the Vibrio challenged mice when treated with a single dose DX i.p. plus CTR 

were survived for more than 48 hr following by 40% survival rate of CIP plus 

DX i.p. In CIP plus TG 37.5% mice were survived for more than 48 hr. The in 

vitro time kill study of CIP plus TG showed synergism; however, mice 

survival in CIP plus TG was less significant than CTR plus DX i.p. 

Furthermore, DX p.o. plus CTR and CIP plus CTR treated groups all mice 

were died before the 48 hr (Figure 10, A).  

 

Furthermore, Kaplan-Meier survival curve of various combination therapies 

were compared versus DX p.o. plus CTR. Among these combinations, DX i.p. 

plus CTR showed highly significant (P = 0.01) following by CIP plus DX i.p.(P 

= 0.057), CIP plus TG(P = 0.072) and CIP plus CTR (P = 0.98) (Figure 10, 

B). During my experiment, combination therapy treated survival mice at 48 hr 

had survived longer time without any symptoms of diseases, however most of 

the monotherapy treated mice survived at 48 hr died within 1-2 weeks. 
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Table 6. Comparison of the survival curves by log rank test in combination 

therapy of mice infected with V. vulnificus infection versus control mice 

treated with PBS. 

Treatment 

groups 

Chi 

square 

Median survival(hr) P value 

CIP + TG 5.687 7.5 0.0171 

CIP + CTR 6.260 4.5 0.0123 

CTR + DX p.o. 10.20 10 0.0014 

CIP + DX i.p. 11.79 24 0.0006 

CTR + DX i.p. 15.82 36 <0.0001 

CIP, Ciprofloxacin; TG, Tigecycline; CTR, Ceftriaxone; DX p.o., Doxycycline 

Per Os; DX i.p., Doxycycline intraperitoneal 

 

Table 7. Comparison of the survival curves by log rank test in combination 

therapy of mice infected with V. vulnificus clinical isolate CUH 4214 versus 

ceftriaxone plus coxycycline Per Os. 

Treatment 

groups 

Chi 

square 

Median 

survival (hr) 

P value 

CIP + CTR 0.00033 4.5 0.98 

CIP + TG 0.1238 7.5 0.72 

CIP + DX i.p. 3.634 24 0.057 

CTR + DX i.p. 6.223 36 0.01 

CIP, Ciprofloxacin; TG, Tigecycline; CTR, Ceftriaxone; DX p.o., Doxycycline 

Per Os; DX i.p., Doxycycline intraperitoneal 
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Note: CONT, Control; CIP, Ciprofloxacin; DX p.o., Doxycycline Per Os; DX i.p., 

Doxycycline intraperitoneal; CTR, Ceftriaxone; TG, Tigecycline 

 

Figure 10. Kaplan-Meier survival curve of antibiotic combination therapy 

treated ICR mice infected with V. vulnificus clinical isolate CUH 4214. (A). 

CTR plus DX i.p. showed highly significant following by CIP plus DX i.p., CIP 

plus TG, CIP plus CTR and DX p.o. plus CTR versus control mice given PBS 

instead of antibiotics. (B). CTR plus DX i.p. only showed statistically 

significant versus CTR plus DX p.o. while rest of the combinations did not 

showed statistically significant.  
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3.3.5 Quantitative PCR assay for V. vulnificus detection and mortality 

A highly sensitive quantitative PCR assay was used to quantify the bacterial 

DNA copy number more accurately in blood in order to monitor the course of 

the disease and to compare the effectiveness of the antibiotics used in 

different treatment groups. Mouse after given antibiotic was monitored 

regularly in every 30 min for first 12 hr and thereafter at 24, 36 and 48 hr to 

draw the blood immediately when they died or moribund. Additionally, blood 

was also drawn by cardiac puncture after sacrificing at 12 and 24 hr survival 

mice to identify the bacterial load in survival mice after post infection and 

chemotherapy treatment. During qPCR, plasmid DNA of 5×108 copies/µL was 

used as template and standard curve was drawn by serially diluted the 

template DNA in nuclease free sterile DW from 5×108  to the 5×100 

copies/µL (Figure 11, A). Genomic DNA extracted from mouse blood was 

used for the quantification of bacterial DNA copies/µL of all treatment groups. 

In iron overloaded mice, the LD50 was determined as below 10 CFUs. The 

number of DNA copies of early died mice in all antibiotic treated group 

contains high load of DNA (1×105 to 1×107 copies/µL), and it reduced by 

increasing of the survival length of the mice. However, the number of DNA 

copies in DX p.o. treated died mice at the 3 to 12 hr ranges (4.21×107 to 

4.34×106 copies/µL) in contrast to DX i.p. treated died mice having 

(1.28×107 to 4.87×104 copies/µL)(Figure 11, B). Additionally, the DNA 

copies in CTR treated mice were very high as control treated mice and 

ranges from 1.76×107 to 3.19×106 copies/µL with Cq values of 14.75-17.75 

(Figure 11, C).  
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Figure 11. Quantitative real time amplification curves. (1), negative control 

(sterile DW); (2), known plasmid DNA was used as the template numbers in 

all figures. (A), qPCR standard curves of 5×108 to 5×100 copies/µL (3-10 

10 fold serially diluted). The amplification plot taken from the base shows a 

good linearity across the entire concentration range. The E value (base of the 

exponential amplification function) of 1.83 (corresponding to amplification 

efficiency) falls within the specifications and this known sample was 

subsequently used to identify the DNA copies from mouse blood; (B), 
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amplification plot (curves) in DX p.o. and DX i.p. treated mice. Numbers 3 to 

7 showed amplification curves from DX p.o. treated died mice and 8-14 

amplification curves from DX i.p. treated died mice; (C), amplification curves 

of DNA from CTR treated died mice where all mice were died within 6 hr; and 

(D), amplification curves of DNA from CTR plus DX i.p. versus CTR plus DX 

p.o treated died mice at various time intervals (3 to 12 hr). Number 3-7 

amplification curves of DX p.o. plus CTR treated group while 8-13 are the 

amplification curves from DX i.p. plus CTR treated group. 

 

 

Furthermore, the number of DNA copies in CTR plus DX p.o. treated died 

mice were ranges in 2.86×106 to 4.16×104 copies/µL in contrast to 3.9×105 

to 5.33×104 copies/µL range of CTR plus DX i.p. treated died mice of the 

same time (Figure 11, D). However, both the monotherapy and combination 

therapy treated group did not show statistically significant.  

 

Furthermore, the DNA load in all mortality case mice was at least 1×104 

copies/µL at 12 hr in contrast to 102copies/µL range in survival case at the 

same time (Figure 12, A). Furthermore, the qPCR result showed the number 

of DNA copies in survival mice at 12 and 24 hr in both CIP and DX i.p. treated 

mice were range in 102 copies/µL in contrast to 104 copies/µL in DX p.o. 

treated mice survived for 12 hr. Similarly, in combination therapy of survival 

group treated with CTR plus DX i.p., the DNA copies were 102 copies/µL at 

both 12 and 24 hr in contrast to CIP plus DX i.p. treated mice of 103 

copies/µL. Additionally, in CTR plus DX p.o. treated mice, the DNA copies at 

12 hr was almost same as DX p.o. monotherapy (Figure 12, B).  
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CIP, Ciprofloxacin; TG, Tigecycline; CTR, Ceftriaxone; DX, Doxycycline; p.o.; 

Per Os, i.p., Intraperitoneal. 

 

Figure 12. Number of DNA copies/µL in non-survival and survival mice after 

antibiotic treatment. (A), number of DNA copies/µL in control (PBS treated 

instead of antibiotic) and various drug treated mice died at 3, 6, 9 and 12 hr 

after post infection. (B) number of DNA copies/µL in survival mice at 12 and 

24 hr in various monotherapy and combination therapy. Mice survived at 12 

and 24 hr were sacrificed and blood was drawn for qPCR. CIP and TG alone 

seems equally better as combination therapy in terms of DNA load at 24 hr 

survival mice. However, the combination therapy treated mice with CTR plus 

DX i.p. had minimal DNA copy numbers at both 12 and 24 hr survival mice 

and this group had more survival percentage than monotherapy. 
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3.3.6 Quantitative PCR assay and determination of viable V. vulnificus cells  

To determine the viable cell, mouse blood was treated with EMA prior to 

DNA extraction. EMA was used to distinguish only viable cells and handled as 

a carcinogen in though out the study. The mechanism of using EMA was for 

the selective penetration of dye into the cells with damaged membrane of 

dead cells. In DX p.o. and DX i.p. treated mice, difference in DNA copy 

number in with or without treatment of EMA were almost 1log10 difference 

showed statistically no significant difference between two groups. It might be 

due to the early drawing blood after they died or moribund and freezes 

immediately at -70°C and DNA was extracted within 24 hr of mouse 

experiments (Figure 13).  

 

Figure 13. Determination of viable cells from doxycycline Per Os and 

doxycycline intraperitoneal treated ICR mice. (A), DNA copies in DX p.o. 

treated died mice at 2.5 to 5 hr of post infection showed high copy value 

(1×106 to 1×108 copies/µL); (B), number of DNA in DX i.p. treated died 

mice at 2.5 to 8 hr post infection showed maximum difference of 1log10 at 

early 2.5 hr.  In both group there was no statistically significant difference in 

with or without treatment of EMA.  
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4. DISCUSSION 

 

V. vulnificus is a halophilic, Gram-negative bacillus that causes life-

threatening skin and soft tissue infections. Elevated serum iron levels may 

play an important role in the pathogenesis of V. vulnificus infections [25]. 

Concentrated V. vulnificus exerts pronounced cytotoxicity in cell culture and 

infected animals. Under conditions of iron overload, the production of tumor 

necrosis factor alpha (TNF-α) is stimulated. This cytokine is a major 

mediator of septic shock in mice infected with V. vulnificus. TNF-α 

production is probably induced by the bacterial endotoxin; however, TNF-α 

dependent migration of neutrophils also appears to be suppressed during 

infection[63]. Under conditions of iron overload, circulating numbers of V. 

vulnificus in the blood accelerated alarmingly to a lethal level and lowered the 

activity of immune cells including neutrophils. Virulence factors other than 

TNF-α that also are stimulated by the endotoxin may play a crucial role in 

the enhanced destruction of host cells, including the immune cells, during 

infection. 

  

V. vulnificus required a higher level of nontransferrin-bound iron (NTBI) 

than other pathogens for the initiation of growth. This bacterium also 

produced siderophores at lower levels and used transferrin-bound iron (TBI) 

less efficiently than other bacterial species [28]. The standard iron chelating 

agent, DFO, a hydroxamate siderophore derived from Streptomyces species, 

can accelerate the in vitro growth of many ferrophilic organisms such as V. 

vulnificus, Yersinia enterocolitica, and Mucorales. These organisms bind 

specifically to DFO-iron complexes and strip iron from the chelator via an 

energy-dependent reductive process that facilitates iron uptake [64]. DFO is 

a widely prescribed parenteral drug used as an iron chelating agent for the 
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treatment of thalassemia. However, DFO may increase the risk of fatal 

infections by promoting the growth of Y. enterocolitica by permitting efficient 

iron uptake via specific receptors such as the outer membrane protein FoxA 

[65]. Similarly, V. vulnificus can use DFO for efficient iron uptake via the 

outer membrane receptor DesA, encoded by the desA gene, under iron-

limited in vitro and ex vivo conditions [64]. V. vulnificus is known to require 

higher levels of available iron for growth than other pathogenic bacteria 

because it produces less siderophores than Escherichia coli and 

Staphylococcus aureus [28]. V. vulnificus produces both the hydroxamate and 

vulnibactin types of siderophores. However, hydroxamate siderophores 

alleviated the growth of V. vulnificus under iron-limited conditions [31], and 

DFO-mediated iron chelation plays an important role in V. vulnificus growth 

initiation [64]. In some patients treated with an iron chelator such as DFO in 

whom yersiniosis or mucormycosis was promoted, the drug itself may have 

enhanced the growth of a microbial or neoplastic cell invader by acting as a 

siderophore instead of assisting the host [67]. 

 

V. vulnificus sepsis that developed during DFO therapy for transfusional iron 

overload due to secondary hemochromatosis of myelodysplastic syndrome 

was also successfully treated with adjuvant DFS in combination with CIP [68]. 

Additionally, Kim et al [28]suggested that iron chelation therapy may be an 

effective means of preventing the growth of V. vulnificus in susceptible 

patients. In this study, combinations of the three chelators, including DFS and 

DFP with DFO, were compared to characterize the in vitro iron chelation 

properties of these drugs. Results suggest that the growth of V. vulnificus 

was stimulated by DFO, whereas the two oral chelators, DFP and DFS, had an 

inhibitory effect on the V. vulnificus growth. No bacterial regrowth was 

observed for ≥ 48 hr in the presence of ≥ 80 µM DFP and ≥ 5 µM DFS.  
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DFO-treated patients with evidence of iron overload, such as those with 

hemochromatosis or thalassemia, are known to be susceptible to fulminant Y. 

enterocolitica septicemia and Mucorales spp. [65, 69]. They also are 

susceptible to V. vulnificus infection [68]. The in vitro data presented here 

demonstrate that DFS or DFP potentially offer greater clinical application than 

DFO for patients in need of iron chelation therapy. This is especially true of 

patients residing in areas where the habit of eating raw seafood or being 

exposed to contaminated seawater is more prevalent. 

  

The concentrations of DFP, DFO, and DFS achieved in human sera are known 

to be 70 µM, 7 – 10 µM, and 20 µM, respectively, when treating iron overload 

in blood transfusion patients [65, 70]. In the iron chelation experiments 

described here, 5 – 120 µM DFP and 1 – 100 µM DFS were used to simulate 

the usual serum concentration of iron chelators in iron-overloaded patients. 

Results suggested that iron chelation therapy that maintains serum 

concentrations of more than 5 µg/mL DFS or 80 µg/mL DFP should be 

adequate for preventing V. vulnificus infection in iron-overload patients; 

however, further in vivo experiments are needed to validate this. Hence, DFS 

and DFP are not only useful for the treatment of iron overload, but also 

function as antimicrobial agents with the potential to act synergistically with 

various antibiotics [71].  

 

For further confirmation, in vitro time-kill studies were performed to 

determine the efficacy of the combination of CIP and DFS versus CIP 

monotherapy against V. vulnificus infection. When 0.75 MIC CIP was 

combined with 1.5 MIC DFS, the inhibition of bacterial growth in vitro 

persisted in all strains for ≥ 24 hr, and the combination was superior to CIP 
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alone. The antimicrobial effect of DFS may be ascribed to its ability to deplete 

iron that would otherwise be used for bacterial growth.  

 

The combination of an iron chelator plus an antibiotic creates a novel form of 

synergism. It is possible that the quinolone antibiotic interferes with DNA 

gyrase and that the microbe consequently becomes more sensitive to iron 

deprivation [71]. Based on the time-kill studies described here, it would 

appear that CIP and DFS are an active combination against V. vulnificus. Even 

though CIP and DFS have a synergistic effect against V. vulnificus, it should 

be noted that CIP alone appeared to be more active at 2 to 8 hr than the 

combination treatment. In other experiments, higher CIP concentrations were 

found to be more effective at inhibiting the proliferation of microorganisms. 

Therefore, a high-dose CIP treatment may be required to overcome the 

suboptimal effect of CIP and DFS at early times. It will be important to test 

for in vivo synergism of CIP and DFS to establish the clinical relevance of 

these findings. 

 

In microbial infection, as in cancer therapy, much attention has been paid to 

the discovery of synergistic drug interactions. Drugs from different classes 

that act on distinct cellular pathways can potentiate each other either 

additively or synergistically when used in combination [72]. For example, the 

antigrowth effect of antibiotics from a class of DNA-synthesis inhibitors 

working neither additively not synergistically, but subtractively and exhibited 

hyper-antagonistic characteristics class when combined with drugs from a 

class, of protein synthesis inhibitors [73]. Jawetz and Gunnison [74, 75] 

postulated that “the bacteriostatic antibiotics may antagonize the action of 

bactericidal drugs, and they may be synergistic when bactericidal drugs used 

together”. Since then, combination therapy has become a fundamental 
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principle of antibiotic therapy [76]. The combination of CIP, a bactericidal 

drug, and DX, a tetracycline group of antibiotics having bacteriostatic 

properties, was the most active combination, as assessed in vitro using 

Brucella strains [77]. Similarly, DX combined with CTR or cefixime 

(bactericidal drugs) is considered the first-line empiric therapy in patients 

with urethritis [78].  

 

Many in vitro and in vivo combinations of antimicrobial agents have been 

studied for treating V. vulnificus infections [4, 7, 50, 79]. Among various 

combination therapies, only a few are effective in reducing patient mortality. 

In vitro and in vivo studies by Chuang et al [51, 79] suggested that 

combination therapy of cefotaxime and minocycline was more advantageous 

than either antibiotic alone for the treatment of severe experimental murine V. 

vulnificus infections. Additionally, fluoroquinolones alone have been shown to 

be as effective as the combination of cefotaxime plus minocycline in vitro and 

in vivo [4].  

 

This research investigated the in vitro combination therapy of CIP with TG, a 

newly approved glycylcycline class of antibiotics derived from tetracyclines. 

TG exhibits remarkable in vitro activity against a wide variety of Gram-

positive and Gram-negative bacteria, including multidrug resistance (MDR) 

strains [80]. TG was preferred because the current available data suggest 

that this drug may play an important future role as a monotherapy alternative 

to broad-spectrum antibiotics, such as advanced-generation cephalosporins, 

carbapenems, fluoroquinolones, piperacillin/tazobactam and some Gram-

positive-directed agents [80]. Furthermore, TG has been investigated in 

combination with a large variety of antimicrobials against a wide range of 

susceptible and multiresistant Gram-negative and Gram-positive bacteria 
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[81]. Earlier, Liu et al [82] described excellent in vitro activity of TG against 

clinical isolates of Aeromonas, Vibrio, and nontyphoidal Salmonella species 

(NTS). TG alone or in combination with other drugs may be a promising 

option for the treatment of Vibrio species infections owing to its low MIC 

against V. vulnificus and V. parahaemolytics isolates. Indeed, TG is safe as its 

high concentrations for treating skin and soft tissue infections [83]. Perhaps 

most promising is the fact that TG is not affected by common tetracycline 

resistance mechanisms including tetracycline-specific efflux pumps and 

ribosomal protection. 

 

Combination of TG in vitro with other antimicrobial agents produces primarily 

an indifferent response (neither synergy nor antagonism). However, it 

produces synergy when combined with rifampicin against 64 – 100% of 

Enterococcus spp., Streptococcus pneumonia, Enterobacter spp., and Brucella 

melitensis [81]. Vouillamoz et al [84] when tested 88 isolated bacteria (22 

Gram-positive and 55 Gram-negative) with 16 different antibiotics in 

combination with TG by chequerboard methods and time-kill assays showed 

one synergism between TG and CIP in P. aeruginosa. 

 

In the present studies, time-kill analyses using CIP and TG suggested 

synergism in three V. vulnificus strains, including two ATCC strains and one 

clinical isolate. When 0.75 MIC CIP was combined with 0.75 MIC TG, the 

reductions in bacterial counts in both ATCC strains were > 3log10 CFU/mL 

and displayed synergism. However, in clinical isolates, the reduction of 

bacterial counts at same drug concentrations exhibited indifference and 

required additional TG to display synergism. Specifically, 0.75 MIC CIP 

combined with 1.5 MIC TG synergistically reduced bacterial counts (2.3±

0.4) CFU/mL compared to the starting inoculums) at 24 hr in clinical isolates. 
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The pros and cons of Jawetz and Gunnison's [74, 85] chemotherapeutic 

interactions have been found especially in the treatment of some invasive 

Gram-positive and Gram-negative pathogens. V. vulnificus might be the 

exception in which combinations of bacterial and bacteriostatic drugs is 

superior to combinations of bacteriostatic drugs for the treatment of 

septicemia. Even though V. vulnificus infections have been treated with a 

variety of antibiotics and are highly susceptible by in vitro studies, no clear 

conclusions can be made concerning the relative efficacy of individual 

antibiotics. Toward this end, in vivo mouse models of infection were used to 

study the efficacy of highly prescribed antibiotics in high-dose Vibrio-

injected ICR mice. In vitro and in vivo efficacy of several antimicrobial agents 

showed considerable discrepancies in terms of the bacterial response. This 

might be due to poor perfusion and consequently poor penetration into the 

edematous focus of infection [46]. Hence, a high in vitro activity for a given 

antimicrobial agent may not be equally effective in patients infected with V. 

vulnificus. The in vivo efficacy of antibiotics used in this study was evaluated 

by comparing the survival curve percentage between the control and 

antibiotic-treated mice. The choice of antimicrobial agents and their 

respective doses was based on previous in vivo studies in mice and humans. 

Antibiotics were given in 24 hr doses, and mice were monitored for at least 

48 hr to plot the survival curve. 

 

CIP alone appears to be effective in monotherapy (P = 0.0002) for prolonging 

survival time in mice challenged with high-dose V. vulnificus followed by DX 

i.p. (P = 0.0025) and TG (P = 0.0032). DX p.o. and CTR alone were the least 

effective treatments compared with PBS-treated control animals. In 

combination therapy, a single dose of DX i.p. and CTR was sufficient to 

reduce mortality by 50% in high-dose Vibrio-inoculated iron-loaded mice in 
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contrast to a survival rate of 40% in DX p.o. and CIP treatment groups. In CIP 

plus CTR and DX p.o. plus CTR-treated groups, all mice died within 36 hr 

and 20 hr, respectively. Indeed, all combination groups were highly significant 

when compared with the control group. In contrast, only CTR combined with 

DX i.p. (P = 0.01) seems to be effective versus CTR combined with DX p.o. 

in the present mouse model of infection.  

 

The qPCR results of both groups, with or without ethidium bromide 

monoazide (EMA) treatment, were not statistically significant (P > 0.05). 

Among the different antibiotic-treated groups, the number of DNA copies in 

DX p.o. and CTR-injected mice at 3 to 6 hr were not significantly different 

from the DNA copies of control mice (P > 0.05). However, the number of 

DNA copies in CIP-, TG-, and DX i.p.-treated mice were lowered by 1 log10 

copies/µL as compared to the control groups (1 x 105 copies/µL), even in 3 to 

6 hr. There was no significant difference in DNA copies among nonsurviving 

mice in across any of the combination groups. Despite this, the bacterial loads 

at 9 hr and 12 hr in CIP, DX i.p., and TG monotherapy-treated mice were 

reduced by 2 log10 copies/µL in contrast to combination therapy. 

 

Bacterial load might not be the single cause of death in mice at early hours. 

The conclusion drawn by Hor et al [63] might be applicable to this research. 

V. vulnificus bacteria stimulated the production of TNF-alpha and blocked the 

migration of neutrophils. However, circulating bacterial DNA copies in 

surviving mice at 12 hr and 24 hr were significantly reduced, which could be 

helpful toward understanding the general principal of DNA load and mortality 

in mice. Indeed, the number of DNA copies is reduced in accordance with the 

increase in survival time of the mice. The numbers of DNA copies in 
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surviving mice at 24 hr in different treatment groups ranged from 1 × 101 to 

1 × 102 copies/µL, which could be a useful marker for predicting the chances 

of survival after antibiotic therapy. 

 

In summary, bacterial loads in V. vulnificus-infected patients can be 

quantified using qPCR, and DNA load can be used as a marker of disease 

severity and ultimately as a prognostic indicator of a patient’s condition. 

Guidelines for selecting an aggressive treatment plan to reduce patient 

mortality may be available in the near future. 
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5. CONCLUSIONS 

 

V. vulnificus-susceptible patients receiving regular blood or RBC 

transfusions or with thalassemia might be treated with DFS or DFP instead of 

DFO. DFS, a newly developed iron-chelating drug, potentially has superior 

clinical applications in iron-chelation therapy to prevent Vibrio sepsis by 

reducing iron availability. 

 

In an unavailable condition of intravenous DX, CIP alone might be preferred 

option for reducing the mortality of V. vulnificus infected patients. However 

combination therapy of CTR plus DX i.v. would be the drug of choice for 

patients suspected with V. vulnificus septicaemia.  

 

DNA load, quantified with qPCR, can be used for the identification of bacterial 

loads in V. vulnificus-infected patients. The DNA load subsequently can be 

used as a marker of disease severity to guide clinicians in prescribing 

aggressive treatment plans to reduce patient mortality. 
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