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Fig 1. (A) Chemical structures of the major bile acids in humans. Primary bile acids are 

formed in the liver. Secondary bile acid such as deoxycholic acid and lithocholic acid are 

formed in the large intestine by gut bacteria. Bile acids are conjugated with glycine or 

taurine by the hepatocytes. (B) Bile acids are facially amphiphilic with a hydrophilic 

(polar) -face and a hydrophobic (lipid soluble) -face. Taken from ref. (112) (Copyright 

© 1999 American Medical Association. All rights reserved. Adapted 2010 with 

permission of the American Medical Association)  

 

Side-chain length and the state of oxidation at carbon 27 (C27) or carbon 24 

(C24) is often used to classify bile salts. Three major classes of bile salts can 

be distinguished, C27 bile alcohols, C27 bile acids, and C24 bile acids (103). In 

mammals, C24 bile acids predominate, whereas in non-mammalian 

vertebrates the C27 bile acids are prevalent. Bile acids are water-soluble 

amphipathic molecules with the steroid nucleus conjugated
 
to either glycine 

or taurine (111) (Fig. 1). The human bile contains a mixture of primary and 

secondary bile acids. Primary bile acids are synthesized by the liver, and 

comprise predominantly cholate (CA) and chenodeoxycholate (CDCA). 

These are mainly conjugated as an N-acyl amidate with either glycine 

(glycoconjugated) or
 
taurine (tauroconjugated) prior to their secretion to the 

9



 

 

Promotor: Prof. dr. A.J.M. Driessen 

 

Beoordelingscommissie:  

Prof.dr. L. Dijkhuizen 

Prof.dr. J. Kok 

Prof.dr. H.C. van der Mei 
 

 

 

 

 

 

 

  



osmotic stress (2,35). Temporary resistance in response to aminoglycoside 

antibiotics such as tobramycin (13) and ciprofloxacin (93) has been observed 

for a number of Gram-negative bacteria. Adaptive resistance to antibiotics 

and other chemotherapeutic agents is widespread among bacteria; the 

physiological state and the physical structure of the adapted population of 

cells have been recognized to contribute to this phenomenon, which is purely 

phenotypic in nature (93,146,147). The exact biochemical mechanisms of 

adaptive resistance and the cross-resistance of “adapted” strains to various 

unrelated chemotherapeutic agents and biocides, as well as the contribution 

of these phenomena to multidrug-resistant “superbugs,” remain largely 

unknown (33,146,213,222).  

 

Various molecular mechanisms have been reported to play roles in bacterial 

adaptive responses to antimicrobial compounds. These mechanisms act either 

independently or synergistically.  Examples of such mechanisms are “slow” 

cellular multiplication that results in “persister cells” (11,152), the SOS 

response that blocks cell division during the repair of DNA damage, the cold 

shock and stress response, drug detoxification, and an altered permeability of 

the cellular membrane. An altered permeability of the outer membrane can be 

due to changes in lipopolysaccharide (LPS) composition or outer membrane 

proteins and to changes in the fatty acid composition.  

 

In addition, the cytoplasmic membrane content, the cell surface charge and 

hydrophobicity, as well as the active efflux of molecules  may play a role in 

the adaptation to toxic compounds (23,34,126,147,160,168,224). A single 

microorganism may rely on multiple, possibly interconnected, adaptive 

mechanisms to become resistant to antimicrobial agents (41,234). Moreover, 

it has been reported that adaptive mechanisms that provide bacterial 

resistance to biocides may also confer cross-protection against certain clinical 

antibiotics (28,33,140). Recent years have witnessed much research on the 

still nascent subject of the relationship between bacterial pathogenicity and its 

ability to tolerate environmental stresses especially in the context of bile 

(179).  
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selective pressure of the use of that agent, that has become a cause for great 

concern. Acquired resistance can spread among different bacterial genera via 

a number of ways, which includes gene transfer. This is most well 

exemplified by the dissemination of -lactamases that destroy the 

antibacterial agent (penicillins & cephalosporins) before it can have an effect. 

Acquired resistance to quaternary ammonium compounds (QACs) often 

depends on the presence of plasmid-encoded efflux pumps that remove the 

QACs (212). Bacteria may also acquire genes for a metabolic pathway, which 

converts the antimicrobial into an inactive derivative, or acquire alterations in 

the bacterial cell walls such that they no longer contain the binding site of the 

antimicrobial agent (36,209). Bacteria may also acquire mutations that limit 

access of antimicrobial agents to their intracellular target sites, for instance by 

the down regulation of the porin genes in Gram-negative bacteria. Many of 

these processes are affected by genetic exchange mechanisms such as 

transformation, conjugation and transduction, generally termed as horizontal 

evolution.  

 

This is in contrast to vertical evolution, wherein  a single chromosomal 

mutation may alter the binding site of a target protein such that the 

antibacterial agent can no longer bind, or alternatively,  may lead to the 

upregulation of expression of transport systems that expel the drug from the 

cell (177). Vertically acquired resistance may arise from environmental 

stresses such as the prolonged exposure to sub-lethal concentrations of the 

antimicrobial agent, a phenomenon also called ‘adaptation’ and this can 

transiently lead to enhanced mutation rates (214). Often such adaptation 

phenomena are unstable, with the microorganism reverting back to the 

original sensitive phenotype upon removal of the selection pressure (211) 

also known as non-inherited resistance (169). Compensatory secondary 

mutations may occur that reduce the fitness cost associated with the original 

‘resistance’ mutation and render the resistance hereditary. Short- and long-

term exposure to mild stress conditions can activate stress responses in 

pathogens resulting in a protective effect towards otherwise lethal stresses 

(58). Conditions that have been demonstrated to induce such stress responses 

include heat-shock (22,106,186,266), exposure to extreme pH (73,76,77,210), 

oxidative shock such as exposure to hydrogen peroxide (159,230), and 
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