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ABSTRACT

The gut microbiome has evolved as a new organ of the body. Trillions of microbes reside in the

gut in symbiotic fashion and play a key role in overall body health. The gut microbiome presents

targets to alter the pharmacokinetics of orally administered drugs in the gut to manipulate clinical

response.  More  recently,  an  in  vitro  study endorsed  the  idea  that  membrane  transporters  in

microbes  take up the orally administered drugs. Studies regarding structural homology show

similarities  between  the  membrane  transport  proteins  of  gut  epithelial  cells  and  the  gut

microbiome. The presence of such transport mechanisms in the normal flora of the gut of the

host  may  compete  for  drug  substrates  with  the  host  itself  for  its  absorbance.   Therefore,  I

hypothesized  that  orally  administered  drugs  (that  is,  paracetamol,  sulpiride,  salicylic  acid,

phenobarbital,  caffeine and propranolol)  may interact  with the gut microbiome and could be

taken up by the microbes during their transit through small intestine. The interaction between the

drugs and the microbiome may alter  the normal microbiome after long term exposure to the

drugs. Currently, no report confirms the absorbance of drugs by the gut microbiome in an in vivo

animal model though a few in vitro reports endorse the idea. Similarly, very little data revealed

changes in the microbiome after long term exposure to drugs. In vivo trials with each of the six

drugs were conducted in normal healthy adult male rats (n=36) divided into the control group

(without  treatment)  and  five  treatment  groups,  each  group  having  six  rats.  The  drugs  were

administered orally in single doses/kg body weight to treatment groups. Sampling was done at

post-drug administration intestinal transit times of 2, 3, 4, 5 and 6 hours. Digesta was isolated

from the small intestine and filtered to get a microbial mass. The microbial mass was used to

extract microbial lysate to seek drug absorbance by the gut microbiome and for extraction of

genomic  DNA (gDNA) to  determine  gut  microbiome  ecology.  The drug absorbance  by  the

microbiome was determined by analysis of the microbial lysate by ultra violet reverse phase high

performance  liquid  chromatography  (reverse  phase  HPLC-UV)  with  a  C18  column  under

isocratic  conditions.  Extracted  gDNA from normal  and drug-treated  microbial  samples  were

analyzed by quantitative PCR and high-throughput 16S rRNA gene sequencing, respectively.

Firmicutes (96%) were among the most abundant resident normal flora of the small intestine.
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Maximum  drug  absorbance  by  the  whole  microbiome  and  maximum  drug  absorbance  per

milligram of microbial mass were significantly higher (P≤0.05) at 4, 4, 2, 2, 4 and 3 hours post-

drug  administration  of  paracetamol,  phenobarbital,  caffeine,  salicylic  acid,  sulpiride  and

propranolol,  respectively,  as compared to all other groups. Maximum drug administered/dose

recovery from paracetamol-, phenobarbital-, caffeine-, salicylic acid-, sulpiride- and propranolol-

treated  groups  was  13.16±0.55%,  5.73±0.19%,  31.60±2.33%,  1.70±0.16%,  3.91±0.25%  and

72.6±3.79% at 4, 4, 2, 2, 4 and 3 hours post-drug administration, respectively, as compared to all

other groups. Propranolol and caffeine are excellent, paracetamol is good, while phenobarbital,

salicylic acid and sulpiride are poor substrates for the gut microbiome. Drug absorbance by the

gut microbiome was observed at varied transit times and was reduced as a function of time due

to  competitive  absorption  between  the  gut  microbiome  and  gut  epithelial  cells  of  the  host.

Maximum transit  times  of  paracetamol,  phenobarbital,  caffeine,  salicylic  acid,  sulpiride  and

propranolol were 5, 5, 5, 2, 4 and 3 hours post-drug administration, respectively. Results of the

current study confirm the hypothesis of homology between membrane transporters of the gut

microbiome and intestinal  epithelium. Orally administered drugs can be absorbed by the gut

microbiome competitively during transit in the small intestine and different drugs exhibit varied

transit times. Long term exposure of such drugs increased Escherichia coli counts significantly

(P≤0.05), while  Lactobacillus counts decreased significantly (P≤0.05) in the gut microbiome.

The gut microbiome is a drugable target with possibility to manipulate its composition.
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Chapter 1

INTRODUCTION

Microbiome  residing  the  gut  harbors  diversified  population  of  microbes  which  collectively

exceeds 3 million microbial  genes.  Gut microbial  genome is  150 times as much as the total

human genes known so far. This microbial population is a microbial organ in its entirety with the

weight of about 1 kg, which matches the weight of brain in human (Dinan et al., 2015; Qin et al.,

2010).  About  100 trillion  microbes  make up the diverse microflora  living  in  symbiosis  in a

nutrient-rich  environment  of  the  healthy  human  gut  to  perform diverse  functions  including

assistance in the absorption of indigestible nutrients (Ley et al., 2008). Such microbial activities

are indispensable for breakdown and digestion of different indigestible food nutrients for their

proper absorbance in the gut (Gill et al., 2006). 

The microbial cell number/count per gram of gut digesta varies consistently along the

length of the gut axis from proximal to distal end, revealing 107 microbial  cells per gram of

digesta found in the small intestine while cell number exceeds to 1011 to 1012 microbial cells per

gram of total contents in the colon of the host (O'Hara and Shanahan, 2006).

 More than 90% of microbes residing inside the gut consist mainly of phyla Firmicutes

and Bacteroidetes, which are Gram-positive and Gram-negative bacteria, respectively (Eckburg

et  al.,  2005).  Other  microbes  belong  to  the  family  Enterobacteriaceae, Ruminococcus,

Peptococcus Peptostreptococcus and  Eubacterium,  species  (Guarner  and  Malagelada,  2003)

however fungi, archaea and viruses are also present but to a much lesser extent <1% (Qin et al.,

2010). During digestion, nutrients are absorbed in small intestine as major absorptive site that

harbors  diversified  microbes.  Major  inhabitants  residing the small  intestine  belong to family

Streptococcaceae,  class  Bacilli,  family  Actinomycinaceae  while  members  of  phylum

Actinobacteria are present either inside the lumen or embedded and attached in mucus layer and

epithelial surface of intestinal crypts (Swidsinski et al., 2005). 

Previously,  it  was speculated  that  orally  administered  drugs absorbed highly in  small

intestine are influenced to little extent by residing microbiota (Gill et al., 2006). Therefore, the
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literature was more focused on the pertinent transporting characteristics of the drugs (Biegel et

al., 2006; Brandsch et al., 2008). While Haiser et al. (2013) pointed out the importance of the gut

and commensal microbes as complementary players in defining the efficacy and toxicity of a

drug.

 To ensure proper absorption of an orally administered drug, it must be first dispersed

from its dosage form then must be adequately dissolved in the gastrointestinal fluids, should

continue to exist intact in the intestinal lumen and must be able to cross the apical membrane of

enterocytes lining the small intestine (Sousa et al., 2008). Various biochemical,  physiological

and  anatomical  factors  may  affect  the  stability,  dissolution,  pre-systemic  elimination  and

absorption of any drug and these factors may vary greatly throughout the gastrointestinal tract

(Lennernas et al., 2000).

These  enormous  rich  microbial  populations  present  in  the  microbiome  are  not  only

inevitable for their characteristically salient role in the intestinal drug metabolism, but also play a

pivotal distinction  in dispensation of exogenous compounds such as medicines which are used

as  intention  for rectification of homeostatic  abnormalities.  The comprehension of this  latter

action of the microbiota has transformed the concept of medicinal-microbiome connections thus

shifting the novel role of medicines only to an obligatory interaction of the gut microbiome with

the  medicines.  The  microbial  cells,  and  in  particular  microbial  genome  encoded  enzymes,

currently represent probable intermediate drug targets that alter the pharmacokinetics profile and

subsequent enhancement of the pharmacodynamics (Stojančević et al., 2013).

Expression level of membrane protein transporters in the enterocytes, activities of the gut

microbial cells and physical absorption/uptake of different drugs by the gut inhabiting microbes

may affect the amount of any drug that will reach the blood stream after its oral administration.

These features suggest that the contributory factors which disturb expression level and function

of the membrane transporters may affect the overall absorption (pharmacokinetics), efficacy and

safety profiles of the drugs. It has been reported that the drug absorption by enterocytes is altered

in ambience of residing microbiome (Furrie et al., 2005; Forsythe and Bienenstock, 2010). In

such situation chances of drug engulfment by gut microbiome itself remains to be examined.
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Various  membrane  transporters  in  enterocytes  are  involved  in  influx  and  efflux  of

nutrients  as  well  as  drugs  (Kim,  2006)  Such  transporters  are  important  determinants  in

controlling  drug absorption,  elimination  and therapeutic  response  (Rubio-Aliaga  and Daniel,

2008).  Specialized  protein  transporters  mediate  the  translocation  of  different  solutes  through

different transport mechanisms existing in all organisms (Mackenzie et al., 1996; Prabhala et al.,

2014). Drug transport proteins are widely distributed in different biological systems of the body

and sub-divided into  solute  carrier  and ATP binding cassettes  to  actively  transport  different

substrate (Dobson and Kell, 2008).  

Intestinal  hPepT1 (human peptide  transporter  1)  belongs to  the  POT family  (proton-

coupled  oligopeptide  transporter)  also  member  of  SLC (solute  carrier)  exists  in  enterocytes,

PepT2 (oligopeptide transporter 2) in kidney, PHT1 (peptide histidine transporter 1) in brain and

PHT2 (peptide histidine transporter 2). Both PepT1 and PepT2 mediate the transport of di- and

tri-peptides and peptidomimetic drugs where PHT1 and PHT2 mediate translocation of histidine

along  with  di-  and tri-peptides  molecules  (Rubio-Aliaga  and  Daniel,  2008).  Human  peptide

transporter 1 (hPepT1), an oligopeptide transporter 1, has been characterized as low affinity and

high capacity transporter protein. The physiological and pharmacological roles of hPepT 1 are

extensively studied and established (Ma et al., 2011).

Transport mechanisms for peptides found in enterocytes of the small intestine have been

found also in Escherichia coli (Sussman and Gilvarg, 1971; Payne, 1983) that abundantly inhabit

the gut and are relatively high in numbers in the colon and small intestine for the absorption of

amino acids and peptides (Chalova et al.,  2006). In Gram-negative bacteria,  outer membrane

possesses outer membrane proteins; OmpC, OmpD, OmpF and Omp P1 in E. coli (Mortimer and

Piddok, 1993) S. typhi (Toro et al., 1990) and H. influenza (Burns and Smith, 1987; Srikumar et

al., 1997) also mediate transport of different drugs. 

Different transport mechanisms such as passive diffusion as well as secondary transport

may involve in the uptake of drugs by the bacterial cell (Abdel-Sayed, 1987; Lewinson et al.,

2003).  In  the  inner  membrane  of  E.  coli four  protein  transporters  (PTR),  namely  YdgR or

permease A (DtpA), YjdL, YbgH and YhiP have been characterized as family members. Among

these peptide transporters, YdgR mediates the transport of dipeptide and tripeptide exhibiting
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peptide selectivity very similar to that of human oligopeptide transporter (hPepT1) present in

enterocytes in the gut (Harder et al., 2008; Casagrande et al., 2009).  These findings emphasize

the  potential  of  modification  of  the  human  physiological  state  by  indirectly  modifying  the

microbiome  through  drugs  thus  “drugging  the  microbiome”  (Garber,  2015).  Moreover,

transporter  YdgR  was  proven  to  be  Na+-independent  thus  suggesting  a  proton-coupling  of

substrate transport in analogy to other members of the family such as PepT1 or Pep 2. Of the 500

amino acids present in YdgR, analysis confirmed 22% of them are structurally homologous with

hPepT1, 28% are conserved while 13% are semi-conserved (Harder et al., 2008).

 Recently, in vitro trials provided strong evidence that YdgR from E. coli is capable of

transporting experimental drugs like valacyclovir, sulpiride, ampicillin bestatin and oseltamivir.

Furthermore, YdgR in wild type  E. coli was also able to transport the same drugs in a similar

fashion  to  the  POT-like  transport  system.  Investigators  suggested  the  need  of  in  vivo trials

because of the presence of orthologues of YdgR are also found in other gut microbes. Findings

of the study could have implications for further detailed understanding of the interaction between

orally administered drugs and gut microbes (Prabhala et al., 2017). 

These  previous  studies  strongly  support  our  hypothesis  that  drugs  when  orally

administered may interact with the gut microbiome and to some extent may be absorbed by gut

microbiome during their transit through gut. However, available literature is deficient of single

scientific report addressing absorbance of drugs by the microbiome residing the gut in any  in

vivo trials.

 Drug-microbiome interactions  (MDI’s) may be beneficial  or  detrimental  to  the host.

Long term oral administration of drugs may exert important ramifications for the host as drugs

may permanently change the gut microbiome composition. Variability in the gut microbiome

significantly impacts the outcomes of drug administration in the host, thereby focusing on the

potential  for  the  development  of  personalized  medicine  to  reduce  toxic  drug-microflora

reactions, especially “idiosyncratic” toxicity of drugs (Wilson and Nicholson, 2017).

Therefore, in the current research project the aim is to find core resident microbiota in the

small  intestine  of  the  normal  adult  rat  gut  by  employing  the  use  of  advanced  molecular

techniques, to identify and quantify the extent to which various orally administered drugs are
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absorbed by the gut microbes inhabiting the small intestine of the host and the effect of the drugs

on the gene expression patterns of resident microbiota of the small intestine.

Objectives:

1. Ecology of the microbes residing the small intestine in healthy rats will be explored by 16S 

rRNA sequencing.                                                                                                                              

2. The drugs paracetamol, phenobarbital, salicylic acid, caffeine, sulpiride and propranolol will 

be assessed for their absorption by normal microbes residing the gut of the host.

3. Microbial absorbance of paracetamol, phenobarbital, salicylic acid, caffeine, sulpiride and 

propranolol will be evaluated at various transit time intervals during transit through small 

intestine.

4. Quantification of various drugs; paracetamol, phenobarbital, salicylic acid, caffeine, sulpiride 

and propranolol absorbed by the normal gut microbiota will be done.                                           

5. New insights will be made as no previous data or report are available in the literature. So, this 

study will prove to be provocative in this field of research.
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Chapter 2

REVIEW OF LITRATURE

2.1. Normal Flora.

The  human  body  is  considered  as  supra-organism,  a  blend  of  human  and  microbial  cells,

consisting of more microbial genes than the human genes (Qin et al., 2010). The human body is

immensely populated by prokaryotes (bacteria & archaea), eukaryotes (fungi & protozoans) and

viruses are collectively known as second human genome or microbiome. Such a collection of

microorganisms living together  with their  hosts in a symbiotic manner are referred to as the

normal flora, microbiota or microflora (Kunz at al., 2009; Morelli, 2008; Neish, 2009; Sekirov et

al.,  2010). Trillions  of  microbes  reside  inside  the  gut  and  can  be  treated  collectively  as  a

microbial organ that performs many distinctive functions which cannot be accomplished by host

individually  (Qin  et  al.,  2010).  These  microbes  are  further  classified  into  Gram-positive

Firmicutes and Gram-negative Bacteroidetes as major phyla of Kingdom Bacteria inhabiting the

gut (Tremaroli and Bäckhed, 2012).

2.1.1. Inheritance and Development of Normal Flora

Phylogenetic  consonance  is  indicative  of  definite  proof  exhibiting  inheritance  of

microbiota in their hosts (Ley et al., 2008; Ochman et al., 2010). Such microbial inheritance is

mainly contributed by the maternal side, but comparatively less contribution is paternal (Li, et

al., 2007; Li et al., 2008). The paternal inheritance of microbiota is reported where Helicobacter

pylori  was found to be transferred to neonates (Grant and Grant, 1996; Raymond et al., 2004;

Hunt and Simmons, 2000).

 Before  birth,  the  fetus  remains  sterile  while  the  amniotic  membrane  remains  intact.

Following birth, predominant Lactobacillus (lactic acid-producing bacteria or lactic acid bacteria

(LAB)) resembling maternal vaginal microbiota were populated newborns delivered viginally,

while  microbial  populations  dominated  by Staphylococcus, Corynebacterium,

and Propionibacterium, which  closely resemble those bacteria found on the skin surface, were

found in infants with C-section mode of delivery (Mueller et al., 2015). So, Lactobacilli imprints

in baby’s gut is not accidental, but inherited from mother’s vaginal contents and mother’s milk

that populate the gastrointestinal tract (GIT) in early days of life in human (Dominguez-Bello et
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al., 2010;  Palmer et al., 2007) and mouse model (Savage et al., 1968) till maturity of the gut

microflora.  The  neonate  swiftly  gains  commensal  microbes  that  reside  the  skin  surface  and

epithelial lining of mucous membranes.  However, host’s immunity mechanisms are not mature

enough at this time as a few symbionts may become pathogenic (opportunist),  exclusively in

newborns seeking treatment in hospital for inherent abnormalities (Rotimi and Duerden, 1981).

Long and Swenson (1977) demonstrated that during the first week of life, anaerobic microbes

populate the newborn’s GIT and are more enriched in both quality and quantity than aerobic

bacterial species. Eventually, from such a mixture of microbes only those which can adapt to live

will habitat along the length of the gut and survive as part of the normal flora. Mortimer et al.

(1966) and Shinebaum et al. (1979) emphasized that the external surroundings also presents as a

potential source for neonates to acquire microbes.  

Rotimi  and  Duerden  (1981) aimed  to  investigate  the  initial  development  of  normal

microflora, thereby focusing umbilicus, mouth and fecal samples in 23 neonates from day 1 to 6

after birth.  Anaerobes, bifidobacteria,  bacteroides and clostridia were predominantly found in

large numbers, while other species were found to a smaller extent. On the first day after birth, S.

albus and Neisseria appeared, while on second day,  Veillonella and Bifidobacterium spp. were

recovered. Kleinberg, (2002) concluded that during normal vaginal delivery the neonate gains its

first microbiota for nasal cavity, skin surfaces, oral cavity and conjunctivae from the mother. The

skin surface  of  neonates  is  colonized  at  the  umbilical  remnant  (Mortimer  et  al.,  1966).  The

umbilicus plays the role of primary source of colonization site (Hargiss and Larson, 1978), which

may lead to skin infections (pyoderma) and induced infectious diseases during hospital nursery

stay  (Jellard,  1957).Microbial  gene  transfer  within  humans  in  varied  microbial  populations,

different  functional  classes  and  ecological  differences  may  provide  strong  basis  to  evaluate

microbial  evolution  and  inheritance  of  the  microbiome  (Smillie  et  al.,  2011).  Moreover,

inheritance  of  H. pylori  from one generation  to  another  may provide strong evidence  about

human microbial descent (Wirth et al., 2004).

2.1.2. Postnatal Influences on the Microbiota

The gut microbiota after birth of a new born depicts at first a transient state dominated by

Enterobacteriaceae and Staphylococcus (Jiménez et al., 2008) and is subsequently dominated by

Bifidobacterium and some LAB, which is maintained at the start of weaning (Vallès et al., 2014;
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Palmer  et  al.,  2007).  At  the  end  of  the  weaning  period,  this  flora  is  overtaken  by  phyla

Bacteroidetes and Firmicutes in the infant gut, showing a second transition, thereby transforming

to an adult-like gut microbiome that remains consistent by the age of three years (Vallès et al.,

2014; Gill et al., 2006). Similarly, functions of an infant’s microbiome change during the first

twelve months of life, as the microbiome before the weaning period is enriched in microbial

genes that are supportive to utilize lactate. While after weaning, the introduction of solid foods

induce  microbial  genes  needed  for  utilization  of  carbohydrates,  synthesis  of  vitamins  and

degradation of xenobiotics (Gill et al., 2006; De Wit and Bouvier, 2006).

2.1.3. Microbiome Dynamics in Adults

There are many studies regarding human adult microbiome dynamics during adulthood.

However, age related changes in the microbiome show differences in vaginal microbiome during

reproductive  age  and  the  post-menopausal  state  (Cauci  et  al.,  2002;  Osborne  et  al.,  1979).

Likewise, an increased proportion of  H. pylori (development of gastric atrophy) is also linked

with age (Peek and Blaser, 2002; Giannakis et al., 2008). Such changes in the microbiome are

also evident  in other body regions.  Similarly,  the ratio  between Bacteriodete  and Firmicutes

changes  with  age  (Mariat  et  al.,  2009).  Residing  microbes  can  cause  genotoxicity,  which

ultimately  evokes  proliferation  and  production  of  butyrate  (a  promutagenic  metabolite)

(Vanhoutvin  et  al.,  2009).  At  different  stages  of  life,  microbial  genes  may  have  alternative

effects,  demonstrating  the  concept  of  antagonistic  pleiotropy  (Hamilton,  1966).  It  was

hypothesized that microbial genome that provide beneficial effects at early stages of life may

stand harmful in elderly. For example, in the stomach, H. pylori in the early stage of life controls

infection by inhibiting growth of other microbes (Perry et al., 2010;  Higgins et al., 2010) and

produces  anti  allergic  response  (Arnold  et  al.,  2011)  but  later  in  life  it  contributes  to  the

development of gastric atrophy and activation of certain oncogenes (Atherton and Blaser, 2009).

A parallel thought concludes that the coevolved microbiomes are supportive for the host in early

life, while they lead to host demise later in life (Blaser and Webb, 2014).
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Figure:  2.1.  Definitions  of  a  normal  healthy  microbiome;  a.  Prevalent  taxa  in  healthy

people  indicate  strong  phylogenetic  enrichment.  b.  Functional  potential  of  a  healthy

microbiome at different sites. c. Ecological assembly patterns. d. Dynamism starting from

the  yellow  point  indicating  an  unstable  infant  microbiome  gradually  developing  to  a

healthy adult state. Dashed lines indicate perturbations leading to the green point with a

consistent healthy sate or unhealthy microbiome in red. Adapted from Lloyd-Price et al.,

2016.

2.1.4. Composition of Normal Flora

The microbes inhabiting human body surfaces are exposed externally to the environment

and  colonize  different  body  organs  like  skin  and  systems  like  GIT,  and  respiratory  and

genitourinary tracts (Caldarella et al., 2006; Neish, 2009). The presence of trillions of microbial

genes  (bacteria,  viruses,  archea,  fungi  and  protozoa)  150-fold  more  than  the  whole  human
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genome with 1,000 diversified  species  greatly  affect  the host’s  physiology (Xu and Gordon,

2003; Ursell et al., 2014). Diversity in microbial composition and function depend mainly upon

the diet, age, sex, race and geographical location of the host (Hollister et al., 2014). However,

Frank et al. (2007) suggested that more than 35,000 different microbial species reside inside the

human  gut.  Strict  anaerobes  are  major  players  in  constructing  the  gut  microbial  population

dominated by facultative anaerobes (Gordon and Dubos, 1970). The human gut microbiota is

found to be mainly dominated by two phyla of bacteria, namely Bacteroides and Furmicutes, as

determined by sequence analysis (Huttenhower et al., 2012; Qin et al., 2010) out of currently 50

available  phyla  (Schloss,  and  Handelsman,  2004),  while  other  phyla  (Proteobacteria,

Verrucomicrobia,  Actinbacteria,  Fusobacteria  and  Cyanobacteria)  were  found  to  be  scarce

(Eckburg et al., 2005).

In body niches apart from the gut, microbial mass has a lesser presence in normal healthy

individuals. The lung is nearly sterile in normal healthy persons. The respiratory tract microbiota

is homogeneous in composition, but microbial mass decreases from the upper to the lower tract

in contrast to other body organ systems. The microbiome of a healthy lung is not consistent, but

contains microbial species resembling to the upper airway flora (Charlson et al., 2011). Hilty et

al. (2010) reported Prevotella species of Bacteroidetes in normal healthy subjects elucidating a

lung microbiota which is disturbed in asthmatics.  Pyrosequencing of breast milk collected at

different times over a period of four weeks from sixteen women revealed a complex microbiome

representing different genera within an individual. Such diversified microbial communities offer

a suitable nutritional source for the infant (Hunt et al., 2011). The microbiome of the placenta

has not been vigorously investigated despite the presence of intracellular microbes with defined

and  diversified  metabolic  and  immune-regulatory  roles.  However,  (Aagaard  et  al.,  2014)

analyzed 320 placental samples revealing a placental microbiome very similar to oral microbiota,

following 16S DNA sequencing and shotgun metagenomics studies.

The microbiome of the blood was revealed by Païssé et al. (2016) in thirty healthy blood

donors using blood as a whole and analyzing different fractions of the blood with qPCR as well

as metagenomic sequencing. Most of microbial DNA was found in buffy coat (93.74%), in RBC

(6.23%) and least in plasma. Protobacteria were the most dominant microbes, contributing to

more  than  80% of  the  microbial  population  in  the  blood microbiome,  while  Actinobacteria,

Furmicutes and Bacteroidetes phyla members were also found.
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More recent advances confirm the presence of microbial DNA in tissues such as adipose,

liver and blood establishing new horizons to identify new targets in the pharmaceutical field

(Burcelin et al., 2013). Nakatsuji et al. (2013) confirmed the existence of diversified microbial

populations in different compartments of the normal healthy skin including the sub dermis using

different  techniques  (quantitative  PCR,  Gram  staining,  immunofluorescence  and in

situ hybridization).

Figure:  2.2.  Intestinal  microbiota  composition  with  spatial  and  temporal  aspects:  A.

Microbial  composition  and  variation  throughout  the  length  of  the  GIT.  B.  Microbial

composition variation across longitudinal  axis  in the intestine.  C.  Temporal  dimensions

showing establishment and maintenance of the microbiome. Modified from Sekirov et al.

(2010).
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2.1.5. Function of Normal Flora 

2.1.5.1. Nutrient Metabolism

 Dietary carbohydrates are the major source of nutrients for gut microbes. Fermentation of

carbohydrates  and  indigestible  oligosaccharides  by  microbes  (Bacteroides, Fecalibacterium,

Roseburia,  Enterobacteria  and Bifidobacterium)  residing  the  colon  and  produce  acetate,

propionate  and  butyrate  as  a  high  energy  harvesting  resources  (Macfarlane  and Macfarlane,

2003).  Butyrate  also  prevents  the  accumulation  of  toxic  metabolic  by-product  D-lactate

(Bourriaud et  al.,  2002).  Bacteroides predominantly involved in carbohydrate  metabolism by

expressing  high  levels  of  required  enzymes  for  breakdown  of  polysaccharides.  The  B.

theaiotaomicron genome codes 260 hydrolases, which are much higher in number compared to

the human genome (Cantarel et al., 2012). Oxalate is produced during carbohydrate metabolism,

which may led to the production of oxalate stones in the kidney if not countered by Oxalobacter

formigenes,  Bifidobacterium  spp. and  Lactobacillus  spp. (Sidhu et  al.,  1998; Magwira et  al.,

2012).  Bacteroides improve lipid hydrolysis efficiently by upregulation of colipase (Hooper et

al.,  2001).  Gut  microbial  proteinase  and  peptidase  in  collaboration  with  human  proteinase

provide efficient protein metabolizing machinery to augment protein metabolism.

 Amino acids present in the intestinal lumen enter the bacterial cell through several amino

acid transport  proteins present in bacterial  cell  wall.  Inside the bacteria,  the amino acids are

converted  in  signaling  molecules  to  the  antimicrobial  peptides  bacteriocins.  Amino  acid  l-

histidine is converted to histamine by the microbial enzyme histamine decarboxylase (De Biase

and Pennacchietti, 2012; Thomas et al., 2012) while glutamate is converted to GABA (γ-amino

butyric  acid)  by  bacterial  glutamate  decarboxylase  (De  Biase  and  Pennacchietti,  2012).

Metabolic  functions  of  gut  microbiome also  include  synthesis  of  different  vitamins  such  as

vitamin K and various components of vitamin B. Bacteroides synthesize conjugated linoleic acid

having  immunomodulatory,  antidiabetic,  antiatherogenic,  anti-obesity  and  lipid  lowering

activities (Biagi, et al., 2010; Devillard et al., 2009). The normal gut microbiome increases serum

concentration of pyruvic acid, fumeric acid and malic acid leading to high energy metabolism

(Marín et al., 2015; Velagapudi et al., 2010).
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Recent  studies  showed  that  the  human  gut  microbiome  can  breakdown  different

polyphenols present in the diet, which remain inactive if not converted to active compounds by

removal of sugar moieties (glucose, galactose, rhamnose, ribulose) by gut microbiota (Marín et

al., 2015).

2.1.5.2. Xenobiotics and Drug Metabolism

The  role  of  the  microbiome  in  metabolizing  drugs  and  xenobiotics  have  been  in

discussion over the last forty years. Currently, much evidence and insights on the defined role of

the gut microbiome in different aspects of drug metabolism are available, thereby promising an

illicit impact on the therapeutic response of drugs used for different ailments and inequities in the

future.  Recently,  Clayton  et  al.  (2009)  showed  p-cresol,  a  gut  microbial  metabolite,

competitively  inhibited  sulfotransferases  in  the  liver,  thereby  reducing  liver  capacity  to

metabolize acetaminophen (paracetamol). A common gut microbe,  Eggerthela lenta, belonging

to Actinobacteria  inhibits the inactivation of cardiac glycosides such as digoxin (Butler et al.,

1983).  Likewise  β-glucoronidase  a  gut  microbial  enzyme have  the  ability  to  induce

deconjugation of irinotecan (anticancer drug) resulting in inflammation, diarrhea and anorexia as

toxic effects (Wallace et al., 2010). 

2.1.5.3. Antimicrobial Protection

A normal gut microbiome maintains not only commensal benefits, but also restricts the

overgrowth of resident microbes, thereby adapting the mechanisms of antimicrobial protection

by mucin glycoprotein in the small and large bowl (Johansson et al., 2008; Kim and Ho, 2010).

Trefoil  factor  and a  resistin-like  molecule  from goblet  cells  also stabilize  mucin and barrier

integrity to inhibit the entry of gut microbes in the epithelial layer (Artis et al., 2004; Podolsky et

al., 1993). Structural components and metabolites of the gut microbiome include synthesis of

bactericidal proteins like lectins, defensin-c-type and cathelicidens (Hooper, 2009; Salzman et

al., 2007). Lactobacillus produces lactic acid to provide antimicrobial activity in presence of host

lysozyme to disrupt the overgrowth of microbial cells (Alakomi et al., 2000).
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2.1.5.4. Immunomodulation

The  gut  microbiome  imparts  immunomodulation  to  the  gut  in  association  with  both

innate  and  adaptive  immunity.  Gut  associated  lymphoid  tissue  (GALT),  immunoglobulin  A

(IgA),  T-cells  (effector  and  regulatory),  innate  lymphoid  cells  (group  3),  macrophages  and

dendrite cells present in lamina propria are the core components of the gut immune system. The

gut microbiome interacts with the host immune system to modulate its immune responses by

counteracting  the  development  of  disease  state  (Alakomi  et  al.,  2000).  These  complex

interactions between the gut microbiome and the mucosal surface is possible due to the mucosa

associated  immune  system  in  Peyer’s  patches  (lymphoid  aggregates).  Such  cross  talk  is

characterized by activation of T-lymphocyte (antigen specific), macrophages and the release of

different cytokines (Macfarlane and Macfarlane, 2003).

2.1.6. Factors Affecting the Gut Normal Flora

2.1.6.1. Age

The gut  of  an  infant  is  inhabited  immensely  by  E.  coli,  Leuconostoc,  Streptococcus,

Shigella,  Enterococcus and  Lactococcus before  birth  (Gosalbes  et  al.,  2013).  In  the  natural

delivery,  intestines of infants are inhabited by  Lactobacillus and  Prevotella coming from the

maternal vagina (Mackie et al., 1999). While in the cesarean mode of delivery the infant intestine

is colonized by maternal skin flora with Corynobacterium, Streptococcus and Propionibacterium

(Dominguez-Bello et al., 2010). Microbiome of the infant remains unstable until the age of three

where  it  is  transformed  to  an  adult-like  microbiome  (Yatsunenko  et  al.,  2012).  However,

Bacteroides and  Bifidobacterium  proportions  were  found  significantly  different  in  young

children and adults (Ringel-Kulka et al., 2013; Agans et al., 2011). The gut microbiome remains

stable  between  the  ages  of  30-70  years  with  decreasing  proportions  of  Bifidobacterium,

Fecalibacterium and Firmicutes,  while  increasing proportions  of  E. coli,  Staphylococcus and

Proteobacteria (Mariat et al., 2009; Biagi et al., 2010).

With growing age, baseline modifications such as synthesis of vitamin B12 and activities

of microbial derived reductases are decreased, while DNA alteration tendency, stress response

and immune dysfunction are increased due to alteration in the normal flora (Lan et al., 2013).

Developing a normal microbiome in infants is markedly affected by the type of feeding, either by

breast  feeding  or  formula  milk.  Enterococcus,  Bacteroides,  Enterobacteria, and  Clostridia
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dominate the gut by formula feed, while  Lactobacillus  and Bifido spp dominate in breast-fed

infants (Groer et al., 2014). 

2.1.6.2. Diet

Diet  has been proven crucial  in  constructing  the  microbial  composition,  richness  and

diversity  of  the  gut  microbiome  throughout  the  life  of  an  individual.  The  abundance  of

Bifidobacterium is higher in breast-fed infants as compared to non-breast-fed infants (Stark et al.,

1982; Yoshioka et al., 1983). Breast milk contains oligosaccharides (HMO) serve as a source of

substrate and broken down in simplest  forms by  Bifidobacterium and  Lactobacillus  found in

infant gut (Groer et al., 2014).

Human  milk  oligosaccharides  (HMO)  feed  bacteria  in  the  colon  to  ensure  selective

growth  of  Bifidobacterium  spp.  (Zivkovic  et  al.,  2011).  These  organisms  ferment

oligosaccharides to butyrate (SCFA) to modulate the host immunity (Ouwehand et al., 2002).

Anaerobic microbes like  Bacteroides and  Clostridium ssp. are highly abundant in formula fed

infants than in breast fed infants (Stark et al., 1982).  Bacteroides  can also digest HMO’s, but

have less capability as compared  to Bifidobacterium present dominantly in breast-fed infants.

Bioactive  compounds  present  in  breast  milk  play  significant  roles  in  digestion,  absorption,

immune protection and defense against other microbes (Albenberg et al., 2014).

The  diet  in  adulthood  remains  a  key  player  in  determining  the  shape  of  the  gut

microbiome. A diet rich in fruits, fiber and vegetables is a rich source of diversity and richness in

the  gut  microbiome  with  an  abundance  of  Firmicutes;  Ruminococcus  Bromii,  Rosburia  and

Eubacterium rectale, which can digest and metabolize insoluble carbohydrates (Walker et al.,

2011). 

David  and collegues  (2014) described that  simple modifications  in  the diet  can  have

deliberate  impact  on  diversity  of  gut  microbiome.  The literature  also  supports  the  idea  that

significant changes in the gut microbiome can occur due to seasonal and geographical variation.

However,  these  changes  are  mainly  associated  with  dietary  habits,  e.g.  Prevotella is  highly

abundant  in  rural  African  children,  while  children  in  Europe  have  Bacteroides in  higher

proportion (De Filippo et al., 2010). Although Prevotella and Bacteroides are similar in function,

a  higher  Prevotella  abundance depicts  an agrarian-based diet  consumed by children  in  rural
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regions, but high Bacteroides are associated with a western urban diet with high protein, starch

and sugar but low fibers contents.

Furthermore,  Actinobacteria were found relatively highly abundant in Hutterites (local

inhabitant) during winter when compared to summer season (Davenport et al., 2014). Dietary

phenols  may  inhibit  gut  microbial  populations.  Qurecitin  (a  polyphenol)  is  degraded  by

Bacteroides diastasonis  and  B. ovatus.  Sea  weeds  like  red  seaweed  significantly  increase

expression of Bifidobacterium genera without disturbing other bacterial populations (Ramnani et

al., 2012). 

2.1.6.3. Antibiotics

Antibiotics have been studied with their central roles as bacteriostatic and bactericides

against  pathogenic  microbes.  Current  evidences  reveal  their  direct  effects  on  gut  microbial

ecology  both  in  short  and  long  term.  The  prevalence  of  multidrug-resistant  bacterial  genes

indicates  the  influence  of  exposure  to  substances with  inhibitory  function  from the  residing

environment (Dethlefsen et al., 2007). Reduced taxonomic diversity and persistent changes in

substantial proportions of individual microbes are major effects exerted after antibiotic therapy.

It  has  been  shown that  predominant  anaerobic  microbial  coverage  of  clindamycin  (a  broad

spectrum antibiotic) when used for a short term results in effect that lasted for 2 years on gut

microbiome with irreversible recovery of Bacteroides (Jernberg et al., 2007). 

Similarly, clarithromycin when used for short duration to treat H. pylori infection, it has

significantly decreased Actinobacteria diversity and increased drug resistance genes in long term

(Jakobsson  et  al.,  2010).  Likewise,  ciprofloxacin  reduced  Ruminococcus  spp. abruptly

(Dethlefsen et al., 2008). Currently, combination therapy of ciprofloxacin and β-lactams reduced

diversity (25%) while 29 core taxa reduced to 12, with overall increase in ratio of Bacteriodetes

and  Firmicutes  (Panda  et  al.,  2014).  The  use  of  broad spectrum antibiotics  also  propagates

resistant  strains through gene transfer phenomenon (Ochman et al.,  2000; Frost et  al.,  2005)

through  conjugation,  natural  transformation,  phage  transduction,  transposons  and  integrin

(Smillie et al., 2011).

2.2. Influence of the Intestinal Tract and the Microbiome on Orally Administered Drugs
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Absorption of orally administered drugs occurs in the gut mucosa as they pass through

the  gut  lumen  before  reaching  blood  circulation.  During  absorption,  the  small  intestine

significantly regulate the amount of drug being absorbed (Pang, 2003).

2.2.1. Factors Affecting Oral Drug Absorption

Drug absorption in the small intestine following oral administration depends upon both

the physiochemical characteristics of the candidate compound and the physiological factors of

the host. Absorption characteristics of an orally administered drug shows complex dynamics that

depend upon not only physiochemical and physiological factors, but also on their interaction

with each other (Song et al., 2004).

a) Physiochemical Factor

Solubility of drugs and permeation of drugs through biological membranes are among the

most important factors which markedly influence the rate and extent of drug being absorbed

when administered orally. However, lipophilicity, molecular size, hydrophilicity and polarity are

also contributing factors to play significant roles in absorption of orally administered drugs. 

i) Solubility

An utmost requirement for the proper absorption of an orally administered drug is the

dissolution of the drug to make it available in a solution form for permeation. Solubility is a rate

limiting  step  in  absorption  phenomenon.  Aqueous  solubility  of  drug  can  be  measured  by

determining a drug’s ability to partition from lipophilic and hydrophilic environments depending

upon the ionization of the drug.  Ionization of a drug greatly depends upon pH of the solution.

Ionized  drugs  exhibit  greater  aqueous  solubility  than  unionized  drugs.  Additionally,  weakly

acidic drugs dissolve quickly at high solvent pH as more drug is in an ionized form, while it

dissolves slowly at a lower pH as the drug remains unionized.  

Conversely,  weakly basic drugs dissolve quickly in solution with low pH, while they

dissolve slowly in solution with higher pH.  Moreover, if ionization (pKa) of the drug and pH of

the  solution  are  the  same then both  weakly  acidic  and weakly  basic  drugs  dissolve  slowly,
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showing lower solubility.  Therefore, meals that increase the pH of the stomach can decrease

dissolution of weakly basic drugs such as indinavir.  However, the same meal can increase the

solubility  of weakly acidic  drugs by producing more ions resulting in more water solubility.

Solubility  of drugs can also be estimated by their  dynamic energy properties (Martini  at  al.,

1999).

ii) Permeability

Permeability of the drug plays an important role in achieving desirable bioavailability of

orally administered drugs. Permeation ability control how a drug molecule and nutrients travel

through cellular  membranes.  A drug’s ability  to pass through lipid bilayer depends upon the

physiochemical properties of the drug. Lipophilic drug molecules are absorbed predominantly

through  transcellular  pathways.   Whereas  hydrophilic  drugs  are  absorbed  through  the

paracellular route. The limited diameter of aqueous pores, which range from 3 to 6 Å, confront

the  polar  compound  to  utilize  this  route,  which  allows  only  hydrophilic  molecules  with

molecular weights less than 200 molecular mass (Camenisch et al., 1996; Conradi et al., 1996).

Higher  bioavailability  of  the  drug  mainly  depends  upon  how  low  its  molecular  weight  is.

Independent  of molecular  weight,  low polar  surface area and the number of  hydrogen bond

counts  and  rotatable  bonds  are  important  predictors  of  bioavailability  of  a  drug  when

administered orally (Veber et al., 2002). Goodwin et al. (2001) demonstrated that solute volume

and potential of hydrogen bond are also actively considered in evaluating the permeability of a

drug,  thus  suggesting  that  the  nature  of  limiting  permeability  within  the  cellular

microenvironment depends solely upon the solute (drug) properties. 

b) Physiological factors affecting drug absorption

Absorption of orally administered drugs primarily depends on behavior of gastrointestinal

tract to process the drugs. Measured bioavailability of an orally administered drug can be divided

into different variable such as delivery to intestine (pH, food and gastric emptying), absorption

from  intestinal  lumen  (dissolution,  lipophilicity,  particle  size,  active  uptake  of  drugs),

metabolism of drug inside intestinal lumen, extrusion of drug through efflux pumps and first pass

effect  of drug. All  these variables  play an important  role in the overall  efficacy drugs when

administered orally (Goodwin et al., 2001).
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i) Bile Salts

The existence of bile in small intestine improves bioavailability of drugs that are poorly

water soluble in nature through micellar solubilization. Micellar solubilization enhances the rate

of dissolution and solubility, thereby decreases resistance between drug particle and medium of

dissolution that lead increased surface area required for drug absorption (Charman et al., 1997).

Drugs showing less solubility and incresaed permeability (class II drugs) are highly dependent

on the dissolution medium with bile salts as compared to those drugs having high solubility and

low permeability  (class I drugs): e.g., dissolution of mefenamic acid encapsulation formulation

mainly depends on the bile salt concentration in the small intestine. The initial dissolution rates

of steroidal drugs after oral administration were found to be increased in high concentration of

bile salts in a treated state (Bakatselou et al., 1991). However, the extent of drug solubility being

enhanced through existence of bile salts can also be predicted by the physiochemical properties

of drug. Increases in solubility of a drug by bile salts can be estimated through partition co-

efficient and hydrophilic properties of the drug (Mithani et al., 1996). 

ii) Gastric Emptying Time:

Gastric  emptying and gastrointestinal  transit  time  are significant  determinants  for  the

beginning and magnitude of drug absorption. Intestinal transit time specifies the resident time

course of  a  drug at  the  absorption site.  Intestinal  transit  time  is  also important  because site

differences for absorption exists for some drugs. Lipka and colleagues (1995) confirmed that the

rate of gastric emptying time and intestinal transit fluctuate with the contractile ability properties

of the intestinal motility cycle during fasted state. Variation in gastric emptying time in relation

to changes in intestinal motility cycle is accountable for different plasma levels of a drug (Oberle

and Amidon,  1987).  Marathe  and collegues  (2000) assessed metformin absorption  in altered

gastric  emptying  and  gastrointestinal  tract  motility  in  healthy  normal  individuals.  Both

pharmacokinetic and percent dose excreted in urine were found to be high with extended delay in

gastric emptying and short intestinal transit. The authors concluded that permeation of metformin

was increased when gastric motility was slowed. 

Kimura  et  al.  (2000)  estimated  permeability  of  each  gastric  segment  for  N-

methyltyramine (NMT) by using a gastrointestinal transit absorption model. Their results confer
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that the compound was absorbed primarily from small bowel and maximum permeation of NMT

occurred  in  the  duodenum and latterly  in  jejunum.  Conversely,  the  duodenum and  jejunum

contributed less to total absorption than other sections.  In vivo, maximum absorption occurs in

regions starting from the lower part of jejunum to the lower segment of ileum with a prolonged

transit time than the duodenal portion and upper part of jejunum in absorptive surfaces of small

intestine. Thus, the authors concluded that drug absorption phenomenon is directly proportional

to prolonged transit stay. 

iii) Intestinal Transit Time

The small bowel is considered the site of maximum drug absorption due to the presence

of highly effective surface area (Koch-Weser and Schechter,  1981). Very small  amount of a

drug,  if  any,  is  absorbed by stomach,  while  a  limited  number  of  drugs  are  supposed to  be

absorbed  in  small  proportion  through  the  large  intestine.  Emphasizing  that  drugs  should  be

prepared in such a dosage form that can be mainly absorbed from small intestine. The anatomical

length over which absorption of drugs can occur resulted in the concept of reserve length that

depends upon physiological factors such as scattering of pharmaceutical formulation in small

intestine, bulk flow rate and permeation of a drug molecule through the intestinal mucosa (Ho et

al., 1977).

Davis and coworkers (1986) measured gastrointestinal transit of different pharmaceutical

preparations in healthy subjects by the gamma scintigraphic technique during different treated

and non-treated states. Varied gastric emptying times were measured depending upon the nature

of pharmaceutical dosage forms and treated states. Calculated intestinal transit times were found

to be independent of the pharmaceutical formulations and fed states.

iv) Effect of Food

Diet intake mainly results in the delaying of gastric emptying along with an increase in

gastric pH. In the upper gastrointestinal tract, differences in pH during fed and non-fed states

influence  dissolution characteristics  and absorption kinetics  of both weakly acidic  drugs and

weakly basic drugs. Increase in pH after food intake may speed up the dissolution rate of weakly

acidic  drug in stomach however prevent or delay the dissolution rate of weakly basic drugs.

Ingestion of food inhibits and slows down gastric emptying, therefore may enhance the portion
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of the drug that dissolves before entering small intestine for absorption (Charman et al., 1997).

Bioavailability of acid hydrolysable drugs such as penicillins, digoxin and erythromycin can be

enhanced  by  increasing  pH  of  the  medium  (Patel  and  Jarowski,  1975).  Under  an  acidic

environment, with reduced drug response, the drug may be fractioned into ions that affect the

permeability.

v) Intestinal Metabolism

The  liver  is  considered  as  main  site  for  metabolism and  biotransformation  of  drugs.

However, drug metabolism may start initially in the intestine,  which can markedly affect the

efficacy and safety profile. The activity of drugs, transporters and enzymes present in intestinal

fluids and mucosa (Fig 2.3) have been shown to significantly affect the pharmacokinetic profile

of  drugs  leading  to  reduced  metabolism  and  increased  toxicity  with  an  altered  therapeutic

response, increased production of toxic metabolites and adverse drug interactions consequently

(Gavhane and Yadav, 2012). 

Figure: 2.3. Influence of different factors affecting absorption of drugs during transit in the

small  bowel.  Different  enzymes  and  transporters  in  enterocytes  and  the  microbial
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population  present  in  the  lumen  collectively  influence  the  pharmacokinetics  of  orally

administered drugs. Modified from Stojančević et al. (2013).

Prontosil, a prodrug, is found to be activated by azo reductase enzymes present in large intestinal

microbes  (Ünsalan,  2011).  Sulphasalazine  (SP)  is  used  therapeutically  to  treat  rheumatoid

arthritis  and  inflammatory  bowel  disease  (IBD)  but  only  a  small  amount  of  the  orally

administered drug is absorbed as majority of the ingested amount is metabolized by the bacterial

reductase enzymes (Mikov et al., 2006). The bacterial reduction reaction targets nitro groups of

the drug resulting in primary amines as observed with nitrazepam, clonazepam and misonidazole

(Grundmann,  2010).  Teratogenic  effect  of  nitrazepam  may  have  resulted  from  such  nitro

reduction reactions (Elmer and Remmel, 1984).

Anaerobic bacteria in the gut reduce metronidazole (Koch and Goldman, 1979) used for

the treatment of trichomoniasis, giardiasis and amoebiasis. Digoxin, a cardiac glycoside, is also

metabolically reduced into inactive metabolites by intestinal bacteria (Butler et al., 1983). Orally

administered drugs are also metabolized by enzymes present in mucosa and gut luminal fluid that

are responsible for conjugation, oxidation and dehydration (Thelen and Dressman, 2009). 

2.3 Drug Transporters in the Gut

During drug absorption in  the intestine,  enterocytes  present  a  mucosal  barrier,  which

express  different  kinds  of transporters  involved in  drug influx and efflux (Estudantee  et  al.,

2013). These transporters existing in the apical as well as basolateral membranes of enterocytes

have  been  found to  be  involved  in  the  inward  and  outward  flux  of  different  nutrients,  cell

signaling molecules, drug molecules and xenobiotics (Kim, 2006).

After oral administration of a drug, various types of transporters are expressed in the gut

to affect the quantity of drug that is permitted to enter the systemic circulation. Thus showing the

influence  of  different  factors  which can modulate  expression and function of transporters  in

enterocyte membranes and may change the drug absorption rate, bioavailability and therapeutic

window. Among many transporter proteins in gut epithelial cells, ABC transporters and SLC
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contain transporting proteins that involve drug transport (Estudante et al., 2013). Moreover, ABC

transporters  affect  and  mediate  drug entry  in  tissues,  deposition  in  cells  and  elimination  of

different orally administered drugs. These transporters ultimately induce a profound effect on

bioavailability, which is a basic pharmacokinetic parameter that determines the amount of drug

in blood circulation (Szakács et al., 2008). Solute carrier transporters mediate transport of toxins

and carcinogenic drugs which are structurally different from each other. The solute carrier family

contains  many members  such as the organic anion transporters  known as OATP PepT1 and

OCTN (organic  cation  transporters)  known as  or  zwitterion  transporters  (Oostendorp  et  al.,

2009). Transporter PepT1 was characterized from rabbit and oocyte of the Xenopus laevis by Fei

and collegues (1994) and also characterized from human and other organisms (Liang et al., 1995)

such as rat model by Saito et al. (1995) earlier and latter in mouse model by Fei et al. (2000).

The number of amino acids (707-710) may vary in mammalian PepT1 in different species, for

example  hPepT1  in  human  contains  708  amino  acids.  PepT1  exhibits  a  great  amount  of

homology at the amino acid and nucleotide levels across species. Human PepT1 exhibits a high

degree of homology with its orthologue in the mouse by Urttiac et al. (2001). PepT1 is highly

homologous between humans discovered by Liang et al. (1995) and mice (Fei et al., 2000) with

an  amino  acid  identity  of  83%.   The  three-dimensional  protein  structure  of  PepT1  is  still

unknown  for  the  mammalian  SLC  transporter  (Newstead  et  al.,  2011).  Human  PepT1  are

oligopeptide  transporters  found in apical  membrane of the brush border present  in  intestinal

epithelium.  Human  PepT1  are  involved  in  the  active  transport  of  both  various  dipeptides,

tripeptides  and  peptidomimetic  drugs  such  as  amoxicillin  (β-lactam antibiotic)  and enalapril

described by Adibi (1997). Human PepT 1 mechanistically  couples the transport  of different

molecules  (substrate)  uphill  with  downhill  movement  of  protons  in  electrochemical  gradient

(Brandsch et  al.,  2008;  Ganapathy  and Leibach,  1983).  hPepT1 is  a  high  capacity  and  low

affinity transporter have been found in almost all forms of  life (Meredith, 2008).
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Figure:  2.4.  A small  intestine  enterocyte  with  a schematic  model  of  major drug

transporters. Adopted from Russel (2010).
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2.4. Transport Proteins in Bacteria

Bacterial  cells  are  classified  into  G +ve (Gram-positive)  and G –ve (Gram-negative)

bacteria based on staining protocols. In Gram-positive bacteria, rigid but porous peptidoglycan

cell wall surrounds the plasma membrane, while G –ve bacteria consist of additional membrane

situated outside the inner membrane and peptidoglycan layer. Such outer membranous structure

provides  sufficient  permeability  barrier  to  protect  the  bacteria  from  detrimental  effects  of

antimicrobial agents, detergents and disinfectants. Both outer and inner membranes in bacteria

possess different transport proteins to transport selected solutes (Nikaido and Saier, 1992). 

Outer membrane of bacterial cell possesses three different channels: proteins known as

porins, which are open, wide channel filled with water to mediate nonspecific passive diffusion

of ions, small molecules and water soluble nutrients; porin-like proteins that mediate facilitated

the slow diffusion of nutrients; and high affinity outer membrane receptor Ton B proteins, which

are anchored in the inner membrane to translocate solute along with energy expenditure (Rutz et

al., 1992).

 a) Porins

Microbes  residing  small  intestine  from proteobacteria like  E.  coli contain  porins  to

mediate nonspecific passive diffusion. Archetypal porins contain OmpF, OmpC and PhoE exists

as abundant proteins in anaerobe (E. coli) to permit passive diffusion of low molecular weight

nutrients and block toxic compounds having higher molecular weight.  Transport of solute is size

dependent so even nutrients with larger size cannot pass through. Each  E. coli contain about

10,000 copies  of such porins (Rutz et  al.,  1992).  These porins are open under physiological

conditions (Nikaido, 1992). At the basal of channel there is appositive charge while negative

charge is on the opposite side to produce electrostatic condition to retain rigid shape (Goldstein

and Miller,  1991).  Pseudomonas and  E. coli contain OprF and OmpA in the form of porins

respectively to allow the transportation of both small as well as large molecules (Hiroshi Nikaido

and Saier, 1992). Porin like proteins; include Lam B protein (Lambda receptor) in  E. coli to

mediate the specific diffusion process and D2 channels of pseudomonas are specific for amino

acid (Freundlieb et al., 1988). TonB protein; are  involved in iron and vitamin B12 uptake by

binding with higher affinity as compared to porin and porin like protein (Rutz et al., 1992).
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Figure: 2.5. Transporters in outer plasma membrane: A. porins. B. solutes specific open

channels. C. TonB dependent receptors. Modified from Nikaido et al. (1992).

b) Plasma membrane transporters:

In the bacterial plasma membrane many transport system coupled with input of energy

are present and classified according to energy source.

1. Facilitated diffusion: In E.coli, glycerol facilitator mediates transport of solutes by facilitated

diffusion. This channel is generally not always open but only when a specific ligand attaches to

specific binding site (Heller et al., 1980). 

2. Secondary transporters with 6+6 helix:  Such transporters couple transport of solute or ligand

to the downhill movement of Na+, H+ or phosphate ion. Such 6+6 helix pattern is also observed

in  many other  bacterial  transporters  (Saier,  1990)  that  exceeds more  than  50 transporters  in

bacteria and eukaryotic cells constituting the major facilitator super family (Nikaido and Saier,

1992), with fine clusters. 

(i) H+ symporter in bacteria and facilitated diffusion of sugars in animal cells. 

(ii) Oligosaccharide; H+ symporter found in bacterial cell (E.coli) to transport sucrose (ScsB),

lactose (LacY) and raffinose (RaffB).

(iii) Phosphate ester: phosphate antiporter in E. coli and Salmonella. Typhimurium. 
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(iv) Drug resistance protein: H+ antiporter protein.

(v) Citrate: H+ and alpha ketoglutarate: H+ symporter in E.coli. 

Lactose  permease  (LacY)  has  been  purified  (Newman  and  Wilson,  1980)  and  involved  in

cotransport of lactose and H+. The bacterial phosphotransferase system (PTS) is more complex in

its  composition.  Different  phosphorylation  cascade  steps  are  given in  Fig.  2.6 (Saier  Jr  and

Reizer, 1992). Three common principles for PTS system are as follow:

1. The system contains domains with specific functions; a transport domain is defined and is

separate from components responsible for phosphoryl transferase. 

2. Sugar specific channel having a 6+6 helix structure.

3. Coupling is loose between solute translocation and phosphorylation (Erni, 1986). 

Figure  2.6.  Model  representation of  different  classes  of  normal  transporters  present in

inner  membrane  of  typical  bacterium;  A=Facilitator,  B=Substrate:  H+  symporter,

C=Phosphotransferase system. Modified from Nikaido et al. (1992).

c) Periplasmic Binding Protein Dependent System:

Sugars, ions and amino acids are transported by Gram-negative bacteria as substrates of

the periplasmic binding proteins having high affinity for each of these substrates. High affinity to
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the substrate is the most important physiological advantage of binding proteins (BP). These BP

systems exist in G +ve bacteria too (Alloing et al., 1990). In addition, ABC transporters are also

present in bacteria for outward translocation of different substrates (Higgins et al., 1990).

d) Proton-dependent Oligopeptide Transporter (POT) from Bacteria

POTs have been characterized from several bacterial genomes but exact mechanism of

their regulation is still unclear except for YdgR, which is regulated through the OmpR /EnzZ

system due to stress as an environmental factor (Goh et al., 2004). POTs have been discovered in

inner membrane of E. coli as well as in other Gram-negative bacteria and Bacillus. subtilis and L.

lactis (Mathiopoulos et al., 1991). 

YdgR and its isomeric forms are characterized as prototypical POTs showing high affinity for di-

and tripeptide, predominantly more for tripeptides, however, transporter YjdL and YbgH both

behave in unusual manner showing affinity only for dipeptides strutures (Ernst et  al.,  2009).

Characteristically,  YbgH resembles  closely  to  YjdL in  substrate  preference  and shared  50%

amino acid sequence similarity  described by Casagrande et al. (2009). 

e) Drug Uptake by Microbes

Prabhala  et  al.  (2014) showed in  in  vitro trials  that  dipeptides,  peptide  (alanine)  and

tripeptide (trialanine) were substrates of YjdL, while tetrapeptides seemed to be a substrate of

YhiP  and YdgR in  E.  coil.  Due  to  structural  homology  with  hPepT1,  YdgR present  in  the

genome of  E. coli was found to be involved in transport of valacyclovir, ampicillin, bestatin,

sulpiride, and oseltamivir in POT in a like manner, which are also substrates of hPepT1 found in

epithelial cells. (Prabhala et al., 2017).

2.5. Homology of Bacterial Transporters with Gut Transporters

In bacteria, solute transport proteins were initially reported in 1990 (Saier, 1990). These

proteins include homologous glucose carrier proteins in eukaryotes and prokaryotes (Henderson,

1990), lactose permease of E. coli (Brooker, 1990) and phosphate ester phosphate antiporters in

bacteria  (Maloney  et  al.,  1990).  Structural  resemblances  among  sugar  transporters,  citrate

transporters and tetracycline resistance proteins were reported (Henderson and Maiden, 1990).

Bacterial  transporters are homologous to different eukaryotic cell transporters that belongs to

major facilitator superfamily (MFS) (Marger and Saier, 1993).
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Porins  in  bacteria  are  structurally  similar  to  K-channels  (Miller,  1991).  In  E.  coli,

glycerol facilitator (GIpF) is proven to perform facilitated diffusion (Heller et al., 1980). GIpF

contains  six  transmembrane  helical,  281-residue  proteins  showing  structural  homology  with

several eukaryotic cells (Pao et al., 1998). In bacteria, GlpF are present in tripathic channels in

the plasma membrane to permit glycerol and water to enter the cytoplasm. GlpF is dispersed in

human, mouse, frog, lungfish and fish (Stroud et al., 2003).

The  POTs belong  to  MFS whose  members  contain  12  to  14  transmembrane  helices

(TMHs) in their crystal structures. In DtpT present in Lactococcus lactis while hPepT1 in human

enterocyte,  12 TMHs have been confirmed (Covitz et al.,  1998; Hagting et al.,  1994) but 14

TMHs are confirmed from crystal structure of peptide transporters known as PepTSo, PepTSt

and GkPOT isolated from Shewanella oneidensis, Streptococcus thermophilus  and Geobacillus

kaustophilus  respectively  (Newstead et  al.,  2011;  Solcan  et  al.,  2012;  Guettou  et  al.,  2013).

Permease A/DtpA (YdgR) is one of the four POT members characterized from E. coli showing

similar  peptide  selectivity  and  structural  homology  (52%)  to  hPepT1  present  in  human

enterocytes (Harder et al., 2008).

2.6. Drug Effects on the Gut Microbial Genome

Antibiotics deliberately disturb the composition of the gut microbial genome both in short

and long term therapy in human and other animals. Repeated oral administration of ciprofloxacin

has resulted incomplete recovery of normal flora residing the distal human gut. (Dethlefsen and

Relman, 2011). Ecological disturbances and consistency of antimicrobial gene resistance depend

upon  both  selection  of  antimicrobial  therapy  and  persistence  of  antimicrobial  resistance

(Jernberg et al., 2010). Moreover, evidence is increasing in the literature as widely used proton

pump  inhibitors  (PPI)  have  been  proved  to  disturb  the  gut  microbiome  apart  from  effects

anticipated for H. pylori. The use of  PPIs reduced the operational taxonomic unit (OTU) counts

after both short (one week) and long term (one month) treatment that were recoverable after one

month of discontinuation of therapy (Clooney et al., 2016; Seto et al., 2014). 

Currently, very little evidence is available to gain the attention of regulatory authorities of

potential threats of drugs on the gut microbiome. However, this situation may change as we will

be able to build a better understanding of such complex drug-microbiome interactions in terms of
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lysing and drugging the gut microbiome in healthy and diseased state that could provide novel

drug discovery development and profound benefits for personalized medicine.
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Chapter 3

MATERIALS AND METHODS

3.1. Experimental Design: The Dynamics of the Gut Microbiome

3.1.1. Animals, Housing and Diet

A total of two hundred and sixty-two healthy Wistar albino male rats were selected for

the current study. Ages of the selected rats were 8 to 10 weeks and weights around 160±20 gm.

The animals were obtained from local nursery for animal rearing situated in the Department of

Physiology, Government College University Faisalabad. The selected animals were transferred

to experimental cages. The cages were placed in an isolation room with 25 ± 2 , equal cycle of℃

12-hour light /12-hour dark period with controlled 40-60% humidity sustained throughout the

day  (24  hours)  at  isolated  animal  work  station.  All  the  cages  were  thoroughly  washed  and

cleaned with a 70% ethanol solution before placement of rats to ensure hygienic conditions. Rats

were allowed to acclimatize in these conditions for a week. Chow maintenance diet (CMD) was

given,  which  was consumed on an average  48g/kg of  body weight  (BW) daily  (Table  3.1).

Autoclaved water was provided and water bottles were changed every day during acclimatization

and experimentation. The rats were fasted 8 hours before oral administration of drugs to avoid

the  influence  of  food.  Rats  were  simply  decapitated  with  sharp  knife  at  the  end  of  each

experiment. All the planned experiments and drug administration protocols were followed by

written consent of the Ethical Review Board, Government College University, Faisalabad with

Reference No. GCUF/ERB/131.

Table: 3.1 Ingredients and composition of maintenance diet (CMD)

Dietary Contents Percent (%)

1.Starch 76

2.Protein 10

3.Oil 10

4.Vitamin and Mineral Mixture * 4

*Calcium=35%, Folic acid=0.2%, Copper sulphate=0.03%, Vitamin A=200,000 IU, Phosphorus

=32% Iron=0.89%, Selenium=0.08%, Vitamin D=96000 IU, Sodium=9.44, Manganese=0.39%,
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Cobalt=0.39%,  Vitamin  E=350  IU,  Magnesium=8.64,  Zinc=0.22%,  Potassium  iodid=0.87%,

Vitamin B=0.6% (Vit. B1 350 IU, Vit. B2 85,000 IU, Vit. B6 67,000 IU, Vit. B12 350 IU).

As acclimatization  period  was over,  animals  were further  divided into three  different

groups based on three different trials (Fig. 3.1).

 1. Four (n=4) healthy adult male rats were selected to harvest microbial mass from the small

intestine to gather genomic DNA (gDNA) for microbiota analysis of the small intestine.

2. Two hundred and sixteen (n=216) healthy adult male rats were selected for further trials with

six  different  drugs  (paracetamol,  phenobarbital,  caffeine,  salicylic  acid,  sulpiride  and

propranolol) in a single oral dose to estimate the absorbance of drugs by the microbiome residing

the small intestine of the rat at different post-drug administration intervals. The rats were fasted 8

hours before oral administration of drugs to avoid the influence of food.

3. Forty-two (n=42) healthy adult male rats were selected to harvest the microbial mass to gather

gDNA from the small intestine for microbiota analysis after 21 days of supplementation with six

different drugs (paracetamol, phenobarbital, caffeine, salicylic acid, sulpiride and propranolol).

The study design is presented in Fig. 3.1.
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Figure 3.1: Study design describing different studies, experiments and distribution of rats.
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3.2. Isolation of the Microbial Mass and Microbial Lysate

Methods for the isolation of residing microbiota from the isolated small bowel of rats as

described previously by (Upadhaya et  al.,  2012)  and (Tong et  al.,  2014) were adopted with

necessary  alterations.  The  following  steps  were  constructed  and  adopted  as  an  optimized

procedure:

Step  1. Immediately  after  rats  were  sacrificed  with  sharp  knife  composite  length  of  small

intestine was isolated from the lateral portion of pyloric sphincter to the proximal part of illeo-

caecal junction and placed in a sterile petri plate to measure weight and length of small intestine.

Then the small intestine was divided longitudinally into 5-6-cm long pieces with a sharp sterile

scalpel. Each piece was shaken with forceps vigorously in a petri plate to detach the luminal

contents (digesta). Intestinal digesta was shifted to 100-mL conical flasks and the weight of the

wet contents were measured.  Ten milliliters  of ice cold normal  saline was added to the wet

contents  and vortexed for 5 min.  To remove the mucosally  attached microbes,  the intestinal

pieces were grasped by forceps and were emptied through pipetting normal saline in petri plate.

The intestinal portions were placed back to the petri plate and normal saline was trickled slowly

until the tissue was submerged then shaken in vigorous manner by forceps. Decanted volume

was  poured  to  100-mL  conical  flask.  Intestinal  portions  were  kept  in  25-mL  plastic  tubes

containing 10 ml of normal saline and 1 ml of pre-warmed (37℃)  1 mM dithiothreitol (DTT)

was shaken at 180 rpm for 40 min in orbital shaker.  The mixture was shaken for 1 min and the

resulted solution was poured to a conical flask. The final solution in the original conical flask

(100-mL) was shaken for 5 min and filtered through cheesecloth two, four and eight-layers,

respectively. The filtrate was vortexed for 1 min and passed through a filter (70-micron nylon

mesh) then shaked at 14,000 × g till 2 min. The resultant supernatant was gathered and shaked at

6,000 × g for 20 min to get pellet. Pallet was re-suspended in normal saline till volume of 10 mL

and shaked at 6,000 × g for 20 min. The resultant pellet was re-suspended in normal saline till

volume of 10 ml and repeated this step to obtain finally a pellet that was further dissolved in 1

mL of distilled deionized H2O and shaked at 14,000 × g for 20 min at 4  to obtain final pellet of℃

microbial mass.

Step 2. The microbial mass was mixed with 2 mL of acetonitrile (ACN) to burst and lyse the

microbial  cells  overnight  at  -4  then  shaked well  at  14,000 × g for  20 min.  The resultant℃
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supernatant  was dried through N2  gas. Resulting dried mass was mixed in 800µL of desired

mobile phase (HPLC grade solvents) and filtered through syringe filter having pore size of 0.45

µm  purchased  from  Milli  Pore,  USA.  Final  filtrate  was  saved  and  stored  (-20 )  till℃

chromatographic analysis.

The pellet of microbial mass obtained in Step 1 was used to isolate the genomic DNA (gDNA)

with the help of a commercially available FavorPrepTM Stool DNA Isolation Mini Kit. Both Step

1 and Step 2 were followed to attain microbial lysate for the purpose of HPLC analysis.

3.3. Ecology of the Small Intestine Microbiome

Healthy adult male rats (n=4) were decapitated. Total body weight, length of the small

intestine,  weight of the small  intestine,  weight of the isolated wet contents (digesta) and the

weight of the microbial mass (as described in 3.2) were measured.

3.3.1. Genomic DNA Isolation from the Microbiome 

Genomic  DNA was gathered from the microbial  mass  (as  described in  3.2)  that  was

harvested from the wet contents (digesta) of the small intestine of healthy decapitated rats with

the  help  of  a  commercially  available  FavorPrepTM Stool  DNA Isolation  Mini  Kit.  Genomic

concentrations in ng/µL and genomic purity at A260/280 and A260/230 were measured by using

a NanoDrop spectrophotometer (ND 1000; Corning, Wilmington, DE).

3.3.2. Sequencing of 16S rRNA Genes

Hypervariable V4 region of the conserved 16S rRNA gene was sequenced in accordance

with a laboratory-established specified protocol on an Illumina MiSeq at Mr. DNA laboratory

Shallow water, Texas, USA. Moreover, PCR was run in a single step with 30 cycle setting PCR

conditions at 94°C adjusted for 180 seconds, followed by 28 cycles  with 94°C setting for 30

seconds, 53°C for 40 seconds and 72°C for 60 seconds and final elongation was done at 72°C for

300 seconds. After the sequencing, short (<150 bp) and low quality sequence reads were deleted

from the available data. Operational Taxonomic Units (OTUs) were designated on the basis of

97% sequence similarity operating through QIIME 2 pipeline software (Caporaso et al., 2010).
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3.4.  Characterization  of  Drugs  Absorbed by  the  Microbiome in  the  Small

Intestine of Rats in In Vivo Trials

 Two hundred and sixteen rats were used in six  in vivo trials to examine the microbial

absorbance of six different drugs: paracetamol (n=36), phenobarbital  (n=36), caffeine (n=36),

salicylic acid (n=36), sulpiride (n=36) and propranolol (n=36) in the small intestine. All drugs

(HPLC grade) were obtained from Sigma Aldrich (St. Louis, Missouri, USA). 

3.4.1. Drug-treated Groups

 The in  vivo trials  were  run in  healthy  adult  male  rats  (n=36) for  each  group  by

distributing the animals into the following further sub groups:  control (n=6) without treatment

(A1, B1, C1, D1, E1 and F1, respectively) and drug-treated groups (n=30 in each) with single

oral  dose  of  paracetamol  (acetaminophen)  (A2,  A3,  A4,  A5 and  A6)  at  75  mg/kg  of  BW,

phenobarbital (B2, B3, B4, B5 and B6) at 15 mg/kg of BW, caffeine (C2, C3, C4, C5 and C6) at

25 mg/kg of BW, salicylic acid (D2, D3, D4, D5 and D6) at 50 mg/kg of BW, sulpiride (E2, E3,

E4, E5 and E6) at 20 mg/kg of BW, and propranolol (F2, F3, F4, F5 and F6) at 2.3 mg/kg of

BW. All the doses were administered orally by a 16-18 gauge feeding tube about 0.79-1.18 cm in

length. Post oral drug administration, rats were allowed feeding ad libitum until killed. Set of six

animals in each drug treated group were decapitated with sharp knife at intervals of 2, 3, 4, 5 and

6 hours post-drug administration, respectively, to collect the digesta as wet contents to further

harvest  microbial  mass  pellet.  Untreated  animals  in  control  group (A1)  were  killed  at  very

beginning of each experiment to collect the whole small intestinal length to harvest microbial

mass.  The microbial  mass  was isolated as  previously described in  3.2.  The microbial  lysate

obtained from treated and control groups was preserved at -20  until further HPLC analysis.℃

3.4.2. HPLC system and conditions

3.4.2.1. Chemicals and Reagents

All chemicals and required solvents used in different experiments were specified HPLC-

grade.  Acetonitrile  (ACN),  Boric  acid  (H3BO3),  acetic  acid  (CH3COOH)  and  H3PO3 were

obtained  from  Merck  (Darmstadt,  Germany).  Paracetamol  (Fig.  3.2)  [N-(4-hydroxyphenyl)
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acetamide],  phenobarbital  (Fig.  3.3.) [5-Ethyl-5-phenyl-2,4,6-pyrimidinetrione], caffeine  (Fig.

3.4.)   [3,7-dihydro-1,3,7-trimethyl-1H-purine2,6-dione],  salicylic  acid  (Fig.  3.5.) [2-

Hydroxybenzoic  acid], sulpiride  (Fig.3.6.) [(S)-5-Aminosulfonyl-N-[(1-ethyl-2-pyrrolidinyl)

methyl]-2-methoxybenzamide] and  propranolol  (Fig.3.7.)  [(-)1-Isopropylamino-3-(1-

naphthyloxy)-2-propanol hydrochloride] were acquired from Sigma, USA.

Fig:3.2. Paracetamol Fig:3.3. Phenobarbital

Fig:3.4. Caffeine Fig:3.5. Salicylic acid

Fig:3.6. Sulpiride Fig:3.7. L-Propranolol hydrochloride 
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3.4.7.2. Preparation of Buffer Solutions

Universal buffer (Britton Robinson buffer) was constituted by dissolving H3BO3 (0.04M),

H3PO4 (0.04M) and CH3COOH (0.04M) in 1 L of ddH2O, while pH was adjusted to 9 with

NaOH (1N).

3.4.7.3. Preparation of Mobile Phases

1. For chromatographic detection of paracetamol, phenobarbital, caffeine and salicylic acid, the

mobile phase consisted of acetonitrile (ACN) and water (25: 75 v/v). The mobile phase was

standardized with H3PO3 (ortho phosphoric acid) to achieve pH 2.50. 

2. For separation of sulpiride,  the mobile phase consisted of a mixture of methanol:  ACN:

water: B-R universal buffer of pH 9 (20:20:40:20 v/v/v/v).

3. For determination of propranolol, the mobile phase consisted of  a water (160mL), methanol

(180mL), MeCN (70mL), acetic acid (2.5mL) and triethylamine (125µL) (v/v). The solution

was  adjusted  to  pH  3.4  with  sodium  hydroxide  (1N)  prior  the  mixing  of  125  µL  of

triethylamine.

 Fresh mobile phase solution was constituted daily for the analysis of each drug and filtered

(cellulose  nitrate  filter  paper  having  pore  size  0.45  µm,  47  mm  obtained  from Sartorious,

Germany)  through assembly  under  vacuum to remove the residues  in  the  solutions.  Filtered

mobile phases and solutions were degassed by ultrasonic sonicator for 30 min.

3.4.7.4. Preparation of Standards Solutions

Stock solutions of 1,000 µg/ml of paracetamol,  phenobarbital,  caffeine,  salicylic acid,

sulpiride  and propranolol  hydrochloride  were  prepared  in  respective  mobile  phases  for  each

compound. Standard solutions of each compound were prepared by further diluting stock  to get

final concentrations of 1, 5, 10, 20, 30, 40 and 50 µg/ml for paracetamol, 0.5, 1, 2, 4, 8, 12, 16

µg/ml for th phenobarbital, 1, 5, 10, 15, 20, 30 and 50 µg/ml for caffeine, 1, 5, 10, 15, 20, 30 and

50 µg/ml for salicylic acid, 0.5, 1, 5, 10, 15, 20, 30 and 50 µg/ml for sulpiride and  0.5, 1, 5, 10,

20,  30  and  50  µg/ml  for  propranolol  hydrochloride  to  obtain  the  calibration  curve  for

paracetamol (Fig. 3.8.), phenobarbital (Fig.3.9.), caffeine (Fig. 3.10.), salicylic acid (Fig. 3.11.),
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sulpiride (Fig. 3.12.) and propranolol (Fig. 3.13.) along with the regression equation for each

drug given in Table. 3.2. 

3.4.7.5. Preparation of the Spiked Samples

Blank microbial lysate samples (n=6) harvested from the control groups A1, B1, C1, D1,

E1 and F1 from paracetamol-treated group, phenobarbital-treated, caffeine-treated, salicylic acid-

treated, sulpiride-treated and propranolol-treated groups, respectively, were spiked with already

prepared standards for each drug. Spiked samples were run to calculate the percent recovery.

3.4.7.6. Instrumentation

Liquid chromatography consisted of an HPLC system (Perkin Elmer, USA.) connected to

pump (Flexer Binary LC), UV / VIS Liquid Chromatography Detector set (Shelton Connecticut,

USA) and C18 column (5 µm, 250 × 4.6 mm) a reverse phase connected with oven adjusted at

30℃. Perkin Elmer Chromera specified version No. 4.1.2.6410 was set to process the resulting

data. 

3.4.7.7. HPLC Conditions

The method for detection of paracetamol, phenobarbital, caffeine and salicylic acid was

adopted from Franeta et al. (2002) with a few amendments. Sulpiride was characterized through

method earlier established by Ghoneim et al. (2014) and propranolol was detected by a method

formerly  established  by  Salman  et  al.  (2010)  with  some  amendments.  A  volume  of  10  µl

injection was inserted. Flow rate was controlled at 1.5 mL /min to observe drugs concentrations

as compared against the calibration curves (Fig 3.8, Fig 3.9, Fig 3.10 and Fig 3.11) prepared

using paracetamol, phenobarbital, caffeine, salicylic acid standards at specified and referenced

HPLC conditions, adjusting wavelength at 207 nm at retention time of 2.16±0.02 min, 7.08±0.3

min, 2.53±0.3 min and 8.20±0.2 min, respectively.  For sulpiride, volume of 10 µL was inserted

by  syringe  injection  keeping  controlled  flow  rate  of  0.6  ml/min  to  explore  the  drug

concentrations  compared  through  calibration  curve  (Fig3.12)  measured  against  sulpiride

standards at given HPLC conditions with referenced wave length at 225nm showing retention

time of 3.87±0.2 min. For propranolol, injection of 10 µL was administered at  adjusted flow rate

of 0.8 mL/ min to calibrate  the unknown propranolol concentration as compared against  the
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calibration curve (Fig3.13) constructed using propranolol standards at given HPLC conditions of

291 nm showing retention time of 4.47±0.2 min. Graph Pad Prism. 6 was employed to process

data.
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Figure: 3.8. Paracetamol calibration standard curve (1-50µg/mL) studied.
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Figure: 3.9. Phenobarbital calibration standard curve (0.5-16µg/mL) studied.
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Figure: 3.10. Caffeine calibration standard curve (1-50µg/mL) studied. 
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Figure: 3.11. Salicylic acid calibration standard curve (1-50µg/mL) studied.
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Figure: 3.12. Sulpiride standard calibration curve (0.5-50µg/mL) studied. 
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Figure: 3.13. Propranolol standard calibration curve (0.5-50µg/mL) studied.
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Figure:  3.14.  Representation  of  chromatogram  for  paracetamol  standard  solutions

(20µg/mL).

Figure: 3.15. Representation of chromatogram for phenobarbital standard solutions (12µg/

mL).
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Figure: 3.16. Representation of chromatogram caffeine standard solutions (15µg/mL).

Figure:  3.17.  Representation  of  chromatogram  for  salicylic  acid  standard  solutions

(15µg/mL)
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Figure: 3.18. Representation of chromatogram for sulpiride standard solutions (15µg/mL)

Figure: 3.19. Representation of chromatogram propranolol standard solutions (10µg/mL)
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Figure:  3.20.  Representation  of  chromatogram  for  untreated  (blank)  microbial  mass

harvested from small intestine of rat.

Figure: 3.21. Chromatogram of a paracetamol-treated sample at 4 hours post-paracetamol

oral treatment (75 mg/kg of BW) sampling time.
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Figure: 3.22. Chromatogram of paracetamol-treated sample at 5 hours post-paracetamol

oral treatment (75 mg/kg of BW) sampling time.

Figure:  3.23.  Chromatogram  of  phenobarbital-treated  sample  at  3  hours  post-

phenobarbital oral treatment (15 mg/kg of BW) sampling time.
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Figure:  3.24.  Chromatogram  of  phenobarbital-treated  sample  at  4  hours  post-

phenobarbital oral treatment (15 mg/kg of BW) sampling time.

Figure:  3.25.  Chromatogram  of  phenobarbital-treated  sample  at  5  hours  post-

phenobarbital oral treatment (15 mg/kg of BW) sampling time.
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Figure:  3.26.  Chromatogram  of  caffeine-treated  sample  at  2  hours  post-caffeine  oral

treatment (25 mg/kg of BW) sampling time.

Figure:  3.27.  Chromatogram  of  caffeine-treated  sample  at  3  hours  post-caffeine  oral

treatment (25 mg/kg of BW) sampling time.
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Figure:  3.28.  Chromatogram  of  caffeine-treated  sample  at  4  hours  post-caffeine  oral

treatment (25 mg/kg of BW) sampling time.

Figure:  3.29.  Chromatogram  of  caffeine-treated  sample  at  5  hours  post-caffeine  oral

treatment (25 mg/kg of BW) sampling time.
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Figure: 3.30. Chromatogram of salicylic acid-treated sample at 2 hours post-salicylic acid

oral treatment (50 mg/kg b-w) sampling time.

Figure:  3.31.  Chromatogram of  sulpiride-treated  sample  at  4  hours  post-sulpiride  oral

treatment (20 mg/kg of BW) sampling time.
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Figure:  3.32.  Chromatogram of propranolol-treated sample at 2 hours post-propranolol

oral treatment (2.3 mg/kg of BW) sampling time.

e

Figure:  3.33.  Chromatogram of propranolol-treated sample at 3 hours post-propranolol

oral treatment (2.3 mg/kg of BW) sampling time.
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Table. 3.2. HPLC condition for detection of different drugs.

Drugs* Flow rate 

(ml/min)

Detection 

wave length 

(nm)

Run 

time 

(min)

Retention 

time 

(min±SE)

Paracetamol 1.5 207 10 2.16±0.2

Phenobarbital 1.5 207 10 7.08±0.3

Caffeine 1.5 207 4 2.53±0.3

Salicylic acid 1.5 207 10 8.20±0.2

Sulpiride 0.8 225 6 3.87±0.2

Propranolol 0.6 291 8 4.47±0.2

*Injection volume = 10 µl
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3.4.7.8. Method Validation Studies

3.4.7.8.1. Linearity

Linearity  (r2)  of  paracetamol,  phenobarbital,  caffeine,  salicylic  acid,  sulpiride  and

propranolol was obtained from the calibration curves composed of seven points through plotting

the peaks area of different drugs standard concentrations over linear range of each drug. For each

concentration 10 µl was injected in HPLC system in triplicate set to obtain the mean area for

each point. Correlations of determination (r2) for paracetamol, phenobarbital, caffeine, salicylic

acid, sulpiride and propranolol were 0.997, 0.994, 0.969, 0.997, 0.991 and 0.987, respectively.

3.4.7.8.2. Precision

Precision of the method was evaluated by both intra-day and inter-day precision. Intra-

day precision was determined by injecting 10 µl of three levels of standards for paracetamol,

phenobarbital, caffeine, salicylic acid, sulpiride and propranolol to calculate the peak area values

from 10 repeated analyses of each compound. The same procedure was repeated after 5 days

with the same standard of each compound to determine inter-day precision given in Table 3.3.
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Table 3.3. Intra-day and inter-day precision data of the HPLC method

Drugs* Concentration

(µg/ml)

Intra-day precision Inter-day precision

Peak area RSD

(%)

Peak area RSD (%)

Paracetamol 10 16233.16 1.86 16229.23 0.69

20 29944.43 1.56 29944.20 0.13

30 52240.57 1.05 52238.10 0.94

Phenobarbital 4 7183.53 1.38 7182.69 1.41

8 15895.11 1.59 15895.44 0.93

12 27999.25 1.39 27997.86 0.98

Caffeine 10 3227.36 0.69 3227.89 2.15

15 4695.13 0.89 4693.47 1.65

20 9491.10 1.66 9492. 53 0.78

Salicylic acid 5 2840.21 1.82 2838. 15 0.98

10 4697.01 1.25 4699.33 1.66

15 5574.25 1.68 5573.51 1.42

Sulpiride 5 2826.41 1.23 2826.20 0.61

10 5359.37 0.58 5357.33 1.01

15 8562.18 1.55 8562.70 0.88

Propranolol 10 6391.10 1.41 6389.19 1.00

20 9691.12 1.71 9694.01 1.04

30 14944.12 1.36 14941.34 1.55

*n=10
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3.4.7.8.3. Recovery and Accuracy 

Accuracy  indicates  the  differences  among  peaks  area  of  drug  spiked  blank/control

samples  (microbial  lysate)  with  already  known  concentrations  of  paracetamol  (20  µg/mL),

phenobarbital (8 µg/mL), caffeine (5 µg/mL), salicylic acid (10 µg/mL), sulpiride (10 µg/mL)

and  propranolol  (10  µg/mL)  of  standard  working  solutions. Mean recovery  of  paracetamol,

phenobarbital, caffeine, salicylic acid, sulpiride and propranolol was 98.12%, 93.87%, 92.2%,

94.60%, 91.6% and 92.10%, respectively, within the range of 92-100% given in Table 3.4.

Table  3.4.  Recovery  results  for  paracetamol,  phenobarbital,  caffeine,  salicylic  acid,

sulpiride and propranolol in blank microbial lysate.

Drugs* Concentration in 

Spiked Microbial 

Blank (µg)

Recovery

(µg)

% Recovery RSD (%)

Paracetamol 20 19.62 98.12 3.51

Phenobarbital 8 7.51 93.87 4.84

Caffeine 5 4.61 92.2 3.62

Salicylic acid 15 14.19 94.60 4.22

Sulpiride 10 9.16 91.6 3.20

Propranolol 10 9.21 92.10 1.68

*n=6
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Figure  3.34.  Chromatogram  of  blank  microbial  lysate  samples  spiked  with  20  µg  of

paracetamol.

Figure  3.35.  Chromatogram  of  blank  microbial  lysate  samples  spiked  with  8  µg  of

phenobarbital.
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Figure   3.36.  Chromatogram  of  blank  microbial  lysate  samples  spiked  with  10  µg  of

caffeine.

Figure 3.37. Chromatogram of blank microbial lysate samples spiked with 15 µg of salicylic

acid.
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Figure  3.38.  Chromatogram  of  blank  microbial  lysate  samples  spiked  with  10  µg  of

sulpiride.

Figure  3.39.  Chromatogram  of  blank  microbial  lysate  samples  spiked  with  10  µg  of

propranolol.
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3.4.7.8.4. Reproducibility

Reproducibility is described as relative standard deviation (%RSD) resulted from analyzing

10 replicates for each of 20 µg/mL, 8 µg/mL, 15 µg/mL, 10 µg/mL, 10 µg/mL and 10 µg/mL

standards  of  paracetamol,  phenobarbital,  caffeine,  salicylic  acid,  sulpiride  and  propranolol,

respectively, given in Table 3.4.

3.5.  Evaluation of the Gut Microbiome after 21 days Exposure to the Drugs

 In vivo trials were conducted in normal healthy adult male rats (n=42) by distributing the

animals  in further sub groups such as control without  treatment  designated as A1 (n=6) and

different  drug  treated  groups  A (n=6)  paracetamol-treated,  B (n=6)  phenobarbital-treated,  C

(n=6)  caffeine-treated,  D (n=6)  salicylic  acid-treated,  E  (n=6)  sulpiride-treated  and  F  (n=6)

propranolol-treated  groups  with  daily  single  oral  doses  of  paracetamol  (75  mg/kg  of  BW),

phenobarbital (15 mg/kg of BW), caffeine (200 mg/kg of BW), salicylic acid (50 mg/kg of BW),

sulpiride (20 mg/kg of BW)  and propranolol (2.3 mg/kg of BW) for 21 days, respectively. All

the  drug  doses  were  administered  through  oral  route  with  the  help  of  gastric  feeding  tube

(  specified  as  16-18  gauge  having  length  of  0.79-1.18  cm).  While  control  group  was

administered normal saline as placebo. After treatment,  rats were allowed feeding  ad libitum

until decapitated. Six rats in the control group (A1) and each of post drug administered groups;

A, B, C, D, E and F likely  in  fasted  state  were killed  at  22nd day post-drug administration,

respectively.  The  small  intestine  was  collected  to  isolate  the  microbial  mass  as  previously

described in Step 1 in 3.2. 

3.5.1. Isolation of gDNA

Genomic DNA (gDNA) was isolated from the microbial mass samples obtained from the

small  intestine  of  decapitated  rats  with  a  commercially  available  FavorPrepTM Stool  DNA

Isolation Mini Kit. Genomic concentrations in ng/µl and purity at A260/280 and A260/230 were

assessed and quantified using a NanoDrop spectrophotometer (ND 1000; Corning).

3.5.2. Quantitative Real-Time PCR (qRT-PCR)
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Quantitative real-time PCR (qRT-PCR) was performed on iQ5 Bio-Rad machine with the

help of Maxima SYBR Green/ROX Master Mix (ThermoFisher Scientific). Expression levels of

16S V2, Lactobacillus gene and E .coli gene were determined. All these genes along with their

primer  (provided  by  Invitrogen,  Karlsruhe,  Germany)  sequences  are  shown  in  Table  3.4.

Amplification was done considering steps as given below. 

A. Denaturation was processed by setting temperature 95°C for fifteen seconds.  

B. Annealing step was done at temperature 58°C for thirty seconds.

C. Extension was completed at 72°C for 20 sec, thirty nine cycles.

Data was generated through sample processing by Quantitative real-time PCR (qRT-PCR) and

analyzed by using 2*(- ΔΔct) method.

Table 3.5. Names and source of oligonucleotide primers for microbiota analysis of colony

forming units/100ng of sample

V2 F AGAGTTTGAGCCTGGCTCAG

V2 R TGCTGCCTCCCGTAGGAGT

Lactobacillus F AGCAGTAGGGAATCTTCCA

Lactobacillus R CACCGCTACACATGGAG

E.coli F GTTAATACCTTTGCTCATTGA

E.coli R ACCAGGGTATCTAATCCTGTT

3.6.  Statistical Analysis

Statistical analysis of generated data was conducted through one way analysis of variance

(ANOVA) setting  P≤0.05 to show significance with support of Graph Pad Prism. 6 soft ware

San  Diego,  USA.  The  level  of  significance  between  different  groups  was  determined  by

applying Duncan Multiple Range (DMR) test in CoStat 6.4.
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Chapter 4 

RESULTS

4.1 Gut Microbial Profile in the Healthy Adult Rats

Four normal adult rats aged 10 weeks were used to analyze the normal gut microbiota in

the study. The average body weight, small intestine length, small intestine weight, wet content

weight  in  small  intestine  and  subsequent  microbial  mass  (pellet)  weight  by  the  method  as

previously described in 3.2. are given below in the Table 4.1.

Table 4.1. Different physical parameters observed for isolated small intestine of rats

No Physiological Parameter Mean±SE

1 Body weight (g) 171.5±2.54
2 Small intestine length (cm) 101.25±1.21

3 Small intestine weight (g) 4.56±0.31

4 Wet content weight (g) 1.86±0.14

5 Microbial mass weight (mg) 112.25±7.63

Fastq R1 (Read 1) and Fastq R2 (Read 2) files generated by Illumina sequencing were

received as raw data files from MR. DNA, USA, and joined together through qiime 2 software.

Barcodes were removed and data were trimmed.  Raw count of 250,108 sequences were filtered

through Phred quality 30 to obtain 2,896 counts, which were distributed among 20 phyla, 38

classes, 68 orders, 137 families, 294 genera and 455 species as core microbiota residing in the

small intestine of healthy adult rats (Figure 4.1).

Among the phyla, Firmicutes and Proteobacteria were found to be the most abundantly present,

while Actinobacteria, Bacteroidetes and Cyanobacteria presence was just more than 0.5% each in

all  samples (Figure 4.2).  Among the  classes,  Bacilli,  Gamma proteobacteria,  Actinobacteria,

Alphaproteobacteria, Cyanobacteria and Betaproteobacteria were present predominantly (Figure

4.3).  At  the  order  level, Lactobacillales,  Clostridiales,  Chromatiales,  Enterobacteriales,

Bacillales, Actinomycetales and Pseudomonadales presence were highly significant as compared

to  the  other orders  (Figure  4.4).  Among  families,  Desulfovibrionaceae,  Helicobacteraceae,

Enterococcaceae,  Mycobacteriaceae and Chromatiaceae were most abundantly present (Figure

4.5). Among  genra, Weissella,  Lactobacillus,  Tyzzerella,  Pediococcus,  Enterococcus,
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Rheinheimera and Streptococcus were found to be mainly present (Figure 4.6). Among species,

Weissella cibaria, Lactobacillus johnsonii, Lactobacillus reuteri, Weissella hellenica, Tyzzerella

clostridium colinum and Lactobacillus sakei were abundant (Figure 4.7). In the small intestine of

the healthy rats, the estimated microbial species richness (Figure 4.8) is more consistent while

phylogenetic diversity (PD) is found to vary in community diversity (Figure 4.9).
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Figure: 4.1. Core microbiota within the small intestine of rats.
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Figure: 4.2. Prevalence of phyla in the core microbiota of the rat small intestine.
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Figure: 4.3. Prevalence of classes in the core microbiota of the rat small intestine.
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Figure: 4.4. Prevalence of orders in the core microbiota of the rat small intestine.
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Figure: 4.5. Prevalence of families in the core microbiota of the rat small intestine.
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Figure: 4.6. Prevalence of genera in the core microbiota of the rat small intestine.
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Figure: 4.7. Prevalence of species in the core microbiota of the rat small intestine

70



Figure: 4.8. Principal coordinates analysis P (CoA) plots of unweighted Unifrac distance 

matrix based on Bray Curtis diversity matric. Each color represents a single rat. 
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Figure: 4.9.  Phylogenetic diversity (Alpha diversity) in the rat small intestine.
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4.2. Drug Absorbance by the Microbiome of the Small Intestine in Normal 

Healthy Rats. 

Different  drugs,  paracetamol,  phenobarbital,  caffeine,  salicylic  acid,  sulpiride  and

propranolol, were administered orally each in a single dose to normal healthy rats and sampling

was done at 2, 3, 4, 5 and 6hours post oral drug administration. These drugs were chosen as each

of the drug is  commonly used globally. The details  of the individual  drug treatments  to  the

animals and rates of absorbance by gut microflora are as follow:

4.2.1. Paracetamol-treated Group

The in vivo experiment  was run in adult  healthy male rats  (N=36) further divided in

without any treatment (A1) i-e control group and drug treatment groups (A2, A3, A4, A5 and

A6) with N=6 rats  in each group. Paracetamol 75 mg/kg body weight  in  a single dose was

administered  through oral  route.  Paracetamol  treated  groups;  A2,  A3,  A4,  A5 and A6 were

decapitated at 2, 3, 4, 5 and 6 hrs post-drug administration transit time, respectively. Control

group (A1) without any treatment was decapitated initially at very beginning of the experiment.

Body weight  (Table  4.2, Figure 4.10),  small  intestine  length (Table  4.3, Figure 4.11),  small

intestine weight (Table 4.4, Figure 4.12), wet content weight (Table 4.5, Figure 4.13) and total

microbial mass (Table 4.6,  Figure 4.14) mean ± SE showed insignificant differences (P≥0.05)

among control group and paracetamol-treated groups. Microbial mass was lysed by acetonitrile

to  obtain  microbial  lysate,  which  was  dried  under  nitrogen  gas.  Dried  microbial  lysate  was

dissolved  in  800  µL  of  referenced  mobile  phase.  Ten  microliters  of  microbial  lysate  were

injected into the HPLC system to analyze results at a wave length of 207 nm (Franeta et al.,

2002). 

Paracetamol was not identified in the microbial lysate of the control group (A1) and drug

treated groups; A2, A3 and A6 at 0, 2, 3 and 6 hours post-drug administration intestinal transit

time  of  sampling  by  RP-HPLC-UV,  respectively.  While  the  paracetamol  absorbance  by  the

microbiome was observed in  the group A4 and A5 only at  4 and 5 hours  post-paracetamol

administration respectively. Amount of paracetamol absorbed by whole intestinal microbiome

was  significantly  (P≤0.05)  higher  in  group  A4,  i.e.,  4  hour  post-paracetamol  administration

transit  time as compared to 5 hour  post-drug administration in group A5 (Table 4.7,  Figure
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4.15). Maximum paracetamol absorbance (µg) per mg by the microbial mass (Table 4.8, Figure

4.16) was observed in group A4. The absorbance of paracetamol was found to be higher in A4

(P≤0.05). Percent dose recovery was also found to be higher (P≤0.05) significantly in group A4

at 4 hour post-drug administration transit time as compared to the group A5 (Table 4.9, Figure

4.17). Maximum drug absorbance was observed at 4 hours while maximum post-administration

time was 5 hours at which drug was found in significant amount in the intestinal microbiome.

While drug was not detected in any of the samples at 6 hours post-drug administration transit

time  in  the  gut  microbiome.  Strong  positive  correlation  was  observed  between  total  drug

absorption and the percent dose recovery.
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Table 4.2. Mean body weight (g ± SE) of control and treated groups at different intestinal 
transit times post-paracetamol oral treatment (75 mg/kg of body weight).

Group; Transit Time Body Weight (g)* 

Control (A1) 166±3.21

A2; 2 hours 183.16±6.77

A3; 3 hours 169.33±2.87

A4; 4 hours 168.83±6.93

A5; 5 hours 170.16±6.83

A6; 6 hours 167.5±2.84

*n=6

Figure  4.10.  Body  weights  (g  ±  SE,  n=6)  determined  in  various  groups;  A1=  Control

without  treatment  and  drug  treated  groups  on  the  bases  of  post-paracetamol  oral

treatment (75 mg/kg of body weight) sampling time: A2=2hours, A3=3hours, A4 =4hours,

A5= 5hours and A6=6hours.
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Table 4.3. Mean small intestine length (cm ± SE) of control and treated groups at different

intestinal transit times post-paracetamol oral treatment (75 mg/kg of body weight).

Group; Transit Time Small Intestine Length
(cm)*

Control (A1) 102.83±2.03

A2; 2 hours 107.66±1.47

A3; 3 hours 110.83±0.87

A4; 4 hours 105.83±2.35

A5; 5 hours 106±2.69

A6; 6 hours 106.66±1.05

*n=6

Figure  4.11.  Small  intestine  length  (cm  ±  SE,  n=6)  determined  in  various  groups;

A1=Control without treatment and drug treated groups on the bases of post-paracetamol

oral  treatment  (75  mg/kg  of  body  weight)  sampling  time:  A2=2hours,  A3=3hours,

A4=4hours, A5=5hours and A6=6hours.
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Table 4.4. Mean small intestine weight (g ± SE) of control and treated groups at different 
intestinal transit times post-paracetamol oral treatment (75 mg/kg of body weight).

Group; Transit Time Small Intestine Weight
(g)*

Control (A1) 6.97±0.32

A2; 2 hours 7.68±0.38

A3; 3 hours 7.41±0.48

A4; 4 hours 6.89±0.30

A5; 5 hours 6.84±0.18

A6; 6 hours 7.79±0.71

*n=6

Figure  4.12. Small  intestine  weight  (g ± SE,  n=6)  determined in various  groups:  A1 =

Control  without  treatment  and  treated  groups  on  the  bases  of  post-paracetamol  oral

treatment (75 mg/kg of body weight) sampling times: A2=2hours, A3=3hours, A4 =4hours,

A5=5hours and A6=6hours. 
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Table 4.5. Mean wet content weight (g ± SE) of control and treated groups at different 
intestinal transit times post-paracetamol oral treatment (75 mg/kg of body weight).

Group; Transit Time Wet Content Weight
(g)*

Control (A1) 2.73±0.32

A2; 2 hours 2.84±0.19

A3; 3 hours 2.80±0.31

A4; 4 hours 2.82±0.26

A5; 5 hours 2.26±0.15

A6; 6 hours 2.52±0.21

*n=6

. 

Figure 4.13. Wet content (g ± SE, n=6) determined in various groups: A1 = Control without

any treatment and treated groups on the bases of post-paracetamol oral treatment (75 mg/

kg of body weight) sampling times: A2=2hours, A3=3hours, A4=4hours, A5=5hours and

A6=6hours.

78



 Table 4.6.  Mean microbial  mass (mg  ± SE) of control and treated groups at different

intestinal transit times post-paracetamol oral treatment (75 mg/kg of body weight).

Group; Transit Time Microbial Mass (mg)*

Control (A1) 128.33±12.44

A2; 2 hours 132.16±15.13

A3; 3 hours 118.66±11.5

A4; 4 hours 121.5±10.06

A5; 5 hours 134.33±7.12

A6; 6 hours 138.83±5.48

*n=6

Figure 4.14. Microbial mass (mg ± SE, N=6) determined in various groups: A1 = Control

without treatment  and treated groups on the bases  of  post-paracetamol  oral  treatment

(75mg/kg  of  body  weight)  sampling  times:  A2=2hours,  A3=3hours,  A4=  4hours,  A5

=5hours and A6=6hours. 
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Table 4.7. Mean total drug absorbance (µg ± SE) of control and treated groups at different 
intestinal transit times post-paracetamol oral treatment (75 mg/kg of body weight).

Group; Transit Time Drug Absorbance (µg)*

Control (A1) Nil

A2; 2 hours Nil

A3; 3 hours Nil

A4; 4 hours 1666.83±90.57a

A5; 5 hours 265±16.51b

A6; 6 hours Nil

a-bMean values within a column, presenting a different superscript describes significance  among

different groups (P<0.05). *n=6

 Figure  4.15.  Total  paracetamol  absorbance  (µg  ±  SE,  n=6)  by  the  whole  microbiome

determined in various groups: A1 = Control without treatment and treated groups on the

bases  of  post-paracetamol  oral  treatment  (75  mg/kg  of  body  weight)  sampling  times:

A2=2hours, A3=3hours, A4 =4hours, A5= 5hours and A6=6hours. Alphabets on mean bars

present difference in significance among different groups (P≤0.05).
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Table 4.8. Mean microbial absorbance of paracetamol per mg of microbial mass (µg ± SE)

of control and treated groups at different intestinal transit  times post-paracetamol oral

treatment (75 mg/kg of body weight).

Group; Transit Time Absorbance (µg)*

Control (A1) Nilc

A2; 2 hours Nilc

A3; 3 hours Nilc

A4; 4 hours 14.10±0.75a

A5; 5 hours 1.96±0.06b

A6; 6 hours Nilc

a-cMean values within a column, presenting a different superscript describes significance  among 

different groups (P<0.05).*n=6

Figure 4.16. Paracetamol absorbance (µg ± SE, n=6) per mg of microbial mass determined

in various groups: A1 = Control without treatment and treated groups on the bases of post-

paracetamol  oral  treatment  (75  mg/kg  of  body  weight)  sampling  times:  A2=2hours,

A3=3hours,  A4 =4hours,  A5= 5hours and A6=6hours.  Alphabets on mean bars present

difference in significance among different groups (P≤0.05).
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Table 4.9. Mean percent dose recovery of paracetamol (% ± SE) of control and treated 
groups at different intestinal transit time post paracetamol oral treatment (75 mg/kg of 
body weight).

Group; Transit Time Dose Recovery (%)

Control (A1) Nilc

A2; 2 hours Nilc

A3; 3 hours Nilc

A4; 4 hours 13.17±0.55a

A5; 5 hours 2.09±0.18b

A6; 6 hours Nilc

a-cMean  values  within  a  column,  presenting  a  different  superscript  describes   significant

difference with each other (P<0.05)

*n=6

Figure 4.17. Percentage dose recovery (% ± SE, N=6) from paracetamol administered dose

determined in various groups: A1 = Control without treatment and treated groups on the

bases  of  post-paracetamol  oral  treatment  (75  mg/kg  of  body  weight)  sampling  times:

A2=2hours, A3=3hours, A4 =4hours, A5= 5hours and A6=6hours. Alphabets on mean bars

present difference in significance among different groups (P≤0.05).
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4.2.2. Phenobarbital-treated groups

The in vivo study was performed in normal healthy adult male rats (n=36) by distributing

the animals into following sub-groups; control B1 (n=6) and phenobarbital-treated groups (n=30)

B2, B3, B4, B5 and B6 having equal no of rats which were administered with single oral dose of

15 mg/kg of body weight. After oral administration of phenobarbital, rats remained  ad libitum

feeding until decapitated. Phenobarbital treated groups B2, B3, B4, B5 and B6 were decapitated

at 2, 3, 4, 5 and 6 hrs post phenobarbital  administration intestinal transit times,  respectively.

Animals in control group B1 were killed at the beginning of the study. Total body weight (Table

4.10, Figure 4.18), small intestine length (Table 4.11, Figure 4.19), weight of small intestine

(Table 4.12, Figure 4.20), wet content weight (Table 4.13, Figure 4.21) and total microbial mass

(Table 4.14, Figure 4.22) mean ± SE exhibited insignificant (P≥0.05) difference among control

group and phenobarbital-treated groups. Microbial mass was lysed by acetonitrile to obtain the

microbial lysate, which was dried under nitrogen gas. Dried microbial lysate was dissolved in

800 µL of the referenced mobile phase. Ten microliters of microbial lysate were inserted into the

HPLC system to analyze results at a wave length of 207nm (Franeta et al., 2002). 

 Phenobarbital was not detected in the gut microbiome of the group B1 (control), B2 and

B6 at 0, 2 and 6 hours post-drug administration intestinal transit times of sampling by RP-HPLC-

UV, respectively. However, the drug absorbance by the gut microbiome was seen in groups B3,

B4 and B5 at 3, 4 and 5 hours post-drug administration. Total phenobarbital absorbance by the

gut  microbiome  was  significantly  (P≤0.05)  higher  in  group  B4  (4  hours)  post-drug

administration transit time as compared to the remaining groups (Table 4.15, Figure 4.23). Drug

absorbance by the gut microbiome was also observed in groups B3 and B5 significantly higher

(P≤0.05) compared to control group, B2 and B6, but not significant (P≥0.05) compared to B1.

Maximum phenobarbital absorbance (µg) per mg of microbial mass (Table 4.16, Figure 4.24)

was  found  significantly  (P≤0.05)  higher  in  group  B4  as  compared  to  all  other  groups.

Phenobarbital  percent dose recovery was significantly higher (P≤0.05) in group B4 (4 hours)

post-drug  administration  as  compared  to  groups  B3  and  B5  at  3  and  5  hours  post-drug

administration (Table 4.17,  Figure 4.25) respectively. Maximum phenobarbital absorbance was

observed  in  group  B4  at  4  hours  post  drug  administration,  while  maximum  post-drug

administration time was 5 hours at  which phenobarbital  was detected.  Drug absorbance was
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initially observed in samples after 3 hours post-drug administration and continued until 5 hours

post-drug  administration  transit  time.  Phenobarbital  was  not  detected  at  6  hours  post-drug

administration time

Table 4.10. Mean body weight (g ± SE) of control and treated groups at different intestinal

transit times post-phenobarbital oral treatment (15 mg/kg of body weight).

Group; Transit Time Body Weight (g)*

Control (B1) 171.2±3.29

B2; 2 hours 186.5±9.28

B3; 3 hours 175.5±4.62

B4; 4 hours 173.8±7.90

B5; 5 hours 181.7±3.41

B6; 6 hours 168.2±2.84

*n=6

Figure  4.18.  Body weights  (g ±  SE,  N=6) determined in  various  groups:  B1 = Control

without treatment and groups on the bases of post-phenobarbital oral treatment (15 mg/kg

of body weight) at sampling times B2=2hours, B3=3hours, B4=4hours, B5= 5hours and B6=

6hours. 
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Table 4.11. Mean small intestine length (cm ± SE) of control and treated groups at different

intestinal transit times post-phenobarbital oral treatment (15 mg/kg of body weight).

Group; Transit Time Small Intestine Length
(cm)*

Control (B1) 104.8±1.60

B2; 2 hours 108.1±0.90

B3; 3 hours 104.8±1.37

B4; 4 hours 106±0.93

B5; 5 hours 108.1±0.87

B6; 6 hours 106.6±1.05

*n=6

Figure 4.19. Small intestine length (cm ± SE, N=6) determined in various groups: B1 =

Control without treatment and drug treated groups on the bases of post-phenobarbital oral

treatment (15 mg/kg of body weight) at sampling times B2=2hours, B3=3hours, B4=4hours,

B5= 5hours and B6= 6hours.

85



Table 4.12. Mean small intestine weight (g ± SE) of control and treated groups at different 
intestinal transit times post-phenobarbital oral treatment (15 mg/kg of body weight).

Group; Transit Time Small Intestine
Weight (g)*

Control (B1) 5.75±0.35

B2; 2 hours 5.67±0.37

B3; 3 hours 5.95±0.30

B4; 4 hours 5.30±0.62

B5; 5 hours 5.19±0.35

B6; 6 hours 5.95±5.86

*n=6

Figure  4.20. Small  intestine  weight  (g  ±  SE,  N=6)  determine  in  various  groups:  B1  =

Control without treatment and drug treated groups on the bases of post-phenobarbital oral

treatment (15 mg/kg of body weight) at sampling times B2=2hours, B3=3hours, B4=4hours,

B5= 5hours and B6= 6hours. 
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Table 4.13. Mean wet content weight (g  ± SE) of control and treated groups at different
intestinal transit times post-phenobarbital oral treatment (15 mg/kg of body weight).

Group; Transit Time Wet Content Weight
(g)*

Control (B1) 2.73±0.32

B2; 2 hours 2.64±0.17

B3; 3 hours 2.23±0.18

B4; 4 hours 2.52±0.25

B5; 5 hours 2.45±2.04

B6; 6 hour 2.35±0.29

*n=6

Figure  4.21:  Wet  content  (g  ±  SE,  N=6)  determined  in  various  groups:  B1  =  Control

without  treatment  and  drug  treated  groups  on  the  bases  of  post-phenobarbital  oral

treatment (15 mg/kg of body weight) at sampling times B2=2hours, B3=3hours, B4=4hours,

B5= 5hours and B6= 6hours. 
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Table 4.14:  Mean microbial  mass  (µg  ± SE) of  control  and treated groups at different

intestinal transit times post-phenobarbital oral treatment (15 mg/kg of body weight).

Group; Transit Time Microbial Mass (µg)*

Control (B1) 128.3±12.4

B2; 2 hours 118.8±11.4

B3; 3 hours 125.3±5.67

B4; 4 hours 125.5±5.47

B5; 5 hours 116.6±7.14

B6; 6 hours 114.5±7.88

*n=6

Figure 4.22. Microbial mass (mg ±SE, N=6)  determined in various groups: B1 = Control

without  treatment  and  drug  treated  groups  on  the  bases  of  post-phenobarbital  oral

treatment (15 mg/kg of body weight) at sampling times B2=2hours, B3=3hours, B4=4hours,

B5= 5hours and B6= 6hours. 
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Table  4.15:  Mean  total  drug  absorbance  (µg  ±  SE)  of  control  and  treated  groups  at
different  intestinal  transit  times post-phenobarbital  oral  treatment  (15  mg/kg  of  body
weight).

Group; Transit Time Drug Absorbance (µg)*

Control (B1) Nilc

B2; 2 hours Nilc

B3; 3 hours 74.6±14.6b

B4; 4 hours 149.0±5.93a

B5; 5 hours 80.4±3.58b

B6; 6 hours Nilc

a-cMean values within a column, indicating a different superscript represent significant difference from

each other (P<0.05).*n=6

 Figure 4.23: Total phenobarbital absorbance (µg ± SE, N=6) by microbiome determined in

various groups: B1 = Control and drug treated groups on the bases of post-phenobarbital

oral  treatment  (15  mg/kg  of  body  weight)  at  sampling  times  B2=2hours,  B3=3hours,

B4=4hours, B5= 5hours and B6= 6hours. Alphabets on mean bars present difference in

significance among different groups (P≤0.05).
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Table 4.16: Mean microbial absorbance per mg of microbial mass (µg ± SE) of control and

treated different intestinal transit  times post-phenobarbital oral treatment (15 mg/kg of

body weight).

Group; Transit Time Absorbance (µg)*

Control (B1) Nilc

B2; 2 hours Nilc

B3; 3 hours 0.60±0.04b

B4; 4 hours 1.19±0.05a

B5; 5 hours 0.70±0.04b

B6; 6 hours Nilc

a-cMean values within a column, presenting a different superscript are significantly different from each

other (P<0.05). *n=6

Figure  4.24:  Phenobarbital  absorbance  (µg  ±  SE,  N=6)  per  mg  of  microbial  mass

determined in various groups: B1 = Control without treatment and groups on the bases of

post-phenobarbital oral treatment (15 mg/kg of body weight) at sampling times B2=2hours,

B3=3hours,  B4=4hours,  B5= 5hours  and B6= 6hours.  Alphabets  on mean bars  present

difference in significance among different groups (P≤0.05).
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Table 4.17: Mean percent dose recovery (%± SE) of control and treated groups at different

intestinal transit times post-phenobarbital oral treatment (15 mg/kg of body weight).

Group; Transit Time Dose Recovery (%)*

Control (B1) Nilc

B2; 2 hours Nilc

B3; 3 hours 2.82±0.12b

B4; 4 hours 5.73±0.19a

B5; 5 hours 2.95±0.14b

B6; 6 hours Nilc

a-cMean values within a column, presenting a different superscript are significantly different from each

other (P<0.05). *n=6

Figure  4.25:  Percentage  dose  recovery  (%±  SE,  N=6)  from  administered  dose  of

phenobarbital determined in various groups: B1 = Control without treatment and drug

treated groups on the bases of post-phenobarbital oral treatment (15 mg/kg of body weight)

at  sampling  times  B2=2hours,  B3=3hours,  B4=4hours,  B5=  5hours  and  B6=  6hours

Alphabets  on  mean  bars  present  difference  in  significance  among  different  groups

(P≤0.05). 
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4.2.3. Caffeine-treated groups

The  in vivo study was run in normal healthy adult male rats (n=36) by distributing the

selected animals into the following groups: control group without drug treatment; C1 (n=6) and

caffeine-treated groups; (n=30) C2, C3, C4, C5 and C6 administered with a single oral dose (25

mg/kg of body weight). After oral treatment, rats were free to  ad libitum feeding until killed.

Caffeine treated groups; C2, C3, C4, C5 and C6 were decapitated at time intervals of 2, 3, 4, 5

and 6 hrs post-caffeine administration intestinal transit times, respectively.  The animals from

control group (C1) were decapitated at the very beginning of the experiment for collection of the

small intestine. Total  body weight (Table 4.18, Figure 4.26), the small intestine length (Table

4.19, Figure 4.27), weight of small intestine (Table 4.20, Figure 4.28),  the wet content weight

(Table 4.21, Figure 4.29) and extracted total microbial mass (Table 4.22, Figure 4.30) mean ± SE

demonstrated  insignificant  (P≥0.05)  difference  among  the  control  group and caffeine-treated

groups. Furthermore, microbial mass was lysed by acetonitrile to unveil microbial lysate, which

was dried under nitrogen gas. Resulted dried microbial lysate pallet was dissolved in 800 µl of

the referenced mobile phase. Ten microliters of microbial lysate were injected into the HPLC

system to obtain peaks at a wave length of 207 nm (Franeta et al., 2002). 

Caffeine was not detected in the gut microbiota of groups C1 (control) and C6 at 0 and 6

hours post-drug administration times of sampling by RP-HPLC-UV, respectively. However, the

drug absorbance by the gut microbiome was observed in the groups C2 (2 hours), C3 (3 hours),

C4 (4 hours) and C5 (5 hours) post-drug administration. Total caffeine absorbance by the gut

microbiome was significantly (P≤0.05) higher in group C2 (2 hours) post-drug administration

time compared to all other groups (Table 4.23, Figure 4.31). Caffeine absorbance was also found

in the gut microbiome of drug treated groups C3, C4 and C5. Drug absorbance measured in

Group C3 was significantly (P≤0.05) higher than in groups C4 and C5, while drug absorbance in

C4 was significantly (P≤0.05) higher than in C5. While caffeine absorbance observed in group

C5 was significantly  different  (P≤0.05) than in groups C6 and control  group C1. Maximum

caffeine absorbance (µg) per mg of the microbial mass (Table 4.24, Figure 4.32) was seen in the

group C2 (2 hours) as compared to the remaining groups and was found to be significantly

(P≤0.05) higher. Caffeine absorbance per mg of microbial mass was also observed in groups C3,

C4 and C5, which exhibited significant difference (P≤0.05) between each other and to groups C6
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and C1 as well. Caffeine dose recovery (%) was significantly (P≤0.05) higher in group C2 at 2

hours post-drug administered sampling time as compared to groups C3, C4 and C5 at 3, 4 and 5

hours transit time (Table 4.25, Figure 4.33). Maximum drug absorption was seen in the group

C2, i.e., 2 hours post-drug administered sampling time, while maximum post-drug administration

time  was  5  hours  at  which  drug was  detected.  Drug absorbance  by  the  gut  microbiota  was

initially observed in the post-drug administered samples taken at 2 hours and continued until 5

hours post-drug administration. No drug was detected at 6 hours post-drug administered samples.
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Table  4.18.  Mean  body  weight  (g  ±  SE)  of  control  and  treated  groups  at  different

intestinal transit times post-caffeine oral treatment (15 mg/kg of body weight).

Group; Transit Time Body Weight (g)*

Control (C1) 163±2.35

C2; 2hours 175±4.74

C3; 3 hours 173.5±9.23

C4; 4 hours 162.2±3.13

C5; 5 hours 153.7±4.54

C6; 6 hours 167.5±2.86

*n=6

Figure 4.26.  Body weights  (gm ± SE,  N=6) determined in various groups:  C1; Control

without  any  treatments  and  drug  treated  groups  on  the  bases  of  post-caffeine  oral

treatment (25 mg/kg of body weight) sampling time: C2=2hours, C3= 3hours, C4=4 hours,

C5=5 hours and C6=6hours.
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Table 4.19. Mean small intestine length (cm ± SE) of control and treated groups at different

intestinal transit times post-caffeine oral treatment (15 mg/kg of body weight).

Group; Transit Time Small Intestine Length
(cm)*

Control (C1) 101.6±2.43

C2; 2 hours 96.8±1.27

C3; 3 hours 95.1±1.97

C4; 4 hours 96.6±1.92

C5; 5 hours 98±2.14

C6; 6 hours 106.6±1.05

*n=6

Figure  4.27.  Small  intestine length  (cm ± SE,  N=6) determined in various groups:  C1;

Control without any treatment and drug treated groups on the bases of post-caffeine oral

treatment (25 mg/kg of body weight) sampling time: C2=2hours, C3= 3hours, C4=4 hours,

C5=5 hours and C6=6hours. 
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Table 4.20. Mean small intestine weight (gm ±SE) of control and treated groups at different
intestinal transit times post-caffeine oral treatment (15 mg/kg of body weight).

Group; Transit Time Small Intestine Length
(cm)*

Control (C1) 4.76±0.33

C2; 2 hours 5.37±0.41

C3; 3 hour 5.43±0.53

C4; 4 hour 5.51±0.24

C5; 5 hour 5.25±0.43

C6; 6 hour 7.79±0.71

*n=6

Figure  4.28.  Small  intestine  weight  (gm ±SE,  N=6)  determined  in  various  groups:  C1;

Control (untreated), groups on the bases of post-caffeine oral treatment (25 mg/kg of body

weight) sampling time: C2=2hours, C3= 3hours, C4=4 hours, C5=5 hours and C6=6hours. 
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Table 4.21. Mean wet content weight (g ± SE) of control of control and treated groups at

different intestinal transit times post-caffeine oral treatment (15 mg/kg of body weight).

Group; Transit Time Wet Content Weight

(g)*

Control (C1) 2.43±0.38

C2; 2 hours 2.20±0.19

C3; 3 hours 2.12±0.22

C4; 4 hours 2.13±0.22

C5; 5 hours 1.99±0.14

C6; 6 hours 2.52±0.20

*n=6

Figure  4.29.  Wet  content  (gm  ±  SE,  N=6)  determined  in  various  groups  C1;  Control

without  treatment  and treated  groups  on the  bases  of  post-caffeine  oral  treatment  (25

mg/kg of body weight) sampling time: C2=2hours, C3= 3hours, C4=4 hours, C5=5 hours

and C6=6hours. 
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Table 4.22: Mean microbial mass (mg ± SE) of control of control and treated groups at 
different intestinal transit times post-caffeine oral treatment (15 mg/kg of body weight).

Group; Transit Time Microbial Mass (mG)*

Control (C1) 113.5±6.60

C2; 2 hours 114±8.72

C3; 3 hours 105.6±7.80

C4; 4 hours 112±9.96

C5; 5 hours 102.1±8.23

C6; 6 hours 138.8±5.48

*n=6

Figure 4.30. Microbial mass (mg ± SE, N=6) determined in various groups: C1; Control

(untreated), groups on the bases of post-caffeine oral treatment (25 mg/kg of body weight)

sampling time: C2=2hours, C3= 3hours, C4=4 hours, C5=5 hours and C6=6hours. 
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Table 4.23.  Mean total drug absorbance (µg ± SE) from control and treated groups at

different intestinal transit times post-caffeine oral treatment (15 mg/kg of body weight).

Group; Transit Time Drug Absorbance (µg)*

Control (C1) Nile

C2; 2 hours 1376.6±86.0a

C3; 3 hours 514±0b

C4; 4 hours 294.4±16.22c

C5; 5 hours 122±9.28d

C6; 6 hours Nile

a-eMean  values  within  a  column,  presenting  a  different  superscript  describes   significant

difference with each other (P<0.05) n*=6

Figure  4.31.  Total  caffeine  absorbance  (µg  ±  SE,  N=6)  by  the  whole  small  intestine

microbiome  determined  in  various  groups:  C1  =  Control  without  treatment  and  drug

treated groups on the bases of post caffeine oral treatment (25 mg/kg of body weight) at

sampling  times  C2=2hours,  C3=  3hours,  C4=4  hours,  C5=5  hours  and  C6=6hours.

Alphabets  on  mean  bars  present  difference  in  significance  among  different  groups

(P≤0.05).
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Table 4.24: Mean microbial absorbance per mg of microbial mass (µg ± SE) of control of 
control and treated groups at different intestinal transit time post caffeine treatment 
(25mg/kg b-w).

Group; Transit Time Absorbance (mg)*

Control (C1) Nile

C2; 2 hours 12.14±0.25a

C3; 3 hours 4.93±0.30b

C4; 4 hours 2.71±0.22c

C5; 5 hours 1.23±0.15d

C6; 6 hours Nile

Mean Body Weight (g)* 3.50±0.48

a-eMean values within a column, presenting a different superscript describes  significant 

difference with each other(P≤0.05). *n=6

Figure 4.32. Caffeine absorbance per mg of microbial mass (µg ± SE, N=6) determined in

various  groups: C1;  Control  (untreated),  groups  on  the  bases  of  post  caffeine  oral

treatment (25 mg/kg b-w) sampling time: C2=2hours, C3= 3hours, C4=4 hours, C5=5 hours

and C6=6hours. Alphabets on mean bars present difference in significance among different

groups (P≤0.05).
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Table 4.25: Mean of percent dose recovery (% ± SE) of control of control and treated 
groups at different intestinal transit time post caffeine treatment (25 mg/kg b-w).

Group; Transit Time Dose Recovery (%)*

Control (C1) Nile

C2; 2 hours 31.60±2.33 a

C3; 3 hours 11.86±0.48 b

C4; 4 hours 7.24±0.32c

C5; 5 hours 3.18±0.63d

C6; 6 hours Nile

a-eMean values within a column, presenting a different superscript describes  significant 

difference with each other (P<0.05). *n= 6

Figure 4.33. Percentage dose recovery (% ± SE, N=6) for administered dose of caffeine

determined in various groups: C1 = Control group and drug treated groups on the bases of

post caffeine oral treatment (25 mg/kg of body weight) at sampling times C2=2hours, C3=

3hours,  C4=4  hours,  C5=5  hours  and  C6=6hours.  Alphabets  on  mean  bars  present

difference in significance among different groups (P≤0.05).
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4.2.4. Salicylic acid-treated groups

The  in  vivo experiment  was  proceeded  in  normal  healthy  adult  male  rats  (n=36)  by

distributing the animals into control D1 (n=6) without any treatment and salicylic acid-treated

groups (n=30) D2, D3, D4, D5 and D6 each with (n=6) which were administered orally with a

single dose (50 mg/kg of body weight). After treatment, rats were allowed  ad libitum feeding

until killed. Salicylic acid treated groups; D2, D3, D4, D5 and D6 were decapitated at intervals

of 2, 3, 4, 5 and 6 hrs post-drug administration intestinal transit time, respectively. Untreated

control group (D1) was killed at the start of the experiment. Parameters such total body weight

(Table 4.26, Figure 4.34), small intestine length (Table 4.27, Figure 4.35), small intestine weight

(Table 4.28, Figure 4.36), total wet content weight (Table 4.29, Figure 4.37) and total microbial

mass (Table 4.30,  Figure 4.38) mean ± SE, N=6 highlighted insignificant (P≥0.05) difference

among the control group and different salicylic  acid-treated groups. The microbial  mass was

lysed by adding 1mL acetonitrile  to  attain  microbial  lysate  that  was dried completely  under

nitrogen gas. Resulted solid pallet  of microbial  lysate was dissolved in 800 µl of referenced

mobile phase. Ten microliters of microbial lysate solution was passed through the HPLC system

to generate peaks in chromatogram at a wave length of 207 nm (Franeta et al., 2002). 

During  HPLC analysis,  no  drug  was  detected  in  the  gut  microbiome  of  groups  D1

(control),  D3, D4, D5 and A6 at  0,  3,4 ,5 and 6 hrs post-drug administered  sampling  time,

respectively. However, the salicylic acid absorbance by the microbiome was observed only in

group  D2  at  2  hours  post-salicylic  acid  administration.  Total  salicylic  acid  absorbance  was

significantly (P≤0.05)  higher in group D2, i.e., 2 hours post-drug administered sampling time as

compared to the control D1 and all other salicylic acid-treated groups; D3, D4, D5 and D6 at 0,

3, 4, 5 and 6 hrs post-drug administered sampling time, respectively (Table 4.30, Figure 4.38).

Maximum salicylic acid absorbance (µg) per mg of microbial mass (Table 4.31, Figure 4.39) was

observed in group D2 as compared to all other groups and was found to be significantly (P≤0.05)

higher. Percent dose recovery of salicylic acid was significantly (P≤0.05) higher in the group D2

after 2 hours post-drug administered sampling time as compared to the remaining groups (Table

4.32, Figure 4.40). Maximum transit time of salicylic acid at which the maximum concentration

of the drug absorbed by the microbiome was 2 hours post-salicylic  acid administration after

which no drug was detected in the microbiome of any sample.
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Table 4.26. Mean body weight (g ± SE) of control and treated groups at different intestinal 

transit times post-salicylic acid oral treatment (50 mg/kg of body weight).

Group; Transit Time Body Weight (g)*

Control (D1) 168.7±2.36

D2; 2 hours 168.0±6.58

D3; 3 hours 176±8.06

D4; 4 hours 160.7±3.31

D5; 5 hours 162.7±5.66

D6; 6 hours 167.5±2.86

*n=6

Figure 4.34. Body weights (g ± SE) determined in various groups: D1 = Control (untreated)

and treated groups on the bases of post-salicylic acid oral treatment (50 mg/kg of body

weight) sampling time: D2=2hours, D3=3hour, D4=4 hours, D5=5hours and A6=6 hours.

103



Table 4.27. Mean small intestine length (cm ± SE) of control and salicylic acid treated 

groups at different intestinal transit times post-salicylic acid oral treatment (50 mg/kg of 

body weight).

Group; Transit Time Body Weight (g)*

Control (D1) 104±1.87

D2; 2 hours 97.33±1.58

D3; 3 hours 96.5±0.88

D4; 4 hours 95.83±1.81 

D5; 5 hours 98.33±2.17 

D6; 6 hours 106.6±1.05 

*n=6

Figure 4.35. Small intestine length (cm ± SE, N=6) determined in various groups: D1 =

Control group and drug treated groups on the bases of post-salicylic acid oral treatment

(50 mg/kg of body weight) sampling time: D2=2hours, D3=3hour, D4=4 hours, D5=5hours

and A6=6 hours.
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 Table 4.28. Mean small intestine weight (g ± SE) of control and treated groups at different

intestinal transit times post-salicylic acid oral treatment (50 mg/kg of body weight).

Group; Transit Time Small Intestine Weight

(g)*

Control (D1) 4.76±0.33

D2; 2 hours 5.34±0.41

D3; 3 hours 5.61±0.39

D4; 4 hours 5.32±0.31

D5; 5 hours 5.58±0.27

D6; 6 hours 4.82±0.71

*n=6

Figure 4.36.  Small  intestine weight (g ± SE,  N=6) determined in various groups:  D1 =

Control group and drug treated groups on the bases of post-salicylic acid oral treatment

(50 mg/kg of body weight) sampling time: D2=2hours, D3=3hour, D4=4 hours, D5=5hours

and A6=6 hours. 

105



Table 4.29. Mean wet content weight (g ± SE) of control and treated groups at different 
intestinal transit times post-salicylic acid oral treatment (50 mg/kg of body weight).

Group; Transit Time Wet Content

Weight (g)*

Control (D1) 1.83±0.15

D2; 2 hours 1.96±0.24

D3; 3 hours 1.88±0.20

D4; 4 hours 1.97±0.21

D5; 5 hours 1.90±0.14

D6; 6 hours 2.52±0.20

*n=6

Figure 4.37. Wet content (g ± SE, N=6) determined in various groups: D1 = Control group

and drug treated groups on the bases of post-salicylic acid oral treatment (50 mg/kg of

body weight) sampling time: D2=2hours,  D3=3hour, D4=4 hours,  D5=5hours and A6=6

hours.
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Table 4.30: Mean microbial  mass (mg  ± SE) of control and treated groups at different

intestinal transit times post-salicylic acid oral treatment (50 mg/kg of body weight).

Group; Transit Time Microbial Mass (mg)*

Control (D1) 115±10.08

D2; 2 hours 113.5±8.93

D3; 3 hours 107.3±5.14

D4; 4 hours 113.8±6.88

D5; 5 hours 105.6±6.14

D6; 6 hours 138.8±5.48

*n=6

Figure 4.38. Microbial mass (mg ± SE, N=6) determined in various groups: D1 = Control,

groups  on  the  bases  of  post-salicylic  acid  oral  treatment  (50  mg/kg  of  body  weight)

sampling time: D2=2hours, D3=3hour, D4=4 hours, D5=5hours and A6=6 hours.
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Table  4.31.  Mean  total  drug  absorbance  (µg  ±  SE)  of  control  and  treated  groups  at

different  intestinal  transit  times  post-salicylic  acid  oral  treatment  (50  mg/kg  of  body

weight).

Group; Transit Time DrugAbsorbance (µg)*

Control (D1) Nilb

D2; 2 hours 145.08±16.41a

D3; 3 hours Nilb

D4; 4 hours Nilb

D5; 5 hours Nilb

D6; 6 hours Nilb

a-bMean  values  within  a  column,  presenting  a  different  superscript  describes   significant

difference with each other (P<0.05).*n= 6

Figure 4.39. Total salicylic acid absorbance (µg ± SE, N=6) by the whole small intestine

microbiome determined in various groups: D1 = Control and drug treated groups on the

bases  of  salicylic  acid  oral  treatment  (50  mg/kg  of  body  weight)  at  sampling  times

D2=2hours, D3=3hour, D4=4 hours, D5=5hours and A6=6 hours.  Alphabets on mean bars

present difference in significance among different groups (P≤0.05).
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Table 4.32. Mean microbial absorbance per mg of microbial mass (µg ± SE) of control and

treated groups at different intestinal transit times post-salicylic acid oral treatment (50 mg/

kg of body weight).

Group; Transit Time Absorbance (µg)*

Control (D1) Nilb

D2; 2 hours 1.26±0.07a

D3; 3 hours Nilb

D4; 4 hours Nilb

D5; 5 hours Nilb

D6; 6 hours Nilb

a-bMean  values  within  a  column,  presenting  a  different  superscript  describes   significant

difference with each other (P<0.05). *n= 6

Figure  4.40. Salicylic  acid  absorbance  per  mg  of  microbial  mass  (µg  ±  SE,  N=6)  for

administered dose of drug  determined in various groups:   D1=Control and drug treated

groups on the bases  of  post-salicylic  acid oral  treatment (50 mg/kg of  body weight)  at

sampling times D2=2hours, D3=3hour, D4=4 hours, D5=5hours and A6=6 hours Alphabets

on mean bars present difference in significance among different groups (P≤0.05).
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Table 4.33. Mean percent dose recovery (% ± SE) of control and treated groups at different

intestinal transit times post salicylic acid-oral treatment (50 mg/kg of body weight).

Group; Transit Time Dose Recovery (%)*

Control (D1) Nilb

D2; 2 hours 1.70±0.16a

D3; 3 hours Nilb

D4; 4 hours Nilb

D5; 5 hours Nilb

D6; 6 hours Nilb

Mean Body Weight (g)* 0.284 ±0.16

a-bMean values within a column, presenting a different superscript are significantly different from

each other (P≤0.05). *n=6

Figure 4.41. Percentage dose recovery (% ± SE, N=6) for administered dose of salicylic acid

determined in various groups: D1 = Control group and drug treated groups on the bases of

post-salicylic acid oral treatment (50 mg/kg of body weight) at sampling times D2=2hours,

D3=3hour,  D4=4  hours,  D5=5hours  and A6=6 hours.  Alphabets  on mean  bars  present

difference in significance among different groups (P≤0.05).
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4.2.5. Sulpiride-treated groups

The in vivo experiment was run in normal healthy adult male rats (n=36) by distributing

the animals into control E1 (n=6) without drug treatment and sulpiride-treated groups (n=30) E2,

E3, E4, E5 and E6 which were administered orally with a single dose (20 mg/kg of body weight).

After treatment, rats were allowed ad libitum feeding until killed. Sulpiride treated groups E2,

E3, E4, E5 and E6 were decapitated at intervals of 2, 3, 4, 5 and 6 hours post-drug administration

intestinal transit time, respectively.   Untreated control group E1 was killed at the start of the

experiment. Parameters such total body weight (Table 4.34, Figure 4.42), small intestine length

(Table 4.35, Figure 4.43), small intestine weight (Table 4.36, Figure 4.44), wet content weight

(Table 4.37, Figure 4.45) and total microbial mass (Table 4.38,  Figure 4.46) mean ± SE, N=6

highlighted insignificant difference (P≥0.05) among the control group and different sulpiride-

treated groups. The microbial  mass was lysed by adding 1mL acetonitrile to attain microbial

lysate that was dried completely under nitrogen gas. Resulted solid pallet of microbial lysate was

reconstituted in 800 µl of referenced mobile phase. Ten microliters of microbial lysate solution

was passed through the HPLC system to generate peaks in chromatogram at a wave length 225

nm (Ghoneim et al., 2014).  

Sulpiride was not detected in the gut microbiome of the groups E1 (control), E2, E3, E5

and  E6 at  0,  2,  3  ,5  and  6  hours  post-drug administration  sampling,  respectively.  Sulpiride

absorbance was observed in group E4 at 4 hours post-drug administration sampling time. Total

sulpiride  absorbance  was  significantly  (P≤0.05)  higher  in  group  E4  (4  hours)  post-drug

administration sampling as compared to control (E1) and all other sulpiride-treated groups; E2,

E3, E5 and E6 at 0,2, 3, 5 and 6 hours post-drug administration sampling time, respectively

(Table 4.39, Figure 4.47). Maximum sulpiride absorbance per mg of microbial mass (Table 4.40,

Figure 4.48) was observed in group E4 as compared to all other groups and was significantly

(P≤0.05) higher. Sulpiride percent dose recovery was significantly (P≤0.05) higher in group E4

at 4 hours post-drug administration sampling time as compared to the remaining groups (Table

4.41, Figure 4.49). The maximum transit time of sulpiride at which maximum concentration of

the drug was absorbed by the microbiome was 4 hours post-sulpiride administration after which

no drug was detected in the microbiome of any sample.
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Table 4.34. Mean body weight (g ± SE) of control and treated groups at different intestinal

transit times post-sulpiride oral treatment (20 mg/kg of body weight). 

Group; Transit Time Body Weight (g)*

Control (E1) 166±3.58

E2; 2 hours 170±6

E3; 3 hours 178±6.31

E4; 4 hours 163±3.23

E5; 5 hours 163±4.05

E6; 6 hours 168±2.86

*n=6

Figure 4.42. Body weights (g ± SE, N=6) determined in various groups: E1 = Control group

and drug treated groups on the bases of post-sulpiride oral treatment (20 mg/kg of body

weight)  at  sampling  times  E2=2  hours,  E3=3hour,  E4=  4hours,  E5=  5hours  and  E6=

6hours. 
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Table 4.35.  Mean of small  intestine length (cm ± SE) of  control  and treated groups at

different intestinal transit times post-sulpiride oral treatment (20 mg/kg of body weight).

Group; Transit Time Body Weight (g)*

Control (E1) 102.3±1.74

E2; 2 hours 96±1.12

E3; 3 hours 96.5±0.88

E4; 4 hours 94.3±2.45

E5; 5 hours 98.1±1.81

E6; 6 hours 106.6±1.05

*n=6

Figure 4.43. Small  intestine length (cm ±SE, N=6)  determined in various groups:  E1 =

Control group and drug treated groups on the bases of post-sulpiride oral treatment (20

mg/kg of body weight) at sampling times E2=2 hours, E3=3hour, E4= 4hours, E5= 5hours

and E6= 6hours.
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Table  4.36.  Mean  of  small  intestine  weight  (g  ±  SE)  of  control  and  treated  groups  at

different intestinal transit times post-sulpiride oral treatment (20 mg/kg of body weight).

Group; Transit Time Small Intestine

Weight (g)*

Control (E1) 4.76±0.33

E2; 2 hours 5.41±0.40

E3; 3 hours 5.74±0.30

E4; 4 hours 5.42±0.25

E5; 5 hours 5.42±0.32

E6; 6 hours 7.79±0.71

*n=6

Figure 4.44. Small intestine weight (gm ±SE, N=6) determined in various groups: E1 =

Control group and drug treated groups on the bases of post-sulpiride oral treatment (20

mg/kg of body weight) at sampling times E2=2 hours, E3=3hour, E4= 4hours, E5=5hours

and E6= 6hours. 
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Table 4.37. Mean of wet content weight (g ± SE) of control and treated groups at different

intestinal transit times post-sulpiride oral treatment (20 mg/kg of body weight).

Group; Transit Time Wet Content Weight

(g)*

Control (E1) 1.85±0.07

E2; 2 hours 1.94±0.17

E3; 3 hours 1.89±0.18

E4; 4 hours 1.65±0.13

E5; 5 hours 1.72±0.20

E6; 6 hours 2.25±0.20

*n=6

Figure 4.45. Wet content (gm ± SE, N=6) determined in various groups: E1 = group and

drug  treated  groups  on  the  bases  of  post-sulpiride  oral  treatment  (20  mg/kg  of  body

weight) at sampling times E2=2 hours, E3=3hour, E4= 4hours, E5=5hours and E6=6hours. 
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Table 4.38.  Mean microbial  mass (mg ± SE) of control  and treated groups at different

intestinal transit times post-sulpiride oral treatment (20 mg/kg of body weight). 

Group; Transit Time Microbial Mass (mg)*

Control (E1) 123.3±8.97

E2; 2 hours 114.5±6.27

E3; 3 hours 108.6±4.14

E4; 4 hours 113.5±9.11

E5; 5 hours 114±6.81

E6; 6 hours 138.8±5.48

*n=6

Figure 4.46. Microbial mass (mg ± SE, N=6) determined in various groups: E1 = Control

group and drug treated groups on the bases of post-sulpiride oral treatment (20 mg/kg of

body  weight)  at  sampling  times  E2=2  hours,  E3=3hour,  E4=  4hours,  E5=5hours  and

E6=6hours. 
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Table  4.39.  Mean  total  drug  absorbance  (µg  ±  SE)  of  control  and  treated  groups  at

different intestinal transit times post-sulpiride oral treatment (20 mg/kg of body weight). 

Group; Transit Time Drug Absorbance (µg)*

Control (E1) 0±0b

E2; 2 hours 0±0b

E3; 3 hours 0±0b

E4; 4 hours 127.2±7.53a

E5; 5 hours 0±0b

E6; 6 hours 0±0b

a-bMean values within a column, presenting a different superscript describes  significant 

difference with each other (P<0.05), *n=6.

Figure  4.47.  Total  sulpiride  absorbance  (µg  ±  SE,  N=6)  by  the  whole  small  intestine

microbiome determined in various groups: E1 = Control group and drug treated groups on

the bases of post-sulpiride oral  treatment (20 mg/kg of body weight) at sampling times

E2=2 hours, E3=3hour, E4= 4hours, E5=5hours and E6=6hours. Alphabets on mean bars

Alphabets  on  mean  bars  present  difference  in  significance  among  different  groups

(P≤0.05).

117



Table 4.40. Mean sulpiride absorbance per mg of microbial mass (µg ± SE) in control and

treated groups at different intestinal transit times post-sulpiride oral treatment (20 mg/kg

of body weight).

Group; Transit Time Absorbance (mg)*

Control (E1) 0±0b

E2; 2 hours 0±0b

E3; 3 hours 0±0b

E4;  4 hours 1.13±0.03a

E5; 5 hours 0±0b

E6; 6 hours 0±0b

Mean Body Weight (g) 0.18±0.039

*n=6

Figure 4.48. Sulpiride absorbance per mg of microbial mass (µg ± SE, N=6) determined in

various groups: E1 = Control group and drug treated groups on the bases of post-sulpiride

oral treatment (20 E4=4hours mg/kg of body weight) at sampling E2=2 hours, E3=3hour, ,

E5=5hours  and  E6=6hours.  Alphabets  on  mean  bars  Alphabets  on  mean  bars  present

difference in significance among different groups (P≤0.05).
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Table 4.41. Mean percent dose recovery (% ± SE) in control and treated groups at different

intestinal transit times post-sulpiride oral treatment (20 mg/kg of body weight). 

Group; Transit Time Dose Recovery (%)*

Control (E1) 0±0b

E2; 2 hours 0±0b

E3; 3 hours 0±0b

E4; 4 hours 3.91±0.25a

E5; 5 hours 0±0b

E6; 6 hours 0±0b

a-bMean values within a column, presenting a different superscript describes  significant 

difference with each other (P<0.05). *n=6

Figure 4.49. Percentage dose recovery (% ± SE, N=6) from administered dose of sulpiride

determined in various groups: E1 = Control group and drug treated groups on the bases of

post-sulpiride oral treatment (20 mg/kg of body weight) at sampling times E2=2 hours,

E3=3hour,  E4=  4hours,  E5=5hours  and  E6=6hours.  Alphabets  on  mean  bars  present

difference in significance among different groups (P≤0.05).

119



4.2.6. Propranolol-treated groups

The  in  vivo experiment  was  processed  in  normal  healthy  adult  male  rats  (n=36)  by

distributing the animals into control F1 (n=6) without drug treatment and propranolol-treated

groups (n=30) F2, F3, F4, F5 and F6 which were administered orally with a single dose (2.3 mg/

kg of body weight). After oral drug treatment, rats were allowed ad libitum feeding until killed.

Propranolol- groups; F2, F3, F4, F5 and F6 were decapitated at intervals of 2, 3, 4, 5 and 6 hours

post-drug administration transit times, respectively. Untreated control group F1 was killed at the

start of the experiment.  Parameters such as total body weight (Table 4.42, Figure 4.50), small

intestine length (Table 4.43, Figure 4.51), small intestine weight (Table 4.44, Figure 4.52), total

wet content weight (Table 4.45, Figure 4.53) and total microbial mass (Table 4.46, Figure 4.54)

mean ± SE,  N=6 highlighted  insignificant  difference  (P≥0.05)  among the  control  group and

different propranolol-treated groups. The microbial mass was lysed by adding 1mL acetonitrile

to attain microbial lysate that was dried completely under nitrogen gas. Resulted solid pallet of

microbial  lysate  was  dissolved  in  800  µl  of  referenced  mobile  phase.  Ten  microliters  of

microbial  lysate  solution  was  passed  through  the  HPLC  system  to  generate  peaks  in

chromatogram at a wave length of 291 nm (Salman et al., 2010).

Propranolol was not detected in the gut microbiome of groups F1 (control), F4, E5 and

E6  at  0,  4,  5  and 6  hours  post-drug administered  sampling  times,  respectively.  Propranolol

absorbance was observed in  the groups F2 and F3 at  2 and 3 hours post-drug administered

sampling times. Total propranolol absorbance was significantly (P≤0.05) higher  in Group F3 (3

hours)  post-drug  administered  sampling  time  as  compared  to  control  (F1)  and  all  other

propranolol-treated groups; F2, F4, E5 and F6 at 0, 2, 4, 5 and 6 hours post-drug administered

time, respectively. While propranolol absorbance in group F2 was significantly (P≤ 0.05) higher

than  for  groups  F1,  F4,  F5  and  F6  (Table  4.47, Figure  4.55).  The  maximum  propranolol

absorbance per mg of microbial  mass was observed in F3 at  3 hours post-drug administered

sampling time as compared all other groups and this difference was found to be  significantly

(P≤0.05)  higher  (Table  4.48,  Figure 4.56).  The percent  dose recovery  was also  found to be

significantly (P≤0.05) higher in group F3 at 3 hours post-drug administered sampling time as

compared to  all  other groups.  The percent  dose recovery in  group F2 was also significantly

(P≤0.05) higher than for groups F1, F4, F5 and F6, and not for F3. (Table 4.49,  Figure 4.57).
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Drug absorbance by the microbiome was initially observed at 2 hours post-drug administration

and continued until 3 hours post-drug administration. The maximum transit time of propranolol

was at 3 hours post-drug administration, no drug was detected in the microbiome of any samples

afterwards.

Table 4.42. Mean body weight (g ± SE) of control and treated groups at different intestinal
transit times post-propranolol oral treatment (2.3 mg/kg of body weight).

Group; Transit Time Body Weight (g)*

Control (F1) 166.3±2.10

F2; 2 hours 168.7±5.65

F3; 3 hours 180.3±5.23

F4; 4 hours 167.5±3.76

F5; 5 hours 164.8±2.66

F6; 6 hours 171±3.59

*n=6

Figure 4.50. Body weights (g ± SE, N=6) determined in various groups: F1 = Control group

and drug treated groups on the bases of post-propranolol oral treatment (2.3 mg/kg of

body  weight)  at  sampling  times  F2=2hours,  F3=3hour,  F4=4hours,  F5=  5hours  and

F6=6hours. 
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Table 4.43. Mean small intestine length (cm ± SE) of control and treated groups at different
intestinal transit times post-propranolol oral treatment (2.3 mg/kg of body weight). 

Group; Transit Time Body Weight (g)*

Control (F1) 103.3±2.44

F2; 2 hours 101.5±1.40

F3; 3 hours 99.1±1.68

F4; 4 hours 96.3±1.83

F5; 5 hours 96.6±2.52

F6; 6 hours 1.3.3±1.96

*n=6

Figure 4.51. Small intestine length (cm ± SE, N=6)  determined in various groups: F1 =

Control group and drug treated groups on the bases of post-propranolol oral treatment

(2.3  mg/kg  of  body  weight)  at  sampling  times  F2=2hours,  F3=3hour,  F4=4hours,  F5=

5hours and F6=6hours.
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Table 4.44. Mean small intestine weight (g ± SE) of control and treated groups at different

intestinal transit times post-propranolol oral treatment (2.3 mg/kg of body weight).

Group; Transit Time Small Intestine Weight (g)*

Control (F1) 6.01±0.36

F2; 2 hours 5.24±0.44

F3; 3 hours 5.56±0.38

F4; 4 hours 5.65±0.27

F5; 5 hours 5.48±0.29

F6; 6 hours 5.70±0.47

*n=6

Figure  4.52.  Small  intestine weight (g ± SE,  N=6)  determined in  various  groups:  F1 =

Control group and drug treated groups on the bases of post-propranolol oral treatment

(2.3  mg/kg  of  body  weight)  at  sampling  times  F2=2hours,  F3=3hour,  F4=4hours,  F5=

5hours and F6=6hours. 
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Table 4.45. Mean wet content weight (g ± SE) of control and treated groups at different 
intestinal transit times post-propranolol oral treatment (2.3 mg/kg of body weight). 

Group; Transit Time Wet Content Weight

(g)*

Control (F1) 2.09±0.21

F2; 2 hours 1.99±0.23

F3; 3 hours 2.00±0.13

F4; 4 hours 1.95±0.21

F5; 5 hours 2.04±0.14

F6; 6 hours 2.41±0.25

*n=6

Figure 4.53. Wet content (g ± SE, N=6) determined in various groups: F1 = Control group

and drug treated groups on the bases of post-propranolol oral treatment (2.3 mg/kg of

body  weight)  at  sampling  times  F2=2hours,  F3=3hour,  F4=4hours,  F5=  5hours  and

F6=6hours. 
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Table 4.46. Mean microbial mass (mg ± SE) of control and propranolol treated groups at

different  intestinal  transit  times  post-propranolol  oral  treatment  (2.3  mg/kg  of  body

weight).

Group; Transit Time Microbial Mass (mg)*

Control (F1) 115.1±9.88

F2; 2 hours 106±11.0

F3; 3 hours 115.6±12.7

F4; 4 hours 128±14.86

F5; 5 hours 106.3±6.84

F6; 6 hours 125.5±8.43

*n=6

Figure 4.54. Microbial mass (mg ± SE, N=6) determined in various groups: F1 = Control

(group and drug treated groups on the bases of post-propranolol oral treatment (2.3 mg/kg

of  body  weight)  at  sampling  times  F2=2hours,  F3=3hour,  F4=4hours,  F5=5hours  and

F6=6hours. 
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Table 4.47. Mean total drug absorbance (µg ± SE) of control and propranolol treated 
groups at different intestinal transit times post-propranolol oral treatment (2.3 mg/kg of 
body weight).

Group; Transit Time Drug Absorbance (µg)*

Control (F1) 0±0c

F2; 2 hours 107.6±6.52b

F3; 3 hours 301.0±17.5a

F4; 4 hours 0±0c

F5; 5 hours 0±0c

F6; 6 hours 0±0c

a-cMean values within a column, presenting a different superscript are significantly different from

each other (P≤0.05). *n=6

Figure 4.55.  Total propranolol absorbance (µg ± SE, N=6) by the whole small intestine

microbiome determined in various groups F1 = Control group and drug treated groups on

the bases of post propranolol oral treatment (2.3 mg/kg of body weight) sampling times

F2=2hours, F3= 3hour, F4= 4hours, F5= 5hours and F6=6hours. Alphabets on mean bars

present difference in significance among different groups (P≤0.05).
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Table 4.48. Mean of microbial absorbance per mg of microbial mass (µg ± SE) in control

and treated groups at different intestinal transit times post-propranolol oral treatment (2.3

mg/kg of body weight).

Group; Transit Time Absorbance (µg)*

Control (F1) 0±0c

F2; 2 hours 1.05±6.52b

F3; 3 hours 2.83±0.49a

F4; 4 hour 0±0c

F5; 5 hours 0±0c

F6; 6 hours 0±0c

a-cMean  values  within  a  column,  presenting  a  different  superscript  describes   significant

difference with each other (P<0.05), *n=6.

Figure 4.56. Propranolol absorbance per mg of microbial mass (µg ± SE, N=6) determined

in various groups:  F1 = Control  group and drug treated groups on the bases  of  post-

propranolol oral treatment (2.3 mg/kg of body weight) at sampling times F2=2hours, F3=

3hour, F4= 4hours, F5= 5hours and F6=6hours. Alphabets on mean bars present difference

in significance among different groups (P≤0.05).
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Table 4.49. Mean of percent dose recovery (% ± SE) in control and propranolol-treated

groups at different intestinal transit  times post-propranolol oral treatment (2.3 mg/kg of

body weight).

Group; Transit Time Dose Recovery (%)*

Control (F1) 0±0c

F2; 2 hours 27.8±1.78b

F3; 3 hours 72.6±3.79a

F4; 4 hours 0±0c

F5; 5 hours 0±0c

F6; 6 hours 0±0c

a-cMean  values  within  a  column,  presenting  a  different  superscript  describes   significant

difference with each other (P<0.05).*n=6

Figure  4.57.  Percentage  dose  recovery  (%  ±  SE,  N=6)  from  administered  dose  of

propranolol determined in various groups: F1 = Control (untreated), groups on the bases

of  post-propranolol  oral  treatment  (2.3  mg/kg  of  body  weight)  at  sampling  times

F2=2hours, F3= 3hour, F4= 4hours, F5= 5hours and F6=6hours. Alphabets on mean bars

Alphabets  on  mean  bars  present  difference  in  significance  among  different  groups

(P≤0.05).
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4.3 Effect of drugs on the gut microbiome in the small intestine after 21 days

of treatment 

The in vivo experiment was organized and carried out in normal healthy adult male albino

rats (n=42) by distributing the selected animals into the following groups: control group without

any drug treatment A1 (n=6) and different drug treated groups (n=30); A (n=6) paracetamol-

treated, B (n=6) phenobarbital-treated, C (n=6) caffeine-treated, D (n=6) salicylic acid-treated, E

(n=6) sulpiride-treated and F (n=6) propranolol-treated groups with a daily single oral dose of

paracetamol (75 mg/kg of body weight), phenobarbital (15 mg/kg of body weight), caffeine (200

mg/kg of body weight), salicylic acid (50 mg/kg of body weight), sulpiride (20 mg/kg of body

weight) and propranolol (2.3 mg/kg of body weight) for 21 days, respectively. After daily oral

treatment, rats were allowed on ad libetum feeding until decapitated. Control rats of the study 3

were left without any intervention as they were maintained on sterile water and Chow diet so

there were no chances of modification of normal microbiome without any intervention. Six rats

in the control group (A1) and each treated group A, B, C, D, E and F were sacrificed at day 22 at

the end of treatment, respectively. Mean ± SE values of body weight (Table 4.50, Figure 4.58),

small intestine length (Table 4.51, Figure 4.59), small intestine weight (Table 4.52, Figure 4.60),

wet content weight (Table 4.53, Figure 4.61) and total microbial mass (Table 4.54,  Figure 4.62)

showed  insignificant (P≥0.05) difference among control group and drug treated groups.

Treatment  with  different  drugs,  paracetamol,  phenobarbital,  caffeine,  salicylic  acid,

sulpiride  and  propranolol,  influenced  the  small  intestine  microbiota  in  rats.  Effect  of  drug

treatments was quantified through qRT-PCR by analyzing the expression level using primers to

the V2 region of 16S rRNA. Absolute quantification results revealed no change in total bacterial

load as shown in (Table 4.55, Figure 4.63) This total bacterial load in the small intestine was

statistically non-significant (P≥0.05) in the treated groups in comparison to the control group.

Quantitative real time PCR employing primers specific for E. coli was used to quantify total E.

coli expression level  in  the  gut  of  rats.   Results  indicated  that  E.  coli expression level  was

increased  significantly  (P≤0.05) in  all  drug-treated  groups as  compared to the control  group

receiving the routine diet (Table 4.56, Figure 4.64). While the qRT-PCR results also revealed

that  Lactobacillus expression  level  was  decreased  significantly  (P<0.05)  in  all  drug-treated

groups as compared to the control group receiving the routine diet (Table 4.57, Figure 4.65).  
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Table 4.50. Mean body weight (g ± SE) of control and drug-treated groups A1 = Control

(untreated), A = Paracetamol,  B = Phenobarbital, C = Caffeine,  D = Salicylic acid, E =

Sulpiride and F = Propranolol, on the bases of post-drug sampling time at day 22.

Groups Body Weight (g)*

Control (A1) 180±2.03

A 172.67±2.03

B 177.67±2.22

C 177.67±2.79

D 173±1.83

E 194±3.08

F 177.83±3.81

Mean Body Weight (g) 176.88±6

*n=6

Figure  4.58.  Body weights  (g ± SE,  N=6)  determined in various groups;  A1 = Control

(untreated), A = Paracetamol,  B = Phenobarbital, C = Caffeine,  D = Salicylic acid, E =

Sulpiride and F = Propranolol, on the bases of post-drug sampling time at day 22. 
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Table 4.51. Mean small intestine length (cm ± SE) of control and drug-treated groups A1 =

Control (untreated), A = Paracetamol, B = Phenobarbital, C = Caffeine, D = Salicylic acid,

E = Sulpiride and F = Propranolol, on the bases of post-drug sampling time at  day 22.

Groups Small Intestine Length

(cm)*

Control (A1) 98±2.14b

A 101.12±1.28ab

B 101±0.86ab

C 100.33±0.95ab

D 101±0.86ab

E 106±0.95a

F 101.17±0.98ab

a-bMean values within a column, presenting a different superscript describes  significant 

difference with each other (P<0.05).*n=6

Figure 4.59. Small intestine length (cm ± SE, N=6) determined in various groups; A1 =

Control (untreated), A = Paracetamol, B = Phenobarbital, C = Caffeine, D = Salicylic acid,

E = Sulpiride and F = Propranolol, on the bases of post-drug sampling time at day 22.

Alphabets on mean bars Alphabets on mean bars present difference in significance among

different groups (P≤0.05).
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Table 4.52. Mean small intestine weight (g ± SE) of control and drug-treated groups A1 = 
Control (untreated), A = Paracetamol, B = Phenobarbital, C = Caffeine, D = Salicylic acid, 
E = Sulpiride and F = Propranolol, on the bases of post-drug sampling time at day 22.

Groups Small Intestine Weight

(g)*

Control (A1) 5.59±0.27

A 5.51±0.24

B 5.43±0.53

C 5.37±0.41

D 4.91±0.25

E 4.49±0.26

F 5.08±0.37

*n=6

Figure 4.60.  Small  intestine weights  (g ±SE, N=6) determined in various groups;  A1 =

Control (untreated), A = Paracetamol, B = Phenobarbital, C = Caffeine, D = Salicylic acid,

E = Sulpiride and F = Propranolol, on the bases of post-drug sampling time at day 22. 
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Table 4.53. Mean wet content weight (g ± SE) of control and drug treated groups A1 =

Control (untreated), A = Paracetamol, B = Phenobarbital, C = Caffeine, D = Salicylic acid,

E = Sulpiride and F = Propranolol, on the bases of post-drug sampling time at  day 22.

Groups Wet Content Weight

(g)*

Control (A1) 1.78±0.18

A 1.70±0.33

B 1.68±0.32

C 1.94±0.26

D 1.98±0.14

E 1.89±0.15

F 1.78±0.18

*n=6

Figure 4.61. Wet content weight (g ± SE, N=6) determined in various groups; A1 = Control

(untreated), A = Paracetamol,  B = Phenobarbital, C = Caffeine,  D = Salicylic acid, E =

Sulpiride and F = Propranolol, on the bases of post-drug sampling time at day 22. 
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Table  4.54.  Mean microbial  mass  (mg ±  SE)  of  control  and drug-treated groups A1 =

Control (untreated), A = Paracetamol, B = Phenobarbital, C = Caffeine, D = Salicylic acid,

E = Sulpiride and F = Propranolol, on the bases of post-drug sampling time at  day 22.

Groups Microbial Mass (mg)*

Control (A1) 102.17±8.23

A 112±9.97

B 95.67±9.21

C 114±8.72

D 125±12.20

E 115.67±9.53

F 105±3.44

*n=6

Figure 4.62. Microbial mass (mg ± SE, N=6) determined in various groups; A1 = Control

(untreated), A = Paracetamol,  B = Phenobarbital, C = Caffeine,  D = Salicylic acid, E =

Sulpiride and F = Propranolol, on the bases of post-drug sampling time at day 22.
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Table 4.55.   Mean total  bacterial  count (expression level  ± SE) of  sample measured in

different  groups  A1  =  Control  (untreated),  A  =  Paracetamol,  B  =  Phenobarbital,  C =

Caffeine, D = Salicylic acid, E = Sulpiride and F = Propranolol, on the bases of post-drug

sampling time at  day 22. 

Groups Total bacterial gene

expression level*

Control (A1) 2.91±0.8

A 3.23±0.13

B 3.17±0.09

C 2.9±0.14

D 3.06±0.13

E 3.37±0.15

F 3.05±0.23

*n=6

Figure 4.63. Total bacterial DNA expression (Expression level ± SE, N=6) determined in

various  groups;  A1  =  Control  (untreated),  A  =  Paracetamol,  B  =  Phenobarbital,  C  =

Caffeine, D = Salicylic acid, E = Sulpiride and F = Propranolol, on the bases of post-drug

sampling time at  day 22. 

135



Table 4.56. Mean total Escherichia coli counts (Expression level ± SE) in samples measured
in different groups A1 = Control (untreated), A = Paracetamol, B = Phenobarbital, C = 
Caffeine, D = Salicylic acid, E = Sulpiride and F = Propranolol, on the bases of post-drug 
sampling time at  day 22. Alphabets on mean bars present difference in significance among 
different groups (P≤0.05).

Groups E. coli expression

level*

Control (A1) 0.94±0.16a

A 1.97±0.99b

B 1.73±0.14b

C 2.15±0.14b

D 1.71±0.12b

E 2.14±0.30b

F 1.95±0.15b

*n=6

Figure  4.64.  Total  Escherichia  coli  DNA expression  (Expression  level  ±  SE,  N=6)

determined  in  various  groups;  A1  =  Control  (untreated),  A  =  Paracetamol,  B  =

Phenobarbital, C = Caffeine, D = Salicylic acid, E = Sulpiride and F = Propranolol, on the

bases of post-drug sampling time at day 22. Alphabets on mean bars present difference in

significance among different groups (P≤0.05).
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Table 4.57. Mean total Lactobacillus expression (Expression level ± SE, N=6) determined in

various  groups;  A1  =  Control  (untreated),  A  =  Paracetamol,  B  =  Phenobarbital,  C  =

Caffeine, D = Salicylic acid, E = Sulpiride and F = Propranolol, on the bases of post-drug

sampling time at  day 22.  Alphabets  on mean bars  show significant  difference  between

groups (P≤0.05).

Groups Lactobacillus expression

level

Control (A1) 3.39±0.22a

A 1.31±0.11c

B 1.89±0.09b

C 1.96±0.16b

D 1.89±0.1b

E 1.67±0.16bc

F 2.01±0.2b

*n=6

Figure 4.65. Total Lactobacillus DNA expression (expression level ± SE, N=6) determined in

various  groups;  A1  =  Control  (untreated),  A  =  Paracetamol,  B  =  Phenobarbital,  C  =

Caffeine, D = Salicylic acid, E = Sulpiride and F = Propranolol, on the bases of post-drug

sampling  time  at  day  22.  Alphabets  on  mean  bars  Alphabets  on  mean  bars  present

difference in significance among different groups (P≤0.05).
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CHAPTER 5 

DISCUSSION

One of aim of the current study was to investigate the diversity and composition of the core

microbiota residing along the length of the small intestine in a regional strain of healthy Wistar

albino rats  using  high-throughput  16S  rRNA  gene  sequencing.  Wister  albino rats  are  used

frequently in in vivo experimental trials as living analogs and experimental models for scientific

research  worldwide.  The literature  cites  millions  of  publications  in  which rats  were  used as

animal  models  to  examine  complex  biological  mechanisms  for  biomedical  research  (Jacob,

2010).  The rat  genome was sequenced in 2004 as  the third  mammal  after  human and mice

(Consortium, 2004).

The  results  exhibited  consistently  rich  and  diversified  microbial  communities.  The

analysis revealed that there are 20 phyla, 38 classes, 68 orders, 137 families, 294 genera and 455

species  composing  the  core  microbiota  in  all  samples  of  the  small  intestine.  In  contrast  to

humans, where inter-individual variability is an eminent source of variation in composition of

gastrointestinal flora (Stearns et al., 2011), in rats inter-individual variability plays a small role in

variation.  The  animals  used  in  this  study  have  similar  genetic  makeup,  diet  and  practice

coprophagy.

Diversity of microbial composition and functions in host depend mainly upon nutritional

status, age, gender, racial and geographical characteristics (Hollister et al., 2014). In different

body  regions, microbial  diversity  is  relatively  high  in  the  stomach  and small  bowel  due  to

transient microbiome as compared to other gut regions (Gu et al.,  2013).  Detailed intestinal

microbiome profiling by Li et al. (2017) has revealed 16 phyla residing the small intestine with

increased  microbial  diversity  and  composition  along  the  length  of  the  normal  rat  gut  thus

confirming the more diversified and rich microbiome in current study. 

Weissella,  Lactobacillus,  Tyzzerella,  Enterococcus,  Streptococcus,  Rheinheimera  and

Eubacterium appear to be the most abundant genera in all samples of the small intestine in the

current  study.  In  detail,  lactate-producing  bacteria,  Lactobacillus  johnsonii  followed  by

Weissella  cibaria, were  most  the  abundant  species. While  Lactobacillus  reuteri,  Weissella

hellenica,  Tyzzerella  clostridium  colinum, Lactobacillus  sakei,  Pediococcus  pentosaceus,
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Lactobacillus  sp.,  and  Lactobacillus  salivarius  were  also  present  in  all  samples  studied.

Weissella  spp.  are  Gram-positive  and  belong  to  the  family Leuconostocaceae  and  produce

carbon  dioxide,  lactate  and  acetate  from  carbohydrate  metabolism (Collins  et  al.,  1993).

Lactobacillus  johnsonii,  Lactobacillus  reuteri,  Lactobacillus  sp.,  Lactobacillus  salivarius,

Pediococcus  pentosaceus  and  Lactobacillus  sakei  belong  to family Lactobacillacae and  are

responsible for the enrichment of lactate in the small intestine. Tyzzerella clostridium colinum is

an  anaerobic  bacteria  and  belongs  to family Lachnospiraceae  and produces  butyrate.  All

bacterial  species  found in  the  small  intestine  are  involved in  the  breakdown of  indigestible

carbohydrate into short chain fatty acids (SCFA) to provide sources of energy for the host and

the bacterial cell itself  (Bosshard et al., 2002; Booijink et al., 2010). Pediococcus pentosaceus

has  the  ability  to  limit  the  growth  of  other  competitor/  harmful  bacteria  like  Weissella,

Lactobacillus,  Tyzzerella,  Enterococcus,  Streptococcus,  Rheinheimera  and Eubacterium  by

producing the antimicrobial bacteriocins (Makarova et al., 2006).

A  second  study  was  performed  to  assess  the  absorbance  of  drugs  by  the  resident

microbes, which consisted of six trials. Each trial comprised of a single oral dose of a different

drugs administered to the experimental rats. The focus of this study was to quantify the amount

of different drugs being absorbed by the resident microbes in a competitive microenvironment

along with enterocytes. These resident microbes are either attached to the mucosa or freely living

in the intestinal lumen. All the drugs used in this experiment have human intestinal application

against targeted disease states and are drugs of choice in different ailments like headache, cardiac

diseases, GIT disorders, CNS stimulant and as mental disorders and extensive literature is also

available  covering  different  pharmacokinetic  and pharmacodynamics  aspects.  As  the  normal

microflora of the gut can easily sense any change in the microenvironment  of the gut. Such

changes may be physiological, pathological, and environmental or due to manipulation of the

food already offered to the host (Scarpellini et al., 2015; Voigt et al., 2014). 

Previously, the impact of the gut microbiome on drug biotransformation was reported and

it was revealed that the gut microflora influences drug absorption and drug availability in the gut

(Stojančević et al., 2013). It was also observed that as the drugs stay for longer periods in the gut

their biotransformation is more rapid (El Aidy et al,. 2015; Voigt et al., 2014). It was also evident

from a pre-clinical study in rats that the prodrug prontosil is actively metabolized in the gut by
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resident microbes into the active metabolite sulfanilamide. In rats treated with antibiotics, this

rate of conversion through microbes is greatly reduced (Gingell et al., 1971). 

  Inter-individual variability in the composition and mass of the gut microbiome could

potentially  dictate  the  effectiveness  of  prodrug  conversion.  Similarly,  lovastatin,  a  lactone

prodrug, has been shown to be hydrolyzed to its lipid-lowering β-hydroxy acid metabolite when

incubated  with  human  and  rat  fecalase  (the  enzyme  fraction  of  feces).  Exhibiting  microbe-

directed metabolism (Yoo et al., 2014), and when given the antibiotic therapy, fecalase reduces

the metabolite drug by 30-35%, thus endorsing the hypothesis that chronic interplay between the

gut inhabitants does interfere with drug metabolism in the gut.

In our experiment, the paracetamol-treated group exhibited no significant difference in

any of the parameters examined between control and treated groups. Peak drug absorbance by

the intestinal microbes was observed at 4 and 5 hours post-drug administered sampling times.

Total  paracetamol  absorbance  was  significantly  higher  at  4  hours  post-drug  administered

sampling time as compared to 5 hours post-drug administered sampling time.

Paracetamol maximum absorbance by the intestinal microbiome was determined 4 hours

post-drug administration that was sharply reduced at 5 hours post-drug administration due to

drug uptake  competition  between  microbiome  and  enterocytes  (epithelial  cells)  in  the  small

intestine  of the host.  Paracetamol was detected  in none of the samples at  6 hours post-drug

administered sampling time that depicts  maximum intestinal  transit  time of paracetamol is 5

hours post-drug administration. Intestinal  drug absorbance is  a  time-dependent  response that

based on intestinal transit time of drugs (Davis et al., 1986) thereby concluding more stay in

intestine provide more time to drug to remain in contact with the resident microbes in the small

intestine. 

Paracetamol is absorbed by passive transport in enterocytes of the small intestine of the

host (Begnall  et  al.,  1979) due to the hydrophilic  nature and smaller molecular  size (151.16

molar mass) with a pka of 9.5, so remained unionized over the range of physiological pH in the

gastrointestinal tract (Prescott, 1980). The limited diameters of aqueous pores which ranges from

3 to 6 Å allow passage of only hydrophilic molecules less than 200 molar mass (Conradi et al.,

1996).  Such a  transport  mechanism is  also present  in  the inner  membrane of  Gram-positive

bacteria (96% in the current project) and the outer membrane of the gut microbes as aqua porins
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or  water  channels  (Nikaido,  2003).  Porins  sequence  homology  and  permeability  are  highly

conserved in all forms of life (Amiry-Moghaddam and Ottersen, 2003). 

Despite the polar nature, the smaller molecular size of paracetamol is instrumental in passive

transport in the small intestine and bacterial inner and outer membranes. 

Paracetamol is a peptide drug containing a peptide bond and no C and N termini in its

structure. Paracetamol mimics the size of a dipeptide and was observed to be a substrate of ydgR

found in membrane of Gram-positive microbes that were most abundantly found in rats used in

this study. Previously, it was found that lactic acid-producing bacteria contain genes for proton-

coupled oligopeptide transporter (POT) in their genome (Lorca et al., 2007). These results are in

accordance  with  studies  by  Prabhala  and  collegues  demonstrating  that  POT in  bacteria  are

promiscuous and responsible for the uptake of wide range of solutes due to low affinity and high

capacity  characteristics.   Both  folic  acid  and  chloramphenicol  were  observed  to  be  POT

substrates. Both the compounds possess a peptide bond and mimic the size of di- or tripeptides.

Chloramphenicol contains a peptide bond and does not possess C and N termini; still, it was

recognized as a substrate of YdgR transporter. While Folic acid, on the other hand, possesses a

C-terminus and a peptide bond, which allowed transport of folic acid into the cells (Prabhala et

al., 2018; Prabhala  et al., 2017). As proton-coupled oligopeptide transporters (POTs) recognize

both  di-  and  tripeptides  and  8,000-10,000  peptides  could  be  transported  by  POT’s family.

Generally, peptides with L-amino acids are predominantly preferred over D-amino acids and are

transported by YdgR  in their trans conformations. An intact C- and/or N-terminus is sufficient

enough to be recognized as peptide transportes (PepT) substrates, but existance of  both C and N

termini  are  required  enough  being  a  high  affinity  substrate  (Jensen  etal.,  2012;  Jensen  et

al.,2014). Pracetamol is a good substrate of gut microbiome as percent dose recovery was more

than 13% in the paracetamol-treated group at 4 hours post-drug administration sampling time.

The gut microbiome consists of Gram-negative bacteria with outer membranes that allow

the transport  of small  and hydrophilic  nutrient  molecules  through the trimeric  porins OmpF,

OmpC and PhoE, mainly depending upon charge and molecular  size of the solute  (Nikaido,

2003). Porin OmpF allows passage of larger solute molecules as compared to OmpC on the basis

of diffusion rate of organic solutes (Nikaido and Rosenberg, 1983). So, paracetamol can cross

the outer membrane of Gram-negative bacteria residing the small intestine through OmpF and

OmpC. OmpF and OmpC predominantly prefer cations or anions, while PhoE prefers anions
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over  cations.  The  porin  channel  OmpF  has  a  diameter  of  12Å  (Schulz,  2002).   The

gastrointestinal tract high temperature and high osmotic pressure favor the production of OmpC

porins, while they reduce the expression of OmpF in Gram-negative bacteria residing the gut

(Hasegawa et at., 1976). 

In  the  phenobarbital-treated  group  there  was  no  significant  difference  in  any  of  the

parameters examined between control and treated groups. Peak drug absorbance by the intestinal

microbes  was  observed  at  3,  4  and  5  hours  post-drug  administered  sampling  times.  Total

phenobarbital absorbance was significantly higher at 4 hours post-drug administered sampling

time as compared to 3 and 5 hours post-drug administered sampling time.

Phenobarbital  was maximally  absorbed by the microbiome at  3  to  5 hours  post-drug

administration  with  escalating  maximum  plateau  4  hours  post-drug  administration  that  was

sharply  reduced at  5  hours  post-drug administration  mainly  due  to  drug uptake  competition

between microbiome and enterocytes (epithelial cells) lining the small intestine of the host. The

drug was not detected in any samples at 6 hours post-drug administered sampling time, which

confirms  that  maximum  intestinal  transit  time  of  phenobarbital  is  5  hours post-drug

administration. Phenobarbital  absorbance  by  the  intestinal  microbiome  continued  in  a  time-

bound response based on intestinal transit time of drug. 

Phenobarbital absorbance by microbiome proceeded in a phenomenal manner starting at

3 hours post-drug administration, which was further increased to a plateau at 4 hours post-drug

administration then decreased to minimum absorbance at 5 hours and vanished completely at 6

hours post-drug administration, thereby showing a competitive absorption between microbiome

and enterocytes in the gut lumen.

 Phenobarbital is absorbed in the small intestine by passive transport. Phenobarbital is a

lipophilic,  weakly  acidic  drug  (Lindenberg  et  al.,  2004)  with  molecular  weight  232.24.

Phenobarbital is a peptide drug having one peptide bond in its structure and possesses the size

equal to dipeptide. Results from the current study are in accordance with Prabhala et al. (2017)

demonstrating  that  chloramphenicol  contains  a  peptide  bond and does  not  possess  C and N

termini;  still,  it  was  recognized  as  a  substrate  of  POT,  because  of  its  promiscuous  nature.

Phenobarbital  is  proposed to  be a poor substrate  of the YdgR peptide transporter  in the gut

microbiome as percentage dose recovery of 5.73% was much less as compared to the given dose.
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 Similar passive transport mechanism for solute uptake through porins are also present in

the  inner  and  outer  membranes  in  Gram-positive  and  Gram-negative  microbes  in  the  gut.

Phenobarbital  can  cross  the  outer  membrane  of  Gram-negative  bacteria  residing  the  small

intestine through OmpF and OmpC. Porin channel OmpF has a diameter of 12Å (Schulz, 2002).

In the gastrointestinal tract, high temperature and high osmotic pressure favor the production of

OmpC porins, while they reduce the expression of OmpF in Gram-negative bacteria residing the

gut (Hasegawa et at., 1976). 

In the caffeine-treated group there was no significant difference in any of the parameters

examined between control and treated groups. Peak drug absorbance by the intestinal microbes

was  observed at  2,  3,  4  and 5  hours  post-drug administered  sampling  times.  Total  caffeine

absorbance  was  significantly  higher  at  2  hours  post-drug  administered  sampling  time  as

compared to 3, 4 and 5 hours post-drug administered sampling times.

Maximum caffeine absorbance by the microbial mass was found at 2 to 5 hours post-drug

administration.  Caffeine was maximally absorbed by the gut microbiome at 2 hours  post-drug

administration and gradually decreased by 5 hours post-drug administration due to drug uptake

competition  between  microbiome  and  enterocytes  (epithelial  cells)  in  the  gut  of  the  host.

Caffeine  was not  detected  in  any samples  at  6 hours post-drug administered  sampling time,

depicting maximum intestinal transit time of caffeine is 5 hours post-drug administration. These

results  demonstrate that uptake of caffeine by the intestinal  microbiome is  a time dependent

response relied on intestinal transit time of the drug.

 Caffeine  is  moderately  soluble  in  water  and  belongs  to  class  1  of  the  WHO

biopharmaceutical  classification  system  (BCS)  showing  high  solubility  and  permeability

(Lindenberg et al., 2004). Caffeine is readily absorbed by passive transport in the small intestine

(Busto et al., 1989). Thus, the transport seems to be transcellularly mediated by passive diffusion

in Caco-2 monolayers  showing movement  from an apical  to  basolateral  membrane direction

(Smetanova et al., 2009). The smaller 194.14 molecular weight also favors passive transport of

caffeine  through porins found in bacterial  cells  (Nikaido,  2003).  Caffeine contains  a peptide

bond in its structure and is dipeptide in size. It is proposed that caffeine was absorbed by the gut

microbiome through POT present in the genome of lactobacilli and other Gram-positive bacteria

-  predominant  in  the  current  study.  The  passive  transport  mechanism  found  in  the  outer
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membranes  of  Gram-negative  in  OmpF,  OmpC and PhoE porins  (Nikaido,  2003) favors the

transport of small solute molecules such as caffeine. Caffeine seems to be the best substrate of

the POT peptide transporters family present in the gut microbiome as percent dose recovery was

about the 30% of the given dose. 

In  the  salicylic  acid-treated  group  there  was  no  significant  difference  in  any  of  the

parameters examined between control and treated groups. However, the small intestine length of

the  control  group  was  significantly  different  from  that  of  the  treated  groups.  Peak  drug

absorbance by the intestinal microbes was observed at 2 hours post-drug administered sampling

time. Total salicylic acid absorbance was significantly higher at 2 hours post-drug administered

sampling time as compared to all other groups.

Maximum salicylic acid absorbance by microbial mass was observed at 2 hours post-drug

administration. Maximum absorbance of salicylic acid by gut microbes observed at 2 hrs post-

drug administration that vanished completely at 3 hours post-drug administration mainly due to

drug uptake competition between microbiome and enterocytes (epithelial cells) lining the small

intestine. The salicylic acid was not detected in the drug treated samples harvested at intervals of

3, 4, 5 and 6 hrs post-drug administered sampling times, which reveals that maximum intestinal

transit time of salicylic acid is 2 hours post-drug administration. Uptake of salicylic acid by the

intestinal microbiome is a time-dependent response depending upon intestinal transit time of the

salicylic  acid.  Previously,  it  has  demonstrated  that  pH-dependent  transcellular  transport  of

salicylic acid occurs across Caco-2 intestinal epithelial cells (Takanaga et al., 1994) indicating

maximum absorption of an oral dose of salicylic acid in the stomach and little was presented to

for  small  intestinal  absorption.  Salicylic  has  no  peptide  bond  in  its  structure,  however,  the

presence of a C-terminus poses it be a substrate for POT in the gut microbiome. This finding is

in  line  with previously  known results  showing that  intact  the  C-terminus  in  a  compound is

important  for substrate recognition by POT  (Fei etal.,  1998). Salicylic  percent dose recovery

from the gut microbiome was 1.76%. The amount of salicylic presented for intestinal absorption

remains to be elucidated.

In the sulpiride-treated group there was no significant difference in any of the parameters

examined between control and treated groups. Peak drug absorbance by the intestinal microbes

was observed at only 4 hours post-drug administered sampling time. Total sulpiride absorbance
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was significantly higher at  4 hours post-drug administered sampling time as compared to all

other groups

Maximum  sulpiride  was  absorbed  by  the  gut  microbiome  at  4  hours  post-drug

administration and vanished completely at 5 hours post-drug administration mainly as a result of

competitive absorption between microbiome and epithelial cells in the small intestine of the host.

Sulpiride  was  detected  in  none  of  the  samples  collected  at  2,  3,  5  and  6  hours  post-drug

administered sampling times, which depicts that maximum intestinal transit time of sulpiride is 4

hours post-drug administration.  Sulpiride  absorbance by the microbiome is  a time-dependent

response based on intestinal transit time of sulpiride. 

Sulpiride is transported by PepT1, OCTN1 and OCTN2 present in the apical membrane

of Caco-2 cells  (Watanabe et  al.,  2002). Sulpiride contains a N-terminus in its  structure and

equals the size of a dipeptide, but proved to a poor substrate of POT in the gut microbiome in the

current study as the percent dose recovery was 3.91%. Generally, as a potential substrate of POT,

peptides with L-amino acids are preferred over D-amino acids and are transported in their trans

conformation as L-isomers over the D-isomers (Beauchamp et al., 1992; Han et al., 1998) The L-

isomer of sulpiride was used in current study. These results are in accordance with previous

findings of Prabhala et al. (2017) demonstrating sulpiride as a poor substrate of POT (YdgR) in

in vitro trials. 

In  the  current,  experiment  the  propranolol-treated  group  exhibited  no  significant

difference in any of the parameters examined between control and treated groups. However, the

small intestine length of control group was significantly different from of treated groups. Peak

drug  absorbance  by  the  intestinal  microbes  was  observed  at  2  -  and  3  hours  post-drug

administered sampling times. Total propranolol absorbance was significantly higher at 3 hours

post-drug administered sampling time as compared to 2 hours post-drug administered sampling

time.

Maximum propranolol absorbance by the microbial mass was observed at 2 to 3 hours

post-drug administration. Maximum absorbance of propranolol by gut microbes was observed at

2 hours post-drug administration and sharply increased at 3 hours post-drug administration then

was absent  at  4  hours  post-drug administration  was mainly  due  to  drug uptake  competition
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between microbiome and enterocytes (epithelial cells) in the small intestine of the host. The drug

was detected in none of the samples at 4, 5 and 6 hours post-drug administered sampling times,

which summarizes  that  maximum intestinal  transit  time of  paracetamol  is  3  hours  post-drug

administration. 

Propranolol  exhibited  transport  across  Caco-2 cells  suggesting specialized  a  transport

system differentiating different enantiomers (Wang et al., 2010). Propranolol possesses the size

of  a  dipeptide  without  a C- or N-terminus,  but the L-isomer was used in  the current  study.

Generally, as a potential substrate of POT, peptides with L-amino acids are preferred over D-

amino acids and are preferentially transported in their trans conformation as L-isomers over the

D-isomers (Beauchamp et al., 1992; Han et al., 1998). Propranolol is a non-peptide drug in the

structure, but the L-isomeric form of propranolol makes it a possible substrate for POTs in the

gut microbiome. However, dose recovery of propranolol is 72.6% from gut microbiome shows it

to be an excellent substrate of the gut microbiome.

The  current  study  demonstrates  that  orally  administered  paracetamol,  phenobarbital,

caffeine,  salicylic  and  propranolol  are  absorbed  as  novel  substrates  of  the  gut  microbiome.

Paracetamol  is  a  good  substrate,  and  caffeine  and  propranolol  excellent  substrates,  while

phenobarbital, salicylic acid and sulpiride are poor substrates of the gut microbiome. Absorbance

is achieved by passive transport, secondary transport or by both, while sulpiride is known to be

taken up by microbial cells by both passive transport and active transport in a POT-like manner

(Prabhala et al., 2017). Recent, in vitro trials with E. coli confirms that POTs can transport orally

administered  drugs  such  as  sulpiride,  amoxicillin,  bestatin  to  the  bacterium  cell.  It  was

subsequently suggested that similar POTs and porins are present in other gut microbes, which

can  indeed  present  a  similar  type  of  interaction  of  the  gut  microbiome  with  the  orally

administered drugs (Monnet, 2003; Prabhala et al., 2017).

 Under normal  physiological  conditions,  E. coli populated the colon region in greater

numbers than in the small bowl, but bacterial concentrations rise by 100 to 1,000 times under

conditions  of small  intestinal  bacterial  overgrowth (SIBO), which includes  E. coli  and other

bacteria that lead to malabsorption and vitamin B12 deffecieny  (Ghoshal et al., 2017).  Human

hPepT1  and  POT  (YdgR)  in  bacteria  are  both  specific  for  di-  and  tripeptides  and  have

preferences for positive side chains on the N-terminal position of the peptide. In addition, D-
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amino acids are not as preferred as L-amino acids (Harder et al., 2008). Escherichia coli contains

three additional POTs that have also been characterized (Ernst et al., 2009; Harder et al., 2008).

Moreover, a homology exists between transporting mechanisms in microbial cell membranes and

the enterocytes of the gut of the host, which further enhances the possibility of drug uptake as a

competitive level between these two transport systems that may lead to decreased absorption of

some drugs in the gut epithelium. 

Sulpiride is also a substrate of hPepT 1transporter present in the apical membrane of

enterocytes  of  the small  intestine  (Prabhala  et  al.,  2017).  Transporter  hPepT1 is  structurally

homologous with membrane transporter YdgR, which is present in microbial cells like  E. coli

(Harder et al.,  2008). YdgR in  E. coli also is involved in the uptake of amoxicillin,  bestatin,

levodopa  (Prabhala  et  al.,  2017)  and  chloramphenicol  (Prabhala  et  al.,  2018).  However,

paracetamol  is  absorbed  by  epithelial  cells  in  the  small  intestine  through  passive  transport

(Bagnall et al., 1979). Porins present in bacterial cells are involved in the passive transport of

different kinds of solutes. Passive diffusion and secondary transport mechanisms in bacteria may

involve intra-cytoplasmic uptake of drugs (Abdel-Sayed, 1987; Lewinson et al., 2003).

 The  limited  diameter  of  aqueous  pores,  which  range  from  3  to  6  Å,  allows  only

hydrophilic molecules with molecular weights less than 200 molecular mass (Camenisch et al.,

1996).  Paracetamol,  salicylic  acid,  and caffeine have molecular  masses less than 200 so can

easily pass through porins in the microbial cell membrane. Higher bioavailability of the drug

mainly depends upon how low the molecular mass of the drug is, as a drug with low molecular

mass might act as a substitute polar surface and the number of hydrogen bonds and rotatable

bonds (Veber et al., 2002).

 In the current study, maximum dose recoveries from the microbiome was 13.16±0.55%

(paracetamol-treated group), 5.73±0.19% (phenobarbital-treated group), 31.60±2.33% (caffeine-

treated group),  1.70±0.16% (salicylic acid-treated group), 3.91±0.25% (sulpiride-treated group)

and 72.6±3.79% (propranolol-treated group), while bioavailability of paracetamol was 70 to 90%

(Forrest et al., 1982),  phenobarbital  94.9% (Nelson et al., 1982), caffeine 99% (Busto et al.,

1989)  salicylic  acid  64% (Mathurkar  et  al.,  2018),  sulpiride  30% (Parikh  et  al.,  2010)  and

propranolol 26% (Duchateau et al., 1986), as previously reported. In current project, percent dose

recoveries  of  paracetamol,  phenobarbital,  salicylic  acid,  sulpiride  and  propranolol  from  the
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intestinal microbiome can be a possible answer to the missing amount of drugs from systemic

circulation  for  effective  therapeutic  response  except  for  caffeine.  Therefore,  it  can  be

hypothesized that the drugs engulfed by the gut microbiome may be either metabolized inside the

microbial  cytoplasm  or  extruded  by  efflux  transporters  through  primary  active  transporters

(Stojančević et al., 2013). 

Drug uptake by the gut microbiome was observed in all drug-treated groups as expected

on the bases of the theory of homology between transporting mechanisms in microbial cells and

epithelial  cells.  However,  drug uptake  by the microbiome was observed in  the paracetamol-

treated group at 4 and 5 hours, in the phenobarbital-treated group at 3, 4 and 5 hours, in the

caffeine-treated group at 2, 3, 4 and 5 hours, in the salicylic acid-treated group at 2 hours, in the

sulpiride-treated group at 4 hours, while in the propranolol-treated group at 2 and 3 hours post-

drug administration. These results exhibit that the drug uptake by the gut microbiome continued

until the drug was removed from the intestinal lumen due to absorption in the enterocytes and

proportional to the drug intestinal transit time. Drug uptake was not determined in any drug-

treated group at 6 hours post-drug administration indicating that the intestinal transit time of all

drugs in the current study is less than 6 hrs post-drug administration. This observation is in line

with a previous study exhibiting that the intestinal transit times of drugs in oral solution is 3±1

hours post-drug administration independent of the fed or non-fed state (Davis et al., 1986). 

The shortest transit time observed in this study was 2 hours for salicylic acid. While the

longest was 5 hours for paracetamol, phenobarbital and caffeine due to absorption of the drugs

by the gut microbiome. This observation demonstrates the cumulative behavior of microbes in

the enteric microbiome belonging to phylum Firmicutes for absorption of nutrients and drugs in

the small intestine. 

Although density of microbial populations is not smooth but heterogeneous in the small

intestine due to flushing and secretions from liver and pancreas (O'Hara and Shanahan, 2006;

Booijink  et  al.,  2007) thereby increasing microbial  composition,  richness  and diversity  from

proximal to distal GIT regions.  The results of our study show more richness and diversity with

20 phyla and 38 classes as compared to previous results showing only 16 phyla residing the

small intestine (Li et al., 2017). 
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 A positive correlation was found between overall body weight and microbial mass. This

positive correlation would have negative impact in terms subjects health where therapeutic doses

would be mostly absorbed by the gut microbiome and a minimal  dose will  be available  for

inducing a therapeutic response as compared to an altered microbiome in disease condition.  

Long  term  drug  treatment  with  paracetamol,  phenobarbital,  caffeine,  salicylic  acid,

sulpiride  and  propranolol  has  shown  no  change  in  overall  total  bacterial  load,  but  gene

expression  of  some  species  was  markedly  influenced.  The  total  bacterial  load  in  the  small

intestine was statistically nonsignificant in the treated groups in comparison to the control group,

while  E. coli counts in the gut increased significantly in response in all drug-treated groups as

compared  to  the  control  group  receiving  the  routine  diet.  Lactobacillus counts  decreased

significantly in response in all drug-treated groups as compared to control group receiving the

routine diet. Similar results were observed with antimicrobial treatment showing changes in gene

expression of some of the microbial species of the gut microbiota of the host (Dethlefsen and

Relman, 2011). 

Similarly, use of proton pump inhibitors (PPI) alter the diversity and composition of the

normal intestinal microbiome (Minalyan et al., 2017). Apart from therapeutic effect in chronic

diseases, paracetamol, phenobarbital, caffeine, salicylic acid, sulpiride and propranolol can also

alter the residing normal microbiome of the small intestine by genomic manipulation. Findings

from the current study are also in line with previous studies confirming that orally administered

drugs such as hypoglycemic agents (Forslund et al., 2015),  proton pump inhibitors (Imhann et

al.,  2016),  nonsteroidal  anti-inflammatory  drugs (Rogers  &  Aronoff,  2016)  and  atypical

antipsychotic)  (Flowers,  et  al.,  2017)  are  designed  to  target  the  human  cells,  but  their

consumption can also affect the microbiome composition of the host. It is now proven that ≥200

of human-targeted drugs inhibited the in vitro growth of 1 out 40 tested gut microbial species

(Maier et al., 2018). 

Despite beneficial use, many drugs have shown gastrointestinal side effects and the gut

microbiome itself is symbiotically pivotal to maintain human health (Kahrstrom et al., 2016).

Similar results also observed that long term use of metformin resulted in adverse gastrointestinal

effects due to an increase in  E. coli counts (Forslund et al., 2015). Genomic alterations of the

microbes may be the ultimate reason of idiosyncratic side effects of such drugs for prolonged

clinical use.
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SUMMARY

The  gut  microbiome  is  now  considered  as  a  new  organ  in  the  body.  The  blend  of

microbes and human cells has helped to evolve the human body into a supraorganism. Trillions

of microbes reside in the gut in a symbiotic fashion and perform many beneficial tasks for the

host, which the human body is unable to accomplish alone. Gut microbes assist in the breakdown

of indigestible food, metabolism of drugs and xenbiotics, immunomodulation and antimicrobial

protection.   Number  of  cells  in  microbiome  differ  consistently  along  the  length  of  the  gut

possessing  107 microbial  cells  per  gram of  total  digesta  contents  in  the  small  intestine  that

increase to 1011  to 1012 microbial cells per gram of total digesta present in the colon. Diversity

and composition of gut microbiome changes with age, diet and antibiotic therapy. 

One objective of the current research project was to find out the overall diversity and

composition of core microbiota residing along the length of the small  intestine in a regional

strain  of  healthy  albino  Wistar rats  using  high-throughput  16S rRNA gene sequencing.  The

results showed consistently rich and a highly diversified microbial community of 20 phyla, 38

classes, 68 orders, 137 families, 294 genera and 455 species conforming the makeup of the core

microbiota in all samples of the small intestine due to similar diet, environmental conditions and

coprophagy.

A second study was performed, which consisted of six trials, each with a different drug in

a single dose administered orally to the rats. All the selected drugs (paracetamol, phenobarbital,

caffeine, salicylic acid, sulpiride and propranolol) are human intestinal residents under some kind

of diseased state.

More  recently,  an  in  vitro  study  supported  the  idea  that  membrane  transporters  in

microbes  take up the orally administered drugs. Studies regarding structural homology show

similarities between membrane transport proteins in gut epithelial cells and cell membrane of the

gut microbiome. The presence of such transport mechanisms in normal flora of the gut of the

host may enable the gut microflora to compete for drug substrates with the host itself through
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absorbance  of  these  drugs.  Therefore,  it  was  hypothesized  that  orally  administered  drugs

(paracetamol, sulpiride, salicylic acid, phenobarbital, caffeine and propranolol) may interact with

the gut microbiome and some administered portions may be consumed by microbes during drug

transit through the small intestine. Currently, there is no available data which can confirm the in

vivo absorbance of such drugs by the gut microbiome in an animal model.

 In vivo trials with each of these six drugs were conducted in normal healthy adult male

rats (n=36). Rats were divided into control and treatment groups with the same number of rats in

each group (n=6). Selected drugs were administered in a single oral dose /kg of body weight to

the treatment groups. Digesta was isolated from the small intestine after post-drug administration

sampling times of 2, 3, 4, 5 and 6 hours. Digesta was then filtered through cheese cloth and

centrifuged successively to  obtain a microbial  mass.  The microbial  mass was extracted  with

acetonitrile to get a microbial lysate. The drug absorbance was determined by injecting extracted

microbial lysate into a high-performance liquid chromatography (Reverse phase HPLC-UV) C18

column under isocratic conditions. 

In the paracetamol-treated group, maximum drug absorbance by the whole microbiome,

drug absorbance per mg of microbial mass and maximum drug administered/dose recovery from

the gut microbiome were detected at 4 hours post-drug administration.  Paracetamol was also

detected in the microbiome at 5 hours post-drug administered sampling. Samples collected at 0,

2, 3 and 6 hours post drug administration failed to show any paracetamol.  In phenobarbital-

treated group, maximum drug absorbance by the whole microbiome, drug absorbance per mg of

microbial  mass  and  maximum  drug  administered/dose  recovery  from  the  microbiome  was

observed at 4 hours post-drug administration demonstrating paracetamol is a good substrate of

the gut microbiome. Phenobarbital was also observed at 3 and 5 hours post-drug sampling, but

none of the gut microbiome samples at 0, 2, and 6 hours post-drug administration contained

phenobarbital.  A  small  percent  dose  recovery  indicated  that  though  a  substrate  of  the  gut

microbiome phenobarbital a poor one.

In  the  caffeine-treated  group,  maximum  drug  absorbance  by  microbiome,  drug

absorbance  per  mg of  microbial  mass  and  maximum drug  administered/dose  recovery  from

microbiome  were  observed  at  2  hours  post-drug  administration  which  were  significantly

(P<0.05) higher as compared to all other groups. Caffeine was also observed at 3, 4 and 5 hours

151



post-drug  sampling,  but  caffeine  was  not  detected  in  samples  at  0  and  6  hours  post-drug

administration. High percent dose recovery demonstrated caffeine to be excellent substrate of the

gut  microbiome.  In  the  salicylic  acid-treated  group,  maximum  drug  absorbance  by  whole

microbiome, drug absorbance per mg of microbial mass and maximum drug administered/dose

recovery from microbiome were observed at 2 hours post-drug administration. Salicylic acid was

not detected in samples at 0, 3, 4, 5 and 6 hours post-drug administration. Low percent dose

recovery shows salicylic acid as a poor substrate of the gut microbiome.

In the sulpiride-treated group, maximum drug absorbance by whole microbiome, drug

absorbance  per  mg of  microbial  mass  and  maximum drug  administered/dose  recovery  from

microbiome were observed at 4 hours post-drug administration. None of the samples at 0, 2, 4, 5

and 6 hours post-drug administration exhibited sulpiride. Little percent dose recovery proved

sulpiride a poor substrate of the gut microbiome.

 In  the  propranolol-treated  group,  maximum absorbance  by  whole  microbiome,  drug

absorbance  per  mg of  microbial  mass  and  maximum drug  administered/dose  recovery  from

microbiome were observed at 3 hours post-drug administration. Propranolol was also observed at

2  hours  post-drug  administration.  None  of  the  samples  at  0,  4,  5  and  6  hrs  post  drug

administration contained detectable levels of propranolol. Highest percent dose recovery proved

propranolol is an excellent substrate of the gut microbiome.

Maximum absorbance of all the drugs by the gut microbiome was observed which was

reduced as a function of time as a result of competitive absorption between gut microbiome and

gut epithelial cells (enterocytes) of the host. Propranolol and caffeine are excellent, paracetamol

is good while phenobarbital, salicylic acid and sulpiride are poor substrates of gut microbiome.

While maximum transit times of paracetamol, phenobarbital,  caffeine, salicylic acid, sulpiride

and propranolol observed were 5, 5, 5, 2, 4 and 3 hours post-drug administration respectively at

which  drugs  were  detected  from gut  microbiome.  Results  of  the  current  study confirms  the

hypothesis of homology between membrane transporters of the gut microbiome and intestinal

epithelium. Orally administered drugs can be absorbed by gut microbiome competitively during

their transit in the small intestine but rate of absorption may differs at various transit times.

Long term effects of the drugs on microbiome were also evaluated after 21 post-drug

administration. Results showed no significant difference in overall status of normal microbiome
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in control and treated groups. However E. coli count in gut microbiome increased significantly

while  Lactobacillus count was decreased significantly in response to all drug treated groups as

compared to control group receiving routine diet. 

Currently  there  is  lack  of  data  regarding  this  phenomenal  drug  absorption  by  gut

microbes, however results of the current study might serve as a food for thought and evidence for

drug  regulatory  authorities  to  be  aware  of  the  potential  of  drug  microbiome  interaction.

Thorough  understanding  of  such  kind  of  complex  drug  microbiome  interactions  for  every

available drug may provide new horizon in the course of drug discovery and development of

personalized medicine for unexpected idiosyncratic drug reactions. Enteric microbiome is indeed

a drugable target with ability to manipulate its own composition. We can how assess this ability

by employing  “in vivo microbial drug absorption assay”  developed in the current study. More

drugs should be evaluated to not only increase the evidence in this regard but also to further

strengthen our understanding about the drug absorbance by gut microbiome and strategies to

minimize the unwanted drug escape in the small intestine. Considering the efficacy and toxicity

of drugs, the potential for gut microbiome to affect pharmacokinetic of any drug poses a serious

question for the development  of future therapies.  The current  study is  a new addition in the

reported literature regarding the interaction of gut microbiome with orally administered drugs.

Previously effect of gut microbiome on the pharmacokinetic of orally administered drug is much

reported  however  no  significant  data  is  available  in  the  previous  literature  regarding  the

absorption/uptake of the drug by the gut microbiome. 
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CONCLUSION

Orally administered drugs were absorbed by the gut microbiota of the rat through primary as

well as secondary transport mechanisms which confirms the idea of structural homology between

different transport mechanisms in microbial cell membranes and apical membrane of enterocytes

in the small intestine. Drugs may be poor, good and excellent substrate of the gut microbiome

depending  upon  C  and  N  termini,  presence  of  peptide  bond,  promiscuous  nature  of  POTs,

complexity of the microenvironment of the gut, inter-individual variability, localized bacterial

populations and expression of transporting protein. Transit time of drugs in small intestine varies

from 2 to 5 hours. Rate of drugs absorbance by microbiome is reduced as a function of prolonged

intestinal transit time, providing a competitiveness in drug absorbance mechanisms in microbes

and epithelial cells in small intestine of the host. This study led to the development of “in vivo

microbial drug absorption assay”. One of the possible strategies to increase the bioavailability of

orally  administered  drugs  may  be  the  inhibition  of  microbial  absorbance  of  drugs  by  some

substance. Our study also indicate the need to explore the remaining other orally administered

drugs  with  a  possibility  of  microbial  absorbance  in  gut.  Non  antibiotic  drugs  (paracetamol,

phenobarbital,  caffeine, salicylic acid, sulpiride and propranolol)  have a potential  to alter  the

normal  gut  flora  leading to  address  the  idiosyncratic  side  effect  profile  of  such drugs.  Non

antibacterial drugs should be tested for their extended antibacterial  spectrum. This study also

provide a rationale  to the legislative authorities to better  understanding the drug microbiome

interactions while treating chronic diseases like cardiovascular diseases, psychiatric disorders,

GIT disorders and pain management strategies in arthritis. 
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Appendix 1: Analysis of variance table showing the effect of weight (g) in control and 

paracetamol treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 51159.67 231.93 1.59 ns

Error 30 4383.33 146.11

Total 35 5543

      ns = Non-significant (P≥0.05)   

Appendix 2: Analysis of variance table showing the effect of small intestine length (cm) in 

control and paracetamol treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 205.14 204.03 1.95 ns

Error 30 631.17 21.04

Total 35 836.31

        ns = Non-significant (P≥0.05)   
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Appendix 3: Analysis of variance table showing the effect of small intestine weight (gm) in 

control and paracetamol treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 5.29 1.05 0.45ns

Error 30 32.27 1.07

Total 35 37.57

       ns = Non-significant (P≥0.05)   

Appendix 4: Analysis of variance table showing the effect of wet content weight (gm in 

control and paracetamol treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 1.56 0.31 0.83 ns

Error 30 11.23 0.37

Total 35 12.79

ns = Non-significant (P≥0.05)   
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Appendix 5: Analysis of variance table showing the effect of microbial mass (µg) in control 

and paracetamol treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 1719.80 358.36 0.51ns

Error 30 20929.16 697.63

Total 35 22720

Appendix 6: Analysis of variance table showing the effect of total paracetamol absorbance 

(µg) in control and paracetamol treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 13359370.14 2671874 315.2***

Error 30 254276.83 8475.89

Total 35 13613646.97

      *** = Highly significant (P≤0.05)   
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Appendix 7: Analysis of variance table showing the effect of paracetamol absorbance (µg) 

per mg of microbial mass in control and paracetamol treated groups at different intestinal 

transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 958.16 191.63 337.38 ***

Error 30 17.04 0.57

Total 35 975.19

*** = Highly significant (P≤0.05)   

Appendix 8: Analysis of variance table showing the effect of paracetamol percent dose 

recovery in control and paracetamol treated groups at different intestinal transit time.

Sources of

variation

Degrees of freedom Sum of squares Mean squares F-value

Groups 5 833.88 166.77 4097.70 ***

Error 30 10.05 0.33

Total 35 843.93

*** = Highly significant (P≤0.05)   
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Appendix 9: Analysis of variance table showing the effect of weight (g) in control and 

phenobarbital treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 1391 278 1.78ns

Error 30 6018.83 200.62

Total 35 7410.30

      ns = Non-significant (P≥0.05)   

Appendix 10: Analysis of variance table showing the effect of small intestine length (cm) in 

control and phenobarbital treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 68.22 13.64 1.70 ns

Error 30 240.66 8.02

Total 35 308.88

        ns = Non-significant (P≥0.05)   
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Appendix 11: Analysis of variance table showing the effect of small intestine weight (gm) in

control and phenobarbital treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 2.84 0.56 0.79ns

Error 30 21.55 0.71

Total 35 24.39

       ns = Non-significant (P≥0.05)   

 

Appendix 12: Analysis of variance table showing the effect of wet content weight (gm) in 

control and phenobarbital treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 1.04 0.20 0.74 ns

Error 30 11.54 0.38

Total 35 12.57

ns = Non-significant (P≥0.05)   
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Appendix 13: Analysis of variance table showing the effect of microbial mass (µg) in 

control and phenobarbital treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 870.64 174.12 0.86ns

Error 30 13818 476.5

Total 35 14689.14

Appendix 14: Analysis of variance table showing the effect of total drug absorbance (µg) in 

control and phenobarbital treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 113063.76 22612.75 316.67***

Error 30 2145.22 71.40

Total 35 115205.99

      *** = Highly significant (P≤0.05)   
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Appendix 15: Analysis of variance table showing the effect of phenobarbital absorbance 

(µg) per mg of microbial mass in control and phenobarbital treated groups at different 

intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 7.45 1.491 197.52 ***

Error 30 0.22 0.008

Total 35 7.68

*** = Highly significant (P≤0.05)   

Appendix 16: Analysis of variance table showing the effect of percent dose recovery in 

control and phenobarbital treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 164.88 32.97 446.35 ***

Error 30 2.22 0.073

Total 35 167.10

*** = Highly significant (P≤0.05)   
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Appendix 17: Analysis of variance table showing the effect of weight (g) in control and 

caffeine treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 1932.22 386 1.95 ns

Error 30 5943.66 198.12

Total 35 7875.88

      ns = Non-significant (P≥0.05)   

Appendix 18: Analysis of variance table showing the effect of small intestine length (cm) in 

control and caffeine treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 167.80 33.56 1.58 ns

Error 30 663.88 21.12

Total 35 801.63

        ns = Non-significant (P≥0.05)   
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Appendix 19: Analysis of variance table showing the effect of small intestine weight (gm) in

control and caffeine treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 3.12 0.62 0.70ns

Error 30 26.48 0.88

Total 35 29.61

        ns = Non-significant (P≥0.05)   

Appendix 20: Analysis of variance table showing the effect of wet content weight (gm) in 

control and caffeine treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 0.788 0.15 0.43ns

Error 30 10.96 0.36

Total 35 11.75

        ns = Non-significant (P≥0.05)  
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Appendix 21: Analysis of variance table showing the effect of microbial mass (µg) in 

control and caffeine treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 768.55 153.71 0.335ns

Error 30 13747.66 458.25

Total 35 14516.22

        ns = Non-significant (P≥0.05)   

Appendix 22: Analysis of variance table showing the effect of total caffeine absorbance (µg)

in control and caffeine treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 8243173.22 1648635.2 185.42***

Error 30 266738.01 8891.27

Total 35 8509914.23

      *** = Highly significant (P≤0.05)   
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Appendix 23: Analysis of variance table showing the effect of caffeine absorbance (µg) /mg 

of microbial mass in control and caffeine treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 642.42 128.48 551 ***

Error 30 6.99 0.23

Total 35 649.41

*** = Highly significant (P≤0.05)   

Appendix 24: Analysis of variance table showing the effect of caffeine absorbance (µg) /mg 

of microbial mass in control and caffeine treated groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 4308.32 861.66 147.30 ***

Error 30 175.48 5.84

Total 35 4483.80

*** = Highly significant (P≤0.05)   
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Appendix 25: Analysis of variance table showing the effect of weight (g) in control and 

salicylic acid treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 1261.58 243.31 1.40ns

Error 30 5180.16 172.67

Total 35 6396.75

      ns = Non-significant (P≥0.05)   

Appendix 26: Analysis of variance table showing the effect of small intestine length (cm) in 

control and salicylic acid treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 298.25 59.65 3.67ns 

Error 30 486.5 16.21

Total 35 784.75

ns = Non-significant (P≥0.05)   
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Appendix 27: Analysis of variance table showing the effect of small intestine weight (gm) in

control and salicylic acid treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 4.01 0.80 1.18ns

Error 30 20.39 0.68

Total 35 24.40

       ns = Non-significant (P≥0.05)   

Appendix 28: Analysis of variance table showing the effect of wet content weight (gm) in 

control and salicylic acid treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 0.11 0.02 0.101 ns

Error 30 6.44 0.21

Total 35 6.55

ns = Non-significant (P≥0.05)   
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Appendix 29: Analysis of variance table showing the effect of microbial mass (mg) in 

control and salicylic acid treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 454.22 90.84 0.24ns

Error 30 11245 374.83

Total 35 11699.22

Appendix 30: Analysis of variance table showing the effect of total drug absorbance (µg) in 

control and salicylic acid treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 105245.86 21049.17 78.16***

Error 30 8078.92 269.29

Total 35 113324.79

      *** = Highly significant (P≤0.05)   
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Appendix 31: Analysis of variance table showing the effect of drug absorbance (µg) /mg of 

microbial mass in control and salicylic acid treated groups at different intestinal transit 

time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 7.98 1.59 266.10 ***

Error 30 0.17 0.005

Total 35 8.16

*** = Highly significant (P≤0.05)   

Appendix 32: Analysis of variance table showing the effect of percent dose recovery in 

control and salicylic acid treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 14.56 2.91 109.55 ***

Error 30 0.79 0.02

Total 35 15.35

*** = Highly significant (P≤0.05)   
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Appendix 33: Analysis of variance table showing the effect of weight (g) in control and 

sulpiride treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 1005.33 201.06 1.48 ns

Error 30 4081.66 136.05

Total 35 5087

      ns = Non-significant (P≥0.05)   

Appendix 34: Analysis of variance table showing the effect of small intestine length (cm) in 

control and sulpiride treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 228.88 45.77 3.04ns

Error 30 450.33 15.01

Total 35 679.22

ns = Non-significant (P≥0.05)   
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Appendix 35: Analysis of variance table showing the effect of small intestine weight (gm) in

control and sulpiride treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 4.49 0.89 1.46ns

Error 30 18.37 0.61

Total 35 22.86

       ns = Non-significant (P≥0.05)   

 

Appendix 36: Analysis of variance table showing the effect of wet content weight (gm) in 

control and sulpiride treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 0.48 0.09 0.71 ns

Error 30 4.12 0.13

Total 35 4.61

ns = Non-significant (P≥0.05)   
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Appendix 37: Analysis of variance table showing the effect of microbial mass (µg) in 

control and sulpiride treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 707.55 141.51 0.38ns

Error 30 11277 375.9

Total 35 11984.55

Appendix 38: Analysis of variance table showing the effect of drug absorbance (µg) in 

control and sulpiride treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 80899.2 216179.84 284.90***

Error 30 1703.68 56.789

Total 35 82602.88

      *** = Highly significant (P≤0.05)   

197



Appendix 39: Analysis of variance table showing the effect of drug absorbance (µg) /mg of 

microbial mass in control and sulpiride treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 6.40 1.28 812.36 ***

Error 30 0.04 0.0015

Total 35 6.45

*** = Highly significant (P≤0.05)   

Appendix 40: Analysis of variance table showing the effect of percent dose recovery in 

control and sulpiride treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 76.77 15.35 241.62 ***

Error 30 1.90 0.06

Total 35 78.68

*** = Highly significant (P≤0.05)   
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Appendix 41: Analysis of variance table showing the effect of weight (g) in control and 

propranolol treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 933.88 186.77 1.90 ns

Error 30 2940.33 98.01

Total 35 3874.22

      ns = Non-significant (P≥0.05)   

Appendix 42: Analysis of variance table showing the effect of small intestine length (cm in 

control and propranolol treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 298.22 59.64 2.44 ns

Error 30 731.66 24.38

Total 35 1029.88

        ns = Non-significant (P≥0.05)   
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Appendix 43: Analysis of variance table showing the effect of small intestine weight (gm) in

control and propranolol treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 1.93 0.38 0.44ns

Error 30 26.08 0.86

Total 35 28.01

       ns = Non-significant (P≥0.05)   

 

Appendix 44: Analysis of variance table showing the effect of wet content weight (gm) in 

control and propranolol treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 0.86 0.17 0.61 ns

Error 30 7.19 0.23

Total 35 8.05

ns = Non-significant (P≥0.05)   
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Appendix 45: Analysis of variance table showing the effect of microbial mass (µg) in 

control and propranolol treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 2570.55 514.11 0.61ns

Error 30 21639 721.3

Total 35 24209.55

Appendix 46: Analysis of variance table showing the effect of total drug absorbance (µg) in 

control and propranolol treated groups at different intestinal transit time. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 446304.9 89260.98 255.40***

Error 30 10484.69 349.48

Total 35 456789.65

      *** = Highly significant (P≤0.05)   
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Appendix 47: Analysis of variance table showing the effect of drug absorbance (µg) /mg of 

microbial mass in control and propranolol treated groups at different intestinal transit 

time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 39.85 7.97 31.94 ***

Error 30 7.48 0.25

Total 35 47.34

*** = Highly significant (P≤0.05)   

Appendix 48: Analysis of variance table showing the effect of percent dose recovery in 

groups at different intestinal transit time.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 5 26211.34 5242.26 297.77 ***

Error 30 528.14 17.60

Total 35 26739.49

*** = Highly significant (P≤0.05)   
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Appendix 49: Analysis of variance table showing the effect of weight (g) in control and 

different drug treated groups based upon post drug sampling time at 22nd day.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 6 304.23 50.70 1.22 ns

Error 35 1448.16 41.37

Total 41 1752.40

      ns = Non-significant (P≥0.05)   

Appendix 50: Analysis of variance table showing the effect of small intestine length (cm) in 

control and different drug treated groups based upon post drug sampling time at 22nd day.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 6 64.24 10.71 1.19 ns

Error 35 314.33 8.98

Total 41 378.57

        ns = Non-significant (P≥0.05)   
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Appendix 51: Analysis of variance table showing the effect of small intestine weight (gm) in

control and different drug treated groups based upon post drug sampling time at 22nd day. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 6 5.61 0.93 1.28ns

Error 35 25.47 0.72

Total 41 31.07

       ns = Non-significant (P≥0.05)   

 

Appendix 52: Analysis of variance table showing the effect of wet content weight (gm) in 

control and different drug treated groups based upon post drug sampling time at 22nd day. 

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 6 60.49 0.08 0.24 ns

Error 35 11.62 0.33

Total 41 12.11

ns = Non-significant (P≥0.05)   
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Appendix 53: Analysis of variance table showing the effect of microbial mass (µg) in 

control and different drug treated groups based upon post drug sampling time at 22nd day.

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean
squares

F-value

Groups 6 3413.28 568.88 1.14 ns

Error 35 17395.5 497.01

Total 41 20808.7
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	1. Ecology of the microbes residing the small intestine in healthy rats will be explored by 16S rRNA sequencing. 2. The drugs paracetamol, phenobarbital, salicylic acid, caffeine, sulpiride and propranolol will be assessed for their absorption by normal microbes residing the gut of the host.
	3. Microbial absorbance of paracetamol, phenobarbital, salicylic acid, caffeine, sulpiride and propranolol will be evaluated at various transit time intervals during transit through small intestine.
	4. Quantification of various drugs; paracetamol, phenobarbital, salicylic acid, caffeine, sulpiride and propranolol absorbed by the normal gut microbiota will be done. 5. New insights will be made as no previous data or report are available in the literature. So, this study will prove to be provocative in this field of research.

