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ABSTRACT 
 

 
Bacterial infections are a major cause of morbidity and mortality in both the 

community and nosocomial settings, particularly among the elderly and chronically ill. Sepsis 

is the body’s response to antigens and toxins released by the invasive pathogenic organisms 

that cause infection.  When infection is not effectively controlled, sepsis may develop and 

progress to severe sepsis and septic shock.  Early diagnosis and treatment is pivotal for 

survival in severe sepsis and particularly, septic shock. Our research focuses on developing a 

novel treatment strategy for septic shock by using single, ultra-high doses of aminoglycosides. 

In this project, the effect of a single, ultra-high dose of gentamicin in clearing bacteria from 

the blood and reducing the bacterial burden in vital organs was evaluated in a rat model of     

E. coli (Bort strain) induced peritonitis with severe sepsis/septic shock. Serum cytokine levels 

and serum lactate levels were serially measured.  Further, the potential adverse effects of 

ultra-high dosing of aminoglycoside antibiotics in a short-term (9 h) invasive study and long- 

term (180 days) non-invasive study were assessed.  Neuromuscular paralyses due to ultra-high 

doses of aminoglycosides were assessed.  In addition, renal injury markers such as serum 

creatinine and urinary Neutrophil Gelatinase Associated Lipocalin (NGAL) were assayed. 

The auditory and vestibular function was also assessed after ultra-high dosing of 

aminoglycoside in the long-term study. 

 

We conclude that animals can tolerate ultra-high doses of aminoglycosides with 

appropriate support. Animals were under neuromuscular paralysis for 28 – 50 minutes and 

were on ventilator support after single ultra-high doses (80 and 160 mg/kg) of aminoglycoside 

antibiotics (gentamicin and tobramycin). There was no significant acute or delayed renal or 

ototoxicity associated with the single, ultra-high dose aminoglycoside therapy. Histology 
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studies of the kidneys and the cochlea of single, ultra-high aminoglycoside dosed animals and 

untreated control animals were performed after 180 days (6 months). Results indicated that 

there were no morphological differences between the treated and untreated control animals. 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay of kidney 

tissue indicated that there was no apoptosis of endothelial cells in the tubular and glomerular 

regions with single, ultra- high dose of aminoglycosides consistent with an absence of ultra- 

high dose induced nephrotoxicity.  In the septic shock model, the E. coli Bort was below the 

limit of detection from the blood of the animals within minutes after single, ultra-high dose 

aminoglycoside administration.  After necropsy, bacterial load was determined from all the 

vital organs and peritoneal fluid (site of infection).  The bacterial levels were below the 

detection limit from the kidneys and there was a significant reduction in bacterial counts from 

all the remaining organs compared to the infected control animals.  A decrease in serum 

cytokine and serum lactate levels compared to baseline was observed after ultra-high doses of 

aminoglycosides in the septic shock animals. 

 

Our studies have indicated that the ultra-high dose gentamicin is well tolerated by rats. 

It is highly effective in clearing E. coli Bort from the blood and reducing the bacterial burden 

in the organs in an experimental model of bacterial peritonitis/septic shock.  Further studies in 

larger animals such as rabbits, sheep, pigs or dogs are required to confirm these results.  If 

these findings are replicated in larger animals, this therapy may be developed further from 

‘lab to bedside’ to treat septic shock patients in intensive care units (ICUs). 
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CHAPTER 1 
 
 

1. Introduction 
 

Bacterial infections resulting in septic states are a major cause of morbidity and 

mortality in both the community and nosocomial settings, particularly among the elderly and 

those with chronic illnesses.  Severe sepsis and septic shock in particular, are life-threatening 

conditions and are associated with high mortality [1, 2]. Although these conditions can affect 

anyone, debilitated persons are especially at high risk. For that reason, sepsis is one of the 

most common causes of death in hospitalized patients and is the leading cause of death in 

non-coronary intensive care units (ICU) [3]. Health Canada has reported that 10.9% of all 

deaths that occurred in hospitals throughout Canada (excluding Quebec) during 2008 – 2009 

were related to sepsis [4]. 

Sepsis describes the systemic response to severe infection. About 45% of hospitalized 

patients with sepsis progress to severe sepsis and septic shock with an eventual requirement of 

organ support therapies [5].  For severe sepsis, the length of stay (LOS) is twice that of sepsis. 

Patients admitted to the ICU with sepsis have a median ICU and hospital LOS of 7 and 16 

days respectively, compared to 3 days in non-sepsis cases [4]. Angus et al reported an 

average LOS of 19 days in the severe sepsis patients [6].  Martin et al conducted a prospective 

observational study involving 1238 confirmed cases of severe sepsis in 12 different ICUs 

from different provinces of Canada and reported median ICU length of stay of 10.3 days [7]. 

Health Canada, during 2008 – 2009, reported a median length of stay for each patient 

suffering from sepsis as 6.4 days in the ICU and 29.1 days on the ward [4]. All these factors 

have a major effect on the cost of patient care and overall expenses in hospitals. 
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1.1. Sepsis and impact on society 
 
1.1.1. Epidemiology 
 

The incidence of sepsis throughout the world has increased rapidly in the past three 

decades [6, 8-10]. The incidence of sepsis in Canada is estimated to be between 27,000 and 

30,000 cases per year with an overall mortality rate of 30.5% (45.2% in patients with severe 

sepsis and 20.9% in those with sepsis which does not progress to severe sepsis) [4]. The 

economic burden of treating sepsis patients in ICUs and onwards using activated protein-c 

was approximately $20,528 and $12,422 respectively (a total cost of $32,950 for each patient) 

[11]. 

The treatment cost depends on the number of organ failures and supportive care 

required in that condition and is proportional to the age of the patient and frequency of other 

co-morbidities [6].  The total cost of treating septic and septic shock patients is $ 16.7 billion 

dollars per year in the United States of America (USA) alone [12]. 

 
 
 

1.1.2. Definitions 
 
1.1.2.1. Sepsis 
 

Sepsis is the body’s response to antigens and toxins released by pathogenic microorganisms 

(typically bacteria or fungi) at the site of infection or in the blood stream.  Systemic 

inflammatory response syndrome (SIRS) [13] is the body’s systemic response to a variety of 

insults and is characterized by at least 2 of the following criteria; 

‐ increased heart rate/ tachycardia (> 90 beats/minute), 
 

‐ increased breath rate/ tachypnea (> 20 breaths/minute), 
 

‐ fever > 380C or hypothermia < 360C 
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‐ elevated leukocyte count > 12,000/mm3 or leukopenia (< 4,000 / mm3) or 

generation of immature forms of leukocytes 

Sepsis can be defined as SIRS in association with suspected or confirmed infection [13]. 
 
 
 
 
1.1.2.2. Severe sepsis: Defined as sepsis along with acute organ dysfunction, hypotension 

and perfusion abnormality. 

 
 
 

1.1.2.3. Septic shock: Defined as severe sepsis with hypotension, even after adequate fluid 

resuscitation. Clinical manifestations of sepsis are presented in table 1. The conceptual 

relationship between sepsis, severe sepsis, and septic shock are illustrated in figure 1. 

 
 
 

1.2. Factors influencing the incidence of sepsis 
 

Sepsis is a serious systemic syndrome that can progress to septic shock (which is 

immediately life-threatening) if the underlying infection is not diagnosed and treated in a 

timely manner.  The main reason for the increase in number of septic patients is an aging 

population with a high frequency of co-morbid secondary illnesses (e.g. diabetes, hepatic 

failure, renal failure) and frequent use of immunosuppressive chemotherapeutic drugs 

(cancer, transplant patients) [14], as well as increased use of invasive procedures (e.g. 

hemodialysis) [15] and the increase of antibacterial resistance in pathogenic bacteria [16]. 

A large fraction of patients with septic shock are elderly [17, 18]. Most of these 

individuals also have severe co-morbidities. Schroder et al has previously reported men to be 

more prone to sepsis compared to women [18, 19]. The number of patients admitted to 

hospitals with septic shock is higher during winter as compared to other seasons [20].  This is 
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probably due to increased viral pulmonary infections during winters that lead to super- 

infections with the pathogens of bacterial pneumonia. 

 
 
 

1.3. Etiology of sepsis 
 

Sepsis occurs in response to severe infections caused by different pathogenic 

organisms.  Bacteria including Gram positive and Gram negative are responsible for 

approximately 90% of cases of sepsis and septic shock in North American ICUs [21, 22]. The 

dominant organisms associated with sepsis evolve.  In the early era of antibiotics, Gram 

positive bacteria were the most frequent organisms that caused sepsis.  By the 1960’s, Gram 

negative bacteria became dominant in both community and hospital settings [23]. More 

recently, Gram positives are again increasing in frequency. Staphylococcus aureus, 

Streptococcus pneumoniae, Klebsiella spp., Escherichia coli, and Pseudomonas aeruginosa 

are among the most frequently isolated organisms in sepsis [2, 22, 24]. 

Among bacteria, E. coli, Listeria spp, and group B streptococci particularly cause 

infections and sepsis in neonates whereas S. aureus, pneumococci and meningococci are 

common agents in children and young adults [2, 9, 22, 25-27].  In elderly patients, septic 

shock is often caused by Gram negative bacterial isolates from the urinary tract, 

gastrointestinal tract or the respiratory tract.  While M. tuberculosis does rarely cause septic 

shock [28], direct shock from viral infections is uncommon in North America. When it does 

occur (dengue and hemorrhagic fever viruses), the pathophysiology is quite distinct and toxin 

driven vasodilation does not generally occur [29, 30].  Respiratory tract infections are 

responsible for the highest proportion of sepsis cases [2, 9]. One reason is the occurrence of 

secondary bacterial respiratory infections following influenza virus pneumonia [31].  An 
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increase in the number of sepsis cases due to fungal infections, particularly Candida species, 

has been reported in recent years, particularly in the USA [9, 32]. 

The outcome of patients with sepsis and septic shock is highly dependent on the type 

of organism causing infection and whether or not the organism is resistant to the antimicrobial 

used for empirical therapy [33]. Many studies have shown that timely, appropriate antibiotic 

use can save the life of the patient with severe sepsis or septic shock due to bacterial infection. 

Kumar et al have reported that initiation of microbially inappropriate initial empiric 

antimicrobials (i.e. absent activity for the likely pathogens) results in fivefold reduction of 

survival in septic shock patients [22]. 

 
 
 

1.4. Pathogenesis of sepsis, severe sepsis, and septic shock 
 

The current accepted immunologic paradigm of sepsis as defined by Bone et al. 

emphasizes that sepsis is characterized by SIRS [34]. Modern thought has held that the 

process of sepsis begins with toxins associated with microorganisms leading to release of 

endogenous mediators which drive the pathophysiology of the illness [35]. 

Sepsis and septic shock usually begin with a nidus of infection at a specific site [36] 

such as urinary tract, lungs, peritoneum, wound, post-operative surgical wounds etc. The 

pathogen causing infection replicates at these sites. Once the organism load increases 

sufficiently, they disseminate or release antigens systemically.  This triggers SIRS in part to 

help eliminate the microbial pathogen [37, 38]. Many virulence mechanisms of bacteria are 

responsible for the propagation of infection.  Some of these mechanisms are described below. 



6

 

 

1.4.1. Bacterial toxins 
 

Severe bacterial infections can lead to the release of antigens and toxins in the blood 

and tissues of the individual.  These toxins are classified as exotoxins (antigens released by 

living bacteria into their surrounding environment) and structural toxins like endotoxins 

released after the death/lysis of the bacteria. Bacterial nucleic acids (CpG oligonucleotides) 

have also significant antigenic properties in mammals and can reproduce almost all of the 

same responses as classic bacterial toxins [39, 40]. 

 
 
 

1.4.1.1. Exotoxins 
 

 
Exotoxins are low molecular weight proteins.  There are three major types of 

exotoxins associated with sepsis that are usually released by Gram positive and Gram 

negative bacteria along with various enzymes that cause tissue injury [41]. The three 

exotoxins are Type I, type II and type III toxins.  Superantigens belong to the type I toxins 

and are regarded as the most important of the three exotoxins. 

 
 
 

1.4.1.1.1. Superantigens 
 

Notable Gram positive exotoxins associated with sepsis and septic shock are 

superantigens associated with S. aureus (Toxic Shock syndrome Toxin-1(TSST-1)) [42] and 

streptococcal species (pyrogenic toxin)[43]. Superantigens are a type of Type-1 toxin that 

cause injury to the host without entering the cellular cytoplasm. These toxins bind to their 

receptors on the surface of the cells and induce intracellular signals. Exotoxin can trigger 

aggressive cellular immune response, leading to toxic shock [44]. Superantigen mediated 

toxic shock syndrome is usually produced by either Staphylococcus aureus or Streptococcus 
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pyogenes. These antigens are processed by leukocytes, bind to the outer region of the major 

histocompatibility complex II (MHC II) and are presented to T-cells resulting in a robust 

immune response [45, 46].  In normal infections, antigens trigger 0.01% of T-cells, but 

superantigens can trigger >20% of T-cells in the body. Recent reports suggest that 

superantigens also bind to cluster of differentiation 28 (CD28 receptors), co-stimulatory 

molecules on T-cells [47]. Binding of superantigens to both MHC II and T-cell receptors 

induces a massive production of Th1 pro-inflammatory response.  This leads to the expression 

of tumor necrosis factor-α (TNF-α), interferon-γ (IFN- γ) and interleukin-2 (IL-2) in high 

concentrations, leading to extensive tissue damage and shock [48]. Various other exotoxins 

(such as enterotoxins and cytolysins) produced by bacteria can result in other pathogenic 

phenomenon as noted in table 2. 

 
 
 

1.4.1.2. Structural toxins 
 

Structural toxins such as endotoxin/ lipopolysaccharide (LPS) from the cell wall of 

Gram negative bacteria, teichoic acid of Gram positive bacteria, peptidoglycan, nucleic acid 

etc. are released after the death of bacteria.  Gram positive and Gram negative bacterial 

pathogen associated molecular patterns (PAMPs) (peptidoglycan, LPS, CpG-ODN etc.) are 

recognized by pattern recognition receptors (PRRs) and trigger the transcription of 

inflammatory cytokines [49] (figure 2). 

 
 
 

1.4.1.2.1. Endotoxin 
 

Endotoxin (also referred to as LPS) is the most studied and best understood of these 

structural toxins.  LPS has 3 parts; the outer hydrophilic O-side chain, a center core 
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oligosaccharide and the inner hydrophobic lipid A which is the toxicity mediator [50]. Pico- 

molar concentration of LPS can trigger pro-inflammatory responses, expression of tissue 

factor and release of TNF-α and IL-1β by macrophages [51]. LPS also causes endotoxic 

shock with pro-inflammatory cytokine expression in experimental animals [52]. Notably, 

lipid A alone reproduces all the toxic manifestations of LPS in vitro and in vivo [53-55].  LPS 

is recognized by Toll-like receptor - 4 (TLR- 4) on immune cells [56]. 

In circulation, LPS is solubilized by LPS-binding proteins in serum and are bound to 

cluster of differentiation 14 (CD14) receptors on macrophages [57]. CD14 is also present in a 

soluble form and can independently bind LPS.  On macrophages, CD14 transfers LPS to MD2 

(a novel molecule) and this in turn binds to TLR4 forming a TLR4-MD2 receptor complex 

[58]. This complex dimerizes and interacts with toll-interleukin-1 receptor domain (TIR 

domains). Activation of TLR4 by LPS triggers myeloid differentiation factor 88 (MyD88) 

that in turn activates nuclear factor kappa beta (NFκβ) migration in the cytoplasm of the cells. 

NFκβ moves to the nucleus and activates the genes responsible for the release of pro- 

inflammatory cytokines [59]. Hoshino et al reported that TLR4 knockout mice are hypo- 

responsive to LPS challenge indicating the role of TLR4 in recognizing LPS from Gram 

negative bacteria [60]. 

 
 
 

1.4.1.2.2. Other structural toxins 
 

Apart from LPS, teichoic acid, lipoteichoic acid, peptidoglycans, flagellum, bacterial 

CpG oligo-deoxynucleotides of Gram positive and Gram negative bacteria [61-65], trehalose 

dimycolate (TDM), mycolic acid (MA), lipoarabinomannon (LAM), arabinogalactan (AG), 

phosphatidylinositol mannose (PIM) of Mycobacterium spp. [66, 67] and β-glucans, chitin 
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and mannoproteins from the fungal cell wall are PAMPs recognized by TLR2, TLR4 and 

CD14 receptors expressed on the surface of the immune cells [49, 68]. These PAMPs are 

recognized by corresponding TLRs and cause downstream signaling through MyD88 and 

activation of NFκβ. Consequently, inflammatory cytokines are produced by immune cells. 

TLRs and their ligands/ PAMPs from different pathogenic organisms are illustrated in figure 

3 and listed in the table 3 [69]. This convergence in the signaling mechanism underlies the 

similarity in the clinical sepsis presentation with severe infection due to different pathogens. 

 
 
 

1.4.1.2.2.1. cterial nucleic acids 
 

Bacterial DNA itself can reproduce septic shock in experimental animals by triggering 

immune cells to produce pro-inflammatory mediators [64, 65]. The nucleic acid of bacteria 

contains unmethylated CpG motifs that are not found in mammalian DNA.  The oligo- 

deoxynucleotides containing CpG motifs (ODN-CpG) are capable of activation of host 

defense mechanisms leading to innate and acquired immune responses [70, 71]. The ODN- 

CpG are short single-stranded DNA molecules that contain a cytosine triphosphate 

deoxynucleotide (C) linked by a phosphodiester bond (P) with a 

guanine triphosphate deoxynucleotide (G). The ODN-CpG motifs are reported to be 

recognized by the endosomally expressed pathogen recognition receptor (PRR), TLR9 [72]. 

Once the TLR9 is triggered, downstream signaling and the production of pro-inflammatory 

cytokines, interferons and chemokines is initiated. 
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1.5. Responses of the host 
 

A number of factors are involved in the pathogenesis of sepsis.  Untreated or 

inadequately treated severe sepsis leads to septic shock.  During the early stages of severe 

sepsis (i.e. sepsis with organ failure), the patient may experience confusion or decreased level 

of consciousness due to encephalopathy, respiratory failure and oliguria [73]. Coagulation 

abnormalities and liver dysfunction are observed in the later stages of severe sepsis [74]. 

Multi-organ dysfunction is driven in part by cardiovascular collapse and by excessive 

inflammatory stimulation. Organ dysfunction includes renal failure, acute respiratory distress 

syndrome (ARDS), hepatic failure, and disseminated intravascular coagulation (DIC) each of 

which can contribute to the death of the patient [75, 76]. With further progression, overt septic 

shock with cardiovascular collapse characterized by severe hypotension and metabolic 

acidosis may manifest. In septic shock, the severity and number of underlying co-morbidities 

and the total number of organs failed has high impact on morbidity and mortality of the 

patient [77]. 
 

Sepsis and septic shock manifest as a consequence of uncontrolled infection and an 

ultimately maladaptive response to the infection by the body’s immune system.  In normal 

infections, the body’s pro-inflammatory and anti-inflammatory responses work together to 

support the clearance of invasive pathogens while limiting excessive tissue damage.  The 

syndrome of sepsis in an individual represents a complex dynamic interaction between the 

host immune system and microbial virulence factors which can trigger maladaptive pro- 

inflammatory and anti-inflammatory responses in combination with a network of signaling. 

This may result in induction of apoptosis, activation of coagulation and stimulation of neuro- 

endocrine pathways [78, 79].  Inflammatory responses during sepsis are presented in figure 4. 
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The major inflammatory mediators in the pathogenesis of sepsis and septic shock are 

presented in table 4.  IL-1β and TNF-α cytokines are both considered particularly important. 

IL-1β and TNF-α are found to induce shock when administered in experimental animals [80, 

81]. These cytokines induce the production of adhesion receptors on endothelial cells, 

thereby facilitating the adhesion and migration of activated macrophages, neutrophils and 

platelets [82, 83]. These activated cells release prostaglandins and oxidants causing injury to 

the endothelial cells, resulting in vasodilation and plasma extravasations. Sepsis also causes 

increased production of inducible nitric oxide synthase (iNOS) in leukocytes, vascular 

endothelial and smooth muscles [84]. In leukocytes, phagocytic killing of pathogens is 

augmented.  In the vasculature, iNOS-mediated release of nitric oxide (NO) in excessive 

amounts causing vasodilation [85]. Further, NO-mediated alterations in the intracellular 

endothelial junction integrity lead to organ injury and generalized edema which may 

contribute to organ failure. 

 
 
 

1.5.1. Immune responses to infection 
 

The innate immune system is the first line of defense against invading pathogens, but 

also has a central role in the genesis of the septic response. The innate immune system 

comprises immune elements that are normally present and available to neutralize pathogens. 

Elements include intact mucosal/epithelial barriers, phagocytes including neutrophils, 

macrophages, dendritic cells, mast cells and eosinophils, natural killer cells and certain 

plasma proteins including opsonins, bacteriolysin, hemolysin and the complement system 

[86].  The adaptive immune system involves elements that are normally inactive but become 

active under appropriate stimulation when the innate immune response is inadequate. There 
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are two aspects of the adaptive immune system: humoral immunity involving antibody 

production by B lymphocytes and cell-mediated immunity involving T lymphocytes. Cell- 

mediated immunity involves various lymphocyte subgroups, including, in particular, 

cytotoxic and helper T-cells among other subgroups. T lymphocytes have a central role in the 

pathophysiology of sepsis. Given space limitations, the discussion that follows will focus 

aspects of the immune system that bear particular relevance to sepsis. 

 
 
 

1.5.1.1. Innate immune system 
 

Many immune cells, including macrophages and dendritic cells have specific receptors 

called the PRRs on their surfaces with which they recognize the invading pathogens [87]. 

PRRs are germ-line encoded, and each receptor has broad specificities for microorganisms. 

As mentioned earlier, PAMPs are often components of the microbial cell wall, such as 

lipopolysaccharide, peptidoglycan, lipoteichoic acids, β-glucan and lipoproteins.  Bacterial 

nucleic acids can also be recognized by these receptors [49, 88-90]. 

Detection of these structures by PRRs of the innate immune system can signal the 

presence of microorganisms. There are three important indicators of PAMP’s key role in 

microbial recognition by PRRs; first, they are invariant among different genera of microbes. 

Second, they are products that are unique to microorganisms, allowing discrimination 

between self and non-self molecules. Third, they have essential roles in microbial 

physiology. 

As mentioned earlier, toll-like receptors (TLRs) and CD14 are an important type of 

PRR and play a major role in defense against bacteria [49].  These receptors are present on the 

surface of various cells that play a vital role in the innate immune system.  There are different 
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types of TLRs and each of them has a specific function. Of the TLRs, TLR 2 and TLR 4 are 

of major importance as they bind to different bacterial surface structures such as LPS, 

peptidoglycan, lipopeptides and lipotechoic acid etc. [68, 91]. TLRs also bind to bacterial 

nucleic acid and bacterial DNA itself can induce a severe immune response in the host [64, 

65]. The nucleotide-binding oligomerization domain leucine-rich repeat proteins (NLRs) are 

a type of PRR found in cytoplasm. [90, 92]. 

Attachment of the PRRs to their specific ligands triggers the downstream signaling 

mechanisms through intracellular proteins that in turn trigger the production of pro- 

inflammatory endogenous mediators such as interleukin-1 (IL-1), IL-2, IL-6, IL-8, tumor 

necrosis factor-α (TNF-α), platelet activating factor (PAF), eicosanoids, nitric oxide (NO), 

oxygen free radicals, high mobility group protein B1 (HMGB1) and others [92, 93]. These 

molecules are known to have profound effects on the cardiovascular system, kidneys, lungs, 

liver, central nervous system, and the coagulation cascade and play a central role in the 

pathophysiology of sepsis and septic shock. 

 
 
 

1.5.1.2. Complement system 
 

The complement system is one of the arms of the innate immune system.  It plays a 

vital role in the elimination of bacteria, fungi, parasites and other pathogens  [94]. Many 

infection-causing organisms that enter the body are first attacked by the complement system. 

Complement factors are released as a part of the inflammatory process in response to 

infection.  In sepsis, elevated levels of anaphylatoxins, C3a and C5a are detected in the blood 

[95-97]. 
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There are three different pathways through which the complement is activated; 

classical, lectin and the alternate pathway. All these pathways converge at the central step of 

complement activation.  When any of the three pathways interact with the surface of 

microbial pathogens in the body, an enzyme called C3 convertase is generated.  This leads to 

cleavage of C3 covalently bound to the microbial surface into C3a and C3b. C3b is bound to 

the microbial surface, but C3a is released and is responsible for the inflammatory responses. 

C3b is an opsonin and is helpful in clearance of the microbial pathogen by the phagocytes. 

C3b also combines with the C3 convertase forming a multi-subunit enzyme, a C5 convertase. 

The C5 convertase cleaves C5 to form C5a and C5b.  C5a is highly active peptide with 

inflammatory properties and act as anaphylatoxin. C5b reacts with other components of 

complement pathway and forms a membrane attack complex on the surface of the microbe 

which creates pores on the microbial cell surface thereby causing bacterial cell lysis [97]. 

C3a and C5a that are generated after activation of the complement pathways induce 

chemotaxis in other immune cells as well as priming of the cell’s responses to a second 

stimulus [97-99]. The primary effect of activation of complement pathways is lysis of the 

microbial pathogen causing an infection.  But during sepsis, C5a is produced in excessive 

amounts that trigger a series of events leading to septic shock, respiratory distress syndrome, 

and multiorgan failure.  The excessively produced C5a is taken up by C5a receptors of 

neutrophils, macrophages/ monocytes.  Loss of responsiveness in these cells to both C5a and 

other stimuli is observed [100].  Solomkin et al reported that neutrophils from blood of sepsis 

patients lose their ability to respond chemotactically in vitro to C5a during the early phases of 

sepsis and to other chemotactic peptides as sepsis progresses [101]. Neutrophils exhibit 

substantial loss of H2O2 production that is necessary for effective bactericidal activity.  The 
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loss of responsiveness of neutrophils after contact with C5a is known as ‘desensitization’ or 

‘deactivation’[102]. 

An in vitro study on C5a receptors expressed by human PMNs suggests that these 

receptors are essential for modulation of the inflammatory response [103, 104]. C5a 

complement plays an important role in enhancing septic shock; anti-C5a receptor blockers may 

be a potential approach to manage the inflammatory response of septic shock. In vivo studies 

on the use of anti-C5a antibody were promising in sepsis models with i) attenuation of septic 

shock and pulmonary edema; ii) decreased IL6 activity in response to anti-C5a mAb; iii) 

attenuated coagulopathy, reduction in lymphoid cell apoptosis and improved survival rate with 

application/administration of neutralizing antibodies [104-107]. Further large multicenter 

clinical trials are required to ascertain the findings and develop appropriate treatment strategy. 

 
 
 

1.5.1.3. Coagulation 
 

In normal individuals, the coagulation cascade is highly controlled.  In inflammatory 

conditions such as sepsis, both pro-coagulant and anti-coagulant mechanisms are activated. 

Disseminated intravascular coagulation (DIC) is observed in about 25 – 50% septic shock 

patients [108]. Normally, three different anti-coagulant proteins play a major role in 

controlling the coagulation process.  They are anti-thrombin, tissue factor pathway inhibitor-1 

(TFPI-1) and activated protein C (APC). Anti-thrombin inhibits formation of thrombin. 

TFPI-1 is the main inhibitor of TF-factor VIIIa complex. In vascular endothelial cells, APC 

is formed from protein C due to binding of thrombin to thrombomodulin. APC formation in 

the vascular endothelium is amplified by the presence of the endothelial protein C receptor 

(EPCR) [108]. The main function of APC is to inactivate factor Va and VIIIa of the 
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coagulation cascade as well as decrease the synthesis of plasminogen activator inhibitor-1 

(PAI-1) and prevent fibrin clot formation. 

In sepsis, deposition of characteristic fibrin clots occurs through three main 

mechanisms; tissue factor (TF) mediated thrombin generation, dysfunctional physiological 

anticoagulant mechanisms, and impaired fibrin removal due to depression of the fibrinolytic 

system. TF is exposed on the surface of the endothelial cells as well as the circulating 

monocytes when stimulated by bacteria, LPS, and TNF-α. Exposed TF then binds to different 

coagulation factors (Va and VIIIa) and activates the conversion of prothrombin to thrombin 

[109]. This further converts fibrinogen to fibrin.  Fibrin binds to platelets and forms fibrin 

clots on the endothelial surface, causing microvascular obstruction leading to tissue hypoxia 

(e.g. digital ischemia) (figure 5). 
 

Many preclinical studies and multiple sepsis models have supported the anti-coagulant 

potency and anti-inflammatory properties of activated protein C [110]. The PROWESS phase 

III clinical trial reported that, recombinant human APC reduced 28 day severe sepsis 

mortality, but in subsequent PROWESS – SHOCK study, APC did not exhibit any benefit in 

septic shock patients [110, 111]. Subsequently, APC was withdrawn from the market. 

Despite this, the use of APC in treating septic shock patients is under debate and further 

investigation into new anticoagulant molecules is needed. 

 
 
 

1.5.1.4. Adaptive immune system 
 

Adaptive immunity has two components; humoral and cell-mediated. The primary 

effector of humoral and cell-mediated immunity are respectively, B-cells and T-cells. B-cells 
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are responsible for the production of antibodies against specific antigens. T-cells are involved 

in a broad range of cell-mediated responses including cytokine expression. 

Cell-mediated responses involving T-cells are central to the pathogenesis of sepsis. 

Two key types of T-cells are present in the body; CD4 T-cells (Th1 cells, Th2 cells, and Th17 

cells) and CD8 T-cells [112, 113]. During infection, macrophage-line cells in the affected 

tissues (primarily dendritic cells) capture pathogen antigens and migrate to lymph nodes. 

These antigen presenting cells deliver the antigen in conjunction with MHC class II complex 

to naïve T-cells.  CD4 T-helper cells (Th cells) recognize antigens presented and are 

stimulated to differentiate to Th1, Th2, Th17 and Regulatory T-cell (Treg) phenotypes. 

Th1 cell activation leads to cell-mediated immunity and generation of pro- 

inflammatory cytokines like IFN-γ, TNF-α, IL-2, IL-6, and IL-1β. These cytokines enter the 

systemic circulation causing activation of neutrophils and macrophages and other immune 

cells.  This further drives systemic inflammatory responses (i.e. SIRS) in the body.  Th2 cells 

produce IL-4, IL-10, and IL-13, and also support antibody-mediated immune responses.  IL- 

17, IL-21, IL-22, IL-26 are produced by Th17 cells.  These cytokines contribute to a 

neutrophil recruitment and activation and thereby target the extracellular bacteria. Along with 

interleukins, Th17 response results in the secretion of antimicrobial peptides that contribute to 

mucosal host defense [114].  CD8+ T-cells produce IFN-γ and TNF-α that destroy target cells 

by cytolysis and are the major effector cells against intracellular bacteria.  These CD8+ T- 

cells are activated by the antigens expressed on the infected cells and differentiate into 

cytolytic T-cells (CTLs) [115]. These cells secrete proteins that form pores on the infected 

cell membranes, leading to apoptosis of the infected cells. 
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In normal individuals, anti-inflammatory cytokines that impair the pro-inflammatory 

responses are produced to avoid collateral damage [116]. Usually, anti-inflammatory 

cytokine levels go down after normalization of pro-inflammatory cytokines.  In sepsis, 

however, anti-inflammatory cytokine levels remain elevated.  Immune cells become 

exhausted because of high levels of anti-inflammatory cytokines and the continuous presence 

of antigen. This leads to apoptosis of immune cells, such as CD4 T-cells, CD8 T-cells, B- 

cells, macrophages and neutrophils [112]. An increase in regulatory T-cells (Treg) cells along 

with altered macrophage activation and reduced production of pro-inflammatory cytokines are 

common [117, 118]. A shift from a Th1 cell response to a Th2 cell response is also observed. 

Surviving CD4 and CD8 T-cells either shift from the pro-inflammatory Th1 cell type to an 

anti-inflammatory Th2 cell phenotype or form an exhausted phenotype with reduced cytokine 

expression and increased expression of PD1 receptors [118-120]. Immunological 

irresponsiveness or ‘anergy’ is observed [118, 121, 122]. 

As a result, loss of antibody production, decreased antigen presentation and decreased 

macrophage activation are observed [122]. Because of ‘anergy’ the primary antigen is not 

cleared completely and secondary infections occur [123, 124]. Many patients with septic 

shock die of these late secondary infections [125]. The progress of immune dysfunction in 

sepsis is shown in figure 6. 

 
 
 

1.5.2.  Cardiovascular dysfunction: 
 

Kumar and Parrillo defined shock as a ‘state in which profound and widespread 

reduction of effective tissue perfusion leads first to reversible, and then if prolonged, to 

irreversible cellular injury’ [126]. Septic shock patients are characterized by substantial 
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hemodynamic abnormalities typically in combination with multiple organ dysfunction. 

Hemodynamic alterations include hypovolemia due to vasodilation and interstitial edema, 

myocardial dysfunction and a decreased vascular tone with marked hypotension [109, 127]. 

Clinical studies have suggested that microcirculatory alterations are frequent in sepsis and 

septic shock patients [120, 128]. 

Microcirculatory dysfunction and microvascular shunting down are mainly due to 

endothelial dysfunction with increased NO production due to the generation of an inducible 

NO synthase (iNOs) in endothelial and vascular smooth muscle cells [129]. Microvascular 

clotting may also occur.  Due to microcirculatory dysfunction, delivery of oxygen to some 

tissues can be impaired even while other areas receive unnecessary perfusion [130]. The 

presence of areas of tissue hypoxia, which are accompanied by areas of excessive and 

inappropriate perfusion, results in increased lactate generation (lactic acidosis), in spite of 

increased global systemic oxygen delivery with increased venous oxygen saturation. This 

clinical condition is defined as ‘cytopathic tissue hypoxia’. This is an oxygen delivery 

independent state which is associated with a high level of organ failure and mortality in 

patients [131]. 

 
 
 

1.6. Conceptualizing sepsis and septic shock: Implications for antimicrobial 

therapy 

In septic shock patients, the cardiovascular system collapses, causing a life-threatening 

drop in blood pressure.  The patients become vasopressor dependant despite adequate volume 

resuscitation. Even after the administration of vasopressors and restoration of normal macro- 

hemodynamic parameters, tissue perfusion is not normal. Treatment options are limited.  If 



20

 

 

the condition persists, death is inevitable and the mortality rate is high in these patients (> 

50%) [132].  Treating such patients in a timely manner is challenging for the intensive care 

physicians. 

 
 
 

1.6.1. Immunologic model 
 

The currently accepted immunologic model of the sepsis pathogenesis suggests that 

this disorder is present when SIRS caused by infection exists [13, 133]. This paradigm holds 

that the disorder is caused by an infection, which initiates an immunologic (inflammatory 

cytokine and eicosanoid) / coagulation cascade that propagates independently of the 

underlying infectious trigger [116]. This view of sepsis is shown in figure 7 [13]. The 

assumption from this model is that the causative pathogen is rapidly eliminated by 

antimicrobials, so that it is no longer central to the progression of sepsis.  Figure 7 indicates 

that the progression of the inflammatory phase of sepsis (and a counter-inflammatory, 

“immunoparalytic” phase of illness) will occur as a consequence of cellular signaling despite 

rapid pathogen elimination [116, 118]. In this model, septic states from sepsis to severe 

sepsis to septic shock are related disorders of increasing severity.  Septic shock, in particular, 

is considered an epiphenomenon to the underlying cellular injury induced by these mediators 

rather than a discrete clinical entity with a distinct pathogenesis and pathophysiology. 

Overwhelming meningococcemia with septic shock, a condition in which an exquisitely 

antimicrobial-sensitive organism can be quickly eliminated, but where massive tissue damage 

may still occur is the archetypal infectious syndrome that best fits this paradigm [134]. 
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1.6.2. Microbiologic paradigm 
 

A key deficiency of this immunologic model of sepsis is that most pathogens cannot 

be eliminated quickly despite current optimal therapy [135-139].  Autopsy studies of septic 

deaths show persistent infectious foci in as many as 90% of cases [137]. An older model of 

septic shock emphasizes the role of micro-organisms and active infection in the pathogenesis 

of septic shock.  In this model, the septic process begins with a nidus of infection (peritonitis, 

pneumonia, etc.)[138]. Within that focus, the organism replicates and, if untreated, the 

microbial infectious load increases over time [139]. Pathogens release a variety of exo- and 

endotoxins (toxic burden) that stimulate the production of endogenous mediators including 

inflammatory cytokines and eicosanoids (inflammatory response). The result is cellular 

dysfunction, which can be manifested as tissue injury and, ultimately organ dysfunction, 

including septic shock (cellular dysfunction/tissue injury) (figure 8). The core element of this 

view of sepsis is that the microbial infectious load drives downstream responses that result in 

septic shock. This paradigm suggests that elimination of the underlying infection should 

terminate the downstream inflammatory/coagulant basis for tissue injury and organ 

dysfunction. 

 
 
 

1.6.3. Integrating shock 
 

The microbiologic paradigm of septic shock has its own conceptual deficiency.  It 

overlooks the concept of ‘irreversible shock’ as developed by Carl J. Wiggers [140]. This 

concept holds that shock of any etiology, once established, becomes irreversible with an 

inevitable progression to death if the shock is not reversed in a limited period of time. 

Clinical and experimental studies have suggested that it is not sufficient to reverse the clinical 
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manifestations of shock (i.e. reverse hypotension with fluids and vasopressor agents, treat 

acidosis with bicarbonate infusion, support respiratory failure with mechanical ventilation) for 

survival.  Instead, the underlying source of shock must be addressed.  For example, in the 

context of hemorrhagic shock, bleeding must be stopped as quickly as possible [141]. In the 

case of a massive myocardial infarction causing cardiogenic shock, the closest correlate of 

survival is not the initiation of vasopressor support or provision of mechanical assist devices, 

but rather the speed with which revascularization is implemented [142]. 

Septic shock can be conceptualized using a similar framework.  In this view, the 

presence of shock drives organ failure and the underlying source of shock is the total 

infection-associated microbial load [138, 143, 144]. The speed that the pathogenic microbes 

are eliminated (or at least suppressed to a level below the threshold that causes shock) 

becomes the primary determinant of survival [138, 145]. Using this paradigm, an alternate 

model of septic shock that incorporates elements of the current immunologic model and 

previous microbiologic model with Wigger’s irreversible shock concept can be created 

(figure 9).  This model is similar to the microbiologic model with two major revisions.  First, 

it suggests that sufficient endogenous inflammatory stimulation through a greater microbial 

burden and a higher subsequent toxin load will lead patients past a threshold that results in 

septic shock (above the hatched line in figure 9).  Second, sustained shock thereafter will at 

some point lead to irreversible organ injury and inevitable death [138].  This threshold may be 

highly variable between individuals based on their age, cardiovascular reserve, and genetic 

factors. However, all septic patients proceed on a similar trajectory. 

This model suggests that the speed that the infectious load is reduced or eliminated, 

(so that the duration of time for the remaining live pathogens to cause shock is minimized) 
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irrespective of whether vasopressors are able to maintain blood pressure, is the key 

determinant of survival.  Based on the model, this approach should limit the risk that the 

indeterminate pathophysiologic point at which recovery is no longer possible (if septic shock 

persists) is passed [138]. 

Note that this principle will apply to any infectious condition where there is a time- 

dependent risk of irreversible and irreplaceable organ failure.  In the case of septic shock, 

persistence of shock causes failure of multiple organs simultaneously. While a single or even 

two organ failures can be addressed medically or surgically, failure of multiple organs 

simultaneously is not generally a survivable condition. Bacterial meningitis, where delay- 

dependent brain injury will be both irreversible and irreplaceable, is another condition that is 

similarly dependent on rapid antimicrobial therapy for survival [146]. 

Based on this conceptualization of septic shock, any therapy that accelerates pathogen 

clearance should improve outcome in septic shock.  Fortunately, many studies of 

antimicrobial therapies in septic shock have been performed.  Those that accelerate pathogen 

clearance have shown to be successful [138, 147, 148].  In contrast, it can be predicted that 

strategies (particularly non-resuscitative, immune modulator strategies) that do not involve 

accelerating pathogen clearance may be less useful. 

 
 
 

1.7. General treatment options for septic shock 
 

The universally accepted treatments for sepsis are fluid resuscitation, vasopressor use, 

initiation of broad-spectrum antimicrobials, and source control as recommended by the 

International Surviving Sepsis Campaign Guidelines Committee 2012 [149]. 
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1.7.1. Resuscitative strategies 
 

There is some data suggesting that basic resuscitative strategies with early aggressive 

fluid resuscitation may be useful.  The River’s study of goal-directed fluid resuscitation with 

transfusion and dobutamine support to maintain a central venous oxygen saturation of >70% 

was considered a landmark when it was published in 2001 [150]. Patients in the experimental 

arm (who had a central venous oxygen monitoring catheter) received about 1.5 L more fluid 

resuscitation in the first 6 hours after presentation to the emergency room with septic shock 

than did those with a similar catheter not equipped to measure central venous oxygen 

saturation.  However, several more recent, much larger randomized trials have failed to 

reproduce those results [151, 152]. 

 
 
 

1.7.2. Antitoxins and immune modulation 
 

Based on the immunological model of sepsis and septic shock, many clinical trials 

have been performed to test novel immunomodulatory therapies.  In the early 1980’s, it was 

thought that the neutralization of the primary Gram-negative toxin (i.e. endotoxin/ 

lipopolysaccharide) which is common to all such organisms may help in improving the 

mortality rate in sepsis and septic shock.  Initial clinical trials using E5 and human 

monoclonal antibodies (HA1A) against lipopolysaccharides exhibited improvement in 

mortality in the group of patients with proven Gram negative sepsis [153, 154]. These studies 

were performed in a small cohort of patients, but a major study involving 530 patients by 

Bone et al indicated that there was no survival advantage with monoclonal antibody treatment 

[155].  In another large clinical trial by Mc Closkey et al [156], HA1A that binds to lipid A of 

endotoxin was studied in a randomized double-blinded, placebo controlled study.  HA1A 
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antibodies were not effective in reducing the mortality in Gram negative septic shock. Other 

studies of severe sepsis have been performed using signal inhibitors of toll-like receptor 4 

(TLR 4) present on the surface of immune cells [157]. As noted previously, TLR4 binding of 

LPS from Gram negative bacteria is central to inflammatory responses to Gram negative 

infections.  Inhibition of signaling can limit pro-inflammatory cytokine release and related 

responses.  This study also indicated that there was no difference in mortality in treated and 

placebo control groups in severe sepsis. 

In 1990’s, steroids were thought to be effective in the treatment of sepsis as they 

inhibit the pro-inflammatory cytokines such as TNF-α, IL-1, IL-2, IL-6 and INF-γ, 

chemokines, eicosanoids and bradykinins. Steroids also elevate anti-inflammatory responses 

and induce expression of adrenergic receptors in the vascular smooth muscle cells, which are 

otherwise down-regulated in septic shock patients [158-160]. Clinical trials using high doses 

of steroids in sepsis and septic shock have demonstrated no benefit compared to controls 

[161, 162]. However, harmful secondary infections of the patients with increased mortality 

were reported in these patients [163]. The surviving sepsis guidelines recommend using 

steroids in patients with vasopressor refractory shock only [149]. 

The only novel therapy licensed for sepsis was drotrecogin-alfa (activated).  This 

product, a form of activated protein C, is thought to have both anticoagulant and immune- 

modulatory activity.  Following initial regulatory approval in the last decade, further studies 

after the initial pivotal successful trial failed to demonstrate efficacy and the drug was 

removed from the market [164]. 

Many other experimental therapies including inhibitors of the coagulation cascade, 

antibodies against TNF-α, anti-endotoxin antibodies, statins, immune-stimulants and others 
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have been assessed for severe sepsis and/or septic shock and have shown no significant 

benefit in survival [165, 166].  To date, the knowledge gained from animal research and 

clinical trials has been useful in defining the pathophysiology of sepsis and septic shock 

conditions, but has not achieved the goal of developing a novel universal treatment option for 

severe sepsis and septic shock.  For the most part, only antimicrobial therapy has consistently 

been shown to improve the outcome in septic shock [166-168]. 

 
 
1.7.3. Antimicrobial therapy of sepsis and septic shock 
 

According to our composite model of septic shock pathogenesis, accelerated clearance 

of pathogens should have a significant favorable impact on survival [138]. However, the 

same model also suggests that such a favorable impact may be substantially less apparent or 

absent in sepsis without shock because of the lack of a delay-dependent risk of irreversible 

and irreplaceable organ injury. There are several strategies that can be used to accelerate 

pathogen clearance (table 5). The fundamental impact of all these antimicrobial optimization 

strategies is to maximize bactericidal activity. 

 
 
 

1.7.3.1. Appropriate antimicrobial therapy 
 

If the appropriate empiric antimicrobials are used, accelerated elimination of bacteria 

is facilitated, favorably influencing survival in septic shock patients.  Once bacteria are 

eliminated, adverse cellular responses, such as maladaptive cytokine and coagulation cascades 

should eventually decline preventing the patient from entering into irreversible shock (figure 

10). 
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As substantially increased mortality rates are associated with inappropriate 

antimicrobial therapy, it is important for the clinicians to understand the patient’s clinical 

presentation and comorbidities as these will help define the range of probable etiologic 

pathogens (figure 11). The patient’s anatomic site of infection, immune status, other risk 

factors, probable etiologic organism causing infection and resistance pattern of those 

organisms must be considered.  Usually, septic shock patients have significant co-morbidities 

and are at increased risk of infection [77, 169]. Superior empirical therapy can be achieved 

by considering local and unit specific antibiograms or consulting the infectious disease 

specialists in the unit [170, 171]. Some studies suggest improved outcome with such an 

approach [172]. All these details will assist in choosing appropriate empiric antibacterial 

therapy. 

 
 
 

1.7.3.2. Early antimicrobial therapy 
 

Early administration of empiric antimicrobial agents that cover 100% of the probable 

infection causing pathogens can save the life of the septic shock patient [2].  In the emergency 

department, early initiation of antimicrobials along with other treatments of a ‘sepsis bundle’ 

was associated with improved outcome in patients with community-acquired septic shock 

[173].  Many other studies have also described the importance of early antimicrobial therapy 

on the improvement of outcome in sepsis and septic shock [174, 175]. 

 
 
 

1.7.3.2.1. Delay in antibiotic therapy 
 

The time delay in administering effective antibacterial therapy after the onset of 

hypotension is a surrogate for the increasing bacterial burden in the body and can have a 
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significant impact on the outcome.  This statement is supported by our murine septic shock 

model where the time of occurrence of septic shock is dependent on the bacterial load in the 

animal’s blood rather than the amount of bacteria used for the infection [145]. Many studies 

have reported the importance of time to antimicrobial therapy in relation to mortality risk in 

septic shock [2, 167, 176]. Accelerated clearance of the causative pathogen can be achieved 

by rapid administration of broad-spectrum, highly bactericidal antimicrobials.  Knudsen and 

colleagues demonstrated in their animal studies that the timing of antibacterial therapy is very 

important for the survival of animals with severe pneumonia [177]. Mortality was dependent 

on the time of penicillin dose after inoculation of the bacteria. Kumar and colleagues have 

demonstrated in a murine septic shock model using an E. coli strain that administering 

antibiotics at or before 12 hours after peritoneal implantation of organism yielded <20% 

mortality in animals [145]. When the antibiotic treatment was administered at or after 15 

hours of infection, mortality increased to 85-100%. 

Kumar and colleagues also retrospectively analyzed the data from 2731 septic shock 

patients and found that the delay to initial appropriate antimicrobial as the single strongest 

predictor of survival [167].  They demonstrated that the initiation of appropriate/effective 

antimicrobial therapy within the first hour after onset of hypotension due to septic shock was 

associated with 79.9% survival.  With every hour of delay to appropriate/effective 

antimicrobial initiation within the first 6 hours after onset of hypotension, there was a 7.6% 

drop in survival (figure 12). 

Many retrospective studies of sepsis, septic shock, surgical infections, infections after 

organ transplant, community-acquired and hospital-acquired pneumonia have reported 

delayed antimicrobial therapy as an important factor for mortality of these patients [178, 179]. 
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Therefore, most studies have suggested that utilizing appropriate, but delayed initial 

antimicrobial therapy for life-threatening infections leads to undesirable outcomes. 

 
 
 

1.7.3.3. Loading doses of antimicrobials 
 

The determination of the loading dose (LD) of antimicrobials in septic shock patients 

is very important.  The loading dose is determined by the volume of distribution (Vd) and 

required maximum/ peak concentration (Cmax) using the formula below; 

LD (mg/kg) = Vd (liter/kg) x Cmax (mg/L) 
 
Vd and Cmax are known to be altered in critically ill/ septic shock patients [180]. Changes 

such as increased permeability of microvascular endothelium leading to increased 

extracellular water in septic shock patients can alter the volume of distribution of hydrophilic 

antimicrobials (ex. aminoglycosides).  In these circumstances, larger amounts of hydrophilic 

antimicrobials will be required as a loading dose.  In contrast, a lipophilic antibiotic (ex. 

ciprofloxacin) has a greater affinity for adipose tissue. An obese patient may require a higher 

than predicted dose of lipophilic antibiotic as a loading dose [181].  Since the total content of 

body lipids does not change quickly, loading dose alteration with acute critical illness is rarely 

required. 

The other crucial factor in determining the loading dose is the maximum concentration 

(Cmax) to be achieved in the serum. This depends on the activity of the antimicrobial and the 

(minimum inhibitory concentration) MIC of the pathogen causing sepsis. The Cmax is 

predicted using pharmacokinetic principles, but renal function plays no role in calculation 

Cmax or LD [182]. 
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During empiric therapy, the pathogen causing sepsis and its susceptibility may not be 

known, but the ICUs will have the data regarding common local pathogens and their 

resistance patterns from their previous sepsis cases. For concentration-dependent 

antimicrobials, high loading doses are required for a maximum bactericidal effect. Moore et 

al have reported a lower mortality rate with a high loading dose of aminoglycoside antibiotics 

[183]. With time-dependent antimicrobials, the LD may not be important for achieving 

adequate bactericidal effect.  However, a larger LD may be administered to ensure good tissue 

penetration [182]. The use of loading doses is common for some antimicrobials used in life- 

threatening infections [184].  However, the risk of toxic side effects should be taken into 

consideration while treating patients who are already unwell with critical illness. 

 
 
 

1.8. Antimicrobial Potency: 
 
1.8.1. Bactericidal and bacteriostatic antimicrobials 
 

Accelerated clearance of pathogens is the key to the positive outcome in severe 

infections as well as septic shock. Antibiotics and antifungals are classified as cidal and static 

basing upon their ability to kill and/ or inhibit the growth of the pathogen with time. By 

definition, bactericidal antibiotics eliminate the bacteria substantially more quickly than 

bacteriostatic antibiotics.  Lepper et al have described the importance of using bactericidal 

antibiotics in treating meningitis [185]. Meningitis is a condition that is similar to septic 

shock where the speed of clearance of bacteria is associated with survival of patients.  In this 

study, using a bacteriostatic agent such as tetracycline with a β-lactam in treating 

pneumococcal meningitis resulted in a lowered survival compared to β-lactams alone. This 

inferior outcome was thought to be due to antagonism of β-lactam driven bacterial clearance 
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by tetracycline.  Lower clinical response rates in serious infections have been reported with 

bacteriostatic vs bactericidal agents presumably because of inferior bacterial clearance.  For 

example, a meta-analysis of tigecycline non-inferiority trials of serious infections has shown 

higher mortality in the treatment arm indicating the failure of tigecycline to clear pathogens 

[186, 187]. With bacterial osteomyelitis and endocarditis, using highly bactericidal antibiotics 

are reported to be associated with greater cure rates [188]. There is also evidence to suggest 

that bactericidal therapies yield better outcomes than static in treatment of invasive 

candidiasis [189].   Overall, the available evidence suggests that cidal therapy is superior 

compared to the static therapy specifically in life-threatening bacterial and fungal infections 

(figure 13). 

 
 
 

1.8.2 Combination therapy 
 

Monotherapy with beta-lactam antibiotics is often sufficient to eradicate the infection 

causing bacteria in serious infections. However, combination therapy using two different 

classes of antibiotics can also generate a synergistic or an additive effect leading to faster 

elimination of pathogens and a decreased mortality in septic shock [190, 191]. A synergistic 

effect is reported in β-lactams and aminoglycoside antibiotic combination therapy [192, 193]. 

Recently, a similar effect was reported in β-lactam and fluoroquinolones for Gram negative 

bacteria [194]. Studies have reported improvement in survival after combination therapy in 

severe, life-threatening infections, particularly with severe sepsis [195, 196]. 

Empiric combination therapy should not be administered for more than 3 to 5 days 

[149]. Once the causative pathogen is identified or clinical stability improves, the empirical 

therapy and / or combination therapy can be narrowed down to a single antibiotic to which 
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organism is susceptible [138]. Such de-escalation is associated with improved survival and 

also limits development of resistance in the pathogens [197, 198]. 

In addition, with the emergence of resistant bacterial strains such as carbapenemase- 

producing Enterobacteriaceae and other multi-drug resistant strains of Pseudomonas spp and 

Acinetobacter spp., where, beta-lactam monotherapy cannot be used, definitive combination 

therapy may be necessary, as alternative antibiotics alone are often insufficient for treatment 

of severe infections. At present, resistance to carbapenems and other beta-lactams is 

increasing [199, 200].  New antibiotics that are active against these resistant strains are not 

available. Exploration of the potential of combination therapy may be advantageous in 

treating infections due to resistant strains. 

 
 
 

1.9. Pharmacokinetics and pharmacodynamics of antibiotics 
 
1.9.1. Pharmacokinetics 
 

The study of absorption, distribution, metabolism and elimination of a drug in the 

body of an individual describes the pK of an antibiotic or any other drug [201]. Beyond the 

issues already discussed, an alternate approach to augmentation of pathogen clearance is to 

utilize dosing strategies that optimize bacterial killing, i.e. optimizing drug pharmacokinetics. 

There is a gap in the knowledge of pharmacokinetics in patients with severe sepsis and septic 

shock. 

 
 
 

1.9.2. Pharmacodynamic parameters 
 

Pharmacodynamics describes the relationship of antimicrobial concentration 
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to pharmacologic effect, i.e. bacteriostatic or bactericidal effect on the microbial pathogens. 

Antimicrobial drugs can be classed as being dominantly time-dependent or concentration- 

dependent in their effect.  The three main pharmacodynamic parameters that drive the 

efficacy of antimicrobials are 1) peak concentration maximum (Cmax) of free drug to MIC 

ratio (f Cmax /MIC), 2) the 24 h free drug area under the concentration curve (fAUC) to MIC 

ratio (fAUC24/MIC)  and 3) the time the free drug concentration remains above the MIC 

(%fT>MIC) [201].  f Cmax / MIC parameter is used to describe concentration-dependent 

antimicrobial efficacy, whereas %T>MIC describes the antimicrobial efficacy of time- 

dependent drugs. fAUC/MIC is relevant to both concentration-dependent and time-dependent 

antibiotics. Antimicrobial free drug concentration is the primary parameter associated with 

drug efficacy. 

 
 
 

1.9.2.1. Time-dependent antimicrobial efficacy 
 

Time-dependent antimicrobials exhibit an optimal bactericidal effect when drug 

concentrations are maintained above the MIC for the entire dosing interval (i.e. 100% 

T>MIC). Typically, antibiotic concentrations maintained above the MIC for > 40 – 50% of 

the dosing interval are sufficient to clear moderately severe bacterial infections in 

immunocompetent animals and patients [202, 203]. With these antimicrobials, higher 

concentrations do not result in a greater kill of organisms. Antibiotics such as beta-lactams, 

carbapenems, oxazolidinones, and tetracyclines exhibit %T> MIC as the pharmacodynamic 

parameter that describes the antibacterial activity [202-205]. 

Several comparative studies have shown superior clinical cure rates in serious 

infections with higher T>MIC [206-208].  In one randomized clinical trial with meropenem in 
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critically ill patients, continuous infusion of meropenem (which yields higher T>MIC) was 

superior in achieving microbiologic cure compared to standard intermittent doses [209]. 

 
 
 

1.9.2.2. Concentration-dependent elimination of bacteria 
 

In a condition like septic shock, faster bacterial clearance plays an important role in 

the survival of the patient.  Broad spectrum antimicrobials are recommended within 1 h of 

recognition of septic shock [149]. Even though time-dependent antibiotics are effective, 

concentration-dependent antibiotics may also be very useful in patients with difficult-to-treat 

multidrug-resistant bacterial infections, such as Pseudomonas spp and Acinetobacter spp, as 

well as for patients with severe infections associated with respiratory failure and septic shock. 

Extended spectrum beta-lactams and either a fluoroquinolones or an aminoglycoside are often 

used as a combination therapy, in these patients [210, 211]. 

Concentration-dependent antibiotics exhibit increasing bactericidal activity with 

increasing drug concentration. The efficacy of these antibiotics is determined by their Cmax 

and AUC in relation to MIC.  Fluoroquinolones and aminoglycosides are concentration- 

dependent in their antimicrobial efficacy [183, 202, 203, 212]. Fluoroquinolones and 

aminoglycosides exhibit AUC24/MIC and Cmax /MIC as the primary parameters associated 

with efficacy. 

 
 
 

1.9.2.2.1. Fluoroquinolones 
 

One study has predicted a cure rate ≥ 90% against Pseudomonas bacteremia by using 

aminoglycosides and/or ciprofloxacin at Cmax (peak) /MIC value of at least 8 and an 

AUC24/MIC value of > 123 (total drug) [213]. Aggressive dosing with targeted peak/MIC for 
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aminoglycosides and ciprofloxacin were strongly associated with the clinical outcome.  In 

another study, higher AUC24/MIC ciprofloxacin values were associated with better clinical 

outcome in Enterobacteriaceae bloodstream infections [214]. In this study, bacterial 

eradication was faster when the AUC24/MIC value was > 250 compared to AUC24/MIC ≥ 

125. However, no clinical data is available with fluoroquinolones regarding the relation 

between their pharmacokinetic (PK) indices and mortality in sepsis or septic shock. 

Unfortunately, an inadequate plasma concentration of fluoroquinolones after dosing in 

critically ill and septic shock patients is not uncommon [215]. 

Toxicity and antimicrobial efficacy of fluoroquinolones are both associated with peak 

(Cmax) concentrations.  This is a major issue with respect to optimization of antimicrobial 

efficacy. The available literature suggests that fluoroquinolone toxicity is associated with 

specific chemical moieties present [216]. The most common fluoroquinolones related adverse 

effects are mild nausea and diarrhea, headache and dizziness. Some of the severe toxic effects 

are arthropathy, QTc interval prolongation, seizures, dysglycemia and phototoxicity, hepatitis 

and hemolytic anemia [217-219]. Severe toxic manifestations can be fatal. 

 
 
 

1.9.2.2.2. Aminoglycosides 
 

Aminoglycosides exert concentration-dependent killing over a wide range of 
 
aerobic bacterial strains [183, 220]. Aminoglycosides have a high degree of activity for both 

Gram negative and Gram positive bacteria [221]. However, these antibiotics have a narrow 

therapeutic window and usage is limited due to sub-acute/chronic nephro- and oto-vestibular 

toxicity [222-225]. With the increased availability of other classes of antimicrobial agents 

(fluoroquinolones, beta-lactams), aminoglycosides have not been considered as primary 
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therapy in the past except for serious systemic infections where other antibiotics were 

ineffective or in situations where synergistic combinations were required [226].  In recent 

years, with the increase in the prevalence of resistance to carbapenems, fluoroquinolones, 

beta-lactams and beta-lactamase inhibitor combinations, clinicians have started to use 

aminoglycosides with greater frequency. 

 
 
 

1.9.2.2.2.1. Aminoglycoside pharmacology 
 

Aminoglycosides are antibacterial compounds that comprise of an aminocyclitol ring 

combined with amino-modified sugars [227, 228]. Aminoglycosides have a well-defined 

pharmacokinetic profile.  They are not absorbed in the intestinal tract; hence they must be 

administered by intravenous (IV) route. They can also be administered by the intramuscular 

route (IM) if necessary, but this approach is relatively uncommon. A large fraction of 

administered aminoglycosides are excreted unchanged through urine. The first developed 

aminoglycoside molecule, streptomycin, was discovered in 1943 from Streptomyces griseus 

by Albert Schatz, a graduate student working with Dr. Selman Waksman at Rutgers 

University [229].  Streptomycin was found to be highly active against various bacterial strains 

including Mycobacterium spp. After the discovery of streptomycin, a new generation of 

antimicrobials evolved and many other aminoglycoside antibiotics, including neomycin, 

kanamycin, paromomycin, gentamicin, and tobramycin were developed from different 

Streptomyces species [228]. 
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1.9.2.2.2.2. Mode of Action 
 

Aminoglycosides bind to the negatively charged lipopolysaccharides on the cell wall 

of bacteria. From there, they enter the periplasmic space through the outer membrane porins 

by passive diffusion. Uptake of aminoglycosides from the periplasmic space is an energy- 

dependent process (EDP) (O2 dependent, electron transport system). Once the 

aminoglycoside antibiotics enter the cytoplasm, they bind to the 30S ribosomal subunit by 

another EDP [228, 230]. 

Aminoglycosides bind irreversibly to 16S rRNA (ribonucleic acid) of the 30S 

ribosomal subunit and prevent translation of proteins or induce false proof readings leading to 

the formation of aberrant proteins [231, 232]. Aberrant proteins may be inserted into the cell 

membrane, leading to altered permeability of the bacterial cell. This causes accumulation of 

aminoglycosides at higher concentrations in the cell cytoplasm and further reduction in 

protein synthesis. 

Inhibition of protein synthesis alone does not confer bactericidal activity.  After 

entering the bacterial cells, aminoglycosides also competitively displace magnesium ions 

from lipopolysaccharide bridges on the cell wall. These ions are important for bacterial cells 

to maintain cell wall integrity [233]. Magnesium ion displacement results in weakened cell 

wall integrity and leaking of cytoplasmic content into the exterior resulting in bacterial death. 

Aminoglycosides rely on oxygen dependent mechanisms to exhibit bactericidal activity [234- 

236]. These energy dependent processes are absent in the anaerobic bacteria. Hence, 

aminoglycosides have no effect on anaerobic bacteria or facultative anaerobic bacteria under 

anaerobic conditions [237]. 
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1.9.2.2.2.3. rapeutic use of aminoglycosides 
 

Aminoglycosides are useful primarily in infections involving Gram- 
 
negative bacteria, such as Pseudomonas spp., E. coli, Acinetobacter spp., Enterobacter spp 

and some Mycobacteria spp. [237]. The most frequent use of aminoglycosides is empiric 

therapy for serious Gram negative infections such as bacteremia, complicated intra-abdominal 

infections, complicated urinary tract infections, and nosocomial respiratory tract infections. 

They also have secondary utility for some aerobic Gram positive organisms.  Infections 

caused by Gram positive bacteria can also be treated with aminoglycosides, but usually in 

conjunction with beta-lactams or vancomycin. Presumably, inhibitors of cell wall synthesis 

like β-lactams or vancomycin lead to increased bacterial permeability and enhanced uptake of 

the aminoglycosides.  Arbekacin is comparatively new aminoglycoside antibiotic that has 

anti-MRSA activity along with its activity against Gram negative bacterial strains [238]. 

Hwang et al has recently reported the usefulness of arbekacin as an alternative to vancomycin 

in MRSA treatment [239]. The same group conducted a retrospective observational study and 

reported arbekacin as a safe alternative to vancomycin in the treatment of MRSA skin and soft 

tissue infections [240]. The small number of subjects was a limitation in this study. Common 

clinical uses of aminoglycoside antibiotics are tabulated in table 6. 

Amikacin has the broadest and most potent antibacterial activity of available 

aminoglycosides. The structure of amikacin is different from the rest of the drug class. This 

difference helps amikacin evade the inactivating enzymes in otherwise aminoglycoside 

resistant strains.  Amikacin is preferred in treating serious infections due to resistant Gram 

negative bacterial strains [241, 242]. Effective use of gentamicin and other commonly 

available aminoglycosides like netilmicin for treatment is completely dependent on the 
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sensitivity pattern of the bacterial strains in that specific hospital setting [243].  Tobramycin 

with enhanced activity for Pseudomonas spp is often used for treatment of those infections 

[244, 245]. 

 
 
 

1.9.2.2.2.4. Advantages and disadvantages of aminoglycoside antibiotics 
 

There are advantages and disadvantages of aminoglycoside use; 
 
a) Advantages 
 

‐ Chemically stable, hydrophilic, easily soluble in water 
 

‐ Demonstrate concentration-dependent killing of bacteria. 
 

‐ Highly active against Gram negative bacilli 
 

‐ Can be used in combination with other antibiotics for treatment of Gram positive 

bacteria. 

‐ Active against Francisella spp (Tularemia), Yersinia spp (Plague), Brucella spp and 
 

Mycobacterium spp. 
 

‐ Eliminated through the kidneys (90%, unchanged form) with minimal drug-related 

hepatic metabolism and toxicity. 

 
 
 

b) Disadvantages 
 

‐ No gastric absorption; must be administered intravenously or intramuscularly 
 

‐ No activity against anaerobic bacteria or facultative anaerobes in anaerobic 

environment 

‐ Significant toxicity issues (nephrotoxicity, ototoxicity and neuromuscular weakness) 
 

‐ Complicated dosing in critically ill due to altered pharmacokinetics 
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‐  Occurrence of transient, reversible adaptive resistance in bacteria usually within 8 to 

16 hours after drug administration due to decreased drug uptake by the organisms by 

down-regulation of the enzymes that are responsible for energy-dependent uptake of 

aminoglycosides [246, 247]; clinical significance of this effect is uncertain 

 
 
 

1.9.3. In vitro and in vivo pharmacodynamics 
 

The ability of aminoglycoside antibiotics to clear pathogenic bacteria has been 

evaluated in in vitro and in vivo pharmacodynamic models.  These studies have confirmed the 

potent concentration-dependent bactericidal activity of aminoglycosides.  Craig et al have 

described the efficacy of amikacin in mouse thigh and lung infection models [248]. In their 

studies, uranyl nitrate was used to induce transient impairment of renal function to study the 

in vivo pharmacodynamics properties of amikacin under pharmacokinetic conditions (i.e. 

more limited renal clearance) similar to that of humans. Amikacin was found to exhibit 

concentration-dependent killing and produced prolonged in vivo post-antibiotic effect (PAE) 

similar to other aminoglycosides. A key finding in their many studies was that 

aminoglycosides exhibit concentration-dependent killing both in vivo and in vitro [183, 202, 

248]  Gudmundsson et al reported from their in vivo studies in mice that beta- 

lactam/aminoglycoside combinations produced a prolonged post antibiotic effect against 

Staphylococcus aureus and Pseudomonas aeruginosa [249]. Tsuji et al reported from their 

studies that single high dose of gentamicin in combination with daptomycin or vancomycin 

was useful in maximizing synergistic and bactericidal activity and may minimize toxicity 

[250]. Many publications have described various dosing strategies and their significance in 

treating different infections. 
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1.9.4. Conventional (multiple daily) dosing 
 

Historically, aminoglycosides were dosed at 1–1.5 mg/kg every 8 or 12 hours 

(gentamicin) [202, 203, 221, 251]. Standard dosing of aminoglycosides involved intravenous 

administration, approximately 1.3 mg/kg every 8 hours (assuming normal renal function) of 

gentamicin/tobramycin/netilmicin [221, 252]. Maximum concentration in serum is achieved 

immediately following a standard 30 minute intravenous infusion. The protein binding of 

aminoglycosides is < 30% and elimination half-life (T ½) is 3 – 3.5 h in infants and 1.5 – 3 h 

in adults, but 36 – 70 h in end-stage renal disease patients [221, 253, 254]. 

For the effective treatment and successful outcome with gentamicin and tobramycin, 

the Cmax: MIC ratio is expected to be 8 – 10 µg/ml for effectiveness and the trough 

concentration should be ≤ 2 µg/ml to limit toxicity [183, 212]. The standard multiple daily 

dose regimens could generally produce acceptable serum concentrations with sensitive 

organisms in healthy subjects.  One notable disadvantage is that the trough concentrations 

may be elevated for prolonged periods leading to nephrotoxicity particularly in elderly and 

chronically ill patients [255, 256]. 

 
 
 

1.9.5. Once-daily dosing 
 

Physicians have begun to take advantage of the unique pharmacodynamics properties 

of aminoglycosides (i.e. concentration-dependent killing and dominant trough related renal 

toxicity) by moving to once-daily dosing (e.g. 5 - 7 mg/kg gentamicin equivalent). This 

approach also has the advantage of ensuring early therapeutic drug concentrations in critically 

ill patients. With this strategy, the entire daily dose is given in a single dose rather than 

divided into 8 hours dosing intervals (1-1.5 mg/kg X 3 doses gentamicin) [252]. This 
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approach appears to yield at least equivalent and perhaps higher efficacy with some evidence 

of decreased renal toxicity [202, 203, 212, 257, 258]. Achievement of a Cmax /MIC ratio of ≥ 

10 μg/ml is associated with a shorter time to clinical response and greater clinical cure rate 

[183, 212]. Achievement of this target can be problematic with standard dosing but can be 

much more reliably attained with once-daily dosing even for relatively resistant pathogens. 

Blaser et al have reported the superiority of once-daily netilmicin over continuous 

infusion and conventional (three times a day) dosing with faster killing of E. coli, K. 

pneumoniae and S. aureus in an in vitro pharmacodynamic model [259]. Kapusnik et al have 

described the superior bactericidal activity of single, large daily doses of tobramycin against 

Pseudomonas in an in vitro time kill model as well as in and in vivo lung infection model 

[245].  Nicolau et al reported once-daily gentamicin at 7 mg/ kg/ day dose by the intravenous 

route to be clinically effective with reduced incidence of nephrotoxicity in a clinical study 

involving 2,184 adult patients [260]. This dosing regimen was a cost-effective method for 

administration of aminoglycosides. Heininger et al concluded from their small clinical trial in 

26 cystic fibrosis patients with Pseudomonas infection that, a single daily dose of 

aminoglycoside was as efficacious as conventional triple daily dose therapy with similar 

toxicity [261]. Prins et al after conducting a randomized controlled trial in 123 patients with 

serious bacterial infections concluded that once-daily aminoglycoside therapy was as effective 

as three times a day therapy but was advantageous because of decreased nephrotoxicity [262]. 

Carapetis et al conducted a randomized, controlled trial in children from 1 month to 12 years 

old with urinary tract infections and concluded that once a day dosing of gentamicin was safe 

and effective in treating the pediatric population [263].  Abdel-Bari et al from their clinical 
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trial in critically ill patients reported that once a day dosing of aminoglycosides was preferred 

over individualized multiple daily dosing [264]. 

Several meta-analyses have assessed the relative efficacy and toxicity of once versus 

3X daily dosing of aminoglycosides.  For the most part, these meta-analyses suggest 

improved clinical or bacteriologic efficacy with an inconsistent trend towards decreased 

toxicity [265, 266]. 

Doses beyond 7 mg/kg/q24 h (gentamicin equivalent) have not been evaluated, in part 

due to acute and chronic toxicity concerns. 

 
 
 

1.9.6. Altered kinetics of aminoglycosides in septic and critically ill patients 
 

In sepsis and septic shock, various pathophysiological changes occur, leading to 

alteration in the pharmacokinetics of the aminoglycosides as well as other drugs (figure 14). 

At the initial stages of sepsis there is an increase in the cardiac output causing increased 

clearance of aminoglycosides [180, 267]. In many forms of acute critical illness including 

sepsis, septic shock and burn wound infections, the volume of distribution (Vd) of 

aminoglycosides is markedly increased causing lower peak concentrations of the drug [268- 

272].  Increased Vd may be due to aggressive fluid resuscitation (often on the order of 30- 

50% of extracellular water volume) with associated interstitial edema in critically ill patients. 

This leads to the low overall plasma concentration of administered aminoglycosides and other 

water soluble antibiotics. 

Given this increased Vd, standard, multiple daily dosing often results in sub- 

therapeutic initial serum levels, resulting in poor clinical responses from the very patients in 

whom effective therapy is most required [256, 269, 273-275]. In addition, suboptimal 
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aminoglycoside concentrations can also select for resistance in pathogenic bacterial strains 

[276]. On the other hand, multi-organ dysfunction is commonly observed in severe sepsis 

and, particularly, septic shock.  Hepatic and renal clearance of antimicrobials and other drugs 

can decrease considerably.  This may cause higher plasma concentrations than expected and 

can lead to significant toxicity, especially later in the course of illness when overt organ 

failure has manifested. 

Critically ill patients with sepsis and septic shock typically also have lowered serum 

albumin levels [277, 278]. However, given the low protein binding of aminoglycosides, 

hypoalbuminemia in sepsis and septic shock has only a modest effect on the aminoglycoside 

pharmacokinetics [279]. 

 
 
 

1.10. Toxicity associated with aminoglycosides 
 

Aminoglycosides are well known to be associated with sub-acute oto-vestibular toxicity 

and nephrotoxicity [223, 280].  These toxicities are typically observed when larger doses of 

aminoglycosides are administered for prolonged periods or usual doses are given to patients 

with underlying renal disease [281]. A relatively underappreciated toxicity associated with 

high Cmax is neuromuscular weakness [282, 283]. 

 
 
 

1.10.1. Oto-vestibular toxicity 
 

Aminoglycoside antibiotics may cause oto-vestibular toxicity when used for prolonged 

periods. Different aminoglycosides appear to carry varying propensities to different forms of 

toxicity. Gentamicin and tobramycin are more prone to induce vestibular toxicity, whereas 

amikacin, neomycin, and kanamycin tend to result in more oto- (cochlear)  toxicity [284]. 
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1.10.1.1. Inner ear 
 

A basic understanding of the inner ear and structures responsible for hearing and 

balance is useful in appreciating the basis of aminoglycoside-induced oto-vestibular toxicity. 

The inner ear comprises of membranous compartments and fluids enclosed in a bony shell. 

Within the temporal bone, just beyond the middle ear, small structures called the cochlea, 

semicircular canals and the vestibule are present.  All these structures together form the 

labyrinth. The cochlea holds the receptors for hearing. The vestibule along with the 

semicircular canals harbors receptors for balance and equilibrium. 

 
 
 

1.10.1.1.1. Cochlea: 
 

The cochlea is a shell shaped structure resembling the shell of a snail. Membranes 

divide the cochlea into compartments called the basilar membrane and the Reissner’s 

membrane. These compartments have the perilymph and endolymph [285]. The cochlea also 

harbors the auditory receptors called hair cells. These are of two types; outer hair cells and 

inner hair cells based on their alignment in the cochlea. The cochlea converts sound energy 

(mechanical) into electrical impulses that can be recognized by the brain via impulses from 

the hair cells. Problems in the basilar membrane or in the hair cells lead to hearing problems 

[286]. 

 
 
 

1.10.1.1.2. Vestibule: 
 

The vestibule lies in between the cochlea and the semicircular canals in the ear. 
 
Within the vestibule are structures called the ‘utricle’ and ‘saccule’. These structures contain 

sensory hair cells in them and are responsible for sensing linear acceleration and balance. The 
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sensory cells in the vestibule sense the movements of the head and they send the impulses to 

the brain through the vestibulocochlear nerve. Vestibular injury can lead to balance problems 

[287-290]. 

 
 
 

1.10.1.2. Molecular mechanism of ototoxicity 

1.10.1.2.1. Cochlear (auditory) toxicity: 

After prolonged systemic exposure, aminoglycosides accumulate in the outer and eventually 

the inner hair cells that are present at the base of the cochlea.  Outer hair cell death occurs 

first; later, the inner hair cells follow.  The dead hair cells do not regenerate spontaneously. 

Aminoglycosides accumulate in the organ of corti [291] as well as stria vascularis (comprise 

of capillaries and blood vessels that help in the production of endolymph for the cochlea) 

[292, 293]. Aminoglycosides are reported to induce morphological/structural changes in the 

stria vascularis region with associated hair cell loss [294, 295]. Kanamycin and streptomycin 

are found in the spiral ganglion after systemic administration in animals, not necessarily 

exceeding serum concentration [296, 297]. 

Aminoglycoside-induced ototoxicity appears to be mediated by mitochondrial 
 
protein synthesis inhibition, formation of free radicals and reactive oxygen species (ROS) that 

cause oxidative damage to biomolecules and over-activation of n-methyl-d-aspartate receptors 

(NMDA receptors) [298]. McFadden et al suggested that hair cell death is due to activation of 

the NMDA receptors and an excessive influx of calcium into the hair cells [299]. This causes 

apoptosis in the hair cells and leads to permanent hearing loss. The putative pathway to 

aminoglycoside-induced ROS production resulting in severe damage to the sensory cells and 

neurons within the inner ear is shown in figure 15. Aminoglycosides form ROS through an 
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interaction with iron and lipids. This has been confirmed by in vitro and in vivo experiments 

[300, 301]. Schacht et al and others, for example, have described the ability of 

aminoglycosides to react with metals such as iron to produce oxygen radicles that induce 

toxicity by activating caspases and inducing apoptosis in the hair cells [300, 302-307]. 

Aminoglycoside accumulation in the cytoplasm of the hair cells also causes decreased protein 

synthesis in mitochondria. This leads to stress and release of cytochrome c from the 

mitochondria resulting in caspase activation that induce apoptosis in the hair cells [308, 309]. 

Clinical hearing loss is usually observed after a few weeks to months of 

aminoglycoside therapy.  Patients usually lose high frequency (>8 kHz) hearing ability at an 

early stage.  Hearing loss is most common in patients under aminoglycoside therapy for 

prolonged durations [310]. 

On rare occasions, hearing loss has been reported immediately after a single dose of 

gentamicin. This may be due to a genetic predisposition of certain individuals to 

aminoglycoside-induced auditory toxicity [311]. For example, at the 1555 position of the 

mitochondrial 12S rRNA, an adenine (A) to guanine (G) mutation is reported in some groups 

with aminoglycoside auditory toxicity [311, 312]. This mutation causes a structural similarity 

of this 12S rRNA to that of the bacterial rRNA which promotes the binding of 

aminoglycoside antibiotics to this site.  This results in inhibition of protein synthesis in 

mitochondria leading to apoptotic death of the hair cells causing hearing loss [313, 314]. 

 
 
 

1.10.1.2.2. Vestibular toxicity: 
 

Vestibular toxicity is another side effect of aminoglycoside antibiotics [315, 316]. 

Vestibular toxicity occurs in up to 15 % of patients exposed to aminoglycoside antibiotics 
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[317]. This toxicity is also typically observed in patients who are exposed to aminoglycoside 

therapy for a prolonged period [318-320].  In their analysis of the literature, Ariano et al 

suggested that vestibular toxicity is not related to the concentration achieved in the serum or 

the dosing strategy, but is dependent only on the duration of exposure [321]. The central role 

of duration of aminoglycoside exposure as the primary determinant of vestibular toxicity is 

also supported by others [322]. 

 
Vestibular toxicity is mainly due to damage of the structure and function of 

labyrinthine hair cells and their connection through the eighth nerve to the central nervous 

system. Symptoms and signs include dizziness, ataxia, nystagmus and when severe, 

disequilibrium and oscillopsia [323, 324]. With aminoglycoside-induced vestibular toxicity, 

the most extensive hair cell damage is reported in the apex of the cristae and the striolar 

regions of the maculae in guinea pigs [325].  Mild to moderate degeneration in the cristae 

ampullaris and moderate to severe damage in the utriculus in association with vestibular 

dysfunction has been reported in gentamicin treated guinea pigs [326]. 

 
Streptomycin has been identified as most vestibulotoxic aminoglycoside [325]. 

Vestibular toxicity typically reverses after discontinuation of aminoglycoside exposure to 

some extent in animal models as well as in clinical trials of human toxicity  [327-330]. 

Animals studies suggest hair cell regeneration although the nature of clinical recovery 

(whether microanatomic or strictly functional/adaptive) is uncertain. 

 
 

 
1.10.1.3. Preventing / minimizing oto-vestibular toxicity 
 

In several studies, safety and efficacy of once a day and multiple doses of 
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aminoglycosides were compared. Oto- and vestibular toxicity are both primarily due to the 

formation of free radicals resulting in hair cell damage and death. Many enzymes with 

antioxidant activity that appear to reduce ototoxicity are reported [331]. Animal experiments 

have indicated that both cochlear and vestibular toxicity can be attenuated using iron chelators 

and antioxidants [332, 333]. A protective effect of anti-free radical agents such as 

dihydroxybenzoate, [334, 335], alpha-lipoic acid [336], salicylate [337, 338] on ototoxicity 

has been proved in animal experiments. Animal studies indicate that oto-vestibular toxicity 

can be prevented by co-administering NMDA receptor antagonists [299]. 

 
In humans, gentamicin related toxicity can be limited by administering as an 

extended interval dose, thereby allowing a drug free (< 0.5 mg/L) period of at least 4 hours 

(washout period for kidneys) [255, 260, 339, 340]. Dosing of these antibiotics must be 

stopped once toxic symptoms appear in the patients. There is no consistent difference in the 

frequency of occurrence of auditory and vestibular toxicity between multiple daily and once- 

daily dosing regimens [341, 342]. Meta-analyses have confirmed the comparable toxicity 

between once and multiple daily dosing regimens in humans [342]. 

 
 
 

1.10.2. Nephrotoxicity: 
 

Nephrotoxicity is one of the major side effects of aminoglycosides and is one of the 

main therapeutic limitations of these antibiotics. Many studies of risk factors for 

aminoglycoside-induced renal toxicity in the clinical environment have been performed. Risk 

factors consistently found to be associated with renal toxicity include dehydration, age, 

intravascular volume depletion, sepsis, pre-existing renal insufficiency, length of therapy, 

advanced age, concomitant use of other nephrotoxic drug, female sex, chronic renal failure 
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and liver disease [343-347]. The selection of aminoglycoside does not appear to be associated 

with the frequency of renal toxicity [281, 345]. Prins et al from their randomized clinical trial 

in patients with severe infection reported nephrotoxicity and ototoxicity associated with once 

a day, intravenous doses of netilmicin and gentamicin [348]. No advantage of netilmicin over 

gentamicin was found in regards to nephrotoxicity and ototoxicity.  Pancorbo et al compared 

nephrotoxicity due to gentamicin and tobramycin in patients receiving individualized- 

pharmacokinetic dosing regimens [349]. Four percent of gentamicin treated patients and 

2.6% of the tobramycin treated patients developed nephrotoxicity. There was no statistically 

significant difference between the two antibiotics in regards to the nephrotoxicity. However, 

one prospective comparative study of gentamicin and amikacin reported that gentamicin was 

significantly more nephrotoxic compared to amikacin [350]. 

 
Aminoglycoside antibiotics are almost entirely excreted in unchanged form through 

the urine with a minimal liver metabolism [351]. Animal studies and clinical trials of kidney 

toxicity show that aminoglycosides accumulate in the renal cortex with concomitant induction 

of morphological changes in that region [352]. The concentration achieved in the cortex of 

kidneys is greater than that in serum. The central aspect of aminoglycoside-induced 

nephrotoxicity is renal tubular damage that leads to a loss of integrity of the brush border 

membrane of the renal epithelial cells [353] followed by tubular epithelial cell apoptosis [354, 

355]. 

 
 

 
1.10.2.1. Mechanisms of aminoglycoside-induced nephrotoxicity 
 

Aminoglycoside-induced renal toxicity can be reproduced in animal studies.  Tubular 

necrosis along with gross morphological changes in glomerular structures along with a 
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progressive increase in plasma creatinine is seen in rats after prolonged gentamicin 

administration [356]. Baylis et al reported that large doses of gentamicin administered to rats 

evoke decreased glomerular filtration rate (GFR) due to a decrease in renal plasma flow 

(RPF) [357].  The authors also reported that water permeability and surface area of the 

glomerulus are important determinants of GFR and that gentamicin has adverse effects on 

these in a dose-dependent manner.  In these experiments, gentamicin was dosed 

subcutaneously (SC) at 60 mg/kg/day for 14 days in rats. 

 
Mesangial cells also play an important role in the glomerular filtration rate.  These 

cells are located at the core of the glomerular tuft between capillary loops. Mesangial tone is 

reported to exert a mechanical traction on the glomerular basal membrane and on the 

endothelial capillary lining.  This determines the area of filtration surface and ultra-filtration 

coefficient and modulates glomerular vascular resistance.  Reduction in GFR, glomerular 

surface and ultrafiltration co-efficiency due to contraction of mesangial cells is already 

reported in response to aminoglycosides [358, 359] (figure 16). Matinez-Salgado et al have 

also demonstrated the role of gentamicin in simultaneous mesangial proliferation and 

apoptosis in rats [360]. 

 
 
 

1.10.2.1.1. Accumulation of aminoglycosides in tubular epithelial cells 
 

Figure 17 demonstrates the primary mechanisms and cell signaling pathways 

underlying the cytotoxic effect of gentamicin in kidneys Aminoglycoside accumulation in the 

tubular epithelial cells has been extensively studied in animals [361-364]. Renal tubular cells 

have a membrane endocytic complex, which involves two proteins, megalin and cubilin [364- 

367]. These cells internalize aminoglycosides in the tubules by pinococytosis with the 
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compound entering the cytoplasm in an endosome. These endosomes fuse with the lysosomes 

present in the cell forming endolysosomes. Aminoglycosides inhibit the phospholipases 

present in the lysosomes [368, 369], causing an alteration in lipid metabolism and 

phospholipidosis [369-371]. Eventually, endolysosomes become permeable and 

aminoglycosides along with other lysosomal contents enter the cell cytoplasm at a high 

concentration.  The rupture of lysosomes causes the release of proteases and cathepsins into 

the cell cytoplasm [372]. These stimulate the proteolytic activation of caspase 3 and caspase 

7 that induces apoptosis of the tubular epithelial cells [373]. After accumulating in the 

endothelial cells of the tubules, aminoglycosides (gentamicin in these studies) trigger the 

membrane-bound calcium sensing receptor (CaSR), an extra-cellular calcium sensitive G- 

protein-coupled receptor [374, 375]. In the proximal tubules, this CaSR receptor induces 

tubular cell death/apoptosis [376]. 

 
 
 

1.10.2.1.1.1. Targeting mitochondria of the tubular epithelial cells 
 

Gentamicin is reported to accumulate in the cytosol of the tubular epithelial cells at 

high concentration after being released from the lysosomes resulting in impairment of 

mitochondrial respiration [377]. Gentamicin accumulated in the cytoplasm acts on the 

mitochondria to activate the apoptotic pathways [378, 379]. The increased cytoplasmic 

concentration of gentamicin has also been reported to cause oxidative stress and reduce ATP 

levels in the cells [379]. Oxidative stress is mediated by the hydroxyl free radicals from 

hydrogen peroxide as well as the superoxide anions from mitochondria [380]. Superoxide 

and hydrogen peroxide in turn react with elements like iron to form more reactive oxidants 

leading to further injury [381]. The primary iron source for this process appears to be ferritin 
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(the stored form of iron in mitochondria) which is affected by superoxides to release iron. 

Further reactions occur, leading to the formation of highly active free radicals which lead to 

the toxic effect [305]. These free radicals cause cellular damage and death of the epithelial 

cells by inhibiting the electron transport chain and suppression of cellular respiration limiting 

ATP production.  This results in release of cytochrome c and apoptosis induction factor (AIF) 

into the cytoplasm from the mitochondria [369]. The free radicals inhibit the transmembrane 

sodium flow by inhibiting the sodium/potassium pump. This causes accumulation of sodium 

in the cells, leading to cell swelling and necrosis [382]. 

 
 
 

1.10.2.1.1.2. Accumulation of aminoglycosides in endoplasmic reticulum (ER) 
 

Gentamicin present in the lysosomes enters the Golgi and ER through the secretory 

pathway. Accumulation of gentamicin in the ER causes a stress response in the ER. 

Gentamicin binds to calreticulin and inhibits the correct posttranslational protein folding. 

This causes cell cycle arrest due to activation of unfolded protein response (UPR) [383, 384]. 

The UPR activation leads to activation of caspases and results in apoptosis of the tubular 

epithelial cells [373]. There is a difference in the accumulation and activation of apoptosis by 

different aminoglycoside molecules; for example, gentamicin and netilmicin accumulate in 

the kidneys at higher concentrations compared to tobramycin and amikacin.  Activation of 

apoptosis is high with gentamicin and tobramycin and is comparatively low with amikacin 

and netilmicin [354, 368]. The proximal tubular cells regenerate with time and hence the 

nephrotoxicity is reversible to some extent [370, 385]. Animal studies have reported a 

reduction of tissue injury and renal dysfunction by using antioxidants along with gentamicin 

[386-390]. 
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1.10.2.2. Preventing / minimizing nephrotoxicity 
 

Although there is some disagreement, available evidence suggests that the active 

transport process that drives the uptake of aminoglycosides into the proximal tubular cells can 

be saturated [391]. Once the transport mechanism is saturated, higher concentration of 

aminoglycosides in the lumen due to higher doses does not lead to increased uptake and an 

increasing adverse effect on the tubules is not apparent.  In humans, accumulation with once- 

daily doses of gentamicin and netilmicin is reduced by 30 to 50% when compared to 

continuous infusion [392].  The exact relation between the concentration of aminoglycosides 

in blood and nephrotoxicity are not clear. However, adequate information is available 

indicating nephrotoxicity to be associated with higher trough concentrations rather than the 

peak concentration of aminoglycosides [344, 393, 394]. This limits renal toxicity associated 

with peak levels [344]. 

Clinically, nephrotoxicity of aminoglycosides can be minimized by preventing 

prolonged treatment with aminoglycosides. Serum creatinine and, if necessary, creatinine 

clearance rate, can be monitored from time to time to estimate the renal injury [395, 396]. 

Renal injury biomarkers such as beta-2-microglobulin measurement may be useful [397], but, 

this assay is currently not available for clinical use with patients; this may change in the 

future. A prolonged maintenance of trough concentration of aminoglycosides (> 2.5 mg/L), 

and the absence of windows during which blood concentration of aminoglycosides is 

unmeasurable may present a risk of renal toxicity. 

As has been noted, aminoglycoside-induced renal toxicity is mediated in part via a 

saturable transport mechanism. Once a day dosing of aminoglycosides may be a favorable 

alternative to decrease potential [391, 398]. Once there is a preliminary indication of 
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nephrotoxicity, aminoglycoside dosing should be terminated. Experimental animal studies 

have reported that free radical scavengers and iron cheaters can be used to prevent free radical 

mediated toxicity [399]. However, these approaches remain strictly experimental in nature. 

 
 
1.10.3. Neuromuscular weakness 
 

Acute neuromuscular weakness is one of the rarely reported side effects of 

aminoglycoside dosing.  This side effect is sometimes observed after a single dose of 

aminoglycosides [282, 400].  In a case report, Warner et al indicated that patients with low 

calcium may exhibit particular sensitivity to neuromuscular weakness and ventilator 

dependency with aminoglycoside administration [401]. Neuromuscular weakness may occur 

with increased frequency when aminoglycosides are administered intravenously along with 

loop diuretics, non-steroid anti-inflammatory drugs, anti-malarial drugs, other neuromuscular 

blocking drugs and/ or anesthetic agents [282, 402]. Neuromuscular weakness appears to be 

due to a block of the release of acetylcholine in response to neuronal stimulation and also by 

decreased post junctional sensitivity [400, 402, 403]. There is some evidence that 

aminoglycoside-induced neuromuscular weakness can be partially reversed by administering 

calcium [403]. 

 
 
 

1.10.4. Potential of ultra-high dose aminoglycoside therapy 
 

As previously noted, antimicrobial strategies that might substantially increase 

antimicrobial efficacy, but carry a risk significant toxicity have not been assessed. 

Aminoglycoside antibiotics are well known and studied antibiotics that have been in clinical 

use for the past 50 years.  These antibiotics have a broad spectrum of activity and eliminate 

bacteria in a concentration-dependent manner [404]. Available data suggest that single ultra- 
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high doses should exhibit a rapid clearance of pathogenic bacteria. We have confirmed this 

possibility in an in vitro pharmacodynamic model of aminoglycoside therapy in a wide range 

of pathogens (unpublished).  In this study, we found that most susceptible and moderately 

resistant Gram positive and Gram negative bacterial strains were cleared to below the 

detection limit within minutes after initiation of treatment.  Given that accelerated pathogen 

clearance may be a key to improving survival in septic shock patients, ultra-high dose therapy 

could potentially be useful in this condition assuming that toxicity concerns can be adequately 

addressed. 

If an ultra-high dose aminoglycoside therapy approach can be validated in animal 

models, there is a substantial probability that it could be translated to the bedside to improve 

outcome in critically ill patients with septic shock including those with organisms that might 

otherwise be considered to be resistant to antibiotics. This approach may also be highly 

effective in life-threatening Gram positive infections since many major Gram positive bacteria 

remain sensitive to aminoglycosides even when resistant to other standard agents. Further, 

this approach may be useful as a single dose therapy for sensitive biowarfare/bioterrorism 

agents, many of which remain sensitive to these drugs.  Given that mortality of septic shock 

exceed 50 - 70% and that an estimated 210,000 sepsis-related deaths occur every year in 

North America alone [6, 22, 405], an inexpensive antimicrobial agent that produce a 

measurable increase in survival probability while generating significant though manageable 

side effects could be an entirely acceptable option. 
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1.10.5. Preliminary studies 
 

In preliminary, unpublished studies by our group, we determined that substantially 

higher than normal aminoglycoside doses (15 - 20 mg/kg single dose versus 5 – 7 mg/kg 

gentamicin) can be used in a rat model of E. coli Bort induced peritonitis/septic shock with 

marked increase in the blood bacterial kill rate.  This accelerated bacterial clearance is an 

effect that has been associated with an improvement in mortality in a parallel mouse survival 

model of E. coli Bort induced septic shock [145]. We have also determined that even higher 

(“ultra-high”) doses of gentamicin (80 mg/kg single dose), which normally cause immediate 

death, are well tolerated if the animal is ventilated for 15 - 45 minutes immediately following 

administration. In the absence of mechanical ventilation, death appears to be due to acute 

neuromuscular paralysis, an effect that has been previously described on rare occasions in the 

pharmacological literature [400]. 

 

 
1.10.6. Knowledge Gaps: 
 
1) Do experimental animals treated with single, ultra-high dose aminoglycoside therapy 

exhibit acute neuromuscular paralysis and if so, of what duration?  Is this 

neuromuscular paralysis reversible? 

2) Do experimental animals treated with single ultra-high dose aminoglycoside therapy 

exhibit renal and/or ototoxicity? 

3) Can single ultra-high dose aminoglycoside therapy accelerate clearance of E. coli Bort 

(a sensitive bacterial strain) from the blood stream in a septic shock model? 

4) Can the single ultra-high dose aminoglycoside therapy clear the bacterial load from the 

vital organs in a septic shock model induced by E. coli Bort? 
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CHAPTER 2 
 

 
 
 

2. Hypothesis and Objectives 
 
2.1. Hypothesis 
 

Basing on the preliminary studies conducted, we hypothesize that, a single dose of 

gentamicin/tobramycin at 80 and 160 mg/kg, intravenously, will effectively clear bacteremia 

and reduce inflammatory cytokine response and lactic acid production in a rat model of 

E. coli induced peritonitis/septic shock. 
 
 
 
 
2.2. Objectives 
 
2.2.1. Objective 1 
 

Examine the effect of a single, ultra-high dose of 80 and 160 mg/kg 
 
of gentamicin and tobramycin on short-term (9 h) neuromuscular function and renal function 

in normal healthy rats. 

 
 
 

2.2.1.1. Rationale 
 

As described earlier, aminoglycoside antibiotics exert significant toxicity when 

administered at higher doses.  Before conducting the primary septic shock study, the ability of 

Sprague-Dawley rats (SD rats) to tolerate the ultra-high doses of aminoglycosides must be 

ascertained.  They must fully recover from any neuromuscular paralysis after support with 

artificial ventilation without evidence of substantial renal injury. Neuromuscular weakness is 

well recognized manifestation of acute aminoglycoside toxicity and can lead to respiratory 

failure and death from asphyxia if the animals are not supported by artificial ventilation. 
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Determination of the duration of neuromuscular weakness/paralysis and viability of the 

transient ventilator support of the animals is critical as all further studies are dependent on 

effective management of this issue.  This study will also identify the potential presence of 

acute nephrotoxicity following a single, ultra-high dose of gentamicin and tobramycin.  If the 

animals are able to tolerate the single, ultra-high doses with manageable toxicity, then further 

studies are warranted. 

 
 
 

2.2.2. Objective 2. 
 

Examine the effect of single, ultra-high dose of 80 and 160 mg/kg 
 
of gentamicin and tobramycin on long-term (6 months) auditory, vestibular and renal function 

in normal healthy rats. 

 
 
 

2.2.2.1. Rationale: 
 

Once short-term tolerance and survival is demonstrated, the absence of significant 

longer term oto-vestibular toxicity and nephrotoxicity associated with proposed 80 and 160 

mg/kg doses of gentamicin and tobramycin must be demonstrated. Clinically, oto-vestibular 

toxicity is observed days to months after completion of aminoglycoside therapy. Auditory 

brain stem response studies, vestibular toxicity studies (behavioral studies) and nephrotoxicity 

studies will be performed up to 6 months (180 days).  If significant oto-vestibular and 

nephrotoxicity are not observed, further studies in septic shock model will proceed. 

 
 
 

2.2.3. Objective 3. 
 

Examine the effect of single intravenous 5, 10, 20, 40, 80 and 160 mg/kg doses 
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of gentamicin on blood bacterial kill, organ bacterial burden and serum cytokine/lactate levels 

in a rat model of E. coli induced septic shock. 

 
 
 

2.2.3.1. Rationale: 
 

In septic shock, the total bacterial load may be a central driver for progression of 

septic shock.  If we are able to accelerate bacterial clearance, then hemodynamic and 

inflammatory responses may resolve more quickly.  Dose proportional clearance of bacteria 

was observed in in vitro models using concentrations of aminoglycosides comparable to those 

in this study. 

Ultra-high doses have not been assessed in in vivo models due to potential toxicity 

concerns.  Assuming the previous phases of this study program show tolerability of this 

approach, the ability of single, ultra-high doses (80 mg/kg and 160 mg/kg) of gentamicin to 

accelerate clearance of bacteria compared to other lower doses will be assessed. Sequential 

serum cytokine and lactate levels will also be determined from all the animals. We anticipate 

the potential for complete clearance of bacterial counts from the blood in ultra-high 

gentamicin dosed animals compared to the untreated control (UTC) animals as well as 

animals treated with lower gentamicin doses. We also anticipate substantial reductions in 

organ bacterial counts at the end of the acute study. 
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CHAPTER 3 
 

 
 
 

3. Materials and general methods 
 
3.1. Antibiotics 
 

All antibiotics used in the study were procured commercially and stored at 4oC. 

Gentamicin and tobramycin were obtained from Sandoz, Canada. Cefotaxime was obtained 

from Sanofi Aventis. 

 
 
 

3.2. Other chemicals/ drugs 
 

Ketamine (Wyeth, Canada), acepromazine (Ayerst, Canada), buprenorphine 

(Schering-Plough, UK), bupivacaine (AstraZeneca, Canada), atropine (Rafter, Canada), 

heparin (Pharmaceutical Partners of Canada, Canada), epinephrine (Pharmaceutical Partners 

of Canada, Canada), pentobarbital sodium (CEVA, France), and isoflurane (Baxter, Canada) 

were also obtained commercially.  Controlled drugs, including ketamine and buprenorphine 

were procured after obtaining approval from Health Canada. 

 
 
 

3.3. Bacteria 
 

E. coli ATCC 700973 Serotype O18:K1:H7 (Bort) was obtained from the American 

Type Culture Collection (ATCC). This strain was selected for our studies based on its 

virulence properties and its ability to cause septic shock in mice in previous studies [145]. 

The organism was originally isolated from the blood of a neonate with bacterial meningitis 

[406]. E. coli ATCC 700973 Serotype O18:K1:H7 usually causes extra-intestinal diseases 

such as urinary tract infections with bloodstream infection [407]. The principal virulence 
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factors of this strain are the lipopolysaccharide, capsule production and the type 1 pili [408]. 

Virulence factors such as adhesins (e.g., Pap, Sfa, and Dra), hemolysin (Hly), cytotoxic 

necrotizing factor-1 (CNF-1), and the aerobactin (Aer) iron-sequestration systems are specific 

for this strain and are not found in the non-virulent fecal E. coli [408]. In this thesis, E. coli 

ATCC 700973 Serotype O18:K1:H7 will be addressed as E. coli Bort for convenience. 

 
 
 

3.4. Culture media 
 

Cation adjusted Mueller-Hinton Broth (Ca-MHB) (Difco, USA), Mueller-Hinton broth 

(MHB) (Difco, USA), Sodium Chloride; Trypticase Soya Agar (TSA) plates (HiMedia, 

India), Agar (HiMedia, India) were used for culturing bacteria and determining bacterial 

counts. 

 
 
 

3.5. In vitro studies: Determination of minimum inhibitory concentrations 

Minimum inhibitory concentrations (MICs) were determined by the broth microdilution 

method following the Clinical and Laboratory Standard Institute (CLSI) guidelines [409]. 

MICs of gentamicin, tobramycin and cefotaxime were determined for E. coli Bort used in this 

study.  Antibiotic stock solutions were prepared following the CLSI M7-A7 method. E. coli 

Bort was sub-cultured in MHB (Difco, USA), overnight and the optical density (OD) of the 

inoculum was adjusted to 0.080 at 625 nm using a spectrophotometer (Spectronics-20, 

Genesys). The inoculum was diluted 1: 100 and 50 µL of inoculum was dispensed into wells 

containing 50 µL of cation adjusted CaMHB with the desired concentration of antibiotic to 

attain a bacterial concentration of 5 x 104  colony forming units (CFU)/well.  The bacterial 

counts were confirmed by serial dilution in normal saline and plating on MHA plates. 
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Antibiotic concentrations tested were 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 and 128 µg. Plates 

were incubated at 370 C for 18 – 24 hours to determine the MICs.  The lowest concentration 

of antibiotic at which visible growth of bacteria was inhibited was assessed as the MIC of that 

antibiotic against the E. coli Bort. MICs of both gentamicin and tobramycin along with 

cefotaxime against E. coli Bort were determined in triplicate on separate days. 

 
 
 

3.6. Ethics 
 

All animal experiments were approved by the animal ethics committee, University of 

Manitoba. 

 
 
 

3.7. Animals 
 

Sprague-Dawley rats, females, weighing 300 ± 10 grams were used for all the animal 

experiments.  All rats were purchased from the veterinary facility, University of Manitoba. 

Animals were housed individually in transparent cages in rooms with 12 h day and night 

cycles where the room temperature was maintained at 23 ± 20 C. Animals were supplied with 

food and water ad libitum. 

Toxicity studies were performed using a small group of animals (3 animals/ 

dose/antibiotic) to determine the ability of the animals to tolerate the ultra-high doses of 

aminoglycoside (gentamicin and tobramycin) as well as to evaluate the possible side effects of 

these doses. These studies were comprised of two major experiments; an invasive, short-term 

study (9 hours) and non-invasive long-term study (180 days).  For the both studies, 

gentamicin and tobramycin at 80 and 160 mg/kg doses were used. A total of 6 animals for 

each ultra-high dose of aminoglycoside was used (3 animals from gentamicin group + 3 
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animals from tobramycin group) for the invasive study.  In the non-invasive study, 4 animals 

(2 animals from gentamicin group + 2 animals from tobramycin group) were used for 

determining the renal, oto- and vestibular toxicity (auditory and vestibular studies). 

The other key study involved an animal infection model. Septic shock was established 

in SD rats using E. coli Bort and the dose proportional reduction of bacterial count from blood 

and vital organs was determined. The ability of ultra-high doses of gentamicin at 80 mg/kg 

and 160 mg/kg doses to eliminate the bacterial load from the blood and vital organs were 

assessed. For this study, 6 animals/ group were used. Cefotaxime was used as a comparator 

(explained in detail in further below section). Tobramycin was not assessed in the septic 

shock model. 

 
 
 

3.7.1. Procedures on animals 
 
3.7.1.1. Anesthesia: Animals were anesthetized with an intramuscular injection of 

ketamine/acepromazine (100 mg/kg/ 2.5 mg/kg) in toxicity studies and using 5% isoflurane in 

the septic shock model. 2 - 3 % Isoflurane was used as maintenance anesthesia. 

 

 
 

3.7.1.2. Body temperature monitoring: 
 

Anesthetized animals were placed on a homeothermic blanket (Harvard Apparatus inc., 

Massachusetts, USA) to maintain body temperature.  Body temperature was monitored via a 

digital rectal thermometer (Cole Parmer Inc., Illinois, USA) at regular intervals and 

maintained at 370 C. 
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3.7.1.3. Fluid resuscitation 
 

During the early hours of septic shock (11 – 12 h post-infection), the jugular vein and 

carotid artery of the animals were cannulated. Animals were administered normal saline and 

were allowed to stabilize for 20-30 minutes. Gentamicin (in 2 mL saline) was administered as 

a slow infusion through the jugular vein over 20 minutes. Additional saline was 

intermittently administered to maintain the mean arterial pressure (MAP) of animals above 60 
 
- 65 mmHg throughout the experiment (normal MAP of SD rats is 90 mmHg). 

 
 
 
 

3.7.1.4. Intubation for ventilator support 
 

Once fully anesthetized, the animals were administered an intravenous (IV) injection of 

atropine (0.05 mg/kg) to reduce salivary/bronchial secretions and maintain heart rate.  In the 

invasive, short-term study and in the septic shock study, the trachea was exposed by blunt 

dissection. An incision was made in between the tracheal rings in the proximal part of the 

trachea. A 2 inch, 14 gauge polyethylene catheter (Terumo Medical Corporation, New Jersey, 

USA) was inserted carefully into the trachea, 2 cm towards the lungs and the tubing was 

secured to the trachea using 4 - 0 silk sutures (Ethicon Inc., Ohio, USA).  In the non-invasive, 

long-term study, animals were tracheally intubated by the oral route. 

Animals were allowed to breathe spontaneously through the catheter while being 

electrocardiographically and oxygen saturation monitored. After administering ultra-high 

doses of aminoglycoside antibiotics, animals were given ventilator support (Columbus 

instruments Inc., Ohio, USA) at a rate of 80 breaths per minute (brpm) (2 mL tidal volume) 

for the duration of neuromuscular paralysis.  Once the animals recovered with demonstrated 

evidence of spontaneous breathing, ventilator support was withdrawn.  At that point, 

spontaneous ventilation occurred through the tracheostomy catheter. The invasive study and 
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septic shock model were termination studies where the animals were euthanized after 

completion of the experiment.  In the non-invasive study, the oral intubation tube was 

carefully removed once the animal was stable.  In the non-invasive study (long-term study), 

animals were observed for 180 days after administration of ultra-high doses of 

aminoglycosides. 

 
 
 

3.7.1.5. Cannulation of urinary bladder 
 

A 3 french urinary catheter (Braintree Scientific Inc., Massachusetts, USA) was placed 

into the bladder of the anesthetized animals to collect urine at specific time points as per the 

experimental requirement (time points are addressed in the procedures described in other 

sections of the methods). 

 
 
 

3.7.1.6. Carotid artery cannulation 
 

During invasive studies, animals were monitored for heart rate, systolic pressure, 

diastolic pressure, mean arterial pressure and other physiological parameters using a heart 

pressure analyzer (Digimed, HPA 400, Micro-Med Inc., Kentucky, USA). For these invasive 

observations, the carotid artery of the animals was cannulated [410]. 

 

The carotid artery was exposed by blunt dissection and was carefully separated from the 

adjacent connective tissues.  The artery was ligated away from the heart using 4-0 silk suture 

(Ethicon Inc., Ohio, USA). A second ligature was placed one centimeter proximal to the 

already ligated area (towards the heart) but the ligature was not initially tightened. The 

carotid artery was clamped proximal to the second loose ligature using a vascular clamp close 

to the heart. An incision was made using a micro-scissors and a 3 french polyurethane 
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catheter (Instech Laboratories Inc., Pennsylvania, USA) was carefully placed towards the 

heart through the carotid artery and slid up to the clamp. The second ligature was then 

tightened and a second vascular clamp (loose fitting) was placed on the artery over the tube to 

keep the tube from exiting. The proximal vascular clamp was then released and the tubing 

was further threaded 2 cm into the artery. The second ligature was tightened more (but not 

enough to cut off the flow).  The flow in the catheter was tested with a syringe of saline and 

the blood pressure monitor was checked (to see if it was reading the blood pressure correctly). 

The second ligature was then knotted. The skin was sutured and the catheter was secured to 

the skin with surgical tape. The catheter was filled with 10% heparinized saline to prevent 

clotting of blood and the other end of the catheter was connected to the blood pressure 

transducer (TXD – 310, Micro-Med Inc., Kentucky, USA) which was in turn connected to 

pre-calibrated heart pressure analyzer. This analyzer was in turn connected to the computer 

(Dell Inc. , USA) and the software (DMSI-400/4,  Version 3.4, Micro-Med Inc., Kentucky, 

USA) provided by the manufacturer was used to record the readings from heart continuously 

from the start of the experiment.  All readings were saved for further analysis. 

 
 

 
3.7.1.7. Jugular vein cannulation: 
 

The jugular vein was cannulated using 3 french polyurethane catheter (Instech 

Laboratories Inc., Pennsylvania, USA) [410]. The jugular vein was exposed by blunt 

dissection and separated from the surrounding connective tissue. The remaining procedures 

were similar to that of carotid artery cannulation.  A small incision was made on the jugular 

vein and a catheter prefilled with 10% heparin was carefully inserted into the jugular vein 

towards the heart. The catheter was inserted 2 cm into the jugular vein and then stabilized 
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and sutured to the vein using silk sutures.  Jugular vein cannulation was necessary to 

administer the ultra-high gentamicin and tobramycin doses as well as to administer 

intermittent fluid support. 

 
 
 

3.7.1.8. Blood Collection and processing 
 

Approximately 200 – 300 μL of blood was collected at specified time points from each 

animal (time points are mentioned in methods for each procedure). Equal volumes of normal 

saline were administered to maintain intravascular volume and blood pressure.  Immediately 

after collection, blood was centrifuged at 14000 rpm for 10 minutes and serum was separated 

and stored in – 800 C freezer (So-low, Environmental Equipment Inc., Ohio, USA) until 

assayed.  In the septic shock model, blood samples were also used to determine bacterial 

counts from treated and control animals as well as to determine the serum aminoglycoside, 

creatinine, lactate and cytokine concentrations. 

 
 
 

3.7.1.9. Non-invasive procedures 
 

A pulse oximeter (STARR Scientific Corp., Pennsylvania, USA) was affixed to the paw 

of the study rat for non-invasive observation of heart rate, breath rate, and arterial O2 

saturation. The pulse oximeter was in turn connected to the computer and all values were 

saved on the hard drive for further analysis.  A CODA tail cuff analyzer (Kent Scientific Co., 

Connecticut, USA) was used to determine pharmacodynamic parameters non-invasively). 

 

 
 

3.7.2. Assays 
 
3.7.2.1. Serum creatinine levels 
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Renal injury due to ultra-high doses of aminoglycosides can be assessed by measuring serum 

creatinine levels in animals [411].  After instrumentation, aminoglycoside antibiotics at 80 

and 160 mg/kg (gentamicin and tobramycin) were infused over 20 minutes using a calibrated 

infusion pump (Harvard Apparatus Inc., Massachusetts, USA) into the jugular vein. Blood 

and urine samples were collected at different time points based on the particular experiment. 

Kidney (renal clearance) function was determined by measuring serial serum creatinine levels 

using a commercial kit (ARBOR Assays - KB02-H2). The lower limit of detection using this 

kit was 0.081 mg/dL. 

 
 
 

3.7.2.2. Neutrophil Gelatinase Associated Lipocalin 2 (NGAL) Assay 
 

Urinary NGAL was assayed using a rat NGAL Enzyme-Linked Immunosorbent Assay 

(ELISA) kit from Abcam Inc. (ab119602). The range of detection using this kit is 156 pg/mL 

– 10,000 pg/mL. 
 
 
 
 
3.7.2.3. TUNEL Assay: 
 

Apoptotic cells can be detected by terminal deoxynucleotidyl transferase dUTP nick 

end labeling (TUNEL) in which the free 3′-OH terminal of fragmented DNA are labeled with 

modified nucleotides [412, 413]. TumorTACSTM Kits (Trevigen Inc, 4815-30-K) were used 

for identifying apoptosis.  All TUNEL-positive cells will be pyknotic, with condensed 

chromatin and a brown nucleus.  The number of tunel positive cells in the ultra-high dose 

aminoglycoside treated samples was compared with the positive control (provided by the kit) 

as well as the untreated control (negative control).  Depending upon the number of apoptotic 

cells in the test samples and controls, the toxicity of the doses was determined. This assay 
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was performed in collaboration with Dr. Sabine Hombach-Klonisch, Department of Anatomy, 

University of Manitoba. 

 
 
 

3.7.2.4. Gentamicin assay: 
 

Serum gentamicin concentrations were determined by using ‘CEIDA Gentamicin II 

Assay kit’ from Thermo Scientific. This work was done in collaboration with the Clinical 

Chemistry Department, Diagnostic Services Manitoba, Health Sciences Center, Winnipeg, 

Manitoba. The range of detection by this kit is 0.2 – 12 mg/L. 

 
 
 

3.7.2.5. Cytokine Assay 
 

Key cytokine levels involved in septic shock were determined from experimental 

animal serum using a multiplex ELISA kit from QUANSYS (Rat cytokine - inflammation (9- 

plex) – 110451RT). The cytokine assay was performed in collaboration with Dr. Steven 

Opal, Department of Medicine, Brown University, USA. The upper and lower limit of 

quantification of different cytokines along with the limit of detection is presented in table 7. 

 
 
 

3.7.2.6. Lactate Assay 
 

Serum lactate levels were determined using L-Lactate assay kit (Abcam – ab65330). The 

sensitivity of this kit is > 0.001 mM and the range of detection is 0.001 mM – 10 mM. 

 
 
 

3.7.2.7. Histology studies 
 

Following the final study time point, all animals were euthanized by 100 mg/kg 

pentobarbital. Kidneys and other organs were harvested and stored in 10% buffered formalin 
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bottles for later analysis (submerged fixation). The temporal bones from all the animals were 

dissected out and the complete cochlea was isolated and was stored in 10% buffered formalin. 

All histology studies were performed by an experienced technician from the Department of 

Anatomy, University of Manitoba. The tissue samples were assessed by Dr. Hombach, 

Assistant Professor, Department of Anatomy, University of Manitoba. 

The cochlear samples were decalcified using a commercially available bone 

decalcification kit (Cal-Ex, CS510-1D, Fisher Scientific) and were fixed in 10% buffered 

formalin. These samples along with kidney samples were subsequently embedded in paraffin 

blocks and 4 um sections were cut.  The paraffin sections were then stained with 

Haematoxylin and Eosin staining (H & E staining) to assess for necrosis or apoptosis along 

with other toxic morphological changes in the endothelial cells of kidney as well as in the 

organ of corti. 

 
 
 

3.7.3. Preliminary pilot electromyogram (EMG) study 
 

Before initiating our research program, we had to determine if the animals were 

transiently paralyzed by ultra-high dose aminoglycosides and whether they could recover if 

supported by a ventilator during the course of paralysis. We also wanted to document the loss 

in neuromuscular activity by electromyogram study (EMG study).  This work was performed 

in collaboration with Dr. Phillip Gardiner, Department of Physiology, University of 

Manitoba. Preliminary data were generated in a single SD rat weighing 300 ± 10 grams. The 

animal was anesthetized by ketamine/xylazine anesthesia (100mg/kg and10 mg/kg) by 

intraperitoneal route.  Atropine was administered intraperitoneally at 0.05 mg/kg to prevent 

secretions in the trachea.  Animals were intubated using a 14 G catheter by tracheotomy. The 
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jugular vein was catheterized using a polyurethane catheter. The animal was secured to the 

dissection table using surgical tape on the paws and thighs. The hair around the 

gastrocnemius muscle was removed using clippers and disinfected using 70% alcohol and 

iodine. Following skin incision and blunt dissection, the gastrocnemius muscle was exposed. 

Bipolar, ball silver electrodes were placed on the surface of the gastrocnemius muscle and the 

sciatic nerve was stimulated using a bipolar silver electrode, using 1 ms square-wave pulses at 

supra-max voltage, at 1/sz [414].  A baseline EMG was recorded using custom-made EMG 

amplifiers. Gentamicin, at 80 mg/kg dose, was administered as a 20 minute infusion through 

the jugular vein. The animals were ventilated using an animal ventilator (Columbus 

Instruments, Columbus, OH) at 2 mL tidal volumes (70 – 80 breaths/minute). From this point 

forward, for every 5 minutes, an EMG wave was recorded. The animals were observed for 60 

minutes. The animal was euthanized by intravenous administration of 100 mg/kg dose of 

pentobarbital at the end of the study. 

 
 
 

3.7.4. Invasive, short-term toxicity study: Time course of paralysis and renal injury 

with ultra-high dose aminoglycoside therapy in normal, healthy SD rats 

We wanted to examine the effect of a single ultra-high dose of 80 and 160 mg/kg of 

aminoglycoside with respect to neuromuscular paralysis (as measured by return of 

spontaneous ventilation), hemodynamic stability and renal function (serum creatinine) as well 

as measure serial aminoglycoside levels in normal healthy anesthetized and ventilated rats 

over a 9 hour period (figure 18). 

Groups of 3 SD rats/dose/antibiotic were used in this study.  Animals were 

anesthetized with an intramuscular injection of ketamine/acepromazine (100 mg/kg + 2.5 
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mg/kg). Urinary bladder catheterization, body temperature monitoring and non-invasive 

hemodynamic monitoring were performed. The jugular vein catheter and carotid artery 

catheter were placed and the physiological parameters were recorded throughout the 

experiment using heart performance analyzers (HPA) (Digimed, HPA 400, Micro-Med Inc., 

Kentucky, USA). 

After instrumentation, aminoglycoside antibiotics at 80 and 160 mg/kg (3 animals 

gentamicin per dose and 3 animals tobramycin per dose = 6 animals per dose) were infused 

over 20 minutes using a calibrated infusion pump (Harvard Apparatus Inc., Massachusetts, 

USA) into the jugular vein.  The animals were directly observed to ascertain the duration of 

aminoglycoside-induced neuromuscular paralysis based on ventilator dependency and return 

of spontaneous respiration.  Blood and urine samples were collected at baseline (10 minutes 

post dosing designated as time 0), 0.75 h, 1.5 h, 3 h, 6 h and 9 h and processed as described 

earlier.  After the respiratory muscle function was re-established, ventilatory support was 

withdrawn and animals were allowed to breathe spontaneously through the tracheostomy 

tube. Animals were maintained under anesthetic plane by using a supplemental dose of 

anesthesia (ketamine 10 mg/kg - subcutaneous (SC) route) for up to 9 hours. Animals were 

euthanized after 9 hours and organs collected as previously specified. Serial blood and urine 

samples were assayed for serum creatinine and NGAL respectively. 

 
 
 

3.7.5. Non-invasive, long-term toxicity study (180 days): Assessment of oto-vestibular 

toxicity (auditory brainstem responses – cochlear and vestibular toxicity) and renal 

toxicity associated with ultra-high dose aminoglycoside therapy in normal, healthy SD 

rats: 
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The ability of the animals to thrive after an ultra-high dose of aminoglycoside 

antibiotics and ototoxicity and renal toxicity associated with these doses were evaluated.  In 

our study, single, ultra-high doses of 80 and 160 mg/kg aminoglycoside antibiotics were 

administered intravenously to 4 (2 gentamicin + 2 tobramycin) SD rats per group.  Auditory 

brain stem response (ABR) studies [415] were performed (courtesy of Dr. Brian Blakley, 

University of Manitoba, Winnipeg, Manitoba, Canada) to determine the hearing loss in the 

animals at the serial time points up to 180 days (6 months). Nephrotoxicity was assessed by 

measuring the serum creatinine concentrations as well as urinary NGAL levels at these times 

points as well.  Vestibular toxicity was determined by behavioral studies at baseline and at 

180 days.  TUNEL assay was performed to determine the apoptosis in the endothelial cells of 

the kidneys using organs harvested at study termination (180 days). 

Animals were anesthetized using ketamine and acepromazine (100 mg/kg and 10 

mg/kg) and underwent tracheal intubation via the oral route for ventilator support.  Ultra-high 

doses of aminoglycosides were administered by the intravenous route to a group of 4 SD rats 

per dose. Supplemental doses of anesthesia (ketamine – 10 mg/kg) were given by the SC 

route as needed.  Once the animals became ventilator independent following resolution of 

paralysis, they were extubated and allowed to recover in a recovery cage. 

Blood was collected from the tail vein and urine samples were obtained at Baseline 

day 0 (1 day before treatment), day 1 (1 day after treatment), day 7, day 30, day 60 and day 

180. Urine samples were obtained by bladder catheterization on day 0 time point only and on 

all the remaining time points animals were placed in metabolic cages for 24 hours and urine 

was collected by passive drainage.  Anesthesia was not required at these time points. 
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3.7.5.1. Auditory brain stem response study 
 

At baseline (day before dosing) and on day 30, day 60 and 180 days, animals 

underwent auditory brainstem response (ABR) testing. ABR testing was performed using the 

intelligent hearing system. Animals were tested for their hearing ability at four different 

frequencies ranging from 3000 Hz to 24,000 Hz. Three subcutaneous needle electrodes were 

placed: a) active electrode under the test ear (positive) b) a reference electrode near the 

contra-lateral ear (negative) and c) a third electrode in the left flank as a ground or neutral 

electrode [416, 417].  Needle insertion and testing was performed while under 

ketamine/acepromazine (100 mg/kg + 2.5 mg/kg intramuscularly) anesthesia with the animal 

on a warming blanket to maintain body temperature at 35 - 37oC, in an Eckel AB2000 sound 

booth (Eckel Industries of Canada Ltd., Ontario, Canada) with added copper electrical 

shielding, grounding and lining with echo-reducing carpet. The general anesthetic was 

needed so that the animal remains motionless during the 20 minutes procedure. Using high- 

frequency transducers from Intelligent Hearing Systems (Intelligent Hearing Systems, 

Florida, USA), 500 click stimuli were delivered at 21 sec-1 while averaging the 10 ms evoked 

EEG waveform. The responses were band-pass filtered from 30-3000 Hz. using the system II 
 
PC computer-based auditory research system from Tucker-Davis Technologies. (Gainesville, 

Florida, USA) and stored on the hard drive for analysis.  An ER10B+ microphone/dual sound 

probe unit (Etymotic Research Inc., Illinois, USA) was placed in the treated ear of the animal 

for stimulus delivery.  Using differential recording, the pre-amplifier was used to amplify the 

two channels X 100 before attenuation to optimize digitization before analog to digital 

conversion.  The auditory threshold was the highest level at which the AEP waveform 

disappearance was recorded. A threshold shift of approximately 40 dB of sound pressure 
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level (SPL) at the specific frequency was considered as a significant hearing loss with 

aminoglycoside antibiotics [418].  Results of ultra-high aminoglycoside dosed animals were 

compared to saline administered control animals. 

 
 

3.7.5.2. Vestibular toxicity 
 

The disturbance of vestibular function was determined using a battery of tests that 

were developed for rodents. These tests have been successfully used to detect vestibular 

toxicity associated with various chemical and surgical procedures [419-422]. A set of 3 

different behavioral studies was performed on day 0 (one day before dosing) and on the 180th 

day to determine the vestibular toxicity in ultra-high aminoglycoside dosed animals.  Each 

test was performed 3 times with a gap of 2 hours and the mean value was recorded.  All the 

three tests were performed on aminoglycoside treated animals, as well as saline-treated 

control animals [423-425].  The battery of behavioral tests used to determine vestibular 

functioning include; 

A. Tail hanging reflex test 
 

B. Contact inhibition of righting reflex test and 
 

C. Air-righting reflex test 
 
 
 
 
A. Tail hanging reflex test: 
 

For this test, animals were lifted by the tail.  Normal animals tend to extend their 

forelimbs when they land on a surface, but the rats with impaired or damaged vestibular 

function bend vertically or try to crawl towards their tail leading to occipital landing.   In this 

experiment, the animals are scored from 0 – 2. Where, 

0 – straight body posture with forelimbs extended towards the ground – 
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normal animal. 
 

1 – Bending body slightly in a vertical direction - intermediate response. 

2 – Bending the body continuously as well as crawling towards the tail – 

severe response 
 
 
 
 
B. Contact inhibition of righting reflex test: 
 

For this test, the animals were held in supine posture and were dropped on a foam 

surface from a height of 20 – 30 cm. The responses are scored from 0 – 2.  Where, 

0 - Normal animals tend to right themselves in the air and land on their feet 

1 – Animals fall sideward indicating intermediate response 

2 – Animals completely fail in righting and tend to fall on their back – severe 

response 

 
 
 

C. Air-righting reflex test: 
 

For this test, animals were placed in supine position and a hard, horizontal surface was 

placed in contact with their limbs and toes. The responses are scored from 0 – 2. Where, 

0 – Animal rights itself once it comes in contact with the surface board – normal 

animal 

1 – Animal tries to right itself to some extent - intermediate response 

2 – Animals tend to walk on their back - severe response 

The final score was determined by adding the scores from each test.  Animals exhibiting 

a final score of 5 - 6 were considered to have developed high level vestibular toxicity. 
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Animals with a score of 3 - 4 were considered to have partial/ minimal toxicity and those with 

a 0 - 2 score were considered normal or no toxicity. 

 
 
 

3.7.5.3. Renal toxicity associated with ultra-high dose aminoglycoside therapy in 

normal, healthy rats 

Serum creatinine and urinary Neutrophil Gelatinase Associated Lipocalin 2 (NGAL) 

are biomarkers of aminoglycoside-induced renal toxicity.  Levels of both these biomarkers 

were measured on Day 0, 1, 7, 30, 60 and 180. Histology studies were performed on the 

kidneys at the end of the study (day 180) to determine the morphological changes.  The 

histology sections were also used for ‘Tunel assay’ to determine apoptosis of the endothelial 

cells of the kidney which is an indication of renal toxicity [426]. 

 
 
 

3.7.6. Infection Studies 
 
3.7.6.1. Standardization of septic shock model 
 

The purpose of the study was to establish a peritonitis-induced septic shock model in SD 

rats using E. coli Bort in order to mimic human severe sepsis/septic shock. Three SD rats were 

used per each group. After induction of anesthesia as described below, animals were implanted 

with α-cellulose filled gelatin capsules holding a fibrin clot with 1 X 106 CFU of E. coli Bort. 

Group 1 animals were implanted with a single capsule, group 2 animals were implanted with 2 

capsules and group 3 animals were implanted with 4 capsules. Animals were followed for up to 

48 hours in order to assess suitability of the model for further work. Blood samples, 200 – 300 

µl, were collected from the tail vein at multiple time points for quantitative blood culture. 
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Animals were closely monitored by veterinary staff who were independently responsible for the 

decision to euthanize animals if ethically required. 

 
 
 

3.7.6.2. Impact of ultra-high dose gentamicin in a rat model of E. coli Bort-induced 

peritonitis-associated severe sepsis/septic shock model: 

This study was designed to characterize serial hemodynamic responses, blood bacterial 

kill, serum lactate levels and serum cytokine concentrations as well as organ bacterial 

clearance after single doses of gentamicin in an experimental E. coli Bort induced septic 

shock model in rats.  Figure 19 indicates the overall sequence and timing of procedures. 

Animals were peritoneally implanted with E. coli Bort in a α-cellulose/fibrin clot encased 

with a gelatin capsule.  These animals develop peritonitis and septic shock over a variable 

period of time depending on the number of implanted organisms and the use of supportive 

and antibacterial therapy. 

The primary experimental groups were animals dosed with single doses of 5, 10, 20, 40, 

80 and 160 mg/kg gentamicin. Cefotaxime was dosed at 15 and 60 mg/kg doses (single) as a 

comparator and a group of animals were used as untreated control. Another group of animals 

was used as a sham capsule (α- cellulose + fibrin clot devoid of bacteria) infected controls. 

Concentration-dependent elimination of bacteria by aminoglycosides was assessed in relation 

to the comparator and control groups. 

Cefotaxime is dosed three times a day in severe infections [427].  In our study, we dosed 

cefotaxime at 60 mg/kg in rats, which is equivalent to 15 mg/kg dose in humans based on 

differences in rat and human hepatic/renal clearance [428, 429]. Since the total duration of 
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our experiment after dosing antibiotics was 9 h, only a single dose of cefotaxime was 

administered. 

 
 
 

3.7.6.2.1. Capsule Preparation 
 
3.7.6.2.1.1. Gelatin capsules 
 

Size 4 gelatin capsules were obtained from Qualicaps Inc., USA. These capsules were 

sterilized by gamma irradiation (one million rads) using a cobalt source at the Manitoba 

Agriculture, Food and Rural Initiative, Veterinary Services Branch, Animal Health Center, 

Winnipeg, MB, Canada.  Sterilized capsules were stored in the refrigerator until use. 

 
 
 

3.7.6.2.1.2. 3.7.6.2.1.2.  Inoculum 
 

E. coli Bort was cultured overnight in 250 mL of sterile MHB in a shaker incubator 

(VWR International, Ontario, Canada) at 370 C.  After sub-culturing in MHB and further 

incubation for 4 h at 370 C in the shaker incubator, the inoculum was prepared in 4% 

fibrinogen (Sigma, F8630). The optical density (OD) of the culture was adjusted to 0.080 – 

0.085 at 625 nm using a spectrophotometer (Genesys, Thermo Scientific).  The bacterial 

density at this OD yields 1 x 108 CFU/mL.  This inoculum was further diluted 1:1 in 4% 

fibrinogen (Sigma, F8630) yielding 5 x 107 CFU/mL of inoculum.  Bacterial counts were 

confirmed by serial dilution and plating on MHA plates. Plates were incubated for 24 h at 370 

C and counts were recorded. 
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3.7.6.2.1.3. Procedure 
 

Four percent fibrinogen (Sigma, F8630) was prepared in sterile saline. Thrombin 

(Sigma, T6634) was prepared in distilled water at a concentration of 10 IU/20 µL. Sterile 

capsules were opened up in the biosafety cabinet (sterile environment) and the base of the 

capsules was filled with α-cellulose (Sigma, C8002) (approximately 25 – 50 mg). 100 µL of 

inoculum containing 5 x 10 6 CFU was added to the α-cellulose matrix and immediately 20 µL 

of thrombin was added on to the inoculum forming a fibrin clot entrapping the organism. The 

capsules were recapped immediately and placed in 1.5 mL centrifuge tubes (Eppendorf Inc.) 

and transferred into liquid nitrogen, thereby flash freezing them.  A set of 100 capsules was 

prepared at a time and stored in – 800 C freezer for use as required. 

 

 
 

3.7.6.2.1.4. ification of inoculum from capsule 
 

The final experimental inoculum from the capsules was quantified to determine the 

log10 CFUs for consistency on one day after the preparation, 1 week, 1 month and every 3 

months thereafter.  A single capsule was thawed in 1 mL normal saline and serially diluted 

and plated on MHA plates in duplicate. The plates were incubated at 370 C for 18 – 24 hours 

and log10 CFUs were determined.  Each capsule yields a bacterial load of 1 x 106 CFU (20% 

of the initial load) indicating a loss of viable bacterial count due to freeze-thawing as expected 

from previous studies [145]. 

 
 
 

3.7.6.2.2. Capsule implantation 
 

Six female SD rats were used for each aminoglycoside dose and for each control 
 
group for this experiment. The animals were infected using 2 gelatin capsules containing a 4% 
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fibrinogen clot in an α-cellulose matrix laced with 1 x 106 CFU of E. coli Bort per capsule (ie 

total 2 x 106 CFU of E. coli Bort per animal). Animals were anesthetized by using 5% 

isoflurane. The hair at the surgical site on the abdomen was shaved using a clipper. The 

surgical site was disinfected using approved disinfectants such as 70% alcohol and iodine. 

Gelatin capsules (premade) containing the E. coli Bort were surgically implanted through a 0.75 

cm incision into the peritoneum. The incision was closed in two steps using 4 - 0 sutures. The 

rats received buprenorphine at 0.03 mg/kg SC at the end of capsule implantation surgery and 

subsequent doses every 6 hours at 0.01 mg/kg. Animals were maintained in the anesthetic plane 

by using 2% isoflurane throughout the implant process. 

 
 
 

3.7.6.2.3. Observation and sample collection: 
 

After infection, the animals were placed in empty cages with a heating pad below and 
 
were allowed to recover from anesthesia. After complete recovery, the animals were transferred 

back to their own cages and were supplied with feed and water ad libitum. Animals were 

observed carefully for their behavior after implantation of capsules under the supervision of 

experienced veterinarian Dr. Valerie Smid, Animal Facility, University of Manitoba, Winnipeg, 

Manitoba. Animals were monitored for clinical signs of sepsis by a qualified veterinarian and 

animal house technicians. General signs of severe infection/ sepsis such as piloerection, 

hunchback posture, hypothermia, decreased or absent spontaneous movement, movement of the 

animal only after being provoked etc. were observed. Early increased body temperature (> 

38.20 C), tachycardia and tachypnea were other signs of severe sepsis and / or septic shock. 
 
Hypothermia and bradycardia are noted later. Blood samples, 200 – 300 µl, were collected 
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from the tail vein at each time point (explained below) from all the animals. The decision to 

euthanize the animals humanely at any time point was independently made by the veterinarians. 

 
 
 

3.7.6.2.4. Surgery and cannulations 
 

Based on previous unpublished studies, after an implant of 2 x 106 CFU of E. coli Bort 

strain animals begin to enter early septic shock at about 12-14 hours post-implant. Therefore, 

10-12 hours post-implant (sepsis induction), animals were studied.  They were re- 

anaesthetized using 5% isoflurane and transferred onto a surgical table with a heating pad to 

maintain the body temperature at 35 ± 20 C throughout the study. The maintenance dose of 

inhalant anesthesia, isoflurane, was adjusted to 2%. After 5 minutes, the animals were 

checked for pedal reflex to determine the depth of anesthesia. Once the animals were on the 

anesthetic plane they were dosed with 0.03 mg/kg dose of atropine intravenously to reduce the 

mucous secretions in the trachea. The animals were observed for hemodynamic parameters 

such as heart rate, ventilatory rate, O2 saturation etc. using a pulse oximeter (STARR 

Scientific Corp., Pennsylvania, USA) connected to the foot of the animals.  Once the animal 

was in a surgical plane, blunt dissection was performed in the thoracic region, exposing the 

trachea. A tracheotomy was performed carefully and animals were intubated using 14 gauge 

polyethylene catheter (Terumo Medical Corporation, New Jersey, USA).  The tubing was 

fixed at a position in the trachea by suturing it to the tracheal rings on the digital and proximal 

ends. The animals were ventilated using animal ventilator (Columbus instruments Inc., Ohio, 

USA) at 80 brpm.  Here, the level of isoflurane anesthesia was reduced to 1.5 - 2%. Animals 

were surgically instrumented with carotid and jugular catheters (3 French polyurethane 

catheters (Instech Laboratories Inc., Pennsylvania, USA)). The urinary bladder was 
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catheterized using a 3 french urinary catheter (Braintree Scientific Inc., Massachusetts, USA). 

A rectal thermometer (Cole Parmer Inc., Illinois, USA) was placed to determine the body 

temperature.  All these procedures were performed within 30 – 45 minutes. Animals were 

administered 0.01 mg/kg of epinephrine intramuscularly and then allowed to stabilize for 5 – 

10 minutes.  Intermittent doses of epinephrine were used whenever required to maintain the 

blood pressure and heart rate throughout the study. Relevant hemodynamic parameters (heart 

rate, systolic pressure, diastolic pressure and mean blood pressure) were measured 

continuously through a HPA (Digimed, HPA 400, Micro-Med Inc., Kentucky, USA) and 

pulse oximeter (STARR Scientific Corp., Pennsylvania, USA) and were recorded using 

software provided by the manufacturers. 

 
 
 

3.7.6.2.5. Treatment 
 

Gentamicin at 5, 10, 20, 40, 80 and 160 mg/kg doses and cefotaxime at 15 and 60 

mg/kg doses were administered to animals through the jugular vein over 20 minutes using an 

infusion pump (Harvard Apparatus Inc., Massachusetts, USA). Untreated control animals and 

sham capsule infected animals were administered heparinized normal saline.  Baseline 

hemodynamics (heart rate, systolic pressure, diastolic blood pressure and mean blood 

pressure) were assessed.  Blood and urine samples (approximately 300 µL) were collected at 

baseline (20 minutes before treatment), 0 h (10 minutes after dosing), 0.75 h (45 minutes), 1.5 

h, 3 h, 6 h and 9 h intervals.  Animals were euthanized by intravenous injection of 100 mg/kg 

of pentobarbital following the final blood and urine collection at 9 hours after the initiation of 

dosing. 
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3.7.6.2.6. Qualitative culture of blood and tissue samples 
 

Once the animals were euthanized, the peritoneum (the site of infection) was opened 

up and peritoneal fluid was collected using a sterile syringe.  The E. coli Bort count was 

determined by serial dilution and plating in duplicates on MHA plates. The remaining vital 

organs such as kidneys, spleen, liver and lungs were collected, washed thrice in 10 mL normal 

saline. A portion of all the organs was placed in 10% buffered formalin to be used for 

histological studies. One gram of each organ was homogenized in 1 mL of sterile normal 

saline using tissue homogenizer (Thermo Fisher scientific Inc., Massachusetts, USA). The 

homogenates were serially diluted (for 6 – 8 dilutions) in normal saline with 100 μL and 10 

μL of the homogenates plated in duplicate on MHA plates. A direct sample (100 μL) of the 

homogenate was also spread on the MHA plates.  Bacterial counts were enumerated by 

incubating the plates at 370 C for 18 – 24 hours. The limit of detection of bacterial counts 

from tissues was 100 CFU/gram of tissue. 

A portion of the blood sample was used for determination of bacterial counts. Blood 

samples were washed 3 X in 1 mL saline by centrifugation to remove/ wash out gentamicin 

from the blood. After the final wash, the supernatant was discarded and the volume was made 

up to the original volume by adding saline. The blood was serially diluted in normal saline (6 

– 8 dilutions) and 100 μL and 10 μL of each diluent was plated on MHA plates. Direct blood 

samples (100 µL) were spread on the MHA plates to determine the counts from blood. The 

plates were incubated for 18 – 24 hours at 370 C and the mean bacterial counts were 

determined.  Limit of detection of bacterial counts was 100 CFU/mL of blood. 
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3.7.6.2.7. Assay for biomarkers: 
 

Serum creatinine levels were determined from all the treated and untreated animals 

using the serum creatinine detection assay kit from ARBOR Assays (KB02-H1).  Lactate 

levels in the serum were determined using L-Lactate assay kit (Abcam – ab65330), cytokine 

levels in serum were determined by a multiplex ELISA kit (Rat cytokine – inflammation 9- 

plex [Cat # 110451RT] Quansys Biosciences, Logan UT, USA) [430] 

 
 
 

3.7.6.2.8. Hemodynamic parameters 
 

A HPA and pulse oximeter (STARR Scientific Corp., Pennsylvania, USA) were used 

to determine the hemodynamic parameters in all the treated and control animals as described 

earlier. The values obtained from these analyzers were recorded and saved for later analysis. 

 
 
 

3.7.6.2.9. Antibiotic concentrations and pharmacokinetic parameters 
 

Gentamicin concentrations were determined from the serum as described earlier. 
 
Based on the concentrations obtained from the serum samples, pharmacokinetic parameters 

such as AUC, Cmax, clearance and Vd were calculated using appropriate formulae as described 

below; 

Pharmacokinetic parameters were calculated by using the following formulae; 
 

1) Area under the concentration curve (AUC) was calculated by the trapezoid rule [431, 

432]. 

2) The elimination rate (Ke) was determined from the slope of the linear- 

concentration vs time decay curves for each of the animals 

3) Clearance (Cl) = Dose / Area under the curve (AUC) 
 

4) Volume of distribution (Vd) (area) = Clearance (Cl) / Elimination rate (Ke) 
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5) Time taken to eliminate half of the drug from the body (T ½) = Linear- 

concentrations / Elimination rate (Ke) 

The maximum concentration achieved in serum after 10 minutes of intravenous dosing was 

designated as the Cmax. 

Gentamicin concentrations were determined from animals in both the toxicity studies 

and infected animal studies as previously described. As expected, an aminoglycoside dose- 

dependent increase in the AUCs and Cmax was observed. Other (dose-independent) 

parameters such as clearance, volume of distribution, half-life and elimination rate were very 

similar at both 80 and 160 mg/kg doses in non-septic animals in the toxicity studies. 

Notably, a difference in some key pharmacokinetic parameters was noted between 

normal animals and septic shock induced animals.  At 80 and 160 mg/kg doses, there was a 

decrease in elimination rate and peak concentrations achieved in the septic shock animals 

compared to non-septic shock animals (table 12 & table 16).  There was a moderate increase 

in half-life and volume of distribution of the drug in septic shock animals compared to non- 

septic shock animals.  There was no major difference in the AUC and clearance for similar 

doses of gentamicin in septic shock and non-septic shock animals.  At the 160 mg/kg dose of 

gentamicin, the total time taken to achieve concentrations below the MIC of E. coli Bort (1 

μg/mL) was approximately 14.3 h and 9.8 h in septic shock-induced and normal animals 

respectively (calculated based on the elimination half-life of gentamicin in these animals (i.e. 

approximately 9 half-lives)).  This indicates that, by using 80 and 160 mg/kg doses of 

gentamicin in septic shock animals, serum concentrations fall below the recommended trough 

levels of 2 μg/mL within 11 and 12.9 h after dosing. Complete elimination of 

aminoglycosides from the rat can be anticipated within 24 h after dosing with the highest dose 
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(160 mg/kg) proposed.  This suggests a very low probability for the trough concentration to 

be maintained for a prolonged period after dosing limiting the potential for nephrotoxicity. 

In addition, it is worth noting the remarkable AUC/MIC and Cmax/MIC values 

generated with this method.  These values are extremely high with either 80 or 160 mg/kg 

dosing scheme and are approximately 400 and 600 respectively.  If  these high concentrations 

of aminoglycosides can be shown to accelerate pathogen (e.g E. coli in this model) clearance 

rates in infected animals or humans, the potential for clinical benefit may exist [138]. 

 
 
 

3.7.6.2.10. etermination of cefotaxime concentrations by bioassay 
 

Cefotaxime concentrations were determined using bioassay [433]. M. luteus ATCC 

4698 was used as the test organism with a lower limit of quantification of 0.06 mg/L. A 

linear concentration range from 0.03 to 32 mg/L was used for assessment.  The agar-well 

method was used to determine the zone diameters of M. luteus using standard concentrations 

of cefotaxime as well as from the serum samples collected at different time points from 

cefotaxime treated animals. The concentration of cefotaxime was determined at various time 

points for each dose by comparing the zone diameters from the treated groups with that of the 

standard zone of inhibition diameters at the different concentrations.  Based on these 

concentrations, area under the concentration curve (AUC) / MIC (mg. h /L), peak 

concentration (Cmax)/ MIC (µg/mL) were calculated for the bacteria strain tested using 

appropriate formulae. 
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3.7.6.2.11. ata analysis 
 

The occurrence of neuromuscular paralysis and respiratory depression after high doses 

of aminoglycosides has previously been reported [282, 283, 434].  In our invasive, short-term 

study, we wanted to determine if the animals enter neuromuscular paralysis and survive when 

supported by ventilator for the duration of paralysis.   The sample size calculation was based 

on dichotomous data describing the occurrence or absence of neuromuscular paralysis after 

ultra-high dosing of aminoglycoside. In our studies, the sample size required was determined 

by following formula; 

 
 
Where, 
 
1 – β is the power and is usually set at 80 % by researchers and β is usually 0.20. For our 

experiment we considered β to be 0.05 and the power to be 95 %. 

p – represents the proportion of animals which did not have neuromuscular paralysis after 

ultra-high aminoglycoside doses. 

Previous reported studies indicated that the majority of animals entered neuromuscular 

paralysis after high doses of aminoglycosides [282, 283, 403].  In our study, we assumed 70 

% of the animals would enter neuromuscular paralysis after ultra-high doses of 

aminoglycosides.  The number of animals required for a 95% chance to detect neuromuscular 

paralysis is as follows; 

n = log 0.05/ log 0.3 
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= - 1.3010/ - 0.5228 
 

= 2.48 = 3 animals per dose. 
 
Potential differences between gentamicin and tobramycin at similar doses was assessed using 

t-test. GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego, 

California, USA was used for calculating statisitics. A p-value of ≤ 0.05 was considered 

significant. Animals from the gentamicin and tobramycin ultra-high dose groups were 

combined together (3 + 3= 6 animals) to determine the duration of neuromuscular paralysis at 

specific dose. 

In our long-term, non-invasive studies, for the serum creatinine and urinary NGAL 

levels, blood and urine were collected repeatedly at different time points from both the treated 

and control animals.   Repeated measures analysis of variance (ANOVA) was the statistical 

test selected as more than three groups (doses) were compared to analyze the differences 

between group means and their associated variance.  The results obtained from treated groups 

were compared to control and to standard gentamicin dose (20 mg/kg). Dunnett’s post hoc 

test was used along with repeated measures ANOVA for comparison of treated groups with 

the control and standard dose group for significance. GraphPad Prism version 5.00 for 

Windows, GraphPad Software, San Diego, California, USA was used for statistical analysis 

for all of our experiments except for ABR studies.  Results from treated and untreated animals 

were compared for statistical significance.  Statistical significance was calculated using 

repeated measures analysis of variance (ANOVA) followed by Dunnett’s test. The p-value of 

≤ 0.05 was considered significant. 
 

Data on auditory brainstem responses were analyzed by the particular frequency level 

being tested (3000 Hz, 6000 Hz, 12000 Hz and 24000 Hz).   Left and right ears were 
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considered clustered (i.e., repeated) observations of a case. Generalized estimating equations 

(GEE) with an identity link and normal distribution were run on the data using SAS version 

9.1 (Cary, NC, USA) with saline administered controls, 80 mg/kg and 160 mg/kg of 

aminoglycoside doses as a between-subjects factor and day (0,180) as a repeated measure, as 

well as the interaction between dose and day.  GEE models account for the clustered nature 

of multiple observations (i.e., left and right ear) and also provide robust standard errors of 

effects, for a more accurate estimate of effect significance.  A significant interaction would 

indicate that the change over time depended on which dose an animal was administered.  A p- 

value of ≤ 0.01 was considered significant. 

Ultra-high dose aminoglycoside treatment is a novel strategy in treating septic shock 

animals. There is no data available/ reported on the antimicrobial efficacy of the ultra-high 

dosing aminoglycoside regimen in any experimental septic shock/ infection model. However, 

our previous published studies suggest that the highest standard deviation of 0.8 log CFU/mL 

in bacterial count reduction in our murine septic shock model with ampicillin treatment [145]. 

To be conservative, the standard deviation for log CFU/mL reduction was estimated to be 1.3 

(0.5 log more) for our studies in rats for purposes of calculating the sample size.  For the 

septic shock model,  the sample size for comparing treated groups with infected control group 

with a 95 % confidence limit was determined by following formula [435]; 
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Where; 
 

 
s – standard deviation 

 

 
d – magnitude of difference the researcher wants to detect, also called the ‘effect’. 

C – constant dependent on value of α and β selected. 

Note that for α = 0.05 and 1-β = 0.9, C is 10.51 and 2C would be 21 
 

 
In our study, standard deviation (s) is considered to be 1.5 log CFU/mL and the magnitude of 

difference (d) expected to be achieved is 3 log CFU/mL. 

 

Therefore, 
 

n = 1 + 21 (1.3/3)2
 

 
= 1+ 21(0.43)2

 

 
= 1+ 3.8829 

 
= 4.8829 or 5 animals per group 

 
As we are working with a septic shock model, there is a risk of losing animals prematurely. 

To compensate, 1 more animal was added to each group. 

n = 6 animals per group 
 
 
 
 
In the septic shock model, the primary endpoint was the number of surviving bacteria in the 

blood and organs of the treated and untreated control animals expressed as log10 CFU/mL and 

log10 CFU/gram respectively. The efficacies of the different doses were compared by 

repeated measures ANOVA followed by a Dunnett’s test for comparison of treated groups 

with untreated control for the blood bacterial counts. For bacterial counts in the vital organs, 
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ANOVA followed by Dunnett’s test was used to determine the significance. p-value of ≤ 
 
0.01 was considered significant between the groups in all the experiments. GraphPad Prism 

version 5.00 for Windows, GraphPad Software, San Diego California USA was used for 

stastical analysis. 

All data in graphs is depicted as mean ± standard error. Data in tables and text is 

described as mean ± standard deviation. 
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CHAPTER 4 
 
 

4. Results 
 
4.1. In vitro studies: Determination of MIC by broth micro-dilution method 
 

The minimum inhibitory concentrations of gentamicin, tobramycin and cefotaxime for 
 
E. coli Bort (ATCC 700973) were determined.  The MICs are tabulated in table 8. 

 
 
 
 
4.2. In vivo studies 
 
4.2.1. Pilot electromyogram (EMG) study: 
 

In the pilot toxicity study, the normal functioning and response of gastrocnemius 

muscle to electrical stimulus was recorded using EMG. The baseline EMG wave was 

recorded after stimulating the sciatic nerve and recording the muscle response.  In the EMG 

wave recording, the initial electrical stimulus appeared as a single sharp peak, which is 

considered as stimulus artifact followed by an M - wave and H-reflex.  At baseline, the peak 

of M-wave was 1000 mV after the stimulus and H-reflex was 500 mV.  Once half the total 

dose of gentamicin 80 mg/kg dose (i.e. 40 mg/kg) was infused, the sciatic nerve was 

stimulated and a decrease in the amplitude of M-wave as well as the H-reflex was observed, 

indicating the onset of neuromuscular dysfunction.  The peak of the M-wave was 500 mV 

after stimulus at this point (10 minutes post-infusion) and the H-reflex was approximately 50 

mV. The animal was able to breathe on its own.  The M-wave and H-reflex disappeared 

entirely after complete infusion of 80 mg/kg dose, indicating a complete absence of response 

from the muscle after stimulation consistent with complete neuromuscular paralysis.  The 

animal required ventilator support by this time point (20 min after infusion). The M-wave 

and H-reflex remained absent at 5 minutes, 10 minutes and 15 minutes after dosing.  But, at 
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20 minutes after dosing, there was a small response from the muscle when stimulated. At this 

point, the peak of M-wave was 350 mV and H-reflex was restored to normal. Even though 

the muscles started to respond to stimulus, the animal was still ventilator dependent.  At 30 

minutes post-infusion, there was > 50% response from the muscle compared to baseline. The 

M-wave peak at this time point was approximately 650 mV and the H-reflex response was 

normal.  The animal was able to breath by itself and ventilator support was withdrawn.  The 

EMG waves, heart rate and blood pressure at baseline, 10 minutes after initiation of 

gentamicin 80 mg/kg infusion (10 minutes after start), after completion of 80 mg/kg dose (20 

minutes after start), 10 minutes post dosing, 20 minutes post dosing and 30 minutes post 

dosing are presented in figure 20a & 20b. The corresponding heart rate and blood pressure 

are also recorded and tabulated. This experiment confirms that a) ultra-high dose 

aminoglycoside generates neuromuscular paralysis b) that this neuromuscular paralysis is 

transient and c) the animal will survive if ventilator support is provided during neuromuscular 

paralysis. 

 
 
 

4.2.2. Invasive short-term (9 h) toxicity study: 
 
4.2.2.1. Neuromuscular weakness and ventilator dependency 
 

Animals were found to become ventilator dependent after single, ultra-high dose of 

aminoglycosides in invasive (and non-invasive) studies.  At 80 mg/kg doses of both the 

gentamicin and tobramycin, the animals entered neuromuscular paralysis during or 

immediately after dosing.  Animals entered neuromuscular paralysis within 10 minutes after 

initiation of 160 mg/kg dose with both the aminoglycoside antibiotics. 
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There was no statistically significant difference in the time duration of neuromuscular 

paralysis between equivalent doses (80 and 160 mg/kg) of gentamicin and tobramycin (table 

9a). For each individual aminoglycoside, there was a trend towards a longer duration of 

paralysis with the 160 mg/kg compared to the 80 mg/kg dose (gentamicin, p=0.015; 

tobramycin p=0.0591, Students t-test). The mean time duration of paralysis and ventilator 

dependency at 80 mg/kg dose of aminoglycoside gentamicin + tobramycin) antibiotics was 

32.16 ± 9.04 minutes and was 47.1 ± 3.54 minutes with 160 mg/kg dose (p=0.0361, Students 

t-test) (table 9b).  The average duration of neuromuscular paralysis and ventilator 

dependency with both aminoglycoside antibiotics at each ultra-high dose are recorded (table 

9a. & 9b.). As expected, there was no neuromuscular paralysis and ventilator dependency 

observed with untreated/saline administered control animals. 

 
 
 

4.2.2.2. Renal injury: Serum creatinine levels 
 

Sequential serum creatinine levels after both 80 and 160 mg/kg dose of 

aminoglycosides (3 animals of gentamicin + 3 animals of tobramycin) up to 9 h in 

comparison to saline-treated controls are presented in figure 21. . There was no statistically 

significant difference in serum creatinine between the aminoglycoside dose of 80 mg/kg 

compared to the control.  There was a statistically significant difference between control and 

160 mg/kg of aminoglycoside (p < 0.01). Despite this, all mean values remained well within 

the normal limits of 0.30 to 1.4 mg/dL (in rats) throughout the study.  The long-term study 

examined serum creatinine at 24 hours to 180 days. 
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4.2.2.3. Hemodynamic parameters 
 

Hemodynamic parameters were followed to ascertain any change in physiological 

stability due to ultra-high doses of aminoglycosides.  A HPA was used to follow the mean 

arterial pressure, maximum (systolic) pressure, minimum (diastolic) pressure etc. Serial 

hemodynamic data are tabulated in table 10 and table 11. A pulse oximeter recorded heart 

rate, respiratory rate, % O2 saturation of blood, ventilatory distention and pulse distention. 

These data after 80 and 160 mg/kg doses of aminoglycosides are presented in figure 22 and 

23. 

There was a statistically insignificant decrease in the heart rate immediately after 

intravenous infusion of 80 and 160 mg/kg doses of aminoglycoside. The heart rate tends to 

increase from 45 minutes (0.75 h) to 1.5 h after dosing and then normalize.  The mean arterial 

pressure was usually maintained above 60 mmHg up to 4 to 6 h after dosing at both the doses 

and then fell below 60 mmHg.  Neuromuscular paralysis was confirmed through ventilator 

dependency and a slight decrease in %O2 saturation before ventilator dependency. 

 
 
 

4.2.2.4. Gentamicin concentrations from serum 
 

Maximum serum concentration (Cmax) achieved by gentamicin at 80 and 160 mg/kg 

doses in normal animals were 423 ± 21 µg/mL and 616 ± 36.6 µg/mL respectively. The area 

under the concentration curve (AUCtot) was 426 ± 58.5 mg*h/Liter and 725 ± 50.5 mg*h/Liter 

at 80 mg/kg and 160 mg/kg respectively (figure 24a). However, the clearance, elimination 

rate, T1/2 and volume of distribution remained same at both the doses (figure 24b). All the 

pharmacokinetic parameters were calculated and tabulated in table 12. 
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4.2.2.5. Histology of kidneys 
 

To determine the possibility of nephrotoxicity within 9 h after dosing, kidneys were 

collected at the end point for histological examination. H & E staining demonstrated no 

evidence of toxic effects such as tubular necrosis, mononuclear infiltration, inter-tubular 

hemorrhages, and congestion and swelling of the glomerulus in ultra-high dose 

aminoglycoside treated animals. Results indicated that there was no overt renal toxicity 

associated with this experimental therapy (figure 25 a - e). 

 

 
4.2.3. Non-invasive long-term (180 days) toxicity study 
 

Ultra-high aminoglycoside dosed animals were observed for neuromuscular 

weakness/paralysis for the first few hours after single, ultra-high aminoglycoside doses. 

Evidence of oto-vestibular toxicity and renal injury associated with these doses was assessed 

over 180 days after initiation of therapy. 

 

 
4.2.3.1. Neuromuscular weakness 
 

Animals were observed for neuromuscular paralysis and ventilator dependency after 

ultra-high doses of aminoglycoside antibiotics. The animals exhibited a similar duration of 

neuromuscular paralysis as obtained from the invasive study confirming the previous results. 

 
 
 

4.2.3.2. Ototoxicity 
 
4.2.3.2.1. Auditory brain stem response study 
 

The hearing sensitivity of ultra-high dose aminoglycoside administered animals was 

serially assessed at different frequencies (in comparison to baseline values) over 180 days 

(figure 26 (a – c)). 
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At 3000 Hz, the only significant effect was the main effect of dose (p<0.01), with 

doses of 80 mg/kg and 160 mg/kg having lower mean values than controls.  There was no 

effect of duration of time since dosing and the interaction between dose and day was not 

significant (p=0.67).  Post-hoc tests, however, indicated that the dose-effect may only be 

significant at day 0 (p=0.03) and not at day 180 (p=0.58). There is no significant difference in 

hearing ability of animals at this frequency tested on day 0 compared to day 180 at both the 

ultra-high aminoglycoside doses. 

At 6000 Hz, the only significant effect was the main effect of dose (p<0.01), with doses 

of 80 mg/kg and 160 mg/kg having lower mean values than controls.  There was no effect of 

duration of time from dosing and the interaction between dose and day was not significant 

(p=0.03) (a statistically significant difference will only be considered when p < 0.01 due to 

multiple tests).  Post-hoc tests, however, indicated that there was a dose effect at 80 mg/kg 

with a p <0.01 but this effect was not observed with 160 mg/kg dose of aminoglycosides (p = 

0.420). There was a significant difference in hearing ability of animals at this frequency 

tested on day 0 compared to day 180 with the 80 mg/kg dose, but this was not observed with 

the 160 mg/kg dose. 

At 12000 Hz, the only significant effect was the main effect of dose (p<0.01) with 

doses of 80 mg/kg and 160 mg/kg having lower mean values than controls.  There was no 

effect of duration since dosing and the interaction between dose and day was not significant 

(p=0.207).  Post-hoc tests, however, indicated that the dose effect may only be significant at 

day 0 (p<0.01) and not at day 180 (p=0.22).  There is no significant difference in hearing 

ability of animals at this frequency tested on day 0 compared to day 180 at both the ultra-high 

aminoglycoside doses. 
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At 24000 hZ, the only significant effect was the main effect of dose (p<0.01), with 

doses of 80 mg/kg and 160 mg/kg having lower mean values than controls.  There was no 

effect of duration since dosing and the interaction between dose and day was not significant 

(p=0.742).  Post-hoc tests, however, indicated that there was no dose effect on day 0 

(p=0.120) and day 180 (p=0.402).  There is no significant difference in hearing ability of 

animals at this frequency tested on day 0 compared to day 180 at both the ultra-high 

aminoglycoside doses. 

Overall, no statistically significant difference was found in the hearing ability of the 

animals between the control group and single, ultra-high aminoglycoside groups at all the 

frequencies except for 80 mg/kg dose at 6000 Hz. 

However, the possibility of auditory injury occurring at 6000 Hz at 80 mg/kg dose 

without having toxicity at higher frequencies is unlikely. Available data uniformly suggest 

hearing loss at higher frequencies first, followed by hearing loss at lower frequencies [436]. 

In addition, a similar hearing loss was not observed with 160 mg/kg dose at all the 

frequencies tested.  This indicates that the toxicity observed at 80 mg/kg dose of 

aminoglycosides is most probably due to type I error. 

 
 
 

4.2.3.2.2. Vestibular toxicity/ behavioral studies 
 

The studies were performed in triplicate with a 2 hour gap between each test on day 0 

and day 180. All the animals were tested for vestibular related toxicity by performing the tail 

hanging reflex test, air righting reflex and contact inhibition of righting reflex test. 

All animals exhibited normal behavior on day 0 without any signs of vestibular related 

problems. On day 180, one animal in the gentamicin 160 mg/kg group exhibited a consistent 
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vertical bending (3 out of 3 times) in the tail hanging reflex test.  The mean score was 1 for 

this test animal. One animal in the tobramycin 80 mg/kg dose group exhibited vertical 

bending twice in a set of three so the mean value was recorded as 0.67.  The final scores in 

these animals were in the range of 0 – 2 hence are considered to be normal.  All the animals 

exhibited normal behavior in all the three tests on day 180. The final scores are presented in 

the table 13. 

Overall, there was no difference between the single, ultra-high aminoglycoside treated 

animals compared to that of controls by the end of the experiment. By combining the animals 

at 80 and 160 mg/kg doses, respectively, we have 4 animals at each dose for each 

aminoglycoside in total.  Assessing the mean results of the 4 animals per each single, ultra- 

high dose, there was no obvious vestibular dysfunction with responses that were comparable 

to that of the saline treated control animals. 

 
 

 
4.2.3.2.3. Histology of cochlea 
 

The sections of cochlea were cut and stained using H& E staining.  Inner ear fixation 

with formalin was insufficient (lack of perfusion fixation) and did not allow for the 

assessment of cellular and structural integrity of the organ of corti and the cochlear ganglion 

cells from H&E stained sections. The H & E stained cochlea are presented in figure 27 (A - 

E). There were no morphological differences between the ultra-high dose aminoglycoside 

groups compared to the untreated control groups.  Due to the inadequate fixation of the 

cochlea and low number of samples, further studies are required in a much larger group of 

animals per dose to definitively confirm these results. 
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4.2.3.3. Renal injury 
 
4.2.3.3.1. Estimation of serum creatinine levels 
 

Serum creatinine levels were determined from the animals at serial time points up to 

180 days after aminoglycoside administration. The results from the experiment are presented 

in figure 28. Serum creatinine levels in all the treated and untreated animals were in the 

normal range throughout the 180 days. The aminoglycoside 160 mg/kg dosed animals 

exhibited a slight elevation in serum creatinine levels on 180th day (0.63 mg/dL) compared to 

other animals, but the creatinine levels were well in the normal range (0.35 – 1.4 mg/dL) 

[437].  There was no statistically significant difference between the control and treated groups 

measured by repeated measures ANOVA followed by Dunnett’s test. 

 
 
 

4.2.3.3.2. Estimation of NGAL levels from urine for acute renal toxicity 
 

NGAL levels were determined from the urine of rats treated with ultra-high doses of 

gentamicin and tobramycin as well as from the control animals. Results are shown in figure 

29. Urinary NGAL levels increased from 56.3 ± 22.4 ng/mL at baseline to 75.56 ± 23.8 

ng/mL at 24 h post 80 mg/kg dose of aminoglycosides.  With 160 mg/kg dose, at baseline, the 

urinary NGAL levels were 41.4 ± 10.8 ng/mL and after 24 h of therapy the levels were 54.2 ± 

17.5 ng/mL.  In the saline-treated control animals, NGAL levels at baseline were 33.9 ± 7.9 

ng/mL and by 24 h time point the levels were 43.3 ± 14.8 ng/mL. By day 7 at 80 mg/kg and 

day 60 at 160 mg/kg dose the NGAL levels became similar to baseline. NGAL levels did not 

vary more than 2 fold throughout the experiment consistent with the absence of AKI.  There 

was a small increase in early urinary NGAL in the ultra-high dose aminoglycoside dosing 

groups. However, there was no statistically significant difference between the control and 



103

 

 

treated groups over the time points assessed (in part because the control group also showed a 

modest early increase in NGAL). 

 

 
 

4.2.3.3.3. Histology of kidneys from non-invasive long-term toxicity study 
 

The collected kidneys from the 180-day study were used for histology studies. The H 
 
& E stain revealed that there was no gross histological changes between the ultra-high dose 

aminoglycoside treated animals and untreated controls at day 180. Photomicrographs are not 

shown as they are entirely unremarkable. 

 

 
 

4.2.3.3.3.1. NEL Assay 
 

The kidney samples used for the H & E staining were also used for the TUNEL assay. 

A very low percentage of apoptosis was observed in both untreated controls and ultra-high 

aminoglycoside dosed groups. There was no significant difference between the number of 

apoptotic cells observed in control and both the single, ultra-high aminoglycoside dosed 

groups.  Based on the limited sample size, qualitatively, we can infer that there was no 

significant apoptosis of endothelial cells due to ultra-high doses of aminoglycosides. Positive 

control slides indicate the apoptotic cells (the brown colored nucleus) for comparison. 

TUNEL assay photomicrographs are presented in figure 30 (a – f). 
 
 
 
 
4.2.3.4. Hemodynamic parameters 
 

Vital parameters such as heart rate, % oxygen saturation, ventilatory rate, ventilatory 

distention and pulse distention were recorded for the first 2 hours using a pulse oximeter after 

initiation of ultra-high dose aminoglycosides in the non-invasive, 180 day toxicity study.  All 



104

 

 

values remained within normal range for the duration of observation in all groups. Results are 

presented in figure 31 (A - C). 

In this experiment, the animals underwent tracheal intubation via the oral route. Once 

animals recovered from neuromuscular paralysis, they were extubated and followed for 2 

hours. Subsequently, animals were observed for 180 days for ototoxicity and renal toxicity. 

 
 
 

4.2.4. Standardization of septic shock in SD rats 
 

The E. coli Bort is a serum resistant encapsulated strain and is highly virulent [406]. 

After surgical implantation of the capsules containing the E. coli Bort, the animals recovered 

within several hours and exhibited normal behavior initially. Symptoms of sepsis and septic 

shock occurred sequentially depending upon the number of capsules surgically implanted 

(number of organisms) into the peritoneum of the animal. Within few hours after infection, the 

animals exhibited an increase in body temperature > 380 C indicative of sepsis. Within hours, 

heart rate was found to increase followed by morbid state with decreased to absent movement in 

the cage and the movement of the animal only after being provoked were observed. Late 

symptoms of sepsis such as ruffled fur, piloerection, hunchback posture, hypothermia, morbid 

state and limited then absent spontaneous movement with increased respiratory rate were 

observed. 

Group 1 animals implanted with one capsule exhibited the above symptoms after 18th
 

 
hour. In this group, the animals had a blood bacterial density of 3 x 105 CFU/mL by 18th hour. 

These animals entered septic shock (based on inability to obtain an oximeter signal and the use 

of a tail cuff plethysmograph) at approximately 24 hours post implant with a blood bacterial 



105

 

 

density of 2 x 106 CFU/mL. Due to their moribund state, animals were euthanized at about 36 

hours. 

Group 2 animals were implanted with 2 capsules and these animals exhibited symptoms 

of sepsis by 6-8 h post-infection with a blood bacterial concentration of 6 x 105 CFU/mL by the 

9th hour. The animals entered septic shock with a blood bacterial concentration of 2 x 106 

CFU/mL at 11 - 12 hours post implant. These animals were observed and euthanized at 20 

hours post implant with a blood count of 8 x 107 CFU/mL. 

Group 3 animals were implanted with 4 capsules and these animals entered sepsis 

within 4 – 6 hours post infection with a blood bacterial concentration of 8 x 105 CFU/mL at the 

6th hour. Septic shock occurred within 8 - 10 h post infection. These animals had a blood 

bacterial concentration of 2 x 108 CFU/mL by 12 hours post implant. Animals required 

euthanization by this time point due to their moribund state. The sequential blood bacterial 

concentration in the 3 groups is presented in table 14 a - c. 

Group 1 and group 3 animals developed septic shock at about 24 h and 8 h after 

implantation of capsules respectively. Both these are impractical time points for logistic 

reasons. All groups exhibited a consistent increase in bacterial load from the start of the 

infection to the final assessment and were eventually euthanized for humane reasons. Group 2 

animals, specifically exhibited consistent bacterial growth in blood with appropriate signs and 

symptoms of septic shock over time and, in addition, exhibited an ideal disease trajectory for 

study logistic purposes. Veterinary staff estimated the animals would have died due to septic 

shock by 20 to 24 hours (which was confirmed in our septic shock model where fully 

anesthetized untreated control animals died within 8 h after the start of the experiment i.e. 20 h 

after infection). All animals were autopsied and organs harvested for histological and analysis. 
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4.2.4.1. Histology of all organs from septic shock induced animals 
 

 
Lungs, kidney, spleen and liver of the infected animals (with 2 capsule insertions) were 

harvested and used for histology studies. Tissue was fixed and H& E staining performed as 

described elsewhere All the samples were observed and are shown in figure 32 (i – iv). A 

considerable number of bacilli were observed in the lungs, spleen, liver and kidneys with a large 

amount of neutrophil infiltrations into these organs consistent with disseminated bacterial 

infection. 

 
 
4.2.4.2. Consolidated observations: 
 
a) Clinical observations: 
 

 Body temperature above 38.20 C (after 6 - 8 hours of infection). 
 

 Tachycardia and tachypnea present (after 6-8 hours). 
 

 Bradycardia observed (after 12 - 14 hours after infection) and confirmed with the 

inability of the pulse oximeter to identify the signals. 

 Hypothermia observed (12-14 hours after infection). 
 

 
 
 

b) Microbiological observations: 
 

 Bacterial counts from peritoneal fluid (site of infection) confirmed to be E. coli Bort. 
 

 Blood bacterial count was determined and organism confirmed as E. coli Bort. 
 

 Bacterial counts from all the vital organs determined and confirmed as E. coli Bort. 
 
 

 
c) Histological observations: 
 

 Perivascular edema due to capillary leakage. 
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 large number of neutrophils, macrophages and rod-shaped bacteria (E. coli Bort, 

confirmed by culturing) in peritoneal fluid. 

 Extensive neutrophil infiltration along with rod-shaped bacteria observed in the spleen, 

liver, lungs and kidneys of H & E stained organ sections. 

 
 

Based on the progression of infection, signs and symptoms of severe sepsis/septic shock 

and the histology finding from the organs of these animals, we concluded that a 2 capsule 

(approximately 2 x106 organisms) implant model was appropriate for further study with ultra- 

high dose aminoglycosides. 

 
 
4.2.5. Gentamicin in E. coli Bort induced septic shock SD rats 
 
4.2.5.1. Bacterial load and log10 CFU reduction in blood 
 

The bacterial concentration in the blood of all the animals at the time of antibiotic 

dosing (12 h post infection) was 6.26 ± 0.11 log10 CFU/mL. The bacterial concentration in 

untreated controls at the end (9 h post sham dosing) of the experiment was 8.91 ± 0.37 log10 

CFUs/mL of blood (figure 33).  Log10 CFUs in blood after 9 hours of 5, 10, 20, 40, 80 and 

160 mg/kg doses of gentamicin treatment were 5.98 ± 0.62, 4.9 ± 0.53, 4.38 ± 0.95, 2.33 ± 

0.34, 0.90 ± 1.3 and below the detection limit at the end of the experiment respectively. The 

cefotaxime (15 and 60 mg/kg) dosed groups exhibited 3.25 ± 0.58 and 2.65 ± 0.53 log10 

CFU/mL in blood by the end of the experiment.  The maximum log10 CFU reduction 

observed with the 5 and 10 mg/kg doses of gentamicin was 3.79 and 3.92 within 1.5 h and 45 

minutes (0.75 h) after dosing.   With the 20 and 40 m/kg dose the maximum log10 CFU 

reduction observed was 5.48 and 5.98 within minutes after completion of dosing. At 80 and 
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160 mg/kg doses of gentamicin the bacteria from the blood were below the detection limit 

immediately after completion of intravenous infusion (> 6.26 log10 CFU reduction). 

At 5, 10, 20, and 40 mg/kg doses of gentamicin the bacteria exhibited regrowth before 

the end of the study period and with 80 mg/kg dose there was modest regrowth (< 1 log10 

CFU) at the end of the experiment (figure 34). At 160 mg/kg dose, the bacteria were below 

the detection limit from the blood throughout to the end of the study. The log10 CFU 

reduction compared to UTC after 9 h of dosing (endpoint) was 2.9, 4, 4.5, 6.6, 8.01 and 8.9 at 

5, 10, 20, 40, 80 and 160 mg/kg doses of gentamicin respectively. Maximum log10 CFU 
 
reduction with cefotaxime at 15 and 60 mg/kg doses was 3.98 and 4.90 by 3 h and 1.5 h 

respectively.  However, the animals from cefotaxime group died within 8 hours after 

treatment in both the groups. 

With increasing gentamicin, there was a dose proportional decrease in log10 CFUs in 

the blood across time points (p<0.001).  With ultra-high doses (80 and 160 mg/kg) of 

gentamicin, the bacteria were below the detection limit within minutes after dosing in contrast 

to the cefotaxime and standard dose aminoglycoside groups. There was a statistically 

significant difference between all the treated groups compared to UTC with a p-value < 0.01 

by the end of the experiment.  There was a statistically significant difference between the 20 

mg/kg dose of gentamicin compared to both the ultra-high doses of 80 and 160 mg/kg of 

gentamicin with a p-value < 0.01. 

 
 
 

4.2.5.2. Bacterial load and log10 CFU reduction in organs and peritoneal fluid 
 
4.2.5.2.1. Bacterial load from kidneys 
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Gentamicin is eliminated almost entirely through the kidneys.  It accumulates in the 

kidneys at higher concentrations than serum and other organs [438]. The bacterial count from 

kidneys was determined from UTCs as well as from treated animals 9 h after aminoglycoside 

dosing (figure 35). UTC exhibited 8.9 ± 0.46 log10 CFU/ gram of kidney at the end of the 

experiment (9 h).  Log10 CFU reduction of E. coli Bort from kidneys of animals treated with 

5, 10, 20 and 40 mg/kg doses was 3.53, 4, 5.44 and 8 log10 CFU compared to UTC at the end 

of the experiment.  Bacteria were below the detection limit from the kidneys after single, 

ultra-high doses of gentamicin after 80 and 160 mg/kg (≥ 8.9 log10 CFU compared to control) 

by the end of the experiment.  Log10 CFU reduction at 15 and 60 mg/kg of cefotaxime groups 

was 5.00 and 6.07 log10 CFU compared to UTC.  A statistically significant difference was 

observed between treated and untreated controls (UTC) with a p-value < 0.01 by one-way 

ANOVA followed by Dunnett's multiple comparison test. There was a statistically significant 

difference between gentamicin 20 mg/kg compared to ultra-high (80 and 160 mg/kg) 

gentamicin doses with a p-value of < 0.01. 

 
 
 

4.2.5.2.2. Bacterial load from spleen 
 

E. coli Bort counts per spleen from UTC were 9.12 ± 0.75 log10 CFU at the end of the 

experiment (9 h post-dosing). A substantial log10 CFU reduction was observed with 

gentamicin doses compared to UTC (figure 36). Gentamicin at 80 and 160 mg/kg as well as 

cefotaxime at 15 and 60 mg/kg doses exhibited > 3 log10 CFU reduction in E. coli Bort from 

spleen. There was a log10 CFU reduction of 2.1, 2.40, 2.42, 2.86, 3.17 and 3.6 with 5, 10, 20, 

40, 80 and 160 mg/kg doses compared to UTC by the end of the experiment. With 
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cefotaxime 15 and 60 mg/kg doses, there was a 3.55 log10 CFU reduction at both the doses 

compared to UTC. 

A statistically significant difference was observed between treated and untreated 

controls (UTC) with a p-value of < 0.01 by one-way ANOVA followed by Dunnett's multiple 

comparison test. There was a no statistically significant difference between gentamicin 20 

mg/kg compared to 40 and 80 mg/kg doses. A statistically significant difference was 

observed with a p-value of < 0.01 between gentamicin 20 mg/kg and 160 mg/kg groups. 

 
 
 

4.2.5.2.3. Bacterial load from the liver 
 

Untreated control animals exhibited a 9.7 ± 0.7 log10 CFU of E. coli Bort per gram of 

liver by the end point (figure 37).  There was a > 3 log10 CFU reduction with 5 and 10 mg/kg 

doses by 9 h post dosing compared to UTC. The log10 CFU reduction with 20, 40, 80 and 160 

mg/kg doses was 3.9, 4, 4.47 and 4.64 log10 CFU compared to UTC by the end of the study (9 

h post dosing).  Log10 CFU reduction with cefotaxime doses at 15 and 60 mg/kg were 4.47 

and 5.38. A statistically significant difference was observed between treated and untreated 

controls (UTC) with a p-value < 0.01 by one-way ANOVA followed by Dunnett's multiple 

comparison test. No significant difference was observed between gentamicin 20 mg/kg and 

single, ultra-high gentamicin doses (80 and 160 mg/kg). 

 

 
4.2.5.2.4. Bacterial load from lungs 
 

Bacterial counts from the lungs of untreated control animals were 9.2 ± 0.84 log10 

CFU/gram of lung (figure 38). Compared to UTC, gentamicin at 5, 10, 20, 40, 80 and 160 

mg/kg doses exhibited 3.4, 4, 4.3, 4.4, 4.86 and 4.81 log10 CFU reductions by the end of the 

study (9 h post-dosing).  Cefotaxime exhibited a 3.43 and 5.48 log10 CFU reduction at 15 and 
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60 mg/kg doses compared to UTC. A statistically significant difference was observed 

between treated and untreated controls (UTC) with a p-value < 0.01 by one-way ANOVA 

followed by Dunnett's multiple comparison test. There was no statistically significant 

difference between gentamicin 20 mg/kg compared to ultra-high gentamicin doses (80 and 

160 mg/kg). 

 
 

4.2.5.2.5. Bacterial load from peritoneal fluid 
 

Bacterial counts from the peritoneal fluid of untreated control animal exhibited  9.86 
 
± 0.56 log10 CFU/mL by end of the experiment. Gentamicin exhibited a dose proportional 

decrease in bacterial load from the peritoneal fluid (site of infection) compared to UTC with a 

p-value < 0.001 (figure 39). The log10 CFU reductions at 5, 10, 20, 40, 80 and 160 mg/kg 

doses of gentamicin were 0.5, 2.5, 2.9, 4.4, 5.25 and 5.85 compared to UTC.  Cefotaxime at 

15 and 60 mg/kg doses exhibited a log10 CFU reduction of 3.6 and 5 compared to UTC at the 

end of the experiment. There was a dose-dependent eradication of bacteria from the site of 

infection by the ultra-high dose gentamicin therapy.  One-way ANOVA followed by 

Dunnett’s multiple comparison tests revealed that there was a significant difference between 

the treated animals compared to an untreated control group with a p-value of <0.01 except for 

the 5 mg/kg dose. There was a significant difference between ultra-high gentamicin (80 and 

160 mg/kg) dosed animals compared to gentamicin 20 mg/kg dose with p-value <0.01 by one- 

way ANOVA followed by Dunnett’s multiple comparison test. 

 
 
 

4.2.5.3. Serum creatinine levels 
 

Serial serum creatinine levels were determined from UTC as well as from the treated 

and sham animals.  In treated (except 10 mg/kg gentamicin) and sham animals, the serum 
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creatinine levels were well within the normal range of 0.35 to 1.4 mg/dL during the course of 

the study (figure 40). Serum creatinine levels at the 10 mg/kg dose of gentamicin and UTC at 

the start of the experiment were 0.84 mg/dL and 0.9 mg/dL and 1.5 mg/dL and 1.94 mg/dL by 

the end of the experiment respectively (indicating significant renal dysfunction in these 

animals due to septic shock). There was an increase in the serum creatinine levels in 

gentamicin 40 mg/kg dose, but was still below the normal levels in serum.  The serum 

creatinine levels in the 20, 40, 80 and 160 mg/kg dosed gentamicin animals as well as sham 

capsule infected animals at the start of the experiment were in the range of 0.6 to 1.1 mg/dL 

and were 0.80 to 1.2 mg/dL by the end of the experiment.  The serum creatinine levels in 

cefotaxime 60 mg/kg doses animals was 0.63 mg/dL at the start of the experiment and 1.04 

mg/dL at the end of the experiment. 

The serum creatinine levels in gentamicin treated groups were similar to that of 

cefotaxime dosed animals, indicating that there was no renal toxicity induced by gentamicin 

at all the doses tested in this model.   There was a significant difference in the serum 

creatinine levels between UTC compared to 20, 40 80 and 160 mg/kg doses of gentamicin, 

cefotaxime 60 mg/kg dose and sham animals with a p-value of < 0.01 determined by repeated 

measures ANOVA followed by Dunnett’s multiple comparison test. There was no 

statistically significant difference between UTC and 10 mg/kg dose of gentamicin. 

 
 
 

4.2.5.4. Antibiotic concentrations and pharmacokinetic parameters 
 

Cefotaxime antibiotic pharmacodynamic parameters are tabulated in table 15. 

Gentamicin pharmacokinetic parameters such as AUC, Cmax, clearance and volume of 

distribution are tabulated in table 16. A dose-dependent increase in Cmax and AUC of 
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gentamicin was observed.  The other parameters such as volume of distribution, half-life (T 
 
½) of gentamicin and clearance rate did not change. 

 
 
 
 
4.2.5.5. Serum lactate levels: 
 

Serum lactate levels increased by 1.25 to 1.5 times at baseline (before antibiotic 

administration) compared to before infection. Serum lactate levels usually increase after 12 h 

of initiation of infection in this model (in our previous experience).  In our study, the mean 

serum lactate levels generally just exceed the upper limit of normal in all groups of animals 

after 11 - 12 hours of infection.  After the initiation of gentamicin therapy, the serum lactate 

levels started to go down and were maintained within the standard limits in all the treated 

groups.  In the untreated control group, the serum lactate levels were found to increase and 

were far above the standard limits up to the end of the experiment. The serum lactate levels at 

all the doses are presented in figure 41. 

 
 
 

4.2.5.6. Serum cytokine levels 
 

In UTC, the pro-inflammatory cytokine levels (peak) of IL-1β, TNF-α, IL-6, IL-12, 

IFNγ increased by approximately 126, 15, 12, 9, 22 times, whereas the anti-inflammatory 

cytokine levels (peak) of IL-4 and IL-10 increased by 2.5 and 60 times by the end of the 

experiment compared to the levels before infection (figures 42 (a - e) and figure 43 (a -b)). 

In the sham animals, there was no significant increase in either pro or anti-inflammatory 

cytokine levels.  In gentamicin treated animals, the TNF-α levels were considerably lower 

compared to that of UTC by the end of the experiment (9 h post dosing).  There was a 

significant difference in the levels of IL-6 and IL-10 cytokines in UTC compared to all the 
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treated and sham animals.  The levels of other cytokines were also high in UTC compared to 

treated and sham animals. 

Most cytokine levels in UTC increased gradually and reached maximum concentrations 

in the serum by the end of the experiment.  In the treated groups, the cytokine levels were 

moderately high by 0.75 h to 1.5 h and started to go down below the baseline levels by the 

end of the experiment. The cytokine levels in all the groups of animals are presented in the 

figures 42 (a - e) and figure 43 (a -b). 

 
 
 

4.2.5.7. Hemodynamic parameters 
 
4.2.5.7.1. Heart performance analyzer (HPA) 
 

Serial hemodynamic parameters were recorded and are tabulated in table 17 (a – d). 

Heart rate (HR), mean arterial pressure (MAP), and other parameters at all gentamicin dosing 

groups, the 15 and 60 mg/kg dosing groups of cefotaxime as well as UTC and sham animals 

were recorded.  In all the animals, the HR was low at the start of the experiment. The heart 

rate in the UTC dropped significantly by the end of the experiment compared to the sham 

animals.  The HR of the animals in the treated group tends to increase after 45 minutes to 1.5 

h of initiation of therapy and was maintained well above the baseline values.  In the 

gentamicin 5 mg/kg group, the HR dropped lower than that of the baseline value from 8th 

hour.  In cefotaxime 15 mg/kg group, the heart rate was well below the baseline value after 

the start of the experiment.  There was a statistically significant difference in the heart rate 

between 5, 10, 20, 160 mg/kg compared to UTC with a p-value of < 0.01.  There was no 

statistically significant difference between UTC and remaining doses. 
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The mean arterial pressure in UTC and gentamicin 5 mg/kg group dropped down 

lower than 65 mm Hg within 3 h and 5 h respectively consistent with shock.  However, in the 

remaining groups, the mean arterial pressure was well above 60 - 65 mmHg for more than 6 h 

after initiation of therapy.  There was a statistically significant difference in the mean arterial 

pressure between the UTC and 80 and 160 mg/kg of gentamicin treated groups with a p-value 

of < 0.01. There was no statistically significant difference between the remaining antibiotic 

doses and UTC (table 17 (a – d)). 

 
 
 

4.2.5.7.2. Pulse oximeter: 
 

Heart rate, respiratory rate, % O2 saturation, ventilatory distention and pulse distention 

were measured non-invasively using a pulse oximeter. Heart rate, pulse distention were low 

in UTC compared to rest of the groups. There was no significant difference in mean % O2 

saturation in UTC compared to all other groups indicating effective ventilation and 

oxygenation. Overall, there was a highly significant change in heart rate over time in all the 

groups (p < 0.01, ANOVA). The change in heart rate was statistically significant between the 

UTC and gentamicin 5, 80, 160 mg/kg groups, the UTC and cefotaxime 15 mg/kg group as 

well as the UTC and sham groups (P < 0.01, repeated ANOVA followed by Dunnett’s). The 

change in heart rate was not significant with the other groups. There was a statistically lower 

pulse distension in the UTC (consistent with shock) compared to gentamicin 160 mg/kg and 

cefotaxime 15 mg/kg groups with a p-value for each comparison of < 0.01.  Ventilatory 

distention between all the animals was very similar with no significant difference between the 

UTC and treated as well as sham groups. All the results are presented in tables 18 (a – e). 
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CHAPTER 5 
 
 
 
 

5. Discussion 
 

 
The incidence of sepsis has been found to have increased rapidly in the past three 

decades [12]. Health Canada has reported approximately 10.9% of all deaths that occurred in 

hospitals throughout Canada (excluding Quebec), during 2008 – 2009, were related to sepsis 

[4]. The prevalence of sepsis in Canada is estimated to be between 27,000 and 30,000 cases 

per year with an overall mortality rate of 30.5% [4]. The economic burden for treating sepsis 

patients in American ICUs and wards is approximately $20,528 and $12,422 respectively 

(total of approximately $32,000) [11]. The treatment cost depends on the age of the patient, 

the frequency of other co-morbidities and the number of organ failures along with the degree 

of supportive care required.  The total cost for treating septic and septic shock patients 

exceeds $ 20 billion dollars per year in the United States of America (USA) alone [12]. 

 
 
 

5.1. Treatment options and failures in septic shock patients 
 

The pathophysiology of septic shock is still not well understood after many animal 

studies and clinical trials. Despite this, specific guidelines for treating septic shock patients 

are in place based on available clinical studies [149].  Irrespective of guidelines, many 

patients with septic shock, perhaps as many as 50%, fail to recover. Death occurs despite 

aggressive supportive care, such as support of cardiac output and arterial pressure with 

vasopressors and respiratory failure/ARDS with advanced ventilator support. Renal failure is 

common, but is rarely fatal as dialysis is an available option [439].  Death is often due to 

overwhelming infection associated with failure to efficiently eliminate pathogens [138, 139, 
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147, 148, 440].  This may be due to resistant pathogens or due to suboptimal antimicrobial 

dosing  [138, 440-443]. 

Despite more than 40 years of extensive research, novel therapeutic approaches for 

sepsis have not been successfully translated to the clinical setting. Clinical trials of 

experimental treatment options for sepsis and septic shock have almost uniformly failed [444- 

446]. Drotrecogin-alfa (activated) a form of activated protein C, inhibitors of the coagulation 

cascade, against TNF-α, IL-6, statins, immune-stimulants have shown no significant benefit in 

survival of sepsis and septic shock patients [111, 164, 444-448]. None-the-less, the mortality 

of sepsis and septic shock has fallen in the last 20 years [449]. 

In my opinion, many mechanisms and cascades of the immune system are involved in 

sepsis and septic shock.  Targeting a specific component of the immune system may not be 

helpful in attaining a good clinical outcome.  This is apparent with the reported failures of the 

clinical trial involving antibodies against different cytokines, antibodies against the endotoxin 

and other mediator-targeted studies. All these failures indicate the complexity of 

pathogenesis of septic shock. 

 
 
 

5.2. Antibiotic therapy 
 

Accelerated elimination of pathogens has been proposed to be a critical factor in 

effective therapy of sepsis [138]. This position is supported by the fact that only 

antimicrobial therapy, among drug therapies, has been shown to improve the outcome in 

septic shock [22, 138, 167]. As mentioned in the previous section of this thesis, inappropriate 

antimicrobial therapy leads to 5 fold reduction in survival of septic shock patients [22]. Delay 

in dosing appropriate antibiotics also increases the mortality rate in sepsis and septic shock [2, 
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167, 450]. Antimicrobial strategies that accelerate pathogen clearance in septic shock, such as 

combination therapy [190, 191] and pharmacokinetic optimization (increased time above MIC 

for β-lactams [207, 209, 451] and greater peak concentration or area under the curve to MIC 

ratio for aminoglycosides and fluoroquinolones [183]) are also associated with improved 

clinical outcomes and survival. 

For optimal antimicrobial treatment, physiological changes that occur in critically ill 

and septic shock patients require consideration. An increase in volume of distribution of 

drugs is reported in septic shock patients [221, 273, 275, 452, 453]. This leads to treatment 

failure as optimal therapeutic concentrations are not achieved with normal empirical doses 

[268, 269]. A requirement for higher than normal loading doses has been reported with 

aminoglycosides and beta-lactam antibiotics in treating septic shock patients [256, 269, 272, 

273, 275, 454-457].  In cystic fibrosis patients, tobramycin has been used at higher than 

normal doses for a prolonged time to clear pseudomonas infection without any adverse effects 

[458, 459]. Optimization of antimicrobial therapy is required for accelerated elimination of 

infection causing pathogens. 

As explained earlier, aminoglycoside antibiotics are well-studied molecules with 

activity against most Gram negative pathogens and are used in combination with other 

antibiotics to treat Gram positive bacteria. Notably, aminoglycosides retain activity against 

Gram positive pathogens, but are generally not used as monotherapy.  In recent years, 

aminoglycosides such as gentamicin and tobramycin have been typically administered 

intravenously at 5 – 7 mg/kg as a single dose per day (a change from previous use when doses 

of 1 - 1.5 mg/kg 3 times/day were used [221, 252, 265, 266]. Doses higher than 7 mg/kg 

(gentamicin equivalent) have not been used due to toxicity concerns.  In septic shock, when a 
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patient is at very high risk of death, utilizing these molecules as a single, higher than normal 

dose may be a feasible option if toxicity can be managed and the strategy potentially improves 

the probability of survival. 

 
 
 

5.3. Ultra-high dose aminoglycoside antibiotics 
 

Single, ultra-high dose aminoglycoside therapy (80 mg/kg and 160 mg/kg) would be a 

novel approach for treating septic shock patients.  There are no reports of utilizing such a high 

dose for treating any infection.  In our research, we wanted to determine the potential efficacy 

(with respect to bacterial clearance) and safety of ultra-high doses of aminoglycosides at 80 

and 160 mg/kg doses in a murine model of septic shock. 

To evaluate the potential utility of ultra-high aminoglycoside doses in a septic shock 

model, three aspects of the study require specific assessment: 

i. Validity of the model as a reflection of septic shock 
 

ii. Tolerability of toxicity associated with ultra-high dose aminoglycosides 
 
iii. Efficacy of microbial clearance and resolution of inflammatory cytokines/metabolic 

dysfunction markers with ultra-high dose aminoglycosides 

 
 
 

With respect to the above issues, our series of studies indicates that: 
 

1) Our septic shock model adequately reflects key physiologic, immunologic and 

microbiologic responses to sepsis and septic shock 

2) Pharmacological toxicities are either absent or tolerable in both short-term, 9 h studies 

(neuromuscular paralysis and renal injury) and in a long-term, 180-day study (chronic 

ototoxicity and nephrotoxicity) in healthy rats. 
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3) E. coli clearance in both the blood and solid organs of rats with experimental E. coli 

septic shock is substantially accelerated relative to standard aminoglycoside dosing and 

relative cefotaxime. In addition, it appears there are parallel improvements in 

inflammatory/metabolic injury markers in the septic shock model in response to ultra- 

high dose aminoglycosides 

 
 
 

5.3.1. Animal model 
 

There are many different experimental animal models of septic shock that can be 

utilized for sepsis studies. Fink, however, has emphasized the importance of the 

appropriateness of the animal model used to mimic septic shock in sepsis research [460].  In 

determining an appropriate model, Seok et al noted the variable susceptibility of animals to 

infection and variation in inflammatory responses to injury relative to humans [461]. Various 

sepsis and septic shock models have been described [462-466]. 

Models that replicate some of the signs and symptoms and the laboratory findings 

observed in human septic shock include; endotoxemia, cecal ligation and puncture, bacterial 

peritonitis (fibrin clot implant), pneumonia, soft tissue infection and meningitis models [467, 

468]. These models have been established in a variety of experimental animals such as mice, 

rats, rabbits, sheep, dogs and primates [467, 469-474]. Most notable among the commonly 

used septic shock models are endotoxic/live organism infusion shock, cecal- 

ligation/perforation and the peritoneal clot implantation model.  Each has its own advantages 

and disadvantages. 
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We choose to use fibrin clot containing E. coli Bort to induce peritonitis/ septic shock 

model that our group previously developed in rodents [145, 475]. In particular, the advantages 

of our model include: 

1) High degree of reproducibility 
 

2) Use of a serum-resistant, live, virulent organism for infection with replication 

within the body (unlike endotoxic shock and most live organism infusions where 

serum complement almost immediately lyses the low virulence organism) 

3) Defined organism infection (unlike cecal ligation/perforation) 
 

4) The absence of a major surgical insult (unlike cecal ligation/perforation) 
 

5) Hemodynamic and inflammatory characteristics similar to the clinical human 

syndrome. 

The choice of the pathogen is critical in a monomicrobial infection. We have chosen an 
 
E. coli strain (Bort) with confirmed virulence based on isolation from invasive human disease 

[406]. In addition, the organism is known to be encapsulated and serum-resistant, characteristic 

of virulent gram negative isolates [406, 476]. In contrast to the primary alternate option, the 

cecal ligation/perforation model, there is no surgical bowel interruption and the starting 

organism burden is precisely defined. In contrast to models of soft tissue infection, 

immunosuppression is not required and the development of hypotension/shock is well defined. 

In our study, septic shock model was established by utilizing 2 gelatin capsules 

containing 5 x 105 CFU/capsule of E. coli Bort (total 106 CFU organisms were implanted). 

With respect to cardiovascular responses, hypotension and tachycardia are the hallmarks of 

septic shock [477].  Experimental animals with severe sepsis and septic shock typically 
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demonstrate tachypnea, lethargy, hypothermia and ruffled fur all of which were exhibited in 

this model [478, 479]. 

Our live infection model was appropriate to our needs and mimicked human sepsis/early 

septic shock. Animals became progressively more septic with increasing severity of illness 

culminating in mild-moderate hemodynamic instability in the hours following instrumentation 

(approximately 16-20 h) requiring occasional doses of subcutaneous catecholamines terminally. 

Early tachycardia, tachypnea and pyrexia (approximately 6 h after sepsis induction) with later 

bradycardia, and hypothermia (about 12 h after sepsis induction) were noted. A high-grade 

bacteremia with increased serum lactate and expression of pro-inflammatory cytokines was also 

noted. 

Despite concerns regarding the validity of animal models of septic shock (primarily with 

respect to gene expression and cytokine profile[461]), we believe our model reasonably 

mimics human sepsis and septic shock with respect to pathogen growth and bacteremia, 

cardiovascular and other physiologic responses, and cytokine/immunologic aspects of 

infection progression. 

 
 
 

5.4. Aminoglycoside toxicity with single, ultra-high doses 
 

There exist remarkably little data on the nature of aminoglycoside toxicity at the doses 

examined in this study. For that reason, there is very little comparative data available. 

 
 
 

5.4.1. Neuromuscular paralysis 
 

In our pilot EMG study, we demonstrated the generation of a competitive 

neuromuscular blockade (similar to the non-depolarizing neuromuscular blocking agent, 
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pancuronium) and reversibility of this paralysis with time at 80 mg/kg dose of gentamicin. To 

our knowledge, the transient nature of this effect in intact animals is an entirely novel 

observation. 

In our short-term and long-term studies, we demonstrated that gentamicin and 

tobramycin induce neuromuscular paralysis at single, ultra-high doses of 80 and 160 mg/kg. 

The animals survived when they were supported by mechanical ventilation for the duration of 

neuromuscular paralysis.  The approximate 30-50 min duration of neuromuscular paralysis 

was similar in all our three experimental study designs including septic animals. 

Several investigators have confirmed the occurrence of neuromuscular paralysis with 

aminoglycosides in both isolated muscle preparations and intact animals [282, 283, 403, 480- 

484]. Albiero et al compared the neuromuscular blocking effect of aminoglycoside antibiotics 

in rat sciatic-gastrocnemius muscle [485]. The authors reported a direct relationship between 

the neuromuscular blocking property and the LD50 of the aminoglycoside antibiotics.  In 

studies on pigeons and rats, Brazil et al reported that gentamicin induces neuromuscular 

paralysis that was partially reversed by calcium administration [283]. Matsukawa et al 

demonstrated the neuromuscular blocking effects of sisomicin and micronomicin in rabbits 

[282]. In their experiments, 20 mg/kg and 40 mg/kg doses of sisomicin and 40 mg/kg and 80 

mg/kg doses of micronomicin were used. The authors reported a dose-dependent reduction in 

muscle twitch tension. In addition, the neuromuscular blockade was partially antagonized by 

neostigmine or calcium.  Singh et al evaluated the neuromuscular blocking effect and 

reversibility of 16 different antibiotics in their experiments on isolated mouse phrenic nerve- 

hemi-diaphragm preparations [403]. The authors described a similar neuromuscular blocking 

effect of different aminoglycosides including neomycin, gentamicin, streptomycin and 
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kanamycin which resembles the effect of magnesium. Magnesium decreases the release of 

acetylcholine and also decreases the post-junctional sensitivity thereby causing neuromuscular 

paralysis.  The blockade of acetylcholine release by magnesium is antagonized by calcium. 

Hence, it can be inferred that aminoglycoside antibiotics exhibit both pre- and post-junctional 

neuromuscular blocking effect [403]. Mingji Liu et al described the neuromuscular blocking 

effect of arbekacin, astromicin, isepamicin and netilmicin on the diaphragm and limb muscles 

of rabbits [486]. Paradelis et al described the neuromuscular blocking effect of gentamicin 

using isolated rat diaphragms [487]. The same authors in another study described that the 

neuromuscular blocking potency of different aminoglycosides as gentamicin > streptomycin 

>amikacin > sisomicin > kanamycin = tobramycin > kanendomycin = dibekacin [488]. 

Aminoglycosides have long been known to cause neuromuscular weakness in human patients, 

particularly when used with steroids or with standard paralytic agents [489]. 

Our data clearly demonstrate that the primary dose-limiting toxicity of ultra-high dose 

aminoglycoside therapy is transient in nature and can be easily addressed with mechanical 

ventilation. One particularly interesting aspect of our observations is that neuromuscular 

paralysis/ weakness occurs immediately after rapid infusion of the drug with a duration that is 

proportional to the total dose of the drug (Table 9b).  This suggests that it is the high peak 

concentrations of aminoglycosides that drives this toxicity. Renal toxicity has been suggested 

to be associated with high trough levels [490] while generation of auditory and vestibular 

toxicity is not related to dose or concentration in serum but appears to be a time-dependent 

process [321]. 

The primary purpose of our studies is to determine whether ultra-high dose 

aminoglycoside therapy might have any potential with respect to critically ill humans with 
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high risk of death due to overwhelming infection particularly when septic shock is present.  A 

substantial majority of septic shock patients (approximately 70-80%) require ventilator 

support within 24 hours of admission [22, 491]. Given that, transient neuromuscular paralysis 

due to ultra-high aminoglycoside doses is not a disqualifying toxicity problem in the potential 

treatment of septic shock patients. 

 

 
5.4.2. Cardiovascular Toxicity 
 

Minor adverse cardiovascular effects attributable to ultra-high dose aminoglycosides were 

present.  In our non-invasive long-term (180 days) study, hemodynamic parameters were 

recorded using a pulse oximeter from the time the animals were anesthetized to the time the 

animals became ventilator independent after completing the dosing.  In this study, the 

hemodynamic parameters were observed for the first 2 hours only. There was a steady drop 

in heart rate after initiation of dosing of aminoglycoside antibiotics. This drop in HR was 

observed until the animal was ventilator dependent. A similar transient drop in heart rate 

immediately after infusion of ultra-high doses of aminoglycosides was also noted in the 

invasive studies. 

The cardiovascular depressant effects of neomycin and gentamicin have been described in 

rhesus monkeys [492].  They also noted a transient hypotension and cardiovascular depressant 

effect in the animals treated with neomycin. The same author also described similar 

cardiovascular depressant effects of aminoglycoside antibiotics in cats, dogs, rhesus monkeys, 

squirrels, owls and dog-faced baboons [493].  Other authors have reported the reversal of this 

depression by administering calcium and 4-amino-pyridine [494]. Our invasive animal model 

did exhibit some hemodynamic instability, particularly late in the study period.  In the short- 

term invasive toxicity study, the mean blood pressure was maintained with saline 
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administration above 55 mmHg up to 6th hour although it could drift downward thereafter. 

However, this was not reproduced in the non-invasive study and is unlikely to be related to 

aminoglycoside toxicity.  The reason for the inconsistent mean arterial pressure drop after 6th 

hour of the invasive study may be due to blood loss from the surgical site during the 

prolonged post-surgical period. 

Our results and those of other investigators suggest that adverse cardiovascular effects are 

not dose-limiting factors with respect to the use of ultra-high dose aminoglycoside therapy in 

experimental animals. 

 
 
 

5.4.3. Nephrotoxicity 
 

In our short-term invasive studies in healthy animals, administration of a single ultra- 

high dose of aminoglycoside was associated with a modest increase in serum creatinine levels 

compared to baseline, but these increases were well within the normal range of 0.3 – 1.4 

mg/dL in rats. Similarly, the long-term study demonstrated that serum creatinine levels were 

well in the normal range after 24 h of dosing (as predicted in the invasive short-term study). 

In addition, levels stayed well within the normal range at all assessed points up to day-180 

indicating that there was no long-term effect on kidney functioning associated with single, 

ultra-high doses of aminoglycosides.  Statistically, there was no significant difference in the 

serum creatinine levels between controls and treated groups in the long-term study (180 day). 

NGAL also known as Lipocalin-2 is a very good biomarker of acute renal injury [495- 

497]. Levels of NGAL are reported to be elevated in animals with renal toxicity. With AKI, 

high levels of NGAL are secreted into the blood and urine.  As NGAL is a very small protein, 

it can be detected in high concentrations within 2 hours after a kidney injury.   In the long- 
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term study, urinary NGAL levels were measured at baseline (1 day before the start of the 

experiment) - day 0, day 1, day 7, day 30, day 60 and day 180 to assess for evidence of 

tubular injury associated with single, ultra-high doses of aminoglycosides at two different 

doses. NGAL levels did not increase more than twofold throughout the experiment indicating 

that there was no acute tubular injury.  In addition, there was no statistically significant 

difference in NGAL levels between the treated and untreated (saline) controls.  The major 

difference between previously reported studies and our renal toxicity analysis is that other 

researchers studied renal toxicity association with standard doses and durations of 

aminoglycosides.  In our research, we were trying to exploit the concentration-dependent 

activity of aminoglycosides to treat critically ill animals with septic shock by using a single 

ultra-high dose (80 and 160 mg/kg) of aminoglycoside to accelerate pathogen clearance. The 

goal of our renal toxicity study was not to determine if any renal toxicity existed, but rather to 

determine whether a disqualifying severe toxicity could be demonstrated that would preclude 

further development of this experimental approach in higher animals. 

In the short-term (9 h) invasive study, serum creatinine levels were well in the normal 

range for the first 9 h post dosing despite some fluctuation in the serum creatinine levels in 

both the ultra-high dosing groups.  In the long-term toxicity study, a total of 4 animals (2 

animals for gentamicin + 2 animals for tobramycin) per dose were used. Serum creatinine 

levels were well within the normal range for 180 days after administering single, ultra-high 

doses of gentamicin and tobramycin. Based on this, renal toxicity sufficient to justify the 

abandonment of this approach in higher animals was not apparent. However, given the small 

number of animals in these studies, a larger group of animals would have to be studied with 
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each ultra-high dose regimen in order to determine whether any significant renal toxicity 

occurs with single, ultra-high dose aminoglycoside administration. 

In the septic shock model, serum creatinine levels over the course of the study rose 

substantially above the normal limits only in untreated infected control animals (UTC) 

although increases in the 10 mg/kg group gentamicin group marginally reached significance. 

In all the remaining groups, the serum creatinine levels remained well within the normal 

limits.  The increase in UTC animals is likely a consequence of the progressive shock they 

experienced.  We believe the modest increase in the 10 mg/kg gentamicin group is likely a 

random event as one would expect the range of doses of gentamicin would have shown a 

progressive effect if aminoglycoside-related toxicity was present. 

As noted, NGAL is another marker for acute renal toxicity [495].   It is a very small, 

protease-resistant protein encoded by the LCN2 gene in human beings.  It plays an important 

role in the innate immune system. This protein sequesters iron that is required for bacterial 

growth and helps in limiting the growth of bacteria during infections [498-500].  NGAL is 

expressed in neutrophils and at low levels in kidneys, respiratory epithelium and alimentary 

tract.  Normally, a small amount of this protein is filtered through the kidneys, but is 

reabsorbed by the proximal renal tubules [501, 502]. Zhou et al evaluated the performance of 

4 urinary biomarkers, including neutrophil gelatinase-associated lipocalin (NGAL), total 

protein, and N-acetyl-β-D-glucosaminidase (NAG) in beagle dogs with acute kidney injury 

induced by gentamicin [503].  In their study, beagle dogs were administered gentamicin at 80 

mg/kg/day intramuscularly for 9 days. Expression of NGAL mRNA was found to be 

upregulated from day 6 onwards after administration of gentamicin. A 5.3 and 5.4 fold 

increase in NGAL mRNA expression on day 6 and day 9 compared to control was observed. 
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NGAL is well recognized as a marker of acute kidney injury after other kinds of renal 

insult as well.  Bennett et al reported NGAL as the suitable post-surgical biomarker for acute 

kidney injury (AKI) from their clinical trial in 196 patients (children) undergoing 

cardiopulmonary bypass surgery [504]. The authors reported that the urinary NGAL levels 

increase by 15 fold within 2-hours and 25 to 26 fold in 4 to 6 hours after surgery, respectively, 

indicative of AKI.  The 2 hour urinary NGAL levels correlated with severity and duration of 

acute kidney injury. Mishra et al suggested serum and urinary NGAL as sensitive and highly 

predictive early biomarkers for AKI after cardiac surgery from their clinical trials in 71 

children undergoing cardiac surgery [505].  From the clinical trial, the authors reported that 

children who developed AKI immediately after cardiac surgery exhibited an elevation in 

urinary NGAL from a mean of 1.6 µg/L at baseline to 147 µg/L at 2 h post-surgery.  This is a 

91 times increase in urinary NGAL levels compared to baseline. 

An extensive body of literature demonstrates nephrotoxicity in animal models after 

extended use of aminoglycosides particularly in association with prolonged elevation of 

trough concentrations. There is relatively little data on renal function alteration in response to 

the kinds of doses used in this study. Provoost et al determined the nephrotoxicity of 

gentamicin and amikacin in young and adult rats [506].  In their studies, gentamicin was 

dosed at 20 and 60 mg/kg and amikacin were dosed at 60 and 180 mg/kg for 14 days. They 

reported that the concentration of aminoglycosides was significantly lower in the renal cortex 

in young rats compared to adult rats indicating decreased nephrotoxicity in young rats.  In 

addition, gentamicin appeared to exert more severe renal toxicity than did amikacin.  This was 

evident in higher serum creatinine levels in gentamicin treated animals in their experiments. 

Moreira et al have reported gentamicin-induced nephrotoxicity with a significant increase in 
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serum creatinine levels after dosing gentamicin at 100 mg/kg/ day for 7 days by 

intraperitoneal route in rats [507]. The authors also reported proximal tubular damage 

associated with gentamicin dosing regimen. Sahu et al reported a significant increase in serum 

creatinine levels after dosing 100 mg/kg of gentamicin by intraperitoneal route for 7 days in 

Sprague-Dawley rats [508].  In this study, gentamicin dose-related histological changes in the 

kidney with tubular degeneration, massive necrosis and foci of inflammation containing 

neutrophils were reported.   Sardana et al also reported a major increase in serum creatinine 

levels after dosing gentamicin at 100 mg/kg by intraperitoneal route for 14 days [411]. 

Severe pathological changes in kidneys such as degeneration in glomerular wall and mild 

hypertrophy as well as pathological changes in the tubules such as mononuclear cell 

infiltration, degeneration in epithelial layer, inter-tubular hemorrhage and hyaline casts from 

the gentamicin treated animals was also noted. Baylis et al reported that large doses of 
 

gentamicin (60 mg/kg for 14 days by subcutaneous route) administered to rats evoke 
 

decreased glomerular filtration rate (GFR) which is due to decrease in renal plasma flow 
 

(RPF) [357]. Reduction in GFR, glomerular surface and ultra-filtration co-efficiency due to 
 

contraction of mesangial cells is also reported [509, 510]. Matinez-Salgado et al have 
 

implicated gentamicin-associated toxicity in simultaneous mesangial proliferation and 

apoptosis in rats dosed with 100 mg/kg/day for 6 days administered by the subcutaneous route 

[360]. 
 

Most the animal studies mentioned in above paragraphs reported some evidence of 

aminoglycoside-induced proximal tubular damage and elevation in serum creatinine levels 

with elevated urinary NGAL levels. The studies were designed to understand the mechanisms 

involved in gentamicin/aminoglycoside-induced nephrotoxicity rather than the antimicrobial 
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efficacy.  No reports/ studies are available on nephrotoxicity of aminoglycosides when used 

as a single, ultra-high dose. Clinical trials in humans showed nephrotoxicity with elevated 

serum creatinine concentrations only after dosing aminoglycosides for prolonged periods. 

As mentioned in the previous paragraph, the elevation in NGAL levels was very high 

compared to baseline in patients with acute kidney injury.  In our study, the NGAL levels 

increased less than 2 fold and fell to normal within few days after dosing at both the ultra-high 

doses indicating no renal tubular damage due to these doses. Given the marginal increase in 

serum creatinine in the 9 h invasive study and the lack of a significant increase in the long- 

term non-invasive study, the modest acute increase in creatinine (albeit remaining within the 

normal range) with ultra-high dose aminoglycoside doses appears to be of minimal relevance 

to the experimental animal’s outcome. 

In summary, laboratory markers of renal injury, including NGAL and serum creatinine 

indicated minimal or absence of nephrotoxicity with single, ultra-high doses of 

aminoglycosides, likely due to an absence of prolonged elevation of trough concentrations of 

the drug using this approach. But, with a limited number of animals in our study, it is 

recommended to perform another experiment with a larger number of animals per dose to 

confirm these results. 

 

 
5.4.3.1. Histology of kidneys 
 

From the long-term non-invasive study, kidney histology indicated an absence of overt 

toxicity in single, ultra-high dosed animals compared to saline administered controls. The H 

& E stain revealed that the glomerular structures were intact with clear Bowman’s capsules. 

The proximal and distal tubules were clear with no signs of toxicity.  H & E staining revealed 

the same results in the short-term invasive study. Despite a transient and modest increase in 
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serum creatinine in this 9 h study, major histological changes would be unexpected at this 

time point.  The kidney sections of non-invasive study were used for Tunel assay to assess for 

apoptosis in renal tubular cells and other cells of renal tissue due to ultra-high dose 

aminoglycosides. Although there were a few random apoptotic cells present, there was no 

difference in frequency in the treated and untreated control groups, indicating an absence of 

nephrotoxicity associated with ultra-high dose aminoglycoside administration. 

Despite the limited sample numbers available, qualitatively, we can determine that there 

was no overt apoptosis of renal tubular cells and other cells of renal tissue due to ultra-high 

doses of aminoglycosides. However, the overall sample size was too small to fully assess 

more modest potential toxicity. Another study using larger group of animals per dose is 

recommended to confirm these results. 

 

 
5.4.4. Oto-vestibular toxicity 
 

In humans, oto-vestibular toxicity typically occurs after a few days to weeks after 

receiving a normal dose regimen of aminoglycosides.  As we are assessing the potential of 

single, ultra-high doses, it is important for us to determine if this dosing strategy may cause 

long-term oto-vestibular toxicity. 

Most published reports examining this issue have used doses of 100 mg/kg and higher 

gentamicin-equivalent by intraperitoneal, intramuscular or subcutaneous routes for 7 – 14 

days to induce toxicity.  In most of the studies, ABR and vestibular toxicity studies were 

performed at baseline and immediately after a prolonged dosing course, as well as after a few 

weeks (mostly usually 3-5 weeks) of completion of dosing. We evaluated the long-term (6 

months) oto-vestibular toxic effects of a single, ultra-high dose of an aminoglycoside 

(gentamicin and tobramycin) at 80 mg/kg and 160 mg/kg in normal healthy rats. This is a 
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novel study in this area of research as far as the duration of follow-up. None of the animal 

research performed previously has followed subject animals for over a 6 month period for 

toxicity. 

 

 
5.4.4.1. Auditory toxicity 
 

Virtually all animal studies of aminoglycoside-induced auditory toxicity have 
 
involved administration of high-dose therapy for 10-14 days or more.  For example, Polony et 

al and Murillo-Cuesta et al reported auditory toxicity in mice after administering kanamycin 

at 800 mg/kg, twice daily for two weeks (14 days) by the intramuscular routes [418, 511]. 

Sequential ABR studies demonstrated kanamycin induced auditory toxicity, starting from the 

third week. ABR studies indicated an increased hearing loss at higher more than lower 

frequencies.  Le Prelle et al in their research using guinea pigs also reported gentamicin- 

induced auditory toxicity using ABR analysis and histologic assessment of inner and outer 

hair cell survival/apoptosis [416].  In this study, gentamicin was administered by 

subcutaneous route at 140 mg/kg/day (single dose) for 14-16 days. Ye et al reported the 

protective effect of melatonin on gentamicin-induced auditory toxicity [417].  In their 

experiments, guinea pigs were administered gentamicin at 120 mg/kg/day for 17 days to 

induce auditory toxicity.  Ojano et al reported gentamicin-induced auditory toxicity in albino 

guinea pigs.  In their studies gentamicin was administered at 130 mg/kg dose for 10 days by 

the subcutaneous route [512]. 

In all the above studies, aminoglycoside antibiotics were administered at high doses 

for a prolonged time (10-14 days minimum).  In our studies, aminoglycosides were dosed at 

80 mg/kg and 160 mg/kg by intravenous route as a single intravenous dose.  The animals 

were exposed to high peak concentrations for a very short period of time, which may explain 
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the absence of toxicity in the model.  Animals were observed for 180 days (6 months) and did 

not exhibit any notable adverse auditory toxicity. 

High dose aminoglycoside regimens are known to induce a deficit in the threshold 

hearing ability of the animals at different frequencies as determined by ABR studies. 

Investigators have confirmed a 30 – 60 decibel threshold shift at different frequencies along 

with a considerable amount of hair cell death in several ototoxicity studies of aminoglycosides 

[335, 338, 513]. 

In contrast, our ABR studies did not demonstrate a > 30 decibel difference on day 30, 

60 and 180 compared to day 0 (before antibiotic dosing) at all the frequencies tested with both 

the single, ultra-high aminoglycoside doses. At the end of the 180 day study, the cochlear 

samples were fixed by immersion fixation method. Unfortunately, the tissues did not fix 

properly and we were unable to assess hair cell survival/death in our cochlear samples. 

Although there was no significant hearing loss at the high frequencies of 12000 Hz 

and 24000 Hz as well as at lower frequency of 3000 Hz in our study, there was a significant 

hearing loss observed at 6000 Hz with the 80 mg/kg dose but not at 160 mg/kg dose. We 

believe this is likely to represent random variation rather than a true marker of 

aminoglycoside auditory toxicity. As mentioned earlier, hearing loss due to aminoglycosides 

initially appears at higher frequencies [335, 338, 418, 511, 513]. It would seem unlikely that 

the hearing loss would occur only at the 6000 Hz range without some involvement at higher 

frequencies.  In addition, to be more convincing as a toxic effect, it would also be expected to 

be observed at the higher 160 mg/kg dose. 

Using Generalized Estimating Equations (GEE) (SAS version 9.1 (Cary, NC, USA), 

an inordinately large numbers of animals would need to be studied to achieve significance if 
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the relatively small effects at all the frequencies tested except at 6000 Hz represented true 

auditory toxicity. A post-hoc power analysis found that we would need 

- 960 rats (320 in each group) for 3000 Hz 
 

- 9 rats (3 in each group) for 6000 Hz (although this is probably based on a type 

I error in the current study; assuming that is the case, the real number required is 

probably much larger.) 

- 120 rats (40 in each group) for 12000 Hz 
 

- 1059 rats (353 in each group) for 24000 Hz 
 

These numbers are for the most part much larger than what can be run in the typical 

study. From this post-hoc power analysis, we can state that auditory toxicity is very unlikely 

in rats using this dosing regimen.  Future studies would need to concentrate on this as the 

primary outcome to verify if there is any degree of toxicity. 

 
 

5.4.4.2. Vestibular toxicity 
 
Along with auditory toxicity, vestibular damage is another toxic effect of aminoglycosides. 

Angunsri et al in their experiments used explanted cultures of mouse utricles to demonstrate 

the occurrence of aminoglycoside-induced vestibular hair cell death [514]. Fetoni et al 

reported that gentamicin dosed at 100 mg/kg/day by the subcutaneous route for 14 days 

causes severe auditory and vestibular toxicity in guinea pigs [513]. The authors determined 

the vestibular toxicity by studying the vestibule-ocular reflexes. Auditory toxicity was 

determined by electro-cochleographic recordings at different frequencies.  Ylikoski et al 

reported gentamicin-induced vestibular and auditory toxicity in guinea pigs administered 

gentamicin at 120 mg/kg for 14 days by the subcutaneous route [515].  In these experiments, 

the authors concluded that blocking the C-Jun N-terminal kinase pathway partially protects 
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hair cells by preventing apoptosis.  Matsui et al used long leghorn chickens to show that 

streptomycin induces auditory and vestibular damage when administered by the intramuscular 

route at 1200 mg/kg dose of 3 to 5 days [516]. The authors showed that local administration 

of caspase inhibitors appears to offer some protection to the outer hair cells in the presence of 

toxic insult. 

For the most part, the studies reviewed show that aminoglycosides cause vestibular 

toxicity when utilized at relatively high doses for prolonged periods.  In all the above- 

mentioned studies, animals were dosed by the intraperitoneal, subcutaneous or intramuscular 

routes which would lead to lower peak concentrations and longer elimination than achieved 

when administered intravenously as in our study. 

We studied vestibular toxicity using behavior assessment.  Although vestibular evoked 

potentials can be assessed in experimental animals, their routine use in small animals is 

currently restricted to a very small number of laboratories with a high level of expertise.  We 

were unable to produce reliable baseline data using this approach in pilot studies and elected 

to focus on behavioral analysis.  Behavioral studies indicated an absence of vestibular toxicity 

with both the single, ultra-high aminoglycoside doses. 

We conclude that aminoglycosides (gentamicin and tobramycin) at single, 

intravenous, ultra-high doses of 80 and 160 mg/kg do not cause major auditory or vestibular 

in animals despite the propensity to do so with prolonged dosing approaches. However, 

considering the low number of animals used per dose, further studies in a large number of 

animals are required to confirm these and to rule out the possibility of more subtle ototoxicity. 
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5.4.5.  Efficacy of microbial clearance and impact on inflammatory mediators/organ 

injury markers of ultra-high dose aminoglycosides 

Our aim of this study was to accelerate pathogen clearance in blood and organs in our 

septic shock model.  Septic shock animals treated with incrementally increasing doses of 

gentamicin demonstrated dose proportional reduction of E. coli Bort from the blood across 

time points.  In order to mimic human pharmacokinetic values, we had to take into account 

the species differences in drug clearance and metabolism. The renal clearance of most drugs 

by humans is about 4 times slower than that of animals [429, 517, 518]. The 20 mg/kg dose 

of gentamicin is expected to yield serum concentration profile similar to the 5 mg/kg dose in 

humans and the remaining 40, 80 and 160 mg/kg doses of gentamicin in rats are 

approximately equal to 10, 20 and 40 mg/kg doses in humans respectively.  The 20 mg/kg 

dose was compared to the remaining ultra-high gentamicin doses to determine if there was 

any statistically significant difference. 

Complete and persistent eradication of E. coli for the 9 h duration of the study was noted 

at the highest dose (160 mg/kg). At the next highest dose (80 mg/kg), there was a slight 

regrowth in the bacterial count by 9th hour.  Complete elimination of the pathogen from blood 

occurred as quickly as the first assessed time point (20 min post-antibiotic administration) for 

both these doses.  Bacterial clearance at 40 mg/kg and higher is accelerated relative to 

cefotaxime at 60 mg/kg. 

Our goal of accelerated pathogen clearance was achieved with respect to blood using 80 

and 160 mg/kg with clearance (i.e. a ≥6 log10 CFU reduction) within minutes after 

administration of the single, ultra-high doses compared to baseline.  At 160 mg/kg dose of 

gentamicin, a ≥ 5 log10 CFU reduction was observed in the peritoneal fluid (site of infection) 
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compared to UTC and a ≥8 log10 CFU reduction of bacteria in the blood compared to UTC at 

the end of the experiment.  Similarly, at the same dose, the bacteria1 reduction was ≥ 8.5 log10 

CFU per gram of kidneys, ≥ 3 log10 CFU reductions per gram of spleen, ≥ 4 log10 CFU 

reductions per gram of liver and ≥ 4.5 log10 CFU per gram of lung compared to UTC at the 

end of the experiment. Post-gentamicin bacterial counts from kidneys were below the 

detection limit with the two highest doses. 

Despite significant reductions in counts, pathogens do persist in organs such as liver, 

spleen and lungs even after ultra-high doses of gentamicin.  We suspect one reason for this is 

the large number of macrophage line cells in these organs. These phagocytic cells likely hold 

large numbers of phagocytized intracellular pathogens that are released during the 

homogenization process for bacterial culture.  The liver, for example, harbors 80% of the 

macrophages of the body as resident Kupffer cells [519].  In the lungs, alveolar macrophages 

form 95% of the cell fraction in broncho-alveolar lavage fluid [520]. The spleen also holds a 

large fraction of macrophages [521].  Aminoglycosides are highly hydrophilic molecules that 

do not penetrate well intracellularly.  It is for this reason that aminoglycosides are considered 

excellent antimicrobials for bloodstream invasion, but less effective for intracellular 

pathogens. Note however, that incorporation of aminoglycosides into the phagocytes does 

occur when they are in contact with these antibiotics for prolonged periods beyond the 9 h 

period examined in this study [522-524]. 

The other possible reason for the higher number of organisms found in lung, liver and 

spleen is the ‘anergy’ observed in the macrophages along with other immune cells during 

sepsis and septic shock conditions.  Due to immunological anergy, the macrophages and other 

phagocytic cells lose their ability to function properly as well their ability to generate 
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components that are required to effectively eliminate/kill the pathogens in the phagosomes is 

low. As a consequence, the bacteria harbored in the phagosomes of the macrophages present 

in these organs may not be eliminated as quickly as extracellular bacteria. 

Pro-inflammatory cytokines are thought to be central in the pathogenesis of cellular 

and organ system dysfunction in sepsis. Experimental animal models of live organism 

infection suggest that cytokine expression is suppressed with early, appropriate antimicrobial 

therapy [145, 525].  To confirm if the levels of the cytokines go down after treatment with 

ultra-high dose aminoglycosides, several key serum cytokine levels were assayed in treated 

and untreated animals.  Our model demonstrated a consistent increase in key serum cytokines 

from the start of the to the end of the experiment in untreated control animals while sham 

implant animals experienced no such increase.  Cytokine levels before implant were 

uniformly normal in all animals.  Similarly, in human septic shock, an increase in the levels of 

the pro and anti-inflammatory cytokines during the course of progressive sepsis/septic shock 

is almost uniform and represents the basis of the development of various anti-cytokine 

experimental therapies [93, 526]. 

Pro- and anti-inflammatory cytokines are known to have key roles in sepsis and septic 

shock in both experimental animal and spontaneous human disease. Vianna et al created 

septic shock by the cecal ligation and puncture (CLP) method in Swiss mice to evaluate the 

release of cytokines after antibiotic treatment [527]. Serum and peritoneal levels of TNFα 

and IL-6 were decreased at 6 and 24 hours with antimicrobial therapy. Peritoneal levels of the 

anti-inflammatory cytokine IL-10 were found to decrease in the early time points after 

treatment and tend to increase at 24 h after treatment.   Antimicrobial therapy also improved 

survival in the model. Silverstein et al demonstrated the inflammatory cytokine response of 
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peritoneal macrophages against bacteria (either viable or killed) showing that responses were 

dependent on the specific bacterium and the host sensitivity [528]. 

TNF-α production is usually seen within a few hours of infection in animal models of 

septic shock [145] with TNF-α does not consistently correlate to outcome in human septic 

shock [529-531].  IL-6 elevations are more closely correlated to sepsis outcome in humans 

[532, 533]. IL-6 is usually produced by lymphocytes, fibroblasts and monocytes and plays a 

major role in activation of T and B – lymphocytes, induces the production of acute phase 

proteins in the liver.  Along with these, IL-6 activates the coagulation system [534].  IL-6 

levels are usually observed after 3 – 5 hours of onset of sepsis.  In experimental endotoxic 

shock caused by E. coli or sub-lethal doses of endotoxin in baboons, peak TNF-α 

concentrations were observed within 1 – 2 hours, followed by IL-6 levels within 3 hours 

[535]. When lethal doses of endotoxin were administered to baboons in the same experiment, 

peak concentrations of TNF-α and IL-1β were observed within 2 – 5 hours, whereas the peak 

IL-6 levels were found after 6 – 8 h after injection.  IL-6 is reported to suppress the 

production of of TNF-α and IL-1β [536, 537]. Blocking IL-6 using anti IL-6 antibodies or 

blocking IL-6 receptors provides some protection against lethal doses of TNF-α in a murine 

model [538]. Frequent blood sampling may be required during the early hours to determine 

the spike in TNF-α production in sepsis and septic shock.  In our septic shock study, the 

serum TNF-α was measured at before infection/sepsis induction, 11 – 12 h after infection (at 

sepsis pre-antibiotic baseline) and at 45 min (0.75 h), 1.5 h, 3 h, 6 h and 9 h post-dosing of 

antibiotics. The chances of reduction in levels of TNF-α below the detection limit is 

increased at these time points. Our collaborator, Dr. Steven Opal (Department of Medicine, 

Brown University, USA) who has extensive experience with cytokine expression in animal 
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models suggested that SD rats show reduced TNF-α expression. On the other hand, our 

model does demonstrate a high level expression of IL-12 indicating the compensatory pro- 

inflammatory response in these animals. 

The levels of the key serum cytokines started to go down after initiation of antibiotic 

therapy in treatment groups. Serum levels of major cytokines such as TNF-α, IL-6 and IL-12 

were found to be decreased compared to the septic baseline levels in treated animals as well 

as when compare to the cytokine levels in UTC. The decrease in the level of pro- 

inflammatory cytokines after dosing ultra-high doses (80 and 160 mg/kg) of gentamicin 

suggest suppression of pro-inflammatory cytokine production in response due to elimination 

of infection causing bacteria from the blood and reduction of the bacterial burden within the 

animal. Again, these data indicate the efficacy of ultra-high dose aminoglycoside therapy 

with respect to attenuating the systemic inflammatory response associated with septic shock. 

There is also evidence to suggest that aminoglycosides may exert anti-inflammatory activity, 

particularly with regards to gram-negative pathogens, although the role of this effect in our 

model is unclear [539]. 

Serum lactate has long been known to be an important marker of tissue ischemia, 

shock and particularly septic shock.  Serum lactate is closely associated with outcome in 

human septic shock [540-543].  In addition, many authors have shown increased lactate in 

various animal models of septic shock [145, 543]. For example, Kumar et al have reported 

increased serum lactate levels in blood circulation after induction of septic shock in a murine 

model of septic shock [145]. 

In our study, serum lactate levels were in the normal range throughout the experiment 

in the sham control animals.  In untreated septic control animals, serum lactate levels were 
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modestly elevated at sepsis baseline (before antibiotic administration) to markedly elevated by 

the end of the experiment consistent with severe sepsis progressing to septic shock.  Lactate 

levels were found to normalize after initiation of treatment and were in the normal range from 

3rd hour onwards to the end of the experiment in all gentamicin treated groups. 

We conclude that single, ultra-high doses of aminoglycoside antibiotics were well 
 
tolerated by the animals.  These ultra-high doses appear to exert no overt renal and ototoxicity 

in the limited number of SD rats examined. However, larger numbers of experimental 

animals will have to be assessed in order to detect more subtle renal or oto-toxicity. Ultra- 

high doses eliminate the sensitive pathogenic E. coli (Bort strain) in our study from blood 

within minutes after administering the dose and demonstrate substantial reduction in organ 

and infection site pathogen burden by the end of the study when compared to untreated 

controls. Since there were some levels of bacteria still surviving in the organs, further studies 

are required to optimize the potential use of these single, ultra-high doses. 
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CHAPTER 6 
 
 
 
 
6. Conclusion, limitations and future directions 
 
6.1. Conclusion 
 

The primary purpose of the studies described in this thesis was to assess the potential of 

single, ultra-high dose aminoglycoside (gentamicin and tobramycin) as a therapy for severe 

Gram negative infections using a rat model of peritonitis-induced septic shock.  The 

underlying hypothesis was that such therapy could substantially accelerate pathogen clearance 

and ameliorate septic organ injury. We believe accelerated pathogen clearance is key to 

improving survival in human septic shock. 

Because of the potential toxicity of ultra-high dose therapy of aminoglycosides, 

preliminary in vivo experiments were necessary to determine the ability of the animals to 

tolerate the proposed regimen.  Hemodynamic parameters were observed in the treated and 

untreated animals from the start to the end of the experiment in the toxicity studies 

encompassed in this thesis.  Even though there was an expected fluctuation of these 

parameters throughout the experiments, the HR, blood pressure and O2 saturation remained 

within the normal range and similar to the baseline values throughout the acute toxicity 

studies.  There was no substantial or sustained hemodynamic deterioration due to toxicity 

associated with single, ultra-high doses of aminoglycoside antibiotics. 

The pilot EMG study indicated that there was a reversible neuromuscular paralysis in 

the animals with single, ultra-high dose of gentamicin at 80 mg/kg dose. From our invasive 

toxicity study (9 h), we were able to demonstrate that SD rats were able to tolerate the ultra- 
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high doses of gentamicin and tobramycin when administered as 20 min intravenous infusions 

and if the animals were ventilated for the duration of neuromuscular paralysis. 

There was, at most, a modest transient adverse effect on kidney function as determined 

by the serum creatinine levels from the animals in invasive (9 h) study, although serum 

creatinine levels remained well within the normal range after the ultra-high doses of 

aminoglycoside antibiotics. Histological examination of the kidneys indicated that there was 

no morphological difference in the treated and untreated animals.  The renal tubules and 

glomerulus were intact without any signs of aminoglycoside-induced toxic effect. 

Based on the results from the short-term invasive studies, non-invasive, long-term 

toxicity studies (to 180 days) following single doses of varying doses of aminoglycosides 

were performed.  Previous studies of aminoglycoside toxicity have used doses comparable to 

those used in our study, but they were administered by intramuscular and subcutaneous 

dosing (yielding lower peak serum concentrations) for prolonged periods.  To our knowledge, 

no other studies have examined the toxic potential of single doses in excess of 80 mg/kg 

gentamicin-equivalent administered intravenously in any animal model. 

Test animals were monitored for ototoxicity and renal toxicity for 180 days after 

intravenous dosing.  Serum creatinine levels remained well within the normal range for the 

duration of the study at all the doses tested with no statistically significant difference between 

the untreated controls and ultra-high dosed animals.  In addition, there was no statistically 

significant change in creatinine during the observation period in the ultra-high dose animals. 

The urinary biomarker, NGAL was shown to increase at both the maximum ultra-high doses 

tested, although levels were in the normal range by day 7 in 80 mg/kg dosed animals and by 

day 60 in 160 mg/kg dosed animals.  In addition, although there were statistically significant 
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increases in NGAL levels, these levels were many-fold lower than those found in studies of 

clinical human and experimental animal AKI [503, 504]. H & E stained kidney sections 

demonstrated an absence of morphological changes between the saline-treated sham control 

and aminoglycoside treated animals in this long-term toxicity study.  The ‘TUNEL assay’ 

confirmed that the amount of apoptosis observed in endothelial cells of the kidneys in the 

single, ultra-high aminoglycoside treated group was similar to that of the saline-treated 

control group indicating an absence of significant toxicity.  The results from the ABR studies 

for hearing ability and behavioral studies for vestibular function demonstrated an absence of 

toxicity in these areas.  All these data indicate an absence of overt long-term ototoxicity and 

nephrotoxicity associated with single, ultra-high aminoglycoside doses.  However, 

experiments using a larger group of animals are required to confirm these results given the 

relatively small number of animals used for each ultra-high dose aminoglycoside in the 

toxicity experiment. 

There are no studies assessing the antimicrobial efficacy of aminoglycosides when used 

as a single, ultra-high dose.  In our septic shock studies, single, ultra-high doses (≥ 80 mg/kg 

gentamicin-equivalent) were found to eliminate E. coli Bort to below the limit of detection 

from the blood within 5 – 10 minutes after dosing.  The bacteria did not regrow up to 9 hours 

post treatment in the highest assessed dose.  A dose-proportional log10 CFU reduction in 

blood bacterial burden was found with sequentially increasing doses across the range of doses 

tested from 5 mg/kg to 160 mg/kg of gentamicin with bacteria cleared more quickly with the 

highest single, ultra-high doses of gentamicin. 

Septic shock animals treated with single, ultra-high doses of gentamicin showed no 

deterioration in renal function as indicated by serum creatinine levels that stayed within the 
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normal range throughout.  Sham-treated animals also exhibited normal levels of serum 

creatinine through the study period, but levels were significantly elevated in the UTC by the 

end of the experiment. 

Serum cytokine levels of IL-1β, IL-4, IL-6, IL-10, IL-12 and IFNγ in UTC were found 

to be elevated over the course of the study.  By the end of the 9 h observation period, all the 

above-mentioned cytokines in treated septic animals were similar to the levels in UTC at the 

start of the experiment (ie before sepsis induction). There was a time-dependent decrease in 

the levels of the pro-inflammatory cytokines IL-1β and IL-6 at all the doses tested.  The 

decrease in the level of pro-inflammatory cytokines after dosing ultra-high doses of 

gentamicin indicate reduced inflammatory response due to the elimination of infection 

causing bacteria from the blood and tissues. Anti-inflammatory cytokines were also expressed 

in serum in septic animals and were also reduced with antimicrobial therapy. 

Similarly, serum lactate levels were elevated by the time antimicrobials were 

administered (approximately 12 h after sepsis induction). However, lactate levels fell to 

values similar to baseline (pre-sepsis) and similar to sham controls in septic animals treated 

with all the doses of aminoglycosides.  This again suggests efficacy of the aminoglycoside 

dosing regimen. 

These data support the proposal that the dose-antibacterial efficacy range of the 

aminoglycoside antibiotic, gentamicin, extends far beyond the normal upper limit (7 mg/kg in 

humans) of dosing.  A single ultra-high dose of gentamicin (80-160 mg/kg) very rapidly and 

effectively clears bacteremia and pathogen burden in the kidneys along with generation of 

substantial reductions in solid organ pathogen burden of other organs. This blood bacterial 

clearance is substantially accelerated compared to cefotaxime.  In addition, ultra-high dose 
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aminoglycoside administration is associated with congruent reductions in pro-inflammatory 

cytokines and lactate levels. Available data suggests the absence of serious cardiovascular, 

oto-vestibular and renal toxicity using single, ultra-high dose aminoglycoside therapy. 

While we studied sepsis due to E. coli (Bort strain), aminoglycosides have a wide range 

of activity against both Gram-positive and Gram-negative bacteria. Ultra-high doses may be 

administered as empirical therapy to speed clearance of bacteria potentially resulting in 

accelerated hemodynamic stability and improved survival.  Ultra-high doses may then be 

followed by another relatively effective and less toxic antibiotic dosing regimen to clear the 

remaining bacteria from the vital organs.  If this strategy is further tested and bacterial load is 

successfully cleared with faster attainment of hemodynamic stability, ultra-high doses of 

aminoglycosides can be considered for further studies in higher mammalian species.  If 

similar results are obtained in the higher animal species with accelerated bacterial clearance 

from the blood and organs with acceptable toxicity, this treatment regimen could be translated 

from the ‘lab to bedside’ and could be used to treat septic shock patients. 

 
 
 

6.1.1. Advantages of single, ultra-high doses of aminoglycosides 
 

There are many advantages of utilizing single, ultra-high aminoglycoside doses in 

septic shock patients; 

 Even with the changes in physiological parameters and alteration in the 

pharmacokinetics in septic shock patients, a high degree of early cidality can be 

achieved by using single, ultra-high aminoglycoside dosing. 

 With ultra-high aminoglycoside doses, a Cmax /MIC and AUC24/MIC far above the 

recommended minimum level of 8 - 10 and > 125 respectively for an acceptable 
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clinical/microbiologic response can be consistently achieved even for moderately 

resistant organisms. 

 Elimination of sensitive aerobic bacteria, Gram positive or Gram negative, responsible 

for septic shock can substantially accelerated 

 Single ultra-high dose aminoglycoside therapy can be followed up with another 

antibiotic belonging to a separate class. This will limit aminoglycoside-related 

nephrotoxicity toxicity and/or ototoxicity. 

 Potential utility as high intensity (possibly short duration) therapy for 

biowarfare/bioterrorism bacterial pathogens, including plague (Yersinia pestis), 

tularemia (Francisella tularensis) and brucellosis (Brucella species) 

 
 
 

6.1.2. Disadvantages single, ultra-high doses of aminoglycosides 
 

 Careful monitoring may be required during neuromuscular paralysis. 
 

 Follow-up of patients treated with ultra-high doses for renal and ototoxicity evaluation 

may be required. 

 
 
 

6.2. Limitations 
 

Although this model represents a clinically relevant model of septic shock, there are a few 

limitations: 

 Species difference should be taken into account when extrapolating our findings to 

human disease.  Further experiments should be performed in a large animal model 

more analogous to humans (dogs, sheep, pigs or, ideally, primates).  A particular issue 

is the much higher glomerular filtration rate, as is evident by higher creatinine 
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clearance in rodents compared to humans.  This necessitated using substantially higher 

doses in rats than might be contemplated in any future studies of the approach in 

human disease. 

 
 
 

 The small animal number (4 animals/ultra-high dose) used in the non-invasive long- 

term toxicity study may engender type II error. Minimization of type II error requires 

use of a larger group of animals per dose to confirm the results obtained from this 

experiment. This study in rats is a preliminary study and was performed only to 

determine if there is evidence of overt toxicity that might preclude additional studies 

in larger animals. This study supports the use of larger mammalian species for further 

assessment of drug toxicity with the ultra-high dose regimen. 

 
 
 

 Young, healthy adult animals were used to assess for our aminoglycoside toxicity 

studies and to assess the impact ultra-high dose aminoglycosides in severe 

sepsis/septic shock.  However, in the clinical scenario, severe sepsis/septic shock is 

much more common in older patients with compromised cardiopulmonary conditions 

and other major co-morbidities. The risk of renal and oto-vestibular toxicity may be 

increased in such patients so any results using healthy animals should only be 

extended to human disease with great caution. Further experimental studies in rodents 

or higher animals may need to include older animals to more accurately reflect human 

disease. 
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 Along with single, ultra-high doses of aminoglycosides, additional antimicrobials and 

application of source control may be necessary to optimally mimic human septic 

shock treatment in experimental models. Such therapy may be additive to ultra-high 

dose aminoglycosides treatment potentially accelerating pathogen clearance and 

resolution of septic shock.  The lack of examination of such therapies in our animal 

model further limits direct applicability to human disease therapy. 

 
 
 

 Aminoglycosides and β-lactams have different propensities towards endotoxin release 

from Gram-negative pathogens.  This has not been fully explored in this series of 

studies.  Further assessment of serum endotoxin levels during antibiotic therapy in this 

model would be useful in understanding potential advantages of ultra-high dose 

therapy.  Serum endotoxin evaluation from a larger sample of experimental animals in 

our future experiments may help us in understanding the potential role of endotoxin 

release in physiologic/ cardiovascular responses to ultra-high dose aminoglycoside 

therapy. 

 The cochlea of single, ultra-high dose aminoglycoside treated animals as well as 

untreated control animals were not properly fixed in the 10% buffered formalin by 

immersion fixation method.  Due to this, only H & E staining was performed and 

TUNEL assay for hair cell apoptosis was not recommended.  In subsequent animal 

studies, we intend to use infusion fixation of all the organs to overcome this problem. 

Although the absence of adverse changes in ABRs argues against auditory toxicity, 

histology support would be useful. 
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 Similarly, despite multiple, prolonged efforts and recruitment of collaborators, we 

were unable to perform vestibular toxicity assessment to our satisfaction. Such testing 

is performed regularly in only a small number of labs worldwide.  It was necessary to 

substitute behavioral testing for vestibular function which we believe is not as 

sensitive as vestibular evoked responses (although it may have more functional 

relevance). We hope to perform vestibular evoked responses testing in large animals 

in the next phase of our studies. 

 
 
 

6.3. Future directions 
 

 Evaluate the ability of single, ultra-high dose aminoglycoside antibiotics to clear E. 

coli (Bort) and other sensitive bacterial pathogens and improve survival (compared to 

standard antimicrobial therapy) in SD rats or mice with experimental septic shock 

(non-invasive septic shock study).  Improvement in survival with correlative 

improvement in bacterial clearance would support the application of this dosing 

strategy to higher animals. 

 Evaluate the toxicity of ultra-high dose aminoglycosides in a larger number of SD rats 

per group. In our study, only 2 animals/ dose/antibiotic were used for toxicity 

evaluation.  Due to a small number of animals in our study, type II error cannot be 

avoided.   Our results indicate that there was no overt toxicity associated with single, 

ultra-high doses of gentamicin. However, including a larger number of animals in the 

toxicity study would allow assessment of the possible existence of more subtle renal 

and oto-vestibular injury. 
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 Evaluate the antimicrobial efficacy and associated survival of a single, ultra-high dose 

gentamicin concurrently with a brief intramuscular dosing regimen of a β-lactam (with 

a different mode of antimicrobial action) against E. coli Bort and other sensitive 

bacterial pathogens in the same septic shock model in SD rats or mice. This will 

allow evaluation of efficacy of the ultra-high dosing strategy in a therapeutic regimen 

comparable to those used in humans with septic shock. 

 
 
 

 Assess the potential of ultra-high, single and multiple dose aminoglycoside therapy 

with moderately resistant Gram-negative and Gram-positive pathogens. This study 

would allow assessment of the potential utility of the ultra-high aminoglycoside 

dosing strategy in resistant pathogens for which there are currently few therapeutic 

options 

 
 
 

 Evaluate the antimicrobial efficacy (pathogen clearance) and toxicity of single, ultra- 

high dose fluoroquinolone therapy in normal healthy rats with experimental septic 

shock induced by E. coli Bort and other susceptible pathogens.  Fluoroquinolones, like 

aminoglycosides, demonstrate concentration-dependent killing of a wide range of 

pathogens and are also generally cleared by the kidneys.  An ultra-high dose strategy 

with these drugs may be similarly viable if neurotoxicity issues (the primary form of 

toxicity), can be addressed with neuroprotective agents (propofol/benzodiazepines, 

etc.). 
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 Assess antimicrobial efficacy, toxicity and survival with single, ultra-high doses of 

aminoglycosides during experimental live organism septic shock in higher animals, 

particularly primates.   Ultimately, if our experiments in rodents are successful, it will 

be important to evaluate the ultra-high dosing regimen in higher animal species whose 

drug pharmacokinetics/pharmacodynamics, metabolism and toxicity risks are similar 

to humans.   If the results from rodent models are reproduced in primates, this dosing 

regimen can be assessed in septic shock patients. 
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CHAPTER 7 
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CHAPTER 8 
 

8. List of Tables 
 

Table 1.  Clinical manifestations of sepsis 
 
  Physiological Clinical 

Vascular 
 

system 

Increased vascular permeability, 
 

Decrease in systemic vascular 

resistance 

Decreased intravascular volume, 
 

Hypotension, 
 

Hypo-perfusion of end organs 

Decreased cardiac output (pre fluid- 

resuscitation) 

Increased cardiac output (post-fluid 

resuscitation) 

Heart Decreased myocardial contractility Hypotension 

Coagulation Activation of coagulation 
 

pathways 

Disseminated intravascular 
 

coagulopathy, 

Thrombocytopenia 

Lungs Increase in intravascular 
 

coagulopathy 

Acute respiratory distress syndrome 

Liver Elevated liver enzymes, 
 

Increase bilirubin 

Liver dysfunction 

Kidneys Decrease glomerular filtration rate Acute tubular necrosis and renal 
 

dysfunction 

 
 
 

Adapted from Manifestations of Sepsis. Arch Intern Med. 1987; 

147(11):1895-1906. License number: 3567920158615 
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Table 2.  Toxins from some bacterial strains 
 

Organism Toxins Function Target 

 

 
 
 
 
 
 

S. aureus 

 

Enterotoxins (A – E) Super antigen 
 

TCR/MHC-II 

Toxic shock syndrome 

toxin (TSST-1) 

Super antigen TCR/MHC-II 

 
α-hemolysin Pore forming 

Plasma
 

membrane 

 
 
 
 
 
 

S. pyogenes 

Pyrogenic endotoxin A 
 

and C 
Super antigen 

 
TCR/MHC-I 

 

Streptolysin - O Pore forming 
 

Cholesterol 

 
Heat stable enterotoxin 

Guanylate
 

cyclase 

 
G-proteins 

 
E. coli 

 
Hemolysin Pore forming 

Plasma
 

membrane 

 
L. monocytogenes 

 
Listeriolysin O Pore forming 

Plasma
 

membrane 

 

C. perfringens 
 

Perfringolysin O Pore forming 
 

Cholesterol 

 

Adapted from Clare K. Schmitt, Karen C. Meysick, and Alison D. O'Brien. Bacterial Toxins: 

Friends or Foes? Emerg Infect Dis [Volume 5, Number 2]. April 1999. Available from 

http://wwwnc.cdc.gov/eid/article/5/2/99-0206_article 
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Table 3.  TLRs and corresponding PAMP/ ligands 
 

 
 

TLR 

 
 

PAMPS/Ligands 
 

Origin 

 
TLR1 

Triacyl lipopeptides 
Soluble factors 

Bacteria, Mycobacteria spp, 
Neisseria meningitidis 

 
 
 
TLR2 

Lipoproteins, lipopeptides, Lipoteichoic 
acid, Peptidoglycan, 
Lipoarabinomannan, 

Phenol-soluble modulin, 
Porins 

Gram-positive bacteria 
Mycobacteria spp 

S. epidermidis 
Neisseria spp 

TLR3 Double-stranded RNA Viruses 

 
 
TLR4 

 

LPS 
O-linked mannan 

Fusion and envelope protein 

Gram –ve bacteria 
Fungi 

Respiratory syncytial virus, 
Mouse mammary tumor virus 

TLR5 Flagellin Flagellated bacteria 

 

TLR6 
Diacyl lipopeptides, 

lipoteichoic acid, b-glucan 
Mycoplasma, Gram-positive 

bacteria, fungi 

 
TLR7 

Single-stranded RNA, 
Imidazoquinoline, loxoribine, 

bropirimine 

Viruses, 
Bacteria 

Synthetic compounds 

 
TLR8 

 

Single-stranded RNA, 
Imidazoquinoline 

Viruses, 
Bacteria 

Synthetic compounds 
 

TLR9 
CpG-containing DNA 

Homozoin 
Bacteria, viruses, fungi 
Plasmodium falciparum 

TLR10 Lipopeptides (prediction)  

TLR11 Flagellin Flagellated bacteria 

TLR12 Profilin Apicomplexan parasites 

TLR13 23S RNA Bacteria 

 
 
 

Reprinted with permission from Frontiers in Immunology.  Savva A, Roger T., Targeting toll-like receptors: 

promising therapeutic strategies for the management of sepsis-associated pathology and infectious 

diseases. Front Immunol (2013)4:387 [544]. 
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Table 4.  Inflammatory mediators of sepsis and septic shock 
 

Pro-inflammatory mediators Anti-inflammatory mediators 

Tumor Necrosis Factor (TNF- α)
 
Interleukins (1, 6, 8, 12, 18, 22) 

Interferon-γ 

Complement system 

Nitric oxide (NO) 

Granulocyte macrophage colony 

stimulating factor (GM-CSF) 

Macrophage migration inhibitory factor 

High mobility group box 1 (HMGB-1) 

Histamine 

Thrombin 

Factor X 

Tissue Factor (TF) 

Necrotic cells 

Interleukin -1 receptor antagonist 
 
Soluble IL – 1 receptor 
 
Transforming growth factor (TGF) - β 

Interleukins (4,10, 11, 13) 

Soluble TNF-α receptors 

LPS binding protein 

Leukotriene B4-receptor antagonism 

Soluble thrombomodulin 

Apoptotic cells 

 
 

 

Adapted from ‘Cytokine modulation in sepsis and septic shock’ Expert Opinion on 

Investigational Drugs, published by Informa Healthcare © 2002, Informa UK Limited[545]. 
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Table 5. Antimicrobial determinants of pathogen clearance in septic shock 
 

 
1) Early antimicrobial therapy 

a. Initiate microbially-appropriate therapy 

b. Ensure maximally rapid initiation (avoid delays)

c. Utilize a loading dose when possible

2) Antimicrobial potency 

a. Ensure antimicrobial cidality

b. Optimize pharmacokinetic indices

i. Time-dependent agents

ii. Concentration-dependent agents

c. Utilize combination therapy with antimicrobials possessing different 
 

mechanisms of action 

3) Supplemental therapies 

a. Source control 

 
 

 

Reproduced with permission from Kumar A, Virulence, 5(1), 80–97 © 2014, published by 

Landes Bioscience. 
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Table 6.  Aminoglycoside antibiotics and clinical use 
 

Aminoglycoside antibiotic Clinical application 

Streptomycin Tularemia, Tuberculosis, Plague 

Gentamicin and Amikacin Sepsis, meningitis and pneumonia 

Neomycin Burn infections, wound infections, ulcers etc. 

Spectinomycin Gonorrhea 

Tobramycin Cystic fibrosis 

 
 

 

Original table with general information regarding aminoglycoside antibiotics and their use in 

the clinics. 
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Table 7. Cytokine assay upper and lower limits of detection 
 
 
 
 

 

 
Cytokine 

Assay 

 

 
rIL-1a 
(pg/ml) 

 

 
rIL-1b 
(pg/ml) 

 

 
rIL-2 

(pg/ml) 

 
rIL-4 

(pg/ml) 

 
rIL-6 

(pg/ml) 

 
rIL-10 
(pg/ml) 

 
rIL-12 
(pg/ml) 

 

 
rIFNy 
(pg/ml) 

 
rTNFa 
(pg/ml) 

 

 
Upper Limit of 
Quantification 

 

 
1895.7 

 

 
19839.3 

 

 
25994.1 

 
646.36 

 
53829.1 

 
2836.3 

 
57110.2 

 

 
19469.7 

 
3385.0 

 

 
Lower Limit 

of 
Quantification 

 

 
693.19 

 

 
93.68 

 

 
326.83 

 
256.94 

 
5731.89 

 
9.89 

 
235.2 

 

 
19469.7 

 
371.28 

 

 
Limit of 

Detection 

 

 
459.68 

 

 
6.22 

 

 
22.48 

 
5.46 

 
437.79 

 
2.76 

 
14.53 

 

 
167.3 

 
254.13 

 

 

Manual of ELISA kit from QUANSYS (Rat cytokine - inflammation (9-plex) – 110451RT) 
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Table 8.  In vitro study: Determination of Minimum inhibitory concentration by 

broth micro dilution method 

 
 
 
 

 
 

Organism 

Minimum inhibitory concentration (MIC) in μg / mL 

 

Gentamicin Tobramycin Cefotaxime 

E. coli  (Bort) 
 

ATCC 700973 

 
1 1 0.125 
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Table 9.  Time duration of neuromuscular paralysis and ventilator dependency 
 
9a. Neuromuscular paralysis and ventilator dependency with individual antibiotic: 

N = 3 

 

 
 
 

Antibiotic 

 
 
 

Dose 

Time duration of 

neuromuscular 

paralysis (minutes) 

 
 

Statistics 

Gentamicin 80 mg/kg 29.3 ± 10.06 No statistically significant 

difference. 

 

p-value – 0.505 

 
Tobramycin 

 
80 mg/kg 35 ± 8.88 

 

Gentamicin 
 

160 mg/kg 45.3 ± 3.78 
No statistically significant 

difference. 

 

p-value –0.241 
 

Tobramycin 
 

160 mg/kg 49 ± 2.64 

 
 

 

*- statistics calculated using GraphPad Prism version 5.00 for Windows, GraphPad Software, 

San Diego California USA. 

 

t-t t was used to determine the significance. 

Value ± Standard deviation 
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9b.  Neuromuscular paralysis and ventilator dependency of gentamicin and tobramycin 

combined at each dose 

 

N = 6 (3 animals/ gentamicin + 3 animals/ tobramycin) 
 

 

Aminoglycoside 

Dose 

Time duration of neuromuscular 

paralysis (minutes) 

80 mg/kg 32.16 ± 9.04 minutes 

160 mg/kg 47.10 ± 3.54 minutes 

 
 
 

Aminoglycoside 80 vs 160 mg/kg dose duration of paralysis, p=0.0361, Students t-test 

Value ± Standard deviation 
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Table 10.  Invasive study - Aminoglycosides 80 mg/kg dose by intra venous route 

Hemodynamic parameters using Heart Pressure Analyzer: (3 animals - Gentamicin 80 

mg/kg + 3 animals - Tobramycin 80 mg/kg)  (N = 6) 

 

 
Time point 

HR 
 

(bpm) 

Max-P 
 

(mmHg) 

Min-P 
 

(mmHg) 

Mean 
 

(mmHg) 

Base Line 383.92 ±27.6 92.33 ± 6 57.87 ± 12 73.42 ± 8.7 

10 min 380.8 ± 70.1 86.42 ± 8.1 52.70 ± 9.4 70.48 ± 10.2 

20 min 378.6 ± 76.8 79.12 ± 6.42 51.47 ± 15.7 65.18 ± 6.7 

0 h 356.9 ± 74.9 88.77 ± 10.5 58.85 ± 10.2 69.85 ± 7.3 

0.75 h 375.6 ± 32.8 93.18 ± 9.22 57.57 ± 13.5 72.68 ± 13 

1.5 h 381.7 ± 26.0 96.58 ± 9.22 63.65 ± 12.3 80.52 ± 6.3 

3 h 357.5 ± 45.2 81.27 ± 4.7 49.07 ± 12.8 62.65 ± 7.0 

6 h 366.5 ± 49.9 71.93 ± 12.32 43.53 ± 19.8 56.9 ± 15.1 

9 h 430.9 ± 40.3 69.33 ± 11.56 36.52 ± 4.25 49.15 ± 7.9 

 

 
 
 

Parameters – Value ± Standard deviation 

HR - Heart Rate 

Max-P -    Maximum Pressure (Systolic) 

Min-P -    Minimum Pressure (Diastolic) 

Mean  -          Mean Pressure 
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Table 11.  Invasive study - Aminoglycosides 160 mg/kg dose by intra venous route: 
 

 
Hemodynamic parameters using Heart Pressure Analyzer: (3 animals - Gentamicin 160 

mg/kg + 3 animals - Tobramycin 160 mg/kg) (N = 6) 

 

 
Time Point 

HR 
 

(bpm) 

Max-P
 

(mmHg) 

Min-P
 

(mmHg) 

Mean 
 

(mmHg) 

Base Line 327.05 ± 60.9 93.50 ± 5.71 59.52 ± 6.1 72.98 ± 6.5 

10 min 296.55 ± 74.4 67.32 ± 4.7 33.60 ± 4.4 45.97 ± 4.2 

20 min 305.68 ± 61.1 65.52 ± 4.8 35.32 ± 3.3 46.28 ± 3.8 

0 h 310.15 ± 54.8 71.68 ± 2.9 41.97 ± 4.6 53.20 ± 4.7 

0.75 h 321.90 ± 49.3 89.42 ± 4.2 58.33 ± 7.2 70.73 ± 6.7 

1.5 h 333.08 ± 56.9 88.67 ± 3.9 60.73 ± 6.7 71.88 ± 6.1 

3 h 309.98 ± 60.4 81.42 ± 7.7 53.07 ± 7.9 64.48 ± 7.9 

6 h 381.37 ± 47.2 66.73 ± 5.9 46.90 ± 7.9 54.50 ± 6.4 

9 h 326.67 ± 53.2 61.63 ± 6.9 42.77 ± 7.0 54.83 ± 4.7 

 

 
Parameters – Value ± Standard deviation 

HR - Heart Rate 

Max-P -    Maximum Pressure (Systolic) 

Min-P -     Minimum Pressure (Diastolic) 

Mean  -          Mean Pressure 



200

 

 

Table 12. Gentamicin pharmacokinetics after ultra-high doses by intravenous route 

in normal SD rats: N = 3 

 

 
Gentamicin 

AUC tot 
 

(mg*h/L) 

Clearance 
 

(L/kg/h) 

Elimination 
 

rate (h-1) 

Half-life 
 

(h) 

Vd 
 

(area)(L/kg) 

Cmax 

 
(ug/mL) 

 
80 mg/kg 

 

426.2 ± 58.5 
 

0.20 ± 0.02 0.74 ± 0.20 0.98 ± 0.27 0.27 ± 0.04 
 

423.6 ± 21 

 
160 mg/kg 

 

725.5 ± 50.5 
 

0.22 ± 0.01 0.74 ± 0.20 0.98 ± 0.27 0.31 ± 0.06 
 

616 ± 36.6 

 

 
 

Value ± Standard deviation 
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Table 13.  Vestibular toxicity(behavioral studies): (N=4, 2 gentamicin+2 tobramycin) 
 
 
 
 

 
 
 

 
Antibiotic Dose 

 

 

Tail 

hanging 

Reflex 

 

Air 

righting 

reflex 

Contact 

inhibition 

of 

Righting 

 
 

Final 

Score 

 
 
 

Vestibular 

Toxicity 

Aminoglycosides 

80 mg/kg 

 

 

0.67 
 

0 
 

0 
 

0.67 

 

 

NO 

Aminoglycosides 

160 mg/kg 

 

 

1 
 

0 
 

0 
 

1 

 

 

NO 

Control 0 0 0 0 NO 

 

 

Total Score 0 – 2: Normal 
 

Total Score 3 – 4: Moderate vestibular toxicity 

Total Score 5 – 6: Severe vestibular toxicity 

 
 
 

No vestibular toxicity was observed with both the ultra-doses of aminoglycosides.  A further 

study with a larger group of animals is required to confirm these results. 
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Table 14. Standardization of septic shock model: N = 3/group 
 
 
 
 

a. Group 1: Single capsule implantation: Bacterial counts from blood 
 

 

 
 

Time Point 

Group 1 

Mean log10 CFU/mL 

0 h < LD 

6 h 3.95 ± 1.25 

12 h 4.47 ± 0.8 

18 h 5.47 ± 0.65 

24 h 6.30 ± 1.1 

36 h 7.00 ± 0.35 

  Euthanized after 36th hour 

 

 

< LD – Less than limit of detection 

Value ± Standard deviation 
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b. Group 2: Two capsule implantation: Bacterial counts from blood 
 

 
 
 

Time Point 

Group 2 

Mean log10 CFU/mL 

0 h < LD 

6 h 4.30 ± 0.68 

9 h 5.7 ± 0.9 

12 h 6.30 ± 0.33 

16 h 6.84 ± 0.64 

20 h 7.47 ± 0.45 

  Euthanized after 20th hour 

 

 

c. Group 3: Four capsule implantation: Bacterial counts from blood 
 
 

 
 
 
 

Time Point 

Group 3 

Mean log10 CFU/mL 

0 h < LD 

6 h 5.90 ± 0.35 

12 h 8.30 ± 0.4 

  Euthanized after 12th hour 

 
< LD – Less than limit of detection Value ± Standard deviation 
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Table 15.   Cefotaxime pK from infection and treated animals by bioassay: N = 6 
 
 
 
 

Cefotaxime 

 
AUC tot 

(mg*h/L) 

 
Clearance 

(L/kg/h) 

Elimination 

rate (h-1) 

Half-life (h) 
 

Median 
 

(25% - 75%) 

Vd (area) 

(L/kg) 

 

Cmax 

(ug/mL) 

 
15 mg/kg 

55.7 ± 0.27 ± 0.74 ± 0.99 0.40 ± 67.9 ± 

2.48 0.01 0.20 (0.87 - 1.1) 0.12 2.32 

 
60 mg/kg 

212.8 ± 0.28 ± 0.60 ± 1.15 0.47 ± 265.6 ± 

6.29 0.01 0.05 (1.05 - 1.3) 0.02 1.90 

 

 
 

Value ± Standard deviation 
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Table 16. Gentamicin pK values from septic animals: N = 6 
 
 
 

 
 
 

Gentamicin 

 
 

AUC tot 

(mg*h/L) 

 

 
Clearance 

 
(L/kg/h) 

 
Elimination 

rate (h-1) 

Half-life 
 

(h) 
 

Median 
 

(25% - 75 %) 

 
Vd 

 
(area)(L/kg) 

 
 

Cmax 

(ug/mL) 

 

 
5 mg/kg 

 
14.0 ± 3.02 

 
0.37± 0.08 2.25 ± 0.30 

0.32 
 

(0.30-0.34) 
0.16 ± 0.02 

 
24.1 ± 3.2 

 

 
10 mg/kg 

 
26.16 ± 6.0 

 
0.40± 0.08 1.38 ± 0.47 

0.62
 

(0.44 - 0.7) 
0.36 ± 0.10 

 
41.1 ± 15.6 

 

 
20 mg/kg 

 
54.0 ± 16.3 

 
0.41± 0.15 0.70 ± 0.15 

1.03
 

(0.84 - 1.2) 
0.51 ± 0.07 

 
51.4 ± 12.5 

 

 
40 mg/kg 

 
201.7±40.6 

 
0.21± 0.05 0.60 ± 0.12 

1.19
 

(1.03 - 1.4) 
0.35 ± 0.09 

 
221.8±30.8 

 

 
80 mg/kg 

 
408.8±51.6 

 
0.20 ±0.02 0.52 ± 0.08 

1.33
 

(1.21 - 1.5) 
0.39 ± 0.05 

 
328.7±14.9 

 

 
160 mg/kg 

 
707 ±120.0 

 
0.23± 0.04 0.48 ± 0.11 

1.43 
 

(1.24 – 1.7) 
0.50 ± 0.06 

 
536.4 ± 70 

 

 
 

Value ± Standard deviation 
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Table 17. Septic shock model: Hemodynamic parameters 
 

a. Heart rate (bpm): N = 6 
 
 
 
 

Time 
point 

 

 
 
 

UTC 

 

 

Gentamicin 
 

Cefotaxime 
 
 
 

Sham 
 

 
5 mg/kg 

 
10 mg/kg 

 
20 mg/kg 

 
40 mg/kg 

 
80 mg/kg 

 

 
160 mg/kg 

 
15 mg/kg 

 
60 mg/kg 

Base 
 

357.4 ± 
 

382.4 ± 347.1 ± 380.7 ± 339.8± 322.4 ± 
 

380.8 ± 345 ± 384.2 ± 357.3 ± 

Line 70.4 76.6 24.3 51.1 6.8 22.2 35.6 67.6 51.7 42.0 

 

0 h 
378.9 ± 

89.1 
392.6 ± 

84 
336.9 ± 

27.3 
410.1 ± 

57.6 
337.5 ± 

7.5 
321.9 ± 

16.7 
362. ± 
32.4 

360.1 ± 
42.9 

407.1 ± 
37.9 

343.9 ± 
23.5 

 
0.75 h 

 

417.7± 
103.7 

 

432.6 ± 
132 

350.5 ± 
55.2 

425.1 ± 
55.8 

353.3 ± 
34 

326.3 ± 
34.2 

 

396.6 ± 
96.8 

340.4 ± 
35.9 

421.9 ± 
49.9 

351.6 ± 
15.7 

 

1.5 h 
435.6 ± 

143.0 
447.0 ± 

174 
353.0 ± 

86 
404 ± 
26.4 

356.3 ± 
25.4 

343.4 ± 
12 

395.5 ± 
80.5 

331.4 ± 
24.7 

392.1 ± 
62.9 

323 ± 
33.6 

 

3 h 
436.0 ± 
124.6 

428.3 ± 
131.1 

354.7 ± 
57.6 

396.5 ± 
38.7 

381.9 ± 
27.4 

357.7 ± 
37.4 

406.6 ± 
57.6 

320.9 ± 
16.8 

354.6 ± 
44.2 

309.7 ± 
23.6 

 

6 h 
380.5 ± 

49.2 
444.3 ± 
181.4 

389.9 ± 
144.7 

408 ± 
27.03 

346.5 ± 
15 

368.6 ± 
41.4 

377.6 ± 
99.7 

334.3 ± 
57.2 

422.5 ± 
79.9 

324 ± 
23.4 

 

8*/9 h 
290.2 ± 
61.1* 

349.6 ± 
84.9 

379.7 ± 
99.1 

403.5 ± 
31.42 

353.3 ± 
14.1 

352.8 ± 
29.2 

413.4 ± 
60.5 

330.6 ± 
50.9* 

394.3 ± 
25.1* 

329.5± 
43.7 

*- Animals from UTC and cefotaxime groups died by this time point             Value ± Standard deviation 
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b. Max-Pressure (mmHg): N = 6 
 
 
 

 
Time point 

 
 

 
UTC 

 

Gentamicin Cefotaxime  

 
Sham 

 
5 mg/kg 10 mg/kg 20 mg/kg 40 mg/kg 80 mg/kg 

 
160 mg/kg 15 mg/kg 60 mg/kg 

 

Base Line 
 
96.9 ± 28.4 

 
99.6 ± 17.3 112.9±14.2 108.3±17.6 109.5±27.2 93.6 ±15.3 

 
111.7±26.2 110.4 ±38.8 128.8 ±12.2 108.7 ±10.9 

0 h 
 

110.0±11.8 
 

104.8±24.9 110.1±22.4 117.4±19.2 78.2 ±17.7 93.5 ±25.7 
 

95.8 ±33.1 112.6 ± 7.9 132.7 ±9.4 102.1 ±3.2 

 

0.75 h 
 

110.7±21.7 
 

100.5±23.5 107.5±25.3 98.5 ±7.6 94.9 ±30.6 107.3±20.9 
 

82.6± 18.6 112.4 ±13.9 130.1 ±15.2 107.32 ±10.7 

1.5 h 
 

104.3±20.8 
 

92.3 ±23.8 108.4±20.2 101.1 ±17 91.5 ±33.9 104.8±15.9 
 

98.42 ±40.9 112.0 ±23.3 122.7 ±21.6 110.27 ±11.1 

3 h 
 

85.1 ± 15.1 
 

91.0 ±18.2 103.7±24.8 100.2 ± 9.7 84.3 ±15.9 105.2±23.4 
 

78.78 ±19.2 108.4 ±18.2 98.3 ± 21 91.4 ±11.3 

6 h 
 

53.7 ± 10.3 
 

90.9 ±19.3 81.1 ±23.6 97.1 ±13.3 64.7 ± 12.2 80.2 ± 33.8 
 

74.83 ±17.3 81.5 ± 13.6 95.4 ± 27.5 89.3 ±3.37 

8*/9 h 
 

25.4±9.25* 
 

74.2 ±34.8 61.7 ±27.1 76.7 ±24.1 48.9 ± 20.6 61.3 ±12.3 
 

75.85 ±13.8 70.4 ± 6.5* 74.3 ± 23.3* 71.4 ±27.5 

 

*- Animals from UTC and cefotaxime groups died by this time point Value ± Standard deviation 
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c. Min-Pressure (mmHg): N = 6 
 

 
 

Time 

point 

 

 
 
 

UTC 

 

 

Gentamicin 
 

Cefotaxime 
 
 
 

Sham 

 

5 mg/kg 10 mg/kg 20 mg/kg 40 mg/kg 80 mg/kg 
 

160 mg/kg 15 mg/kg 60 mg/kg 

Base 
 

Line 

 

 
69.7 ±19.1 

 

 
65.2 ±16.6 

 
81.2 ± 6.9 

 
71.0 ± 18.7 

 
79.2 ± 22.4 

 
72.5 ±7.8 

 

 
72.8 ±21.6 

 
70.4 ± 39.5 

 
88.6 ± 9.5 

 
78.6 ± 14.1 

0 h 
 

77.8 ±20.0 
 

64.1 ±20.7 76.6 ± 11.0 72.1 ± 15.7 46.0 ± 18.4 69.4 ±19 
 

57.9 ±29.0 76.0±4.4 92.2 ± 11.9 73.2 ±4.6 

0.75 h 
 

75.2 ±19.9 
 

64.5 ±20.1 76.2 ± 14.5 51.9 ± 11.1 60.5 ± 30.6 87.1 ± 18.2 
 

46.3 ±13.2 75.1±16.4 92.2 ±17.2 68.9 ± 13.3 

1.5 h 72.3 ±18.9 56.0 ±21.3 78.3 ± 13.9 60.5 ±8.5 68.6 ± 29.1 85.5 ±10.8 57.5 ± 21.9 75.7±19.9 88.6 ±25.7 88.6 ±9.2 

3 h 53.5± 15.1 56.9 ±22.7 73.8 ± 20.8 55.3 ± 9.2 59.5 ± 15.5 78.3 ± 14.8 47.6 ± 15.2 72.2±17.2 59.9 ± 21.9 59.9 ± 8.8 

6 h 18.0 ±12.2 49.1 ±13.2 49.7 ±12.8 43.3 ± 14.0 31.8 ± 9.6 49.4 ± 15.6 41.4 ±10.5 44.5±16.4 52.7 ±27.7 52.7 ± 8.25 

8*/9 h 2.3 ± 2.6* 36.8 ±21.1 26.2 ± 15.8 35.1 ±18.4 21.6 ± 16.4 32.6 ± 23.3 43.7 ±9.23 33.2 ±8.8* 30.5±10.9* 30.5 ± 4.8 

 

 

*- Animals from UTC and cefotaxime groups died by this time point Value ± Standard deviation 
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d. Mean (mmHg): N = 6 
 

 

 

Time 

point 

 
 
 

UTC 

 
Gentamicin Cefotaxime  

 

Sham 
 

5 mg/kg 
 

10 mg/kg 20 mg/kg 40 mg/kg 80 mg/kg 
 

160 mg/kg 15 mg/kg 60 mg/kg 

Base 
 

Line 

 

 
83.0 ±23.7 

 

 
80.6 ±17.1 

 

 
97.4 ±9.2 

 
88.9 ±15.5 

 
94.6 ± 23.2 

 
84.2 ±10.7 

 

 
90.6 ±22.4 

 
87.4 ±41.3 

 
109.3 ±9.9 

 
93.6 ±12.6 

0 h 
 

93.4 ±15.9 
 

81.7 ±22.9 
 

94.2 ±16.2 92.5 ±20.2 62.5 ± 19.6 82.6 ±22.4 
 

74.5 ± 32.8 95.4 ± 7.1 112.5 ±10.3 88.6 ±2.9 

 

0.75 h 
 

92.5 ±20.9 
 

80.6 ±22.0 
 

91.6 ±18.6 70.5 ±10.5 79.5 ± 32.2 98.2 ±20 
 

61.75 ±15.6 94.2 ± 15 110.8 ±16.3 86.9 ±13.6 

1.5 h 
 

88.1 ±19.5 
 

70.9 ±20.5 
 

92.9 ±16.3 77.8 ±11.9 80.9 ± 31.2 96.7 ±13.6 
 

80.58 ±36.8 95.0 ±21.1 106.1 ±25.2 91.0 ±8.7 

3 h 
 

67.2 ±14.7 
 

70.5 ±20.9 
 

88.0 ±21.7 73.3 ±9.3 72.5 ± 15 93.4 ±18.6 
 

63.42 ±16.1 91.1 ±16.9 77.9 ±21.4 71.7 ± 8.2 

6 h 
 

31.6 ±14.2 
 

55.5 ±14.6 
 

59.3 ±15.6 63.4 ±16.8 64.23 ± 9.0 62.8 ±20.8 
 

66.05 ±15.9 60.7 ±17.9 69.8 ±30.3 69.1 ±8.4 

8*/9 h 
 

10.2 ±3.7* 
 

54.2 ±25.1 
 

42.1 ±19.9 45.0 ±22.0 45.4 ± 16.4 43.9 ±22.3 
 

51.4 ±18.6 49.2 ±8.8* 46.4 ±16.0* 47.6 ±25.0 

 
 
*- Animals from UTC and cefotaxime groups died by this time point                           Value ± Standard deviation                 



 

209

 

 

 

Table 18. Pulse oximeter readings in all the groups of animals in septic shock model: 
 

a. % O2 Saturation: N = 6 
 

 
Time 

point 

 
 
 

UTC 

 

Gentamicin Cefotaxime  
 
 

Sham 
5 mg/kg 10 mg/kg 20mg/kg 40 mg/kg 80 mg/kg 160 mg/kg 15mg/kg 60mg/kg 

 

Baseline 
98.9 ±0.82 99.5 ±0.20 99.3 ±0.12 99.3 ±0.25 99.2 ±0.36 99.2 ±0.35 99.3 ±0.25 99.5 ±0.2 99.5 ±0.2 99.3 ±0.23 

 

0 h 
99.1 ±0.37 99.2 ±0.34 99.2 ±0.16 99.1 ±0.50 88.9 ±23.1 99.0 ±0.68 98.8 ±0.44 99.4 ±0.1 99.4 ±0.3 99.1 ±0.57 

 

0.75 h 
99.2 ±0.40 99.5 ±0.1 99.1 ±0.45 98.9 ±0.43 99.3 ±0.35 99.4 ±0.12 99.0 ±0.32 99.4 ±0.2 97.0 ±1.8 99.3 ±0.04 

 

1.5 h 
99.4 ±0.12 99.2 ±0.4 98.9 ±0.73 97.4 ±3.46 98.3 ±0.72 99.1 ±0.65 99.1±0.40 99.4 ±0.1 98.8 ±1.0 99.3 ±0.23 

 

3 h 
97.1 ±4.4 99.2 ±0.40 99.1 ±0.48 98.7 ±0.94 98.9 ±0.86 99.1 ±0.30 99.2 ±0.26 99.5 ±0.3 98.4 ±1.7 99.3 ±0.13 

 

6 h 
96.7 ±2.2 99.2 ±0.35 98.9 ±0.23 99.0 ±0.40 97.7 ±3.6 95.8 ±5.2 96.9 ±3.2 99.4 ±0.2 97.3 ±3.1 99.1 ±0.75 

 

8*/9 h 
*93.5 ±7.9 98.6 ±1.3 98.9 ±0.17 98.9 ±0.67 92.2 ±33.1 90.4 ±18.2 91.6 ±6.9 *99.6 ±0.2 * 95.8 ±5.8 96.7 ±3.8 

 
 
*- Animals from UTC and cefotaxime groups died by this time point                             Value ± Standard deviation                 
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b. Ventilatory/breath rate (brpm): N = 6 
 

 
 
 
 

Time point 

 

 
UTC 

Gentamicin Cefotaxime 
 
 

Sham  

5 mg/kg 10 mg/kg 20 mg/kg 40 mg/kg 80 mg/kg 
 

160 mg/kg 15 mg/kg 60 mg/kg 

Baseline 35.2 ± 4.2 41.5 ±10.7 48.7± 13.9 50.2± 17.1 41.4 ±5.2 35.8 ±6.2 32.7 ± 12.4 35.3 ± 3.1 39.2 ± 8.2 41± 18

 

0 h 
 
44.7 ± 4.94 

 
38.6 ± 2.6 41 ±5.2 49.2± 19.0 34.4 ±5.7 40.8± 6.7 

 
66.6 ± 30 41.7 ± 12.4 45.7 ± 8.8 64.8 ±22.8 

0.75 h 44.2 ± 4.7 43.6 ± 2.5 60.2 ±14.8 46.6 ±19.2 36.4 ± 4.3 57.6 ±20.6 71.6 ± 19.3 48.3 ± 0.6 106.7 ±131 54 ± 24.3

1.5 h 52.7± 6.9 48.2 ±17.6 55.5 ±10.7 53 ± 7.3 38.8 ±10.0 55±14.5 54.2 ±17.9 48.7 ±10.8 100.5 ±137 57.8 ±20.6 

3 h 
 

50.0 ± 0.71 
 

54.4 ± 15.3 49.5 ±10.5 43.6 ±3.7 48.6± 21.7 50 ± 19.8 48.6 ± 15.7 45.0 ± 7.8 47.3± 4.3 48 ± 19.6 

6 h 53.8 ± 6.8 45.8 ±17.9 50 ± 8.7 41.4 ± 8.5 48.8 ± 18.2 40.2± 6.8 47 ± 18.3 41.7 ± 9.5 56.7 ± 15.2 56.8 ± 22.7

8*/9 h *38.7 ± 2.2 49.8 ±22.7 64.7 ±34.8 52.8 ± 9.6 49.2 ± 17.4 48.8 ±15.8 55.2 ±10.9 * 44.0 ± 8.2 * 47.5 ± 18 47.8± 15.O

 
 
*- Animals from UTC and cefotaxime groups died by this time point                             Value ± Standard deviation                 
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c. Heart rate (bpm): N = 6 
 

 
 

 

Time 
point 

 

 
UTC 

 
Gentamicin Cefotaxime 

 
 

Sham 
5 mg/kg 10 mg/kg 20 mg/kg 40 mg/kg 80 mg/kg 160 mg/kg 15 mg/kg 60 mg/kg 

 
Baseline 

 

395.21 ± 
63.4 

 

325.75 ± 
60.9 

350.25 ± 
18.6 

370.60 ± 
21.5 

391.20 ± 
66.5 

328.0 ± 
42.8 

349.05 ± 
36.6 

336.67 ± 
47.3 

373.33 ± 
50.5 

319.60 ± 
20.7 

 
0 h 

 

407.82 ± 
74.7 

 

370.00 ± 
47.2 

353.25 ± 
22.1 

373.00 ± 
45.3 

393.80 ± 
105.2 

353.40 ± 
68.8 

324.49 ± 
20.3 

342.67 ± 
26.7 

407.17 ± 
29.0 

320.20 ± 
15.0 

 
0.75 h 

 

406.65 ± 
46.2 

 

367.80 ± 
38.7 

374.00 ± 
23.5 

355.60 ± 
26.9 

359.00 ± 
31.9 

324.40 ± 
45.2 

317.00 ± 
32.3 

331.00 ± 
27.2 

362.67 ± 
27.4 

328.60 ± 
33.3 

 
1.5 h 

 

411.62 ± 
64.8 

 

356.20 ± 
41.1 

377.75 ± 
41.24 

348.60 ± 
24.4 

370.80 ± 
37.4 

343.80 ± 
15.1 

338.00 ± 
26.5 

317.00 ± 
9.5 

425.67 ± 
110.9 

334.80 ± 
33.8 

 
3 h 

 

380.98 ± 
73.2 

 

358.60 ± 
64.9 

372.75 ± 
43.3 

343.40 ± 
26.4 

354.00 ± 
27.6 

365.00 ± 
54.3 

346.20 ± 
48.1 

322.67 ± 
28.7 

375.33 ± 
96.3 

333.00 ± 
35.3 

 
6 h 

 

332.16 ± 
26.4 

 

332.80 ± 
79.4 

380.00 ± 
30.4 

390.20 ± 
72.3 

368.00 ± 
34.2 

357.00 ± 
41.1 

352.60 ± 
76.9 

335.00 ± 
63.9 

376.33 ± 
47.3 

343.80 ± 
35.6 

 
8*/9 h 

 

* 290.50 ± 
19.4 

 

349.60 ± 
59.5 

356.25 ± 
31.26 

366.80 ± 
25.3 

363.20 ± 
43.9 

360.40 ± 
39.01 

364.00 ± 
56.6 

* 327.00 ± 
54.7 

* 333.2 ± 
70.3 

339.80 ± 
16.8 

 

 
 

*- Animals from UTC and cefotaxime groups died by this time point                          Value ± Standard deviation 
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d. Pulse Distention (um): N = 6 
 

 
 

 

Time 
point 

 

 
 

UTC 

 

Gentamicin Cefotaxime  
 

Sham  

5 mg/kg 10 mg/kg 20 mg/kg 40 mg/kg 80 mg/kg 
 

160 mg/kg 15 mg/kg 60 mg/kg 

 

Baseline 
 

19.80 ± 1.6 
 

20.0 ± 2.7 22 ± 1.8 24.4 ± 3.64 21.2 ±11.1 25.9 ± 5.9 
 

20.7 ± 1.38 54.3 ± 5.6 23.8 ± 5.33 27.2 ± 3.7 

 

0 h 
 

12.60 ± 6.7 
 

14.5 ± 1.5 20.7 ± 4.5 25.2 ± 3.80 22.4 ± 9.4 25.1 ± 6.8 
 

10 ± 0.09 48.5 ± 7.7 16.3 ± 3.50 
30.7 ± 
8.06 

 

0.75 h 
 

21.6 ± 7.2 
 

21.72 ± 3.5 19.5 ± 3.3 21 ± 3.76 26.5 ± 2.7 22.34 ± 7 
 

65.7 ± 0.17 23.2 ± 8.5 10.9 ± 1.97 
35.0 ± 
5.32 

 

1.5 h 
 

11.3 ± 8.4 
 

20.02 ± 2.4 17.9 ± 2.4 15.2 ± 3.96 27.7 ± 10.1 15 ± 3.67 
 

33.48 ± 3.4 25.4 ± 8.8 8.3 ± 1.58 
29.3 ± 
6.68 

 

3 h 
 

7.73 ± 3.1 
 

24.5 ± 4.6 11.8 ± 1.9 20.2 ± 3.42 24.6 ± 6.9 15.3 ± 3.9 
 

30.96 ± 1.9 30.8 ± 17.6 9.1 ± 2.23 
19.7 ± 
5.46 

 

6 h 
 

6.38  ± 1.4 
 

23.8 ± 4.5 16.3 ± 2.0 11.8 ± 3.17 17.5 ± 4.0 15.4 ± 3.4 
 

19.4 ± 1.13 18.9 ± 4.9 11.2 ± 3.88 
13.3 ± 
2.79 

 

8*/9 h 
 

11.50 ± 7.8 
 

15.38 ± 2.6 14.25 ± 1.4 6.18 ± 2.37 6.8 ± 4.5 7.08 ± 2.6 
 

8.5 ± 1.97 
* 18.3 ± 

5.8 
* 5.4 ± 

1.59 
15.1± 13.6 

 
 

*- Animals from UTC and cefotaxime groups died by this time point                          Value ± Standard deviation 
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e. Ventilatory distention (um): N = 6 
 

 
 
 

Time 
point 

 
 
 

UTC 

 
Gentamicin Cefotaxime  

 

Sham 
 

5 mg/kg 10 mg/kg 20 mg/kg 40 mg/kg 80 mg/kg 
 

160 mg/kg 15 mg/kg 60 mg/kg 

 

Baseline 

 

31.4 ± 
18 

 

13.9 ± 
8.6 

21.6 ± 
9.3 

20.2 ± 
17.1 

13.6 ± 
6.06 

14.8 ± 
3.5 

 

29.5 ± 
1.4 

46.9 ± 
38.1 

19.4 ± 
7.2 

18.4 ± 
14.6 

 

0 h 

 

10.8 ± 
12.7 

 

16.1 ± 
8.2 

18.6 ± 
10.2 

25.5 ± 
17.8 

18.7 ± 
8.7 

16.9 ± 
8.7 

 

24.3 ± 
1.9 

27.5 ± 
13.2 

17.9 ± 
8.8 

13.5 ± 
9.0 

 

0.75 h 

 

16.8 ± 
10.24 

 

20.4 ± 
10.3 

13.8 ± 
6.8 

17.2 ± 
9.9 

18.5 ± 
9.5 

6.9 ± 
4.7 

 

19.5 ± 
0.9 

17.3 ± 
9.4 

8.9 ± 
5.4 

13.2 ± 
13 

 

1.5 h 

 

17.3 ± 
7.09 

 

16.9 ± 
7.0 

15.9 ± 
8.0 

14.3 ± 
8.3 

16.8 ± 
68.9 

8.0 ± 
6.1 

 

25.9 ± 
2.8 

15.3 ± 
9.8 

9.4 ± 
4.5 

16.1 ± 
10.2 

 

3 h 

 

11.9 ± 
1.09 

 

17.4 ± 
10.0 

9.1 ± 
2.6 

17.2 ± 
4.6 

17.5 ± 
9.9 

9.4 ± 
5.1 

 

25.8 ± 
1.9 

16.7 ± 
15.6 

10.6 ± 
5.7 

8.4 ± 
3.2 

 

6 h 

 

14.1 ± 
3.6 

 

17.1 ± 
9.4 

22.1 ± 
6.4 

18.6 ± 
5.9 

15.2 ± 
4.3 

7.7 ± 
3.2 

 

22.6 ± 
1.1 

9.6 ± 
6.0 

9.6 ± 
8.6 

6.8 ± 
1.1 

 

8*/ 9 h 

 

* 17.1 ± 
1.5 

 

9.5 ± 
4.9 

15.8 ± 
4.1 

16.1 ± 
3.3 

9.3 ± 
7.4 

9.7 ± 
6.5 

 

16.5 ± 
1.3 

* 10.3 ± 
7.9 

* 8.1 ± 
5.6 

5.1 ± 
1.8 

 
 

*- Animals from UTC and cefotaxime groups died by this time point                        Value ± Standard deviation 
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Figure 2.  Host responses following infection with microbial pathogens: 
 
 
 
 
 
 
 
 
 
 
 
 

PAMPs: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Recognition of PAMPs from different classes of microbial pathogens. Viruses, 

bacteria, fungi, and protozoa display several different PAMPs, some of which are shared 

between different classes of pathogens. Major PAMPs are nucleic acids, including DNA, 

dsRNA, ssRNA, and 5′-triphosphate RNA, as well as surface glycoproteins (GP), 

lipoproteins (LP), and membrane components (peptidoglycans [PG], lipoteichoic acid 

[LTA], LPS, and GPI anchors). These PAMPs are recognized by different families of 

PRRs [546]. 

PAMPs: pathogen associated molecular patterns,TLRs: Toll-like receptors 
 

Reprinted with permission from Clinical Microbiology Reviews; 2009, 22(2), 240-273 

published by American Society for Microbiology. 
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Figure 4.  Inflammatory responses to sepsis: 
 

 
 

Sepsis initiates a brisk inflammatory response that directly and indirectly causes widespread 
tissue injury. Shown here are key components of this process and their interactions at the level of 
the microvasculature of a representative vital organ. Gram-positive and gram-negative bacteria, 
viruses, and fungi have unique cell-wall molecules called pathogen-associated molecular patterns 
that bind to pattern-recognition receptors (toll-like receptors [TLRs]) on the surface of immune 
cells. The lipopolysaccharide of gram-negative bacilli binds to lipopolysaccharide-binding 
protein, CD14 complex. The peptidoglycan of gram-positive bacteria and the lipopolysaccharide 
of gram-negative bacteria bind to TLR-2 and TLR-4, respectively. Binding of TLR-2 and TLR-4 
activates intracellular signal-transduction pathways that lead to the activation of cytosolic nuclear 
factor κB (NF-κB). Activated NF-κB moves from the cytoplasm to the nucleus, binds to 
transcription initiation sites, and increases the transcription of cytokines such as tumor necrosis 
factor α (TNF-α), interleukin-1β, and interleukin-10. TNF-α and interleukin-1β are pro- 
inflammatory cytokines that activate the adaptive immune response but also cause both direct and 
indirect host injury. Interleukin-10 is an anti-inflammatory cytokine that inactivates macrophages 
and has other anti-inflammatory effects. Sepsis increases the activity of inducible nitric oxide 
synthase (iNOS), which increases the synthesis of nitric oxide (NO), a potent vasodilator. 
Cytokines activate endothelial cells by up-regulating adhesion receptors and injure endothelial 
cells by inducing neutrophils, monocytes, macrophages, and platelets to bind to endothelial cells. 
These effector cells release mediators such as proteases, oxidants, prostaglandins, and 
leukotrienes. Key functions of the endothelium are selective permeability, vasoregulation, and 
provision of an anticoagulant surface. Proteases, oxidants, prostaglandins, and leukotrienes injure 
endothelial cells, leading to increased permeability, further vasodilation, and alteration of the 
procoagulant–anticoagulant balance. Cytokines also activate the coagulation cascade [547]. 
Russell, J. A. (2006). Management of sepsis. N Engl J Med, 355(16), 1699-1713 
Reprinted with permission from New England Journal of Medicine © 2006, Massachusetts 
Medical Society 
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Figure 7. Immunologic model (Current paradigm): 
 
 
 
 

 
 

Reproduced with permission from the Chest, 101(6), 1644-1655, 

Published by American College of Chest Physicians © 1992. 

License number:3464940007150 
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Figure 17.  Mechanisms and cell signaling pathways underlying the cytotoxic effect 

of gentamicin in kidneys: 

 

 
 

 
 
 
 
 

ATP, adenosine triphosphate; CaSR, extracellular calcium-sensing receptor; Cyto c, 

Cytochrome c; ER, endoplasmic reticulum; PPARα, peroxisome proliferator-activated. 

Receptor-α; ROS, reactive oxygen species; UPR, unfolded protein response; The 

contribution of these mechanisms to cell death is not completely known. Lopez Novoa, J. 

M., Quiros, Y., Vicente, L., Morales, A. I., & Lopez Hernandez, F. J. (2011). 

New insights into the mechanism of aminoglycoside nephrotoxicity: an integrative point 

of view. Kidney Int, 79(1), 33-45. 
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Figure 20. a) Gentamicin 80 mg/kg intravenous dose (IV) and EMG wave recording during infusion for 20 minutes: 
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Slight decrease in EMG 
 

wave 
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Complete paralysis 

EMG wave disappeared 



235

 

 

 

b) Gentamicin 80 mg/kg (IV) and EMG wave for 30 minutes after completing dosing 
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Figure 22. Invasive study: Hemodynamic parameters using pulse oximeter: 
 

 
 

400 
Aminoglycosides 80 mg/kg - Pulse oximeter 
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Ventilatory Distention (µm) 

Ventilatory Rate (brpm) 
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50 
 

 

0 
Base Line 0 h 0.75 h 1.5 h 3 h 6 h 9 h 

 

Time Point (h) 
 
 
 

Steady drop in heart rate after administering aminoglycoside antibiotics at 80 mg/kg 

dose. Heart rate returned to baseline after 0.75 h of dosing. 

 

Bars represent standard error. 
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Figure 23. Invasive study: Hemodynamic parameters using pulse oximeter: 
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Time Point (h) 
 

 

Steady drop in heart rate after administering aminoglycoside antibiotics at 160 

mg/kg dose.  Heart rate returned to baseline after 1.5 h of dosing. 

 

Bars represent standard error. 
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Figure 24. Invasive study: 
 

a) Pharmacokinetics of gentamicin at ultra – high doses in uninfected animals 
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Bars represent standard error. 
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Figure 25. Invasive study: Histology of kidneys: 
 

a. Gentamicin 80 mg/kg - 20 x magnification 
 

 
 

Glomerulus with clear Bowmen’s capsule. No toxicity 
 
 
 
 

b. Gentamicin 160 mg/kg – 20 x magnification 
 

 
 

Glomerulus with clear Bowmen’s capsule.  No toxicity 
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c) Tobramycin 80 mg/kg: 20 x magnification 
 

 
 

 

Glomerulus with clear Bowmen’s capsule. No toxicity 
 
 
 
 

d) Tobramycin 160 mg/kg: 20 x magnification 
 

 
 

Glomerulus with clear Bowmen’s capsule. No toxicity 
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e) Control : 20 x magnification (Normal animal) 
 

 
 
 
 
 

Slides a – e; are the histology slides of kidneys from invasive study (9 hours post 

ultra-high doses of gentamicin, tobramycin and saline treated control).  All 

histology slides were stained using H & E staining.  Usually, when there is kidney 

injury/ toxicity; hyaline casts, necrosis of tubular epithelial cells, hypertrophy of 

glomeruli etc. are observed. 

None of these toxic symptoms were observed in the ultra-high aminoglycoside 

dosed animals and the kidneys appeared similar to that of the saline treated control 

animals indicating no toxicity. 
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Figure 26. Auditory brain stem response (ABR) study: 
 
 
 
 

a) Control animals: (N = 2) 
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Frequency (Hz) 
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Data on Auditory brain stem responses were analyzed by the particular frequency level 

being tested (3000 Hz, 6000 Hz, 12000 Hz, 24000 Hz). Hearing ability of the animals at 

each specific frequency was recorded. 
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b) Aminoglycoside 80 mg/kg dose: (N = 4, 2 gentamicin + 2 tobramycin) 
 
 

Auditory Brain Stem Responses - Aminoglycosides 80 mg/kg 
80 

 

70 
 

60 
 

50 
 

40 
 

30 

 
20 

 
10 

 
0 

3000 Hz 6000 Hz   12000 
Hz 

 
 
 
 
 
 
 
 
 

24000 
Hz 

 

 
Day 0 

Day 30 

Day 60 

Day 180 

 
 
 
 
 
 
 
 
 
3000 Hz 6000 Hz   12000 
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Hz 
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Frequency (Hz) 
 

Right 
 

Data on Auditory brain stem responses were analyzed by the particular frequency level 

being tested (3000 Hz, 6000 Hz, 12000 Hz, 24000 Hz). Generalized estimating equations 

(GEE) with an identity link and normal distribution were run on the data with saline 

administered controls, 80 mg/kg and 160 mg/kg of aminoglycoside doses as a between 

subjects factor and day (0,180) as a repeated measure, as well as the interaction between 

dose and day.  The P - value of ≤ 0.01 was considered significant difference.  No 

statistically significant difference was observed at ultra-high doses of aminoglycosides at 

all the frequencies tested. Except at 6000 Hz, where, there was a significant decrease in the 

hearing ability, but this effect was not observed at higher frequencies. Hence this effect is 

considered because of type I error. Because of small number of animals per dose being 

used in this experiment, further study in a large group of animals per dose is required to 

confirm these results. Bars represent standard error. 
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c) Aminoglycoside 160 mg/kg dose: (N = 4, 2 gentamicin + 2 tobramycin) 
 
 

Auditory Brain Stem Responses - Aminoglycosides 160 mg/kg 
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Data on Auditory brain stem responses were analyzed by the particular frequency level 

being tested (3000 Hz, 6000 Hz, 12000 Hz, 24000 Hz). Generalized estimating equations 

(GEE) with an identity link and normal distribution were run on the data with saline 

administered controls, 80 mg/kg and 160 mg/kg of aminoglycoside doses as a between 

subjects factor and day (0,180) as a repeated measure, as well as the interaction between 

dose and day.   p-value of ≤ 0.01 was considered significant difference.  No statistically 

significant difference was observed at ultra-high doses of aminoglycosides at all the 

frequencies tested.  Because of small number of animals per dose being used in this 

experiment, further study in a large group of animals per dose is required to confirm these 

results. Bars represent standard error. 
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Figure 27. Histology of cochlea: H & E staining 
 

A. Control animal: 
 

1. Cochlea at 10 x magnification 
 

 
 

2. Cochlea at 20 x magnification 
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B. Gentamicin 80 mg/kg dosed animal: 
 

10 X magnification 
 

 
 

C. Gentamicin 160 mg/kg dosed animal: 
 

10 X magnification 
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D. Tobramycin 80 mg/kg dosed animal: 
 

20 X magnification 
 

 
 

E. Tobramycin 160 mg/kg dosed animal: 
 

10 X magnification 
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Figure 28.  Serum creatinine levels (180 days): N=4 (2 gentamicin + 2 

tobramycin/dose) 

 

1.60 Ultra-high aminoglycoside dose vs. Serum creatinine levels 
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Time Point (Days) 
 
 
 

 
Serum creatinine levels were well in the normal range from day 1 to day 180 in the 

long-term study. There was no statistically significant difference between the 

control and treated groups measured by repeated measures ANOVA followed by 

Dunnett’s test. 

Dotted lines represent the normal range of serum creatinine. 
 

Bars represent standard error. 
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Figure 29. Urinary NGAL concentrations after single, ultra-high dose 

aminoglycoside doses compared to control animals: N = 4 (2 gentamicin + 2 

tobramycin per dose) 

 
 
 

120 

 

Ultra-high aminoglycoside doses Vs. NGAL concentration 
 
 

Aminoglycoside 80 mg/kg 
 
 

100 

N = 4 
 

Aminoglycoside 160 mg/kg 

control 

 
80 

 
 
 

60 
 
 
 

40 
 
 
 

20 
 
 
 

0 
Baseline 1 7 30 60 180 

Days 

NGAL levels increased from 56.3 ng/mL at baseline to 75.56 ng/mL at 24 h post 80 mg/kg 

dose of aminoglycosides. With 160 mg/kg dose, at baseline, the urinary NGAL levels were 

41.4 ng/mL and after 24 h of therapy the levels were 54.2 ng/mL.  In control animals, the 

NGAL levels at baseline were 33.9 ng/mL and by 24 h time point the levels were 43.3 

ng/mL. By day 7 at 80 mg/kg and day 60 at 160 mg/kg dose the NGAL levels became 

similar to baseline. The NGAL levels did not increase more than one fold throughout the 

experiment indicating that there was no acute kidney injury. There was no statistically 

significant difference between the control and treated groups measured by repeated 

measures ANOVA followed by Dunnett’s test. Bars represent standard error. 
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Figure 30. TUNEL assay: 
 

a) Positive controls (provided in the kit): 
 

1. Renal cortex: Brown colouration is due to apoptosis of endothelial cells. 
 

 
 

2. Tubular region: Brown colouration is due to apoptosis of endothelial cells. 
 

 



 

 

b
 

1
 

 
2

 

) Control 

. Renal co

. Tubula

animals (sa

ortex: No ap

ar region: N

aline admini

optosis (gree

No apoptosis

istered): 

en colored)

252

 

 



253

 

 

c) Gentamicin 80 mg/kg administered animals: 
 

1. Renal Cortex: No apoptosis 
 

 
 

2.Tubular region: No apoptosis 
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d) Gentamicin 160 mg/kg administered animals: 
 

1. Renal cortex: No apoptosis 
 

 
 

2. Tubular region: No apoptosis 
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Figure 31.  Non-invasive study: Pulse oximeter readings 
 

A. Control (saline treated) animals: 
 
 

450 
 

Untreated Controls Hemodynamics using Pulse Oximeter 
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Ventilatory rate (brpm) 

 

100 
 

50 
 

0 
Baseline 10 min 20 min 40 min 1 h 1.2 h 1.4 h 2 h 

 

Time Point (h) 
 

 

This was a survival experiment; hence hemodynamic parameters were measured for only 

the first two hours until the animals were ventilator dependent. Once the animals were able 

to breath on their own the intubation tube was removed and the animals were transferred to 

empty cages until completely recovered. Later the animals were transferred to their own 

cages and supplied with food and water ad libitum and carefully monitored for 180 days. 
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B. Aminoglycoside 80 mg/kg dosed animals (2 Animals/gentamicin + 2 

Animals/tobramycin): 

 
450 

 
 

400 

 

Aminoglycosides 80 mg/kg - Hemodynamics using 
Pulse ximeter 
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Ventilatory rate (brpm) 
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Time Point (h) 
 

This was a survival experiment; hence hemodynamic parameters were measured for only 

the first two hours until the animals were ventilator dependent. Once the animals were able 

to breath on their own the intubation tube was removed and the animals were transferred to 

empty cages until completely recovered. Later the animals were transferred to their own 

cages and supplied with food and water ad libitum and carefully monitored 180 days. 

Bars represent standard error. 
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C. Aminoglycoside 160 mg/kg dosed animals (2 Animals/gentamicin + 2 

Animals/tobramycin): 

 

 

450 Aminoglycosides 160 mg/kg -Hemodynamics using 
Pulse oximeter 
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This was a survival experiment; hence hemodynamic parameters were measured for only 

the first two hours until the animals were ventilator dependent. Once the animals were able 

to breath on their own the intubation tube was removed and the animals were transferred to 

empty cages until completely recovered. Later the animals were transferred to their own 

cages and supplied with food and water ad libitum and carefully monitored 180 days. 

Bars represent standard error. 
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Figure 32. Histology work: slides from infected controls: (2 capsules) 
 

i. Kidney: Neutrophil infiltration 
 

1. 40 X magnification of glomerulus - Neutrophil infiltration is pointed out by 

arrows 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. 60 X magnification tubular region 
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ii. Spleen: Neutrophil infiltration and some E. coli observed 
 

1. 40 X magnification 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. 40 X magnification 
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2. 60 X magnification 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Large number of neutrophil infiltration into all the organs was observed.  Rod 

shaped bacteria were also confirmed in all the organs. 
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Figure 33. Septic shock induced by E. coli Bort strain in SD rats: Bacterial 

load (E. coli Bort) in blood 9 h post dosing: 
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Bacterial load after gentamicin and cefotaxime doses compared to untreated control 

animals. There was a significant difference between gentamicin treated groups 

compared to untreated controls (UTC) with a p-value < 0.001determined by repeated 

measures ANOVA followed by Dunnettes multiple comparison test. A significant 

difference in log10 CFU at 9th hour was observed between the treated and untreated animals. 

Bars represent standard error. 
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Figure 35. Log10 CFUs from kidneys at the end of the experiment: 
 
 

10 
Gentamicin Dose Vs. Bacterial Counts in Kidneys 
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Dose-dependent log10 CFU reduction was observed with gentamicin doses. There 

was a significant log10 CFU reduction in the gentamicin treated groups compared to 

untreated control animals. Bacteria were below the detection limits at 80 and 160 mg/kg 

doses by the end of the experiment.  Statistically significant difference was observed 

between gentamicin treated and untreated controls (UTC) with a p-value < 0.0001 by one- 

way ANOVA followed by Dunnett's multiple comparison test. There was a statistically 

significant difference between gentamicin 20 mg/kg compared to ultra-high gentamicin 

doses with a p-value of < 0.001 by one-way ANOVA followed by Dunnett's multiple 

comparison test. 

Bars represent standard error. 
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Figure 36. Log10 CFUs from spleen at the end of the experiment: 
 

 
10 Gentamicin Dose Vs. Bacterial Counts in Spleen 
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Statistically significant difference was observed between treated and untreated 

controls (UTC) with a p-value of < 0.0001 by one-way ANOVA followed by Dunnett's 

multiple comparison test. There was a no statistically significant difference between 

gentamicin 20 mg/kg compared to 40 and 80 mg/kg doses.  Statistically significant 

difference was observed with a p-value of < 0.01 between gentamicin 20 mg/kg and 160 

mg/kg groups. 

Bars represent standard error. 
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Figure 37.  Log10 CFUs from liver compared to UTC at the end of the 

experiment: 

 

Gentamicin Dose Vs. Bacterial Counts in Liver 
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Dose 
 

Statistically significant difference was observed between treated and untreated controls 

(UTC) with a p-value < 0.01 by one-way ANOVA followed by Dunnett's multiple 

comparison test.  No significant difference was observed between gentamicin 20 mg/kg and 

ultra-high gentamicin doses. 

Bars represent standard error. 
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Figure 38.  Log10 CFUs from lungs at the end of the experiment: 
 
 

10 Gentamicin Dose Vs. Bacterial Counts in Lungs 
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Statistically significant difference was observed between treated and untreated controls 

(UTC) with a p-value < 0.0001 by one-way ANOVA followed by Dunnett's multiple 

comparison test. There was no statistically significant difference between gentamicin 20 

mg/kg compared to ultra-high gentamicin doses. 

Bars represent standard error. 
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Figure 39.   Log10 CFUs from peritoneal fluid at the end of the experiment: 
 
 

Gentamicin Dose Vs. Bacterial Counts in Peritoneal Fluid 
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Gentamicin Cefotaxime 
 

Dose 
 

Statistically significant difference between the treated animals compared to an untreated 

control group with a p-value of < 0.0001 except for the 5 mg/kg dose. 

There was a significant difference between ultra-high gentamicin dosed animals compared 

to gentamicin 20 mg/kg dose with a p-value of < 0.0001 

Bars represent standard error. 
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Figure 41.  Serum lactate levels from treated and untreated animals (N = 2): 
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Increase in serum lactate levels was observed in UTC compared to before infection. 

Dotted lines represent the normal range of serum lactate in animals. 
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Figure 42.  Serum pro-inflammatory cytokine levels in septic shock: with and 

without antimicrobial therapy: 

a. IL-1β levels:  (N = 2) 
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b. TNF-α levels: (N = 2) 
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c. IL -6 levels: (N = 2) 
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d. IL - 12 levels: (N = 2) 
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e. IFNγ levels: (N = 2) 
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7000 
 

 
6000 

 

 
5000 

 

 
4000 

 

 
3000 

 
Before infection 

Before treatment 

1.5 h 
 

3 h 
 

6 h 

8*/9 h 

 

2000 
 

1000 
 

0 
UTC 5 mg/kg 10 mg/kg   20 mg/kg   40 mg/kg   80 mg/kg  160 mg/kg SHAM 

 

Dose 
 

 
 
 
 

a – e: All the pro-inflammatory cytokine levels were found to increase in the UTC. 

The levels of these cytokines were slightly elevated but came down to lower levels 

in the gentamicin treated groups. 
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Figure 43. Serum anti-inflammatory cytokine levels 
 

a. IL – 4 levels: (N = 2) 
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b. IL – 10 levels: (N = 2) 
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Increase in anti-inflammatory cytokine levels in UTC compared to treated animals. 


