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Commentary.


Abstract
Phagocytic cells know exactly where an infection is by following chemotactic signals.   The phagocytosis of bacteria results in a 'respiratory burst'  in which superoxide radicals are released.   We have previously compared the release of reactive oxygen species (ROS) by antibiotics, during electron transfer reactions, to this event.   Antibiotics in their normal bacterial environment, and ROS, are both increasingly implicated in purposeful signalling functions, rather than their more widely known roles in bacterial killing and molecular damage.   Here, we extend our comparison between antibiotics and phagocytic cells to propose that antibiotics actively accumulate at a site of pathogen infection or tumour growth.   A common link being virulent cellular growth.   When this occurs, new proteins are    secreted, aberrant iron acquisition takes place, and lipocalins are released.  Each provide a mechanism by which antibiotics can bind, and be retained, at an active site of pathogen infection or tumour growth.



1. Bacteria: Primitive but Purposeful.
           Bacteria provide the earliest fossil evidence of life on Earth.   They are believed to have existed some 3.5 - 4.0 billion years ago, in the great oceans of that time.   Mainly due to the photosynthetic Cyanobacteria, sometimes called 'blue green algae' , levels of molecular oxygen began to rise on Earth and by around 2.2 billion years ago the atmosphere significantly changed from a reducing environment to the oxygen rich state that we know today (1).   All lifeforms, including bacteria, had to adapt to molecular oxygen or perish.   Others were forced to retreat to niches where molecular oxygen was absent, or concentrations were extremely low.  The four single electron reduction intermediates of molecular oxygen, namely superoxide, hydrogen peroxide, hydroxyl radical, and water, were especially an inevitable consequence of using molecular oxygen as an oxidant in energy capture.   These molecules  are part of early evolution, and bacteria, like all life forms, had to adapt to live with them.   Superoxide and hydrogen peroxide have since been assimilated for useful purposes such as signal, trigger and messenger functions because of their limited and selective reactivity,  whereas the hydroxyl radical, due to its extreme reactivity, can only react in this way if carefully caged, for example at certain enzyme active sites within biological systems (2).
         There are two Prokaryotic domains, namely Bacteria and Archaea.  Methanogenic archaea produce methane from hydrogen and carbon dioxide, and are present in the human gut, and in periodontitis specimens since they are confined to strictly anaerobic environments.  They have a broad-spectrum resistance to antibiotics, particularly those that interfere with peptidoglycan biosynthesis, since the archaea cell wall lacks peptidoglycan.   Archaea are generally considered to be non-pathogenic, although there is evidence to suggest they can indulge in opportunistic pathogenicity.   Eukaryotic cells evolved around 2.0 billion years ago, and current evidence suggests it was a pathway from the archaea that eventually led to more complex multicellular life (3) although this is still debated.   
Evidence of our dependence on bacteria remains today, as only they have the genes and proteins required to synthesise vitamin B12 (cobalamin), essential for cellular growth, which they provide to us through our food chains.
The biomass of bacteria on Earth exceeds that of both plants and animals, and bacteria, in and on, the normal human body outnumber human cells, although estimates vary greatly.   
2.   Bacteria and Antibiotics.
   Antibacterial antibiotics are usually low molecular mass molecules (<3000Da) isolated by virtue of their ability to inhibit or kill bacteria.  A large number of antibiotics in current use today were isolated from soil bacteria, the Actinomycetes, of which the genus Streptomyces accounts for two-thirds of the clinically useful naturally occurring antibiotics.   They are gram-positive bacteria mostly found in soil, and often produce spores.   Rarely do they become pathogens in humans, but can cause disease in plants.  Penicillin, which came from a Penicillium fungus, was discovered by Fleming in 1929 (4).   It was successfully purified and commercially produced for medical use by 1945.   In addition to antibacterial antibiotics, antitumour and antifungal antibiotics were also isolated from Streptomyces.   Examples of antitumour antibiotics are actinomycin, mitomycin, the highly pigmented anthacyclines, (daunomycin and doxorubicin), and the bleomycins. These were found to be effective in treating leukaemias and certain solid tumours.   The polyene antifungal antibiotics ( such as the amphotericins and candicidin) bind to ergosterol in the membrane of fungal cells and cause membrane permeabilisation.   The most successful era of antibiotic discovery spans the 1950s to the 1970s (5-6).   Many modern synthetic derivatives of natural antibiotics still target the same cellular processes in bacteria, such as those involving components of translation, cell wall structure, and RNA and DNA metabolism.   Many of the antitumour antibiotics, on the other hand, damage cells by binding to or intercalating DNA, and they, or iron associated with them,  probably undergo redox cycling (7-10).

     3.     Signalling between Bacteria.

The reason why antibacterial chemicals exist in certain soil bacteria was hypothesised by Waksman (11) to be a defensive strategy to allow the bacterium to defend its resources and territory against other competitors. There is now evidence to suggest that bacteria do not operate as single cells, but collaborate together, in group behaviour as a cooperative multicellular unit (12) For this to be successful there is a vital requirement for them to be able to communicate.   Such behaviour in bacteria is triggered by low molecular mass signal molecules, ( 13-16), and these can be involved in the formation of biofilms on surfaces, or in larger collectives of bacteria by quorum sensing (12).   By chemically inhibiting these signals it has been possible to control the spread of infection on surfaces, such as implant devices, by up to 89%  (17).   Signals are often between bacteria that synthesise the same signal molecules, but there is also evidence that bacteria can sense signal molecules that they do not synthesise, allowing them to communicate with other organisms in their immediate vicinity (12).   Antibiotics are not considered to be signal molecules in the producing species, nevertheless, they can effect gene expression in other bacteria.  Signalling between bacteria can influence virulence as well as be beneficial to community development.
      Antibiotics in clinical use,however, are chemicals that have been extracted, highly concentrated, and purified.   They were originally selected and isolated, using screening procedures, because they were effective at killing or inhibiting the growth of bacteria.     
   4.    Iron:  Bacterial Virulence and Tumour Growth.

       Before the appearance of molecular oxygen in the atmosphere, the main gases were nitrogen and carbon dioxide.  At different phases of the Earth's evolution, actively reducing gases such as hydrogen, carbon monoxide and hydrogen sulphide were also likely to have been present.  In the absence of molecular oxygen, iron was plentiful and mainly in the reduced ferrous state (Fe2+).  It thus became very widely used by bacteria for catalysis and electron transfer.  With the ever increasing release of molecular oxygen into the atmosphere, ferrous ions in the Earth's waters were oxidised to the ferric state and precipitated from solution as insoluble complexes.   Today, iron is only a trace constituent of sea water at around 0.5-1.0 nM depending on the sampling depth and ocean  (18).
     The loss of soluble and readily available iron to bacteria, posed problems of iron acquisition.  Almost all bacteria require iron for growth and replication.   When in their host, they are in a state of iron starvation and respond by triggering strategies to acquire host iron.   These include making siderophores which can bind iron with extremely high iron-binding affinities (19), and thereby compete with the body's iron bound to transferrin and lactoferrin.   The vertebrate host defends itself against both bacterial, and tumour iron acquisition by restricting iron availability (20).   One such strategy is for the host to produce siderocalins (21).   These are proteins secreted during infection that bind siderophores and prevent them binding to bacterial receptors.   Unfortunately, bacteria can respond by producing stealth siderophores resistant to siderocalin binding (22).   Siderocalins are a siderophore-binding subset of the lipocalins (LCNs) which are a family of small extracellular proteins found in both prokaryotic and eukaryotic cells.  They typically store and transport hydrophobic low molecular mass molecules in the body.   They are released in many inflammatory conditions including cancer (23).
     Our understanding of iron metabolism has greatly advanced in recent years (24), particularly the uptake and management of iron by tumour cells (25).   Tumour cells, and their metastasis, have a voracious appetite for iron, and create their own iron-rich environment in order to promote higher rates of proliferation and DNA synthesis.   Iron therefore functions in tumour progression, metastasis, and microenvironment.   Iron-protein metabolism is aberrant in tumour cells and disturbed iron metabolism has been described as a 'hallmark of cancer cells' (26).   Many types of cancer cells readjust their iron metabolism , to increase iron uptake, by up regulating  transferrin receptor 1 (TFR1), and lipocalin 2 (LCN2), and at the same time restricting the ability of the cell to export iron, by decreasing ferroportin (25).
     Common to both bacterial infections and malignancies, is an acquired disorder of iron homeostasis  called 'anaemia of inflammation' ; a host response that induces iron import and retention but suppresses iron export from the cell.  This attempts to restrict iron as a critical growth factor for cell proliferation.  Inflammation also induces extracellular proteins involved in iron relocation, such as lactoferrin, lipocalin 2, haptoglobin, and haemopexin (27).


 5.  How do Antibiotics really get to sites of Infection, or to Tumours, in the Human Body ?
      
      Anyone who has received the correct antibiotic for an appropriate bacterial infection, will know how miraculously they work within a short period of time, often as little as 24 hours.  This is despite the antibiotic having to battle with, absorption, excretion, metabolism, cell permeability, binding to plasma proteins, tissue exclusions due to lipophobic and hydrophobic groups on the antibiotic molecule, engage a huge number of bacteria associated with the human body, distribute from 'head to toe' , and reach the site of infection at a concentration sufficient to kill or inhibit a pathological infection.   Bacteria associated  with the body, and part of the normal flora, are not in a state of virulence, and are not affected by antibiotics as much as might be expected.   Cellular virulence with its accompanying formation of new proteins, aberrant iron metabolism, and lipocalin formation may explain why.   Antitumour antibiotics are considerably more cytotoxic than their antibacterial counterparts, since they often target cellular DNA.  However, similar questions to those raised for antibacterial antibiotics need to be asked concerning the ability of antitumour antibiotics to arrive at the destination intended.  DNA is more plentiful in the host than tumour DNA, and although undesired damage does occur, antitumour antibiotics do kill or inhibit  intended tumour cell targets.
   Whilst working with a variety of antitumour antibiotics in the 1980s -1990s we were aware that many could be reductively activated, usually in the presence of transition metal ions, to produce free radicals that degraded DNA or the carbohydrate deoxyribose (7-10).   Similar experiments also confirmed this applied to several antibacterial antibiotics (28-31).   An electron transfer from certain drug and antibiotic structures  leads to a drug free radical, with ROS formation a consequence (32-34).   In 1998 (35), we proposed that antimicrobial agents, when activated inside cells, may have a Phagomimetic Action  "whereby phagocytic cells and antibiotics exploit the use of ROS for microbial killing".    Nine years latter, our proposal, that ROS were involved in  antibiotic reactions was validated, although inappropriately credited (36).   The debate on this rages on (in part because of the use of poor methods to detect ROS in several papers), but many experiments support our proposal that ROS are formed when certain antibiotics challenge bacteria (37-39).
     Phagocytic cells produce a 'respiratory burst' upon engulfing bacteria, releasing superoxide into the phagocytic vacuole .   Consistent with the known limited chemical reactivity of superoxide, these particular free radicals appear to play no direct role in killing bacteria (2).   In a similar context  other researchers have shown that ROS , if formed at all when bacteria are exposed to antibiotics, play little or no part in microbial killing (40-43).   Depending on the experimental conditions of oxidative stress, this latter finding is not surprising since bacteria have had to adapt and live with the reduction intermediates of molecular oxygen for a very long time (44).
     As first responders, neutrophils and other phagocytic cells migrate to a site of bacterial infection, or inflammation, by following chemical signals from bacteria or generated as a result of tissue damage, in a process known as chemotaxis (2).   The possibility that antibiotics concentrate in neutrophils and are carried by them to a site of infection, during chemotaxis, has been experimentally investigated (45).   Only the antibiotics azithromycin, and to a lesser extent rifampin, were able to do this ( of those investigated).    


6.   Discussion.                                                                                                                                                         In this short commentary we extend our concept of the Phagomimetic action of antibiotics to include a purposeful accumulation of antibiotics at a site of pathogen infection or tumour invasion.   Here, bacteria or tumours will have triggered mechanisms to acquire host iron for growth, proliferation, virulence, and to have caused tissue disruption and damage releasing many proteins and signal molecules through the immune response.   Pathogenic bacteria secrete proteins involved in virulence into host cells , and tumour cells also secrete new proteins, although these tend to be more specific to the tumour type.   Changes in proteins, involving iron metabolism, secretion, and the lipocalins, could provide a target mechanism  by which antibiotics accumulate at an active site of pathogen virulence or tumour growth.  Antibiotics are likely to bind, with low affinity, to a protein(s) produced there.   Although the protein(s) may already have specific functions in virulence, iron acquisition, or tissue damage, antibiotic binding may just be fortuitous.   There are remarkable similarities between pathogenic bacteria and tumour cells in their gourmet demands for host iron, and protein-bound forms of iron will be an important part of antibiotic accumulation.    Lipocalins provide a third protein link to antibiotic binding at sites of pathogen infection and tumour growth, although of course all three are interlinked.    Lipocalins weakly bind antibiotics (46-47), and these can be displaced from binding by more hydrophobic molecules such as vitamin E (48).   Bacterial lipocalins (BCNs) secreted in the near vicinity of antibiotics (present at sublethal concentration) contribute to antibiotic resistance by binding antibiotics (47).   In contrast, weak antibiotic binding to lipocalins and siderocalins produced by the host could confer a significant advantage by retaining antibiotics at sites of pathogen infection and tumour growth.   To put it simply, once antibiotics are in the circulation and "on the bus" they see to know exactly which "stop to get off at".    
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