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human health either directly or indirectly [1415] and Groups of subjects with and without T2DM have cen
that disruption to stable communities may increase trasting microbiota ndings in terms of phyla composi
the prevalence of pro-in ammatory conditions such tion (summarised in Tablel). Signi cantly lower relative
as obesity, in ammatory bowel disease, T2DM, arthri abundances of Firmicutes, compared with a much higher
tis and cancer [16]. Both animal models and humansproportion of Bacteroidetes and Proteobacteria has been
with T2DM have demonstrated compositional changes reported in subjects with T2DM [17]. e Bacteroi-
within their microbiota pro les, which is most appar detes to Firmicutes ratio (B/F ratio) is associated with
ent at phylum and class levels [118]. Confounding increased plasma glucose following an oral glucose load
factors such as geographical location, culture, diet,[17]. Conversely, other research groups describe the
health status and medication-use however have led tcabundance of Firmicutes and Proteobacteria as signi
di culty in identifying a ‘common’ microbiota prole  cantly increased, while Bacteroidetes is greatly reduced
associated with T2DM [19]. Complete bacterial counts resulting in an enhanced F/B ratio in T2DM compared to
and gene numbers are similar between T2DM patientsnon-diabetic individuals [2325]. Zhao et al., clari ed the
and healthy controls [1720], but this diversity signi- enhanced F/B ratio in T2DM subjects further, compar
cantly declines in T2DM [21-23]. It is unlikely that a ing complicated and uncomplicated T2DM cohorts and
single microbe species plays a dominant role in deter displaying an increased F/B ratio in favour of the compli
mining the risk of T2DM [24]. cated cohort, as expected [25]. Other groups have found

no signi cant di erences in microbiota [26]. Opportunis

tic pathogens are frequently described in T2DM micro

biota communities including the specieBacteroides
Table 1 Microbiota community di erences between participant caccae, Clostridium hathewayi, Clostridium ramosum,

cohorts Clostridium symbiosum, Eggerthella lenta and Escheré
Participant cohort Microbiota di erences chia coli [18, 26, 27].
— - o Specic genera with relatively high abundances in
Normal physiological conditions [10-12] - 84% Rirmicutes T2DM patients have also been identi ed. See Tatsidor
8% Proteobacteria summary. ese include Blautia, Coprococcus, Sporobac-
3% Actinobacteria ter, Abiotrophia, Peptostreptococcus, Parasutterella and
T2DM cohort [17] | Firmicutes Collinsella [25, 26, 28].
4 Bacteroidetes ; ; ;
1 BIF ratio Butyrate producing microbes are particularly depleted
4 Proteobacteria in patients diagnosed with T2DM specically the
T2DM cohort [23, 25] + Firmicutes Clostridiales order, including the genera Ruminocec
1 Proteobacteria cus and Subdoligranulum, and the species Eubacterium
*E;a\;t;rt?(l)detes rectale, Faecali prausnitzii, Roseburia intestinalis and
Complicated T2DM vs uncomplicated T2DM1 F/B ratio Roseburia inulinivorans [18, 21-23, 27].. Butyratg is WeI.I
[25] understood to benet host homeostasis and will be dis

T2DM cohort [26] No di erence cussed in further detail later in the review. e genera

Table 2 Individual microbiota di erences in T2DM cohorts

Patient cohort Microbiota ndings

T2DM [18, 26, 27] 4 opportunistic pathogens
Bacteroides caccae, Clostridium hathewayi, Clostridium ramosum, Clostridium symbiosum,
Eggerthella lenta, Escherichia coli
T2DM [24, 26, 28] 4 Blautia, Coprococcus, Sporobacter, Abiotrophia, Peptostreptococcus, Parasutterella, Collinsella
T2DM [18, 21-23, 27, 120] | butyrate-producing microbes
Eubacterium rectale, Faecali prausnitzii, Roseburia intestinalis, Roseburia inulinivorans, Rumino
coccus and Subdoligranulum

T2DM [23, 25, 34, 35] | Bacteroides, Prevotella, Bi dobacterium
T2DM [20, 23, 35] 4 Lactobacillus
| x 5 clostridium species
T2DM [25] | Akkermansia
Pre-diabetic [43] | Akkermansia, Clostridium

4 Ruminococcus, Streptococcus
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Bacteroides, Prevotella and Bifidobacterium are found in  Type 1 diabetes mellitus
signi cantly less numbers in T2DM patients [2325,33, Type 1 diabetes mellitus (T1DM) is a cellular-mediated
34]. e genus Bifidobacterium is known to provide sig  autoimmune disease in which the destruction of panere
ni cant health bene ts including the ability to improve atic -cells causes insulin de ciency resulting in hyper
intestinal permeability thereby lowering circulating levels glycaemia and a potential for ketoacidosis. Autoimmune
of endotoxin and reducing systemic in ammation. is  destruction of -cells has strong genetic predispositions
correlates with the improvement of host glucose toler and are also related to environmental constituents that
ance and glucose-induced insulin secretion, and reducesre still poorly understood [4344]. e development of
in ammation [35-37]. T1DM has been linked to aberrant intestinal microbi

A female European T2DM cohort displayed much ota, microbial-induced butyrate production, a disrupted
greater numbers of theLactobacillus species and a intestinal mucosal barrier, and altered mucosal immunity
decline in the abundance of ve Clostridium species [20].[45, 46].
Similar conclusions were also reported in two other stud  Currently there are several large prospective epidemio
ies [23,34]. An increase in the population of the genus logical studies in TIDM children aiming to identify and
Lactobacillus correlates positively with lower fasting glu investigate environmental causes. e Environmental
cose levels and improved glycated haemoglobin (HbAlcDeterminants of Diabetes in the Young (TEDDY) study
levels. Both species have no relationship with BMI [20].is the largest, with the aim of following several thousand
Supplementing diabetic rodents with strains of the spe newborns with a genetic predisposition for TIDM or a
cies Clostridium butyricum led to an improvement in rst-degree relative with TIDM [47]. Initial analysis has
circulating glucose levels, decreased systemic insulinlemonstrated that the presence of ve bacterial gen
resistance and in ammation, increased mitochondrial era is associated with the early development of T1DM,
metabolism and a signi cant reduction in gut disruption the genus Parabacteroides being the most signi cant.
[38]. Secondly, eleven bacterial genera were depleted in the

e species Akkermansia muciniphila and Faecali T1DM cohort, including four unclassi ed Ruminocoe
prausnitzii appear to provide protection against the caceae, Lactococcus, Streptococcus and Akermansif8].
development of T2DM [27,39, 40]. e genus Akker - In the islet autoimmunity (IA) case—control cohort,
mansia plays a critical role in maintaining the integrity of healthy controls contained higher levels of the spe
the mucin layer and reducing in ammation [41]. Mucins cies Lactobacillus rhamnosus and Bifidobacterium
are large, highly glycosylated proteins that partake indentium, whereas |A cases had higher abundances
luminal protection of the GIT leading to a reduction in of Streptococcus mitis/oralis/pneumoniae species [47].
bacterial translocation and improving the storage of A reduction in bacterial pathways for the production of
fat, adipose tissue metabolism and glucose homeostasishort-chain fatty acids (SCFAs) such as butyrate in ehil
[41]. T2DM patients display signi cantly lower levels of dren who developed islet autoantibodies or TIDM were
Akkermansia [25]. Supplementing rodents with oligo- observed [47]. e relevance of the SCFAs is discussed
fructose (resulting in a secondary increase in Akkerman in detail later in the review. Modifying the microbiota
sia) or direct treatment with Akkermansiaimproves their community is an interesting possibility in order to pre
overall metabolic status [41]. Initiating T2DM treatment vent TLDM development. Results from the TEDDY study
also appeared to directly initiate an increase in the abun demonstrated a decrease in islet autoimmunity in chil
dance of Faecali prausnitzii, a secondary reduction in dren given probiotics in early infancy [49]. Further stud
systemic in ammation and an improvement in insulin ies are ongoing, however there is still a considerable lack
resistance [27]. Patients with pre-diabetes also demon of literature positively connecting microbiota dysbiosis as
strate similar ndings in their microbiota communities a predictor in the pathogenesis of TIDM [50].
including a decrease in microbial diversity; depletion in
the numbers of the genera Akkermansiand Clostridium; Medication induced changes in gut microbiota
and increases in Ruminococcudind Streptococcus [42]. composition

If a ‘common’ microbiota pro le can be identied for Gut microbial composition is highly variable between
T2DM, it could be possible to utilise microbial biomark individuals and is continuously modi ed by endogenous
ers alongside clinical parameters in a machine learningand exogenous factors [51]. Geographic and environ
prediction model to distinguish patients at risk of T2DM mental factors such as diet, iliness, lifestyle, hygiene and
with reliable diagnostic accuracy. Secondly, if this modelmedications can contribute to changes [52-54]. Antibi
proves successful, the selected microbial biomarkersotic treatments have the ability to disrupt the gut micro
could be used to monitor patients’ glycaemic control and biota community for several years after administration
the introduction of new therapeutics. [55]. A population-wide case—control study performed



Cunningham et al. Gut Pathog (2021) 13:50 Page 4 of 13

in Scandinavia illustrated a strong association betweerthe abundance of the phyla Bacteroidetes, Proteobac
antibiotic exposure and the development of subsequentteria and Actinobacteria [65]. Decreases in the relative
T2DM. A relationship between T2DM diagnosis and the abundance of all obesity-related phylotypes (the genera
number of antibiotic prescriptions was also observed Romboutsia and Ruminiclostridium, and the family Ery
[56]. Further detailed work is required to establish asso sipelotrichaceae) were also noted, accompanied with an
ciation or causation. It is possible that antibiotics may enrichment in the lean-related genre Blauti@and Cop
predispose patients to the development of T2DM, hew rococcus [66]. Patients receiving GLP-1 agonists in cem
ever patients at-risk of T2DM may be more susceptiblebination with metformin have higher abundances of the
to illness in the years prior to diagnosis [56]. Vrieze et al.genusAkkermansia than those on single treatment lira
studied the e ects of antibiotic treatment on the gut glutide [67].
microbiota and the resulting e ect on metabolic param
eters in patients with obesity and insulin resistance.Gut microbiota impact on glucose and insulin
Vancomycin signi cantly lowered microbial diversity, metabolism
decreased the abundance of Firmicutes, improved theGut microbiota have the ability to alter host glucose
numbers of Proteobacteria, particularly the genus Lacto homeostasis through multiple mechanisms including:
bacillus and decreased peripheral insulin sensitivity [57]. the production of metabolites during fermentation and
Glucose lowering medication including the biguanides, their resulting secondary e ects; activation of inam
alpha-glucosidase inhibitors, incretin-based drugs, gluca matory cascades leading to the release of cytokines; dis
gon-like peptide 1 (GLP-1) receptor agonists, dipepti rupting the permeability of the intestinal mucosal barrier
dyl peptidase-4 inhibitors and thiazolidinediones can all allowing the in ux of toxins; and direct signalling action
in uence the gut microbiota [58]. Metformin is one of through incretin secretion. ese mechanisms have been
the most widely prescribed oral medications for patients discussed in great detail elsewhere, but we will sum
with T2DM and does not intentionally modify gut micre  marise the main in uencing factors below [68]. T2DM
biota. However, there is growing evidence to indicate thatpatients demonstrate an enrichment in their membrane
some e ects may be enhanced by the microbiota [59,transport of sugars, branched chain amino acids (BCAA)
60]. Metformin increases the relative abundance of thetransportation, methane metabolism, xenobiotic deg
genera Akkermansia, Bifidobacterium and Lactobacit  radation and metabolism, and sulphate reduction. e
lus [59-61]. Other enriched genre associations includesame cohort displayed reduced levels of bacterial chem
Bacteroides, Butyricoccus, Prevotella, Megasphaera and otaxis, agellar assembly, butyrate biosynthesis and
Butyrivibrio [60]. ese particular microbiota all have metabolism of cofactors and vitamins [18]. Figufepro-
the ability to produce SCFAs. Metformin treatment vides a diagrammatic summary.
results in improved microbial diversity, rapid changes
in gut microbiota composition and improves intestinal Gut microbiota metabolites
function by enhancing SCFA production, promoting SCFAs, BCAAs, succinate, indole and imidazole are all
the activity of endocrine cells, regulating bile acid (BA) microbial metabolites produced during anaerobic fer
turnover, and reducing endotoxemia [60]. Short-term mentation in the gut and act as central components in
metformin treatment is associated with signi cantly low microbe-to-host signalling pathways [69,70]. ese
ered abundance of the speci@acteroides fragilis result  metabolites are predominantly produced from micro
ing in secondary increases of BA glycoursodexoycholidiota genera such as AkkermansiaPrevotella, Rumi-
acid (GUDCA) levels in the gut. GUDCA inhibits intes nococus, Coprococcus, Faecalibacterium, Eubacterium,
tinal farnesoid X receptor (FXR) signalling leading to an Roseburia, Clostridium, Bacteroides, Lactobacillus, Strep-
improvement in glucose tolerance. ReintroducinBucte-  tococcus, Propionibacterium and Fusobacterium [71-73].
roides fragilis reverses the improvements seen in glucoseAs discussed earlier, the majority of these particular
metabolism with metformin usage [62]. Other diabetic microbiota are depleted in patients with T2DM.
medications have not been as widely scrutinised as-met Butyrate, acetate and propionate are the most abun
formin treatment. Glibenclamide has only minor e ects dant SCFAs produced by intestinal fermentation of
on gut microbiota alpha diversity. It increases the relativedietary bre [74, 75]. Acetate and propionate are mostly
abundance of the family Paraprevotellaceae and Prevo produced by the phylum Bacteroidetes, while butyrate is
tella species [63]. Neither dapagli ozin or gliclazide have produced by the Firmicutes [76]. SCFAs are directly -uti
been shown to alter gut microbiota in T2DM patients lised as an energy source by the intestinal mucosal cells
to any signi cant extent when used in combination with or transferred to the systemic circulation to generate an
metformin [64]. In high-fat dietary fed (HFD) rodents, important source of energy for the host and have the abil
liraglutide reduces gut microbial diversity and lowers ity to behave as signaling molecules [74].
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Fig. 1 Microbiota in uence on glucose homeostasis

SCFAs strongly inuence glucose metabolism SCFAs have been demonstrated to enhance glucose
through the coupling action with selected G-protein- uptake peripherally, by increasing the expression of glu
coupled receptors (GPRs). ese are predominantly cose transporter type 4 (GLUT4), through the action of
expressed in adipose tissue, the intestine, and immunéMP-activated protein kinase (AMPK) activity. Sec
cells. GPR43 and GPR119 stimulation promotes theondly, in skeletal muscle, SCFAs have the capability of
secretion of the incretin GLP-1 from enteroendocrine reducing glycolysis resulting in secondary accumulation
L-cells [77-79]. GLP-1 intensies glucose-induced of glucose-6-phosphate leading to greater glycogen-syn
insulin release from -cells, suppresses glucagon secrethesis [84, 85].
tion, protects -cells from apoptosis, promotes -cell  Acetate, the most abundant SCFA, is taken up by the
proliferation and prolongs intestinal transit time [80].  intestinal epithelium, transported to the liver via the

Stimulation of the receptor GPR41 by butyrate and portal vein, and eventually distributed to peripheral tis
propionate has the ability to induce intestinal glucone sues where it is metabolised [86]. Systemic acetate has
ogenesis through two di erent mechanisms of action. the capability of crossing the blood-brain barrier where
Firstly, by acting as a GPR41 agonist which enhance# can activate acetyl-CoA carboxylase leading to the
intestinal gluconeogenesis gene expression and-se@®nhancement of the expression of neuropeptides which
ondly through a gut-brain neural circuit involving induces hypothalamic neuronal activation and sup
GPRA41 [81]. presses appetite [87].

SCFAs can also directly impact hepatic glucose Butyrate is the principal substrate and energy source
metabolism, decreasing glycolysis and gluconeogenesi$or colonocytes providing at least 60-70% of colonic
increasing glycogen synthesis and lowering plasma fattynucosa energy requirements, essential for their prolifera
acid concentration [29,82]. SCFAs have the ability to tion and di erentiation [29, 30]. Butyrate is important in
activate parasympathetic activity subsequently increasingmaintaining colonic epithelium homeostasis mainly by
appetite and promoting glucose-stimulated insulin seere utilising its anti-in ammatory properties, thereby pre
tion [83]. venting the production of reactive oxygen and nitrogen
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species generated in oxidative stress [388]. Sanna correlating with two speci ¢ bacterial species, Prevotella
et al. reported that the abundance of butyrate-produc copri and Bacteroides vulgatus [31]. Insulin-resistant
ing microbiota is associated with an improved insulin patients display enriched BCAA biosynthesis and are
response during an oral glucose tolerance test (an indicafound to be deprived of genes encoding bacterial inward
tion of improved -cell function) [89]. transporters for these particular amino acids [31]. In
Intestinally produced propionate is a known preferred rodents, it was demonstrated that the speci€gevotelia
precursor for gluconeogenesis of which approximatelycopri can induce insulin resistance, exacerbate glucose
50% is utilised in this manner [6®0]. Propionate enters intolerance and intensify BCAA levels [31].
the tricarboxylic acid (TCA) cycle and is converted into Indolepropionic acid, a metabolite generated by bacte
succinyl-CoA via three successive reactions. e result rial aromatic amino acid catabolism is highly correlated
ing succinyl-CoA re-enters the TCA cycle and is con with dietary bre intake and appears to reduce the risk
verted into oxaloacetate, the gluconeogenesis precursoof developing T2DM. It provides potent radical scaveng
[91]. ing activity raising the suggestion that it may provide
Increased intestinal propionate delivery has beenprotection for the pancreatic -cell from damage asso
associated with enhanced -cell function and glucose- ciated with metabolic and oxidative stress [32]. It may
stimulated insulin secretion that was independent of also be involved in the modulation of incretin secretion
alterations in GLP-1 levels. Propionate also provided pro from enteroendocrine L-cells by inhibiting voltage-gated
tection for the human islets through the direct inhibition potassium channels, triggering GLP-1 secretion [990].
of apoptosis induced by in ammatory cytokines [92]. Imidazole propionate, produced from the degradation
Lastly, supplementing overweight patients with intestinal of histidine by gut microbiota, impairs the ability of cells
propionate resulted in reduced energy intake and adipos to correctly respond to insulin by acting as an inhibitor of
ity, and intensi ed plasma levels of peptide YY (PYY) andthe intracellular insulin receptor signalling cascade [101].
GLP-1193].
It is possible to improve T2DM control through the Bile acids
introduction of a high- bre diet. Encouraging patients to BAs are steroid carboxylic acids derived primarily
ingest a high- bre diet has been demonstrated to improve from cholesterol through the action of the rate-limit
the quantities of SCFA-producing microbiota, leading to ing enzyme 7 -hydroxylase (CYP7A1l), which are then
a reduction in HbAlc levels facilitated by an increase inconjugated to glycine or taurine before being secreted
the production of GLP-1 [94]. Patients receiving a high- in bile. Greater than 95% are reabsorbed in the terminal
bre diet had greater reductions in HbAlc levels and aileum and colon through the enterohepatic circulation
higher proportion of this cohort achieved adequate gly [102,103]. e main function of BAs is the digestion and
caemic control (HbA1c<7%) compared with the control absorption of lipids and lipid-soluble vitamins within the
group [94]. A further clinical study [95], advising the small intestine. Lactobacillus, Bifidobacterium, Entero-
ingestion of a Mediterranean diet (rich in bre), has also bacter, Bacteroides and Clostridium are the main gut
reported improvements in glucose and insulin sensiiv microbiota that in uence BA synthesis, modi cation and
ity in individuals with high cardiometabolic risk. Greater signalling. ey have the ability to control the conversion
postprandial plasma butyrate concentrations were found of primary BAs (cholic acid and chenodeoxycholic acid)
associated with increases in the abundance of the-spento secondary BAs (deoxycholic and lithocholic acids),
cies Intestinimonas butyriciproducens and Akkerman  through the process of deconjugation and the ability to
sia muciniphila. Of note, the butyrate concentrations metabolise the naturally occurring FXR antagonist tauro-
directly correlated with postprandial insulin sensitivity, -muricholic acid [102-105]. In turn, BAs contribute
evaluated by the oral glucose insulin sensitivity (OGIS)towards intestinal homeostasis by suppressing bacterial
model [95]. colonisation and growth in the intestine because of their
e bacterial fermentation of dietary bre produces strong antimicrobial activity [106]. In addition to roles in
large amounts of succinate that improves glycaemic eon intestinal digestion and absorption, BAs have the ability
trol through the activation of intestinal gluconeogenesis to exert important metabolic e ects acting as hormones.
[96], which is also true of the SCFAs butyrate and pro BAs can adjust glucose metabolism through receptor
pionate [81,97]. Increases in a small number of essen coupling signalling using both the FXR and G-protein
tial amino acids including the BCAAs and the aromatic receptor 5 (TGR-5) [107]. FXR coupling is only pos
amino acids have been reported to be associated witlsible by primary BAs and has the ability to reduce glu
a ve-fold increased risk of developing T2DM in the coneogenesis, promote hepatic glycogen production,
future [98]. Raised plasma levels of BCAAs has also beanhibit the release of GLP-1 and stimulate the secretion
demonstrated to be characteristic of insulin resistance,of broblast growth factor (FGF-19) from the ileum. FXR
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signaling inhibits the expression of gluconeogenic genesthe activity of lipopolysaccharide (LPS), an essential
such as those encoding phosphoenolpyruvate carboxykicomponent of Gram-negative bacteria cell walls [35,
nase, fructose-1, 6-biphosphatase-1, and glucose-6-phosl22, 123]. Bacterial fragments and LPS are recognised
phatase [108]. FGF-19 regulates BA synthesis by reducingy innate toll-like receptors (TLRs), particularly TLR-
the expression of CYP7AL, inhibiting glucose production 4, triggering the activation of the intracellular signalling
and inducing glycogen synthesis. TGR-5 (bound only bypathway NF-B and the release of pro-in ammatory
secondary BAs) coupling results in GLP-1 secretion fromcytokines [123-125]. LPS release also stimulates local
intestinal L-cells, increases glucose-stimulated insulinised immune responses through high-a nity coupling
release and promotes the conversion of pro-glucagon towith the NLRP3 in ammasome and NOD-like receptors
GLP-1. In skeletal muscles and brown adipose tissue, BAINLRS) expressed on macrophages and dendritic cells
TGRS signaling encourages thyroxine (T4) conversion to[126]. e activation of serum kinases (Jnk and IKK) in
the biologically active triiodothyronine (T3) through the the in ammatory NF- B cascade induces phosphoryla
stimulation of type 2 iodothyronine deiodinase, resulting tion of the insulin receptor substrate (IRS) serine, wers
in greater energy expenditure. Coupling of both recep ening insulin resistance [52].
tors encourages the production of insulin from pancre e release of pro-in ammatory cytokines disrupts glu-
atic -cells [102, 109-111]. cose metabolism and insulin signalling. T2DM patients
Evidence suggests that manipulation of the BA pooldisplay elevated levels of TNF-, which is strongly asso
using BA sequestrants improves glycaemic control inciated with altered glucose tolerance, enhanced insulin
patients with T2DM. BA sequestrants bind BAs in the resistance and islet dysfunction [127-129]. TNF- has
intestine to form a nonabsorbable complex resulting in the capability to up-regulate the transcription of sup
interruption of the enterohepatic circulation. e mecha- pressor of cytokine signaling-3 (SOCS-3) which couples
nisms underlying the blood glucose-lowering e ect of to tyrosine-960 of the insulin receptor preventing IRS-1
BA sequestrants are poorly understood, but are believedinding to the insulin receptor (IR). is then leads to the
to involve the disruption of the BA pool composition, degradation of IRS-1 and the disruption of the insulin
enhancing hepatic glucose metabolism, increasing thesignalling pathway [130, 131].
release of incretin hormones and inducing alterations in Interleukin-1 (IL-1), an in ammatory cytokine of the

gut microbiota composition [112, 113]. interleukin family has the potential to reduce the expres
sion of IRS-1, inhibit the translocation of the GLUT-4
Gastrointestinal barrier function to the plasma membrane and reduce insulin-stimulated

e intestinal mucosal lining acts as a preventative bar glucose uptake [132]. Recent work has illustrated that
rier to undesirable interactions with potentially harmful an IL-1 receptor antagonist (IL-1RA) and IL-1 -specic
substances and plays an integral role in the regulatiorantibody treatment improved glucose metabolism and
of the immune system [114]. T2DM is well understood insulin secretion in T2DM patients [133, 134].

to have signi cantly enhanced permeability in the gut IL-6 has been identied as an independent predictor
allowing for the translocation of bacteria across the gutof T2DM [135]. It exerts long-term inhibition on gene
epithelium resulting in host metabolic endotoxaemia transcription of IRS-1, GLUT4, and peroxisome prolifer
triggering low-grade in ammation. e resulting e ects  ator-activated receptors (PPARs), as well as signi cantly
can initiate -cell destruction and insulin resistance [50, reducing insulin-stimulated tyrosine phosphorylation
115]. As already described, the genera Faecalibacteriumand insulin-stimulated glucose transport [136].

Roseburia and Bifidobacterium are all recognised in their

abilities to provide protection against bacterial transloca Prebiotics, probiotics and synbiotics

tion and reduce intestinal permeability [116,17]. T2DM  Prebiotics, probiotics and synbiotics are attractive dietary
patients are known to have depleted abundances of thesadjuncts with the capability of manipulating the intestinal

particular microbiota. microbiota composition with the aim of creating an envi
ronment for the improvement in glucose metabolism.
In ammatory response A growing literature base supports the clinical usage of

T2DM is characterised by a state of chronic low-gradethe addition of prebiotics, probiotics and synbiotics for
in ammation combined with abnormal expression and improving glycaemic control in patients diagnosed with
production of numerous in ammatory mediators [118— T2DM [137, 138]. It is challenging however, due to the
120]. Individuals with T2DM have reduced amounts of heterogeneity between study methodology (study dura
butyrate-producing microbiota, encouraging low-grade tion, quantity of supplement, patient demographics)
in ammation in the gut [21, 121]. Gut microbiota act  which hinders study comparison and data remains Hm
vate host in ammation and insulin resistance through ited by the poor availability of studies, relative small size
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of individual studies and the clear lack of microbiota directly attributed to the improvements in glucose levels.
data. Birkeland et al. [147], demonstrated that six weeks addi
Probiotics are living microorganisms that, when tion of a prebiotic can produce a signi cant bi dogenic
administered in adequate quantities, confer bene ts to e ect and improve faecal SCFA concentrations however
an individual's health [139] whereas prebiotics are foodno e ect was seen on overall microbial diversity. Sec
components such as indigestible polysaccharides or breondly, Pedersen et al. [148], showed that prebiotic supple
that bene cially a ect the host by selectively stimulating mentation can increase bacterial diversity, as assessed by
the growth and/or activity of one or a limited number of the Shannon and inverse Simpson indices, and richness
intestinal microbiota [140]. Lastly, ‘a mixture comprising in T2DM patients. However, no statistical improvements
live microorganisms and substrate selectively utilised byin glucose control were observed after twelve weeks of
host intestinal microbiota to confer ‘a host health bene t' dietary treatment.
is described as a synbiotic [141]. Lastly, Sheth et al. [149]., introduced a synbiotic to
Evidence suggests that probiotics are able to improvesixty pre-hypertensive patients with T2DM (two spe
the intestinal microbiota community leading to greater cies of Lactobacillus and Bifidobacterium each, one
T2DM control with associated enhanced intestinal integ species ofStreptococcus and yeast, and 300 mg oligo
rity, decreased circulating LPS, decreased endoplasmisaccharide). Increases in both the genetactobacillus
reticulum stress and improved peripheral insulin sensi (32.6%) andBifidobacterium (131.6%) and a signi cant
tivity [142]. Tao et al., performed a meta-analysis foeus reduction in enteric pathogens (44.6%) were reported-fol
ing on the e ects of probiotic supplementation on HbAlc lowing the intervention along with improvements in fast
levels, fasting blood glucose (FBG) and insulin resistancéng blood glucose (3.3%) and HbA1c levels (14%).
in T2DM patients. A total of 15 randomised control tfi ere is increasing evidence that the addition of prebi
als (RCTs) involving 902 patients were included. e otics, probiotics and synbiotics can improve glycaemic
results showed that probiotics may reduce HbAlc lev control. Detailed work is required in designing robust
els p=0.02), FBG (p=0.003), and insulin resistance methodology to identify whether these positive changes
(»<0.00001) from baseline [143]. As mentioned earlier,are directly attributable to the modi cation of the intes
limited studies comment on microbiota alterations. Two tinal microbiota and the complex metabolic mechanisms
studies mentioned microbiota analysis following pro involved. Once this relationship is better understood, the
biotic addition and reported changes in bacterial cam potential to utilise these dietary additions in the manage
position. Andreasen et al. [144]., reported a signi cant ment of T2DM can begin.
enhancement in the abundance of the speciksgctoba-
cillus acidophilus from near non-detectable levels pre- Faecal microbiota transplantation
intervention. Firouzi et al. [145], reported signi cant Faecal microbiota transplantation (FMT) is the transfer
increases in the quantities of the genwfidobacterium  of minimally manipulated pre-screened donor stool, into
(4.5 fold) and Lactobacillus species (twofold). the GIT of an identi ed ‘diseased’ patient with the aim of
Prebiotic supplementation is associated with improved correcting the dysbiotic state, increasing overall diver
glycaemic control however as per with probiotic study sity and restore the functionality of the microbiota [150].
reporting, heterogeneity in methodology is also vastCurrently, FMT is only recommended for the treatment
resulting in inconclusive literature. Wang et al. [146]., of recurrent Clostridium difficile infection (rCDI) with
published the most comprehensive meta-analysis to dateresolution rates exceeding 89% [151]. ere are a Signi
which included 33 RCTs involving 1346 participants cant number of ongoing studies exploring other potential
spread across healthy, obese and T2DM cohorts. Fecusndications including T2DM. FMT is believed to have
ing solely on the prediabetic and T2DM cohorts, com better potential than dietary supplements such as pro
pared with the control, the relative reduction of the FBG, biotics because FMT has the capability of transferring
HbAlc levels, fasting insulin concentration and insulin entire donor microbiota communities, including their
sensitivity was 7.15, 7.00, 16.58, and 25.34% of their-basmetabolites, with the perceived enhanced capability to
line values after supplementation [146]. A daily supple correct microbiota disruption over single microbial tar
ment dose greater than 10 g and for a minimum duration gets [152].
of 42 days was recommended for consistent impreve ere is currently limited evidence for the use of FMT
ment across the glycaemic indicators. in T2DM but human studies investigating the clinical
It is unclear whether the observed e ects are relatede ects of FMT in patients with metabolic syndrome can
to gut microbiota modi cation or because of the greater be used to stimulate interest. Vrieze et al. [153], reported
availability of substrate for fermentation. ere is a sus the improved insulin sensitivity of male recipients diag
tained lack of microbiota analysis across the literaturenosed with metabolic syndrome and the enhanced
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abundance of butyrate-producing intestinal microbiota
(the specieRoseburia intestinalis), Six weeks after receiv
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