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Abstract

In this review we elucidate the role of gut microbiota as the plausible missing link between food
and health, focusing on chronic kidney disease (CKD). Microbiota, the microbial community
harboured in the large intestine, is considered a symbiotic “supplementary organ”. It
contributes to digestion, mainly through two catabolic pathways: saccharolytic (fermentation)
or proteolytic (putrefaction). It also interacts with host influencing immunity, metabolism, and
health status. It is believed that a balanced healthy microbiota is primarily saccharolytic and
diet has a deep effect on its composition. Mediterranean Diet, UNESCO “Intangible Cultural
Heritage of Humanity”, prevents cardiovascular and metabolic systemic diseases, thanks to
the high supply of fibres and antioxidants. Mediterranean Diet also favours the prevalence
of saccharolytic species, while Western Diet promotes the shift towards a proteolytic profile
(dysbiosis). Emerging evidences highlight the association between a wide range of diseases
and dysbiosis. In CKD a vicious circle exists, in which proteolytic-derived microbial metabolites
(p-cresol and indoxyl sulphate), represent the main circulating uremic toxins: their accumulation
worsens dysbiosis and promotes CKD progression. Gut microbiota shaping through non-
pharmacologic nutritional treatments, based on Mediterranean Diet, represents an innovative
approach in CKD, potentially restoring microbiota balance, ameliorating CKD conditions and
slowing down disease progression.
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The Mediterranean Diet: the perfect prevention for a wide range of diseases

In 406 B.C., Hippocrates, the father of medicine, stated: “Let food be your medicine and
medicine be your food”. Twenty centuries after, the Mediterranean Diet was inscribed in
2013 on the Representative List of the Intangible Cultural Heritage of Humanity (http://
www.unesco.org/culture/ich/RL/00884).

The proof of the indissoluble link between diet and health, advocated by Hippocrates
in ancient times, comes from the current, striking evidence in literature that specific dietary
patterns are able to modulate risk factors of cardiovascular and systemic diseases, such as
diabetes, hypertension and hyperlipidemia [1] .

Moreover, it is well assessed in literature that adherence to the Mediterranean Diet leads
to a decrease in all the causes of mortality and in the incidence of cardiovascular diseases [2].

The Mediterranean Diet is based on a considerable consumption of carbohydrates,
primarily unrefined grains, high quantities of fruits and vegetables, matched with legumes,
nuts, olive oil, fish and a moderate consumption of red wine (containing antioxidants with a
protective action); the use of dairy products and red meats is low [3, 4].

Interestingly, although protective against cardiovascular diseases, the Mediterranean
Diet includes a relatively high-fat consumption, mostly based on olive oil, used to cook and
dress salads. This paradox can be explained by the association, found in extra-virgin olive
oil, between oleic acid and a high content of polyphenols, which confer anti-oxidant, an-
ti-inflammatory and anti-microbial properties to this extraordinary and tasty pillar of the
Mediterranean Diet [4]: some authors hypothesize that these anti-atherosclerotic properties
of olive oil may induce a reduction in endothelial damage and may improve the regenerative
capacity of the endothelium [5].

An increasing body of evidence shows the existence of an inverse relationship between
the consumption of fiber-rich foods, such as fruits, vegetables and legumes, and the inci-
dence of cardiovascular and metabolic diseases [6]. These protective factors (fibres, antioxi-
dants, folate and vitamins) are well represented in Mediterranean Diet, which is by now
acknowledged as an irreplaceable part of a healthy lifestyle.

Indeed, with its richness in antioxidant molecules (found in fruits, vegetables, and red
wine), the suppression of lipoprotein peroxidation, the reduction of endothelial and mo-
nocytary adhesion molecules and chemokines and its anti-inflammatory properties, the
Mediterranean Diet plays an effective role in the prevention of systemic diseases, mainly
cardiovascular diseases [7].

Given that the Mediterranean Diet and its high content in fibres are highly beneficial,
what is the missing link between food and health?

The Gut Microbiota: is it the missing link?

The large intestine, beyond performing different physiological functions in digestion,
such as salt and water absorption, harbours a large and complex microbial community ter-
med gut microflora or microbiota. Far from merely supporting host digestive processes, this
symbiotic “supplementary organ” is biochemically very active with a metabolic activity, se-
condary only to the liver, and interacting with its host.

[t exerts fundamental influence on local and systemic processes, such as immunity,
metabolism, having a deep influence on the general health status [8]. The whole microbial
genome of the gut microbiota is called gut microbiome [9], which is 100 times greater than
human genome [10].

Overall, human microbiota contains ca. 1014 bacterial cells, a number that is 10 times
higher than the number of human body cells [11]. The human intestine is particularly den-
se of microbes, about 1012 bacteria per gram (dry weight), especially at colon level [12].
Colonic bacteria species participate in food digestion through two main catabolic pathway
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that could be categorized as saccharolytic (i.e., involving bacteria dominantly fermenting
carbohydrates) or proteolytic (i.e., in which bacterial species are predominantly protein fer-
menters).

It is generally agreed that a healthy, balanced colonic microbiota is primarily saccha-
rolytic and sees the prevalence of Bifidobacteria and Lactobacilli. These bacteria hydrolyze
complex polysaccharides in monomeric sugars by their membranous or extra-cellular enzy-
mes; sugars are then converted in short-chain fatty acids (SCFA), mainly acetate, propionate
and butyrate [13]. SCFA are known to exert a protective action and a positive immune-mo-
dulating activity [14], guaranteeing a general healthy status.

The second catabolic pathway is represented by protein fermentation (putrefaction),
which leads to a variety of end-products including short or branched-chain fatty acids, and
other co-metabolites such as ammonia, amines, thiols, phenols, and indoles, some of which
are potentially toxic and are considerate microbial uremic toxins [15]. Indeed, some species
within Clostridium, Bacteroides, Enterobacterium, Bifidobacterium and Lactobacillus [16-
18] metabolize aromatic amino acids to phenolic compounds: tyrosine yields phenol and
p-cresol which circulates in blood as its sulphate conjugate, p-cresyl sulphate, while phenyla-
lanine is converted into indoxyl sulphate.

Gut microbiota plays a role in metabolic processes and strongly affects general health
status. On the other hand, it is correlated also with systemic and metabolic disorders, such as
obesity and its comorbidities (insulin resistance, diabetes and cardiovascular disease) [19].

Interestingly, the symbiotic relationship between microbiota and the human being is
supported by the existence of a bidirectional communication between gut microbiota and
organs based on a “social network model”. This dual exchange of both hormonal and neuro-
transmitted signals operates in healthy conditions and obviously plays a fundamental role in
pathologic contexts [20].

On the basis of the evidence in literature, gut microbiota can be considered one eligible
candidate for the missing link between diet and health: beyond its role in metabolism, immu-
nity and digestion, a variety of studies has demonstrated that the microbiota composition is
aberrant in humans diagnosed with chronic intestinal or systemic diseases associated with
the Western lifestyle [21].

The Mediterranean Diet as a beneficial modulator of gut microbiota

It is important to specify that the microbiota composition is a highly personalized,
“fingerprint-like” peculiarity of each individual. In addition, high-throughput technologies
applied to gut microbiota studies have allowed defining high-level bacteria clusters, called
“enterotypes”, which are relatively stable in time and, interestingly, are associated with dif-
ferent long-term dietary patterns [22, 23]. For example, a study showed that Bacteroides
enterotypes are associated with animal fat and protein dietary patterns, while Prevotella
correlates with carbohydrates patterns [24].

The reason for this association is likely due to a priceless-value feature of the human
gut microbiota, namely its plasticity: in fact, microbiota composition is strictly dependent
on diet.

A recent research revealed a high level of variability in microbiota, significantly corre-
lated with dietary habits: microbiota analyses of vegans, vegetarians and omnivores showed
differences in taxonomic composition [25], confirming the shaping effect of long-term die-
tary patterns on gut microflora.

Not only long-term dietary habits, but also short-term food intake seems to influence
microbiota relative abundance and, above all, microbial transcriptional response. A recent
interesting study showed that even a short-term diet of five days is able to modify microbio-
ta community, promoting the shift of relative microbiota population abundance in response
to a plant-based or an animal-based diet. In particular, the latter has a greater impact on
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gut microbiota than a plant-based diet, acting as a selective pressure agent that favours the
selection of bile-resistant taxa and the shift from saccharolytic fermentation to proteolytic
processes [26]. But, more generally, the diet induces rapid, selective and specific adaptations
both to regulatory gene expression and at taxonomic level. Interestingly, the diet strongly
affects human gut microbiome, independently from the pre-existing microbiota taxonomic
individual differences, inducing specific expression patterns in response to plant or animal
food. From an evolutionary point of view, the ability of the global transcriptional response to
rapidly adapt to a saccharolytic or a proteolytic response could represent the evolutionary
heritage of human nutrition, used to switch between herbivorous and carnivorous feeding,
in adaptation to the different availability of vegetable or animal food sources, as postulated
by the authors [26, 27].

Given this evidence in literature, one can reasonably infer that the Mediterranean Diet,
rich in complex carbohydrates, fibres, vitamins and poor in animal proteins and fats, is able
to promote the beneficial shift to a saccharolytic profile, acting as a selector of “positive”
microbes that, in turn, favour and promote a general healthy status. Indeed, short-chain fatty
acids (SCFA), produced by complex carbohydrates fermentation, show an immune-modu-
lating activity, either by promoting intestinal barrier integrity (which becomes a protective
factor by avoiding the contact of luminal bacteria with intestinal immune system and the
transit of inflammation-inducing bacterial antigens) and by eliciting direct transcriptional
responses in immunity cells [14].

To the contrary, a Western-style diet, rich in animal proteins and fats, by means of an
increased bile salts secretion, has a selective effect on bile-resistant and sulphate-reducing
bacteria, with a proteolytic and putrefactive action. Moreover, proteolytic bacteria metaboli-
tes, such as hydrogen sulphide and secondary bile acids, are believed to promote the onset of
“Western diseases”, such as colon cancer and chronic systemic disorders [28].

Gut Microbiota interacting with Chronic Kidney Disease

Chronic kidney disease (CKD) is a worldwide public health problem, with an increased
incidence in the last years [29].

CKD is strictly associated with the incidence of cardiovascular disease (CVD); in this
setting, multiple risk factors, such as diabetes, hypertension, obesity, dyslipidemia, inflam-
mation, oxidative stress and malnutrition, contribute to kidney disease progression [30, 31].

Recent studies showed a fundamental role of nutritional management in CKD. After all,
itis well established that some dietary patterns, like the Mediterranean Diet, play a protecti-
ve role by controlling cardiovascular risk factors [1].

The effect of nutrition, based on the principles of the Mediterranean Diet, was evaluated
by Khedidja Mekki et al. in a group of non-dialysis CKD patients. Their results showed a posi-
tive effect on renal function, as reported by a stable Glomerular Filtration Rate [2].

In this context, an active involvement of gut microbiota in the onset and/or in the pro-
gression of kidney disease is conceivable.

A recent and elegant demonstration of this hypothesis comes from a study showing that
TNF family members B cell activation factor (BAFF) signalling is implicated in the pathoge-
nesis of Immunoglobuline-A Nephropathy (IgAN). In the presence of excess BAFF, as in BAFF-
Tg mice, some B cell subsets expand abnormally and B cell tolerance to self-antigen is pertur-
bed. These mice develop an IgA-driven nephritis: the development of this condition, which is
commensal microbiota-dependent, involves a breakdown in the normal barrier between the
mucosal and peripheral compartments [32].

Consistently, our research group recently studied faecal microbiota from a population of
IgAN patients, comparing it with healthy subjects: we found both a reduced diversity and an
induced dysbiosis in IgAN patients compared with controls (Unpublished data).

As evidenced in other gastrointestinal and systemic diseases [33], also in CKD a gut
microbiota dysbiosis is present. For instance, Vaziri ND et al. showed that certain families in
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the Bacteroidetes and Firmicutes were less prevalent in the uremic rats, especially in Lacto-
bacillaceae and Prevotellaceae species [34] .

On the other hand, it has been demonstrated that in CKD patients a compensatory me-
chanism occurs, as a consequence of nephrons failure. This mechanism, aimed at the eli-
mination of waste products and the preservation of electrolytes, involves the colon as a re-
placement excretion system. A massive urea discharge and uric acid and oxalate epithelial
secretion occurs [34], altering colonic microenvironment and subsequently affecting the gut
microbial population [35].

In addition to microbiota modelling in CKD, other studies have reported that hemo-
dialysis patients, as compared with control subjects, have a significantly minor dietary fibres
intake, an important source of fermentable carbohydrates in the colon [36]. Moreover, in
these patients, an altered protein assimilation in the small intestine, with the consequent
increase in abundance of dietary protein bio-availability in the colon has been observed.
This leads to a decreased amount of available carbohydrate in the large intestine, favouring
a switch from a saccharolytic to a proteolytic catabolism. In this context, bacteria hydrolyze
urea, carrying to high ammonia concentration and alkaline pH, which in turn favours prote-
olytic species proliferation [37].

Protein fermentation leads to the generation of different waste metabolites, such as
phenols and indoles, mainly represented by p-cresol and indoxyl sulphate, which are known
as the main uremic toxins found in CKD patients and promoting disease progression. In fact,
the administration of indoxyl sulphate in uremic rats induced the renal expression of genes
related to tubulointerstitial fibrosis, such as TGF-beta 1, tissue inhibitor of metalloproteina-
se, and pro-alpha 1 collagen [38].

Besides being involved in merely metabolic processes in health and disease, microbiota
could also explain inflammatory and oxidative co-morbidities found in CKD.

Uremia per se alters the intestinal barrier integrity, inducing an increase in intestinal
permeability, probably by colonic epithelial tight-junction disruption [27]. The increased in-
testinal permeability allows bacterial translocation, which is responsible for endotoxemia.
In detail, endotoxin is a potent immune system activator which induces the inflammatory
cascade and leads to systemic, low-grade inflammation.

Future perspectives: lessons from Hippocrates

The emerging concept regarding the relationship among food, microbiota and health is
the existence of “modifiable risk factors” which are strictly dependent on diet.

Accumulating evidence indicates that a highly diverse microbiota is associated to gene-
ral healthy conditions, promoting resilience and homeostasis [8]. On the other hand, diffe-
rent factors, primarily diet but also antibiotics and lifestyle, acting as perturbing factors, may
induce a dysbiosis status which, in turn, is correlated with a number of pathologies, ranging
from metabolic to immunologic and psychic diseases [20, 33].

Given microbiota plasticity, it is arguable that dietary interventions could positively
affect health status, either by keeping a physiological gut flora or by helping to reverse a
dysbiosis situation: gut microbiota may be considered as a novel and holistic target for
non-pharmacologic treatments in a variety of pathological settings.

In the context of microbiota-pathology connection, chronic kidney disease deserves a
special mention. As already stated, it is known that some bacterial metabolic products, such
as p-cresol and indoxyl sulphate, are the main uremic toxins: notoriously, the price to pay for
the symbiotic relationship between humans and microbiota is the need for human excretion
system to deal with microbial waste, and this becomes critical when kidney function is im-
paired [15].

The possibility of acting directly on gut microbiota in order to improve uremic toxins
accumulation has been explored in a number of studies [39]: currently, many efforts are
directed towards the modulation of colonic microenvironment and bacterial growth, sub-
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sequently blocking LPS and attenuating systemic inflammation, or in limiting intestinal ab-
sorption of microbial derived uremic toxins [15].

It is well assessed that uremic toxin production is increased by a high protein/carbohy-
drates intake ratio, which fosters saccharolytic bacteria displacement in favour of proteolytic
ones. While carbohydrates degradation releases mainly SCFA, which are known for their
beneficial effects, protein metabolism leads to the production of a variety of compounds,
among which the precursors of p-cresol and indoxyl sulphate, the main uremic toxins [40].
Moreover, an increasing body of evidence suggests that uremic toxin accumulation leads to
an accelerated progression of CKD [41], and uremia is, in turn, responsible for a general sta-
tus of gut dysbiosis [34] , in a vicious circle.

For the reasons mentioned above, the Mediterranean Diet with its abundant supply
of complex carbohydrates and its low levels of animal proteins, represents an ideal dietary
scheme for CKD patients, leading gut microbial metabolism towards a saccharolytic profile
and favouring the shortening of colonic transit time, which is another factor positively cor-
related with bacterial toxins generation [15]. On the contrary, the Western diets, with their
high protein/carbohydrates ratio, apart from being related with a variety of “western disea-
ses”, are the least recommended for CKD patients. Figure 1 summarize the complex relation-
ship between these three actors: diet, microbiota and kidney, in the context of renal disease.

Indeed, several studies demonstrated the beneficial effects of the Mediterranean diet
also in other pathological contexts, such as non-alcoholic fatty liver disease [42] and Crohn’s
disease [43]: these effects are believed to be mediated by gut microbiota.

The intriguing perspective to keep renal disease under control through a nutritional,
non-pharmacological approach, slowing down the disease progression and attenuating the
related comorbidities effects, is now far from an utopian idea. This is confirmed by studies
in other disease models, such as immune-mediated pathologies, which demonstrate a quick
and sharp effect of diet on microbiome and subsequently on the onset of the disease [44].

In our opinion, a desirable and innovative approach for CKD and HD patients should
consider the association between a nutritional regimen based on the Mediterranean Diet
model with symbiotic or probiotic/prebiotic formulations administration.

Probiotics, as defined by the Food and Agriculture Organization and the World Heal-
th Organization, are “live microorganisms which when administered in adequate amoun-
ts confer a health benefit on the host”. They are constituted by the “beneficial bacteria” of
the human gut microflora and can be administered orally to re-establish intestinal balance.
Probiotic health-promoting action is supposed to be mediated by different mechanisms of
action, including pH modulation, anti-bacterial compounds production, competition with
pathogens [45].

Prebiotics are food indigestible molecules, usually oligosaccharides or complex saccha-
rides, that are used as fermentation substrates and stimulate proliferation and activity of be-
neficial intestinal bacteria. Symbiotics are a formulation of either probiotics and prebiotics,
with a synergic and integrated effect on gut flora balance and in health promotion.

In CKD context, the use of probiotic/prebiotic/symbiotic could be a potential interesting
adjuvant treatment. This idea originates from the emerging concept of “enteric dialysis”, i.e.
the removal of uremic toxins by means of orally administered gut flora microorganisms.
In this branch of research, many studies revealed interesting insights on the relationship
between probiotic administration and uremia. An in vitro study showed that Lactobacillus
delbrueckii, after cycles of exposures to urea-rich medium, is able to significantly reduce
plasma urea concentrations, opening new horizons on the possibility of probiotic therapeu-
tical use in CKD and HD patients [46]. In an animal model of CKD, two probiotic formulations
revealed efficacy in survival prolongation, in blood urea-nitrogen lowering, and in slowing-
down disease progression [47].

In humans, a Bifidobacterium longum (fermentative species) probiotic formulation in
a gastro-resistant capsule, was administered to HD patients, which usually undergo a de-
rangement in intestinal microbiota with a shift towards putrefactive bacteria, and was able
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Fig. 1. The social network between diet, gut microbiota and kidney in CKD. In CKD, gut microbiota dysbiosis
is present, leading to a prevalence of proteolytic species and to an increase in microbial uremic toxins
(p-cresol and indoxyl sulphate). The impaired renal function, in turn, worsens the dysbiosis status and
leads to an altered intestinal permeability and to low-grade inflammation. All this factors contribute to
disease progression. In this context, a Western-style Diet contributes to the worsening of the dysbiosis,
promoting the selective proliferation of proteolytic species. The Mediterranean Diet, by leading gut
microbial metabolism towards a saccharolytic profile, can restore gut microbiota balance, ameliorating CKD
conditions and slowing down disease progression.

to restore balance in gut microflora, to lower indoxyl sulphate, p-cresol, triglicerides and
homocysteine (probably by means of vitamin B12 and folate produced by the own Bifido-
bacteria) serum levels [48].

Interestingly, Bifidobacteria administration reduces serum phosphorus levels, noto-
riously elevated in HD patients. This effect is probably due to the lowering of intestinal pH
(because of acetic and lactic acids produced by B.), which increases intestinal calcium ioni-
zation. Ca++ in turn, acts as a natural phosphate binder, inhibiting P intestinal absorption
[49]. Other clinical studies carried on humans confirmed the beneficial effects of a probiotic
formulation, which reduced urea serum levels in stage 3 and 4 CKD patients [45, 47].

An alternative strategy aimed at re-establishing balance in microbiota could be the
faecal transplantation, an emerging therapeutic practice mainly experimented in gastroin-
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testinal diseases, such as Clostridium Difficile Infection, ulcerative colitis, Crohn’s disease
ulcerative colitis, and irritable bowel syndrome [50]. The finding that microbiota dysbiosis
is correlated also with other systemic pathologies, such as chronic renal disease, opens new
perspectives on the potential application of faecal transplantation as an innovative therapy
in nephropaties, although caution is needed and specific clinical trials need to be designed
and carried on in order to assess the efficacy and safety of this approach [51].

Microbiota and microbiome have a great potentiality: they can be easily and readily
manipulated in a non-invasive, natural way, which is food. There is a new increase of knowle-
dge, acquired by high-throughput approaches to microbiota study, which is shedding a new
light to the mechanisms by which food-microbiome interaction can modify risk factors [52].
This novel branch of research could lead, in the forthcoming future, to the design of highly
personalised nutritional strategies, in order to define the most suitable dietary scheme for
each individual.

This will give a rigorous and scientific basis to Hippocrates’ statement, finally raising up
diet at the degree of a real health elixir.
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