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Abstract

Considerable interest nowadays has focused on gut microbiota owing to their pleiotropic roles in
human health and diseases. This intestinal community can arouse a variety of activities in the host
and function as “a microbial organ” by generating bioactive metabolites and participating in a series
of metabolism-dependent pathways. Alternations in the composition of gut microbiota, referred to
as intestinal dysbiosis, are reportedly associated with several diseases, especially diabetes mellitus
and its complications. Here we focus on the relationship between gut microbiota and diabetic
nephropathy (DN), as the latter is one of the major causes of chronic kidney diseases. The activation
of renin angiotensin system (RAS) is a critical factor to the onset of DN, and emerging data has
demonstrated a provoking and mediating role of gut microbiota for this system in the context of
metabolic diseases. The purpose of the current review is to highlight some research updates about
the underlying interplay between gut microbiota, their metabolites, and the development and
progression of DN, along with exploring innovative approaches to targeting this intestinal
community as a therapeutic perspective in clinical management of DN patients.
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Introduction

Diabetes mellitus (DM) is defined as a set of
metabolic disorders that generally appears as
hyperglycemia. According to the 8th international
diabetes federation (IDF) diabetes atlas, there are
approximately 425 million diabetic patients of 20-79
years old worldwide, and this number would increase
to 693 if without measures taken. Such high incidence
has also brought about increasing morbidity of
diabetic nephropathy (DN), which remains as a major
cause of chronic kidney diseases and ultimately leads
to irreparable renal failure[1].

In last few years, considerable research has
demonstrated an indispensable role of gut microbiota
in sustaining metabolic homeostasis. This intestinal
community exerts a variety of pathophysiologic
effects and has been described as a “microbial organ”.
Gut microbiota could help maintain human body
homeostasis by hindering the growth of intestinal

pathogens, fermenting unused energy matrix, or
producing essential nutrients; however, the epithelial
barriers of gut necessarily restrain the microbiota
outside the circulation to avoid bacterial translocation
[2] and systemic inflammation[3]. Intestinal dysbiosis,
referred as alterations of the composition or metabolic
status of gut microbiota, has been reported to increase
permeability and augment mucosal immune
responses of the gut, contributing to the progression
of DM and insulin resistance[4, 5].

Renin-angiotensin system (RAS) has long been
central to pathogenic and progressive changes of DN,
and its effects seem more local rather than in the
circulation[6]. Emerging evidence has suggested that
intestinal microbiota is associated with the activation
of local RAS not only in the gut, but in other vital
organs as well, and in this context, especially the
kidney.

http://www.medsci.org



Int. J. Med. Sci. 2018, Vol. 15

817

Gut microbiota and their metabolites

There is approximately 100 trillion microbiota
inhabiting human gut, with up to 5000 species and a
high density of 102 cells/ml of luminal contents[7].
The composition of gut microbiota in adults are
probably related to long-term dietary patterns and
can be referred as enterotypes, defined as a certain
state of the equilibrium in different groups of gut
microbiota, usually determined by the relative
abundance of three predominant bacterial genera:
Bacteroides, Prevotella and Ruminococcus[8]. Generally,
Firmicutes and Bacteroidetes are the main phyla in the
gut microbiota, taking up about 60-80% and 20-40% of
the whole bacterial load; others are up to several
extrinsic factors relevant to genetic makeup, diet and
oral antibiotic use of early life, etc.

The metabolites of gut microbiota have been
reported to exert many pathophysiologic effects,
among which short chain fatty acids (SCFAs) have
been increasingly recognized to be involved in both
the maintenance of human health and the
development of several diseases.

The roles of SCFAs are not only restricted to the
intestine, but to participating in a series of biological
activities at extra-intestinal locations as well. Gijs den
Besten et al have found that intake of dietary fiber
could improve glucose homeostasis which was
associated with elevated SCFAs from the intestine to
other organs rather than with the fecal SCFA
concentrations[9]. Furthermore, disturbance of the
microbiota resulting from antibiotics reportedly led to
a thinner colon and protective mucus layer, indicating
that elevated shift of SCFAs from the gut lumen
would get into the surrounding blood vessels[10],
which identifies the effect of gut microbiota in gut
architecture and intestinal barrier. The composition of
the microbiota decides the levels and ratios of their
metabolites, among which short-chain fatty acids
(SCFAs) are vital components[11]. Dysbiosis of the
gut microbiota might reduce the production of SCFAs
and depredate epithelial barrier integrity, leading to
the disorder of energy and immune homeostasis.

Different microbial phyla might produce
homogeneous metabolites[12]. As the primary
products generated from gut microbial fermentation
of dietary fiber[13], acetate and propionate are
produced by the bacteria of Bacteroidetes at high levels,
while high amounts of butyrate come from the
Firmicutes phylum[14]. Butyrate and propionate are
mostly purged by colon or liver, whereas acetate
could enter the circulation or reach other tissues
beyond the gut[15].

Butyrate-producing bacteria is essential to assure
intestinal homeostasis. For instance, Firmicutes F.
prausnitzii and Eubacterium rectale, both belong to

Clostridium cluster which is one of the most abundant
bacteria in a healthy colonic community. Patients with
type 2 diabetes have shown a moderate difference of
gut microbiota, specifically manifested as decreasing
butyrate-producing bacteria and higher amounts of
opportunistic pathogens compared to normal
people[16, 17]. There has also been evidence of
anti-diabetic effects from a sort of butyrate-producing
clostridium via the wupregulation of butyrate
production and increasing SCFA receptors in the
gut[18].

It was observed that under conditions of
excessive fat oxidation like diabetes, the production of
endogenous acetate predominates. The alternation of
gut microbiota is probably responsible for increased
production of acetate[19], which might also modulate
acetate absorption[20], as germ-free mice had
negligible acetate in their serum and tissues[19, 21].
Because of the role gut microbiota along with their
metabolites play in host homeostasis and the fact that
dietary interventions exert an important effect on the
composition of gut microbiota, proper manipulation
of microbial constituent has been assumed as a
plausible approach for prevention and therapy of
diseases. Marques F.Z. et al [22] have detected that a
great deal of fiber consumption could modify gut
microbial populations and elevate the abundance of
acetate-producing bacteria. Moreover, supplementa-
tion of acetate could attenuate intestinal dysbiosis,
which is assessed by a fluctuant ratio of Firmicutes to
Bacteroidetes. Besides, acetate also markedly reduced
glomerular and tubulointerstitial fibrosis. Coincident-
ally, compared to the controls treatment with
acetate-producing bacteria could improve the renal
injuries of mice after acute kidney injury[23], probably
via the regulating of inflammatory processes and
epigenetic modifications in the kidney by SCFAs.

Emerging evidence has suggested that SCFAs
could leave the intestine via some transporters[24]
and bind to corresponding receptors like G
protein-coupled receptors (GPCRs) after being
produced by the gut microbiota. GPR43 and Olfactory
receptor (Olfr) 78 are both reportedly functional
receptors for SCFAs[25, 26], and participate in
physiological pathways in response to signals from
the microbiota.

Compared with wild-type mice, Gpr43-/- mice
have elevated fecal SCFA and plasma acetate
concentrations, along with an increase of
SCFA-producing bacteria in the gut, all of which were
blunted by antibiotic treatment or under germ free
conditions[27]. Miles Fuller ef al have pointed out that
treatment with antibiotics promotes GPR43-
independent improvement in glucose tolerance, and
reconstitution of the gut microbiota could withdraw
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such a benefit[28].

Olfr78 was originally discovered in the afferent
arteriole of renal juxtaglomerular apparatus (JGA), at
which renin is stored until finally released into the
circulation[29]. It has been found that Olfr78, which
responds solely to acetate and propionate, could
mediate the release of renin induced by SCFAs[30].

Experimental methods of gut microbiota

Research on gut microbiota mainly apply
interventions or foster certain animals that have a
significant impact on the composition of intestinal
microbiota, including fecal microbiota transplantation
(FMT), antibiotic treatment and germ-free mice (see in

Figure 1).
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Figure 1. Experimental methods of gut microbiota. (a) fecal microbiota
transfer (FMT); (b) germ- free mice and gnotobiotic mice which are implanted
with a certain sort of microbiota; (c) antibiotic treatment via oral gavage or free
drinking.

FMT is referred to infusing a suspension of feces
from a donor into the intestine of a receptor, and it
firstly came to be known as an effective treatment for
recurrent Clostridium difficile infection[31]. The
substantial change of fecal microbiota of the recipient
would shift dramatically to those of the donor after
the transplantation[32], and such changes have
therapeutical perspectives as there has been evidence
that intestinal infusions of microbiota from lean
controls enhanced the insulin sensitivity of recipients
with metabolic syndrome, additionally with elevated
levels of butyrate-producing bacteria[33].

Germ-free (GF) animals are animals that have no
microorganisms and raised within sterile isolators
and have free access to autoclaved feeding materials,
in order to insulate them from viral or bacterial
agents[34]. When known strains of bacteria or
microbiota are implanted into a GF animal, it is
usually defined as a gnotobiotic animal[35], which are
used to investigate the impact of certain microbial
flora or genic function under the existence of known

gut microbiota.

Antibiotic treatment via free drinking or oral
gavage is a common approach to directly observe the
influence of specific gut flora on the host as it can be
more easily implemented. Although antibiotics
eliminates gut microbiota and correspondingly
reduce fecal SCFAs which are expected to decrease
circulating SCFAs, it has been reported in wild-type
mice that antibiotics, vice versa, increased the
concentrations of plasma SCFAs and acetate
levels[28].

Patterns of RAS involved in DN

RAS exerts both general and local functions:
circulatory RAS regulates blood pressure and fluid
homeostasis, while local RAS operates within tissues
or organs. The kidney is unique in owing all RAS
members within renal tubule, interstitium and even
intracellular distribution[36].

As the major effector of RAS, angiotensin II (Ang
II) is mostly generated via the cleavage of Ang I by
angiotensin converting enzyme (ACE), which is
abundant in the endothelial cells of renal vasculature
of rats and the renal tubules of humans. Stimulated by
renin, Angiotensinogen (AGT) locally produced from
proximal tubular cells would form Ang I, which can
also be delivered to the kidney.

High glucose could stimulate the production of
Ang II, the activities of which possibly contribute to
diabetic nephropathy through: higher glomerular
capillary pressure and permeability, excessive
mesangial matrix accumulation induced by TGF-p
and inhibited matrix degradation, insulin resistance,
etc[37].

Multiple intrarenal activities of Ang II are
induced via binding to Ang II type 1 (AT:R) receptors
which are localized on kidney arterioles, glomerular
mesangial cells and the membrane of proximal
tubular cells[38]. The Ang II - ATiR couple imposes
effects including constricting both afferent and
efferent arterioles, promoting mesangial cells
contraction and decreasing medullary blood flow[37].
The renoprotective effects of ACE inhibition are partly
through a decrease of glomerular capillary
pressure[39], and activation of AT{R in the
glomerulus is sufficient to accelerate renal injury and
inflammation[40]. The extensive apply of both
angiotensin-converting enzyme inhibitor (ACEI) and
angiotensin receptor blockade (ARB) in treatment of
DN suggests that Ang Il is an irritating factor of
progressive renal injuries[41].

Discovery of new components in recent years
has broadened the perception beyond classic RAS.
Accumulating hints have shown that ACE2-regulated
Angl-7 production represents a more effective target
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for the renal RAS than the circulation[6].

Discovered as a homolog of ACE, ACE2 was
initially found to be expressed in tubular epithelial
cells of the kidney at high levels[42] and could
ameliorate renal diseases by promoting the
degradation of local Ang II[43], and deficiency of
ACE2 could aggravate Ang Il-induced renal fibrosis
and inflammation[44]. Moreover, ACE2 has been
shown protective of endothelial function[45] and its

overexpression seemed to inhibit collagen
production[46], both of which could retard the
progression of DN.

Ang 1II can further be hydrolyzed by ACE2 to
form Ang 1-7, which in turn signals through the Mas
receptor[42] to offset the effects of Ang II binding to
ATR. It has been reported that Mas knockout mice
had a relatively higher degree of glomerular
hyperfiltration and fibrogenic changes, along with an
upregulation of AT1R and TGF-f expression[47]. On
the other hand, Angl-7 could mediate afferent
arteriolar vasodilatation and antagonize renal
vasoconstrictor effects of Ang Il even if devoid of any
vasodilator actions by itself[48]. Therefore, this
ACE2/Ang 1-7/Mas axis might negatively regulate
the activity of classic RAS and probably exerting
renoprotective effects[49].

Physiologically speaking, a balance between the
ACE/Ang II/AT:R and ACE2/Ang 1-7)/Mas axes of
the RAS is critical for renal hemodynamics. It is
reported that in DN there exists a downregulation of
the ACE axis whereas the ACE2 axis is
stimulated[50-52], indicating of a self-protective effect
in response to diabetic injuries of the kidney.
Coincidentally, deletion of the ace2 gene and
glomerular ACE2 overexpression reversed diabetes-
related renal lesions[53, 54]. There is still controversy
on the expression changes of these two axes in
DN[55], the reason for such discrepancy is unclear but
might relate to variable antibody sensitivity or
specificity. However, novel strategies are under
investigation to augment actions of the vasoprotective
RAS components, particularly ACE2, in order to treat
DN-relevant injuries. In diabetic models of mice,
administration of ACE2 inhibitor resulted in more
severe albuminuria[50, 53].

The interplay between kidney, RAS and
gut microbiota

It is pointed that microbiota depletion could
enhance the sensitivity to insulin and improve
metabolic  diseases[56], suggesting that these
intestinal flora influence the host metabolic dysbiosis
in a somewhat intricate manner.

From recent literature it has been highlighted a
tight and coordinated connection between gut

microbiota and local RAS. There has been statement
that during the fermentation by probiotics, ACE
inhibitory peptides can be released[57] which could
produce a blood-pressure lowering effect[58].

In the early stage of DN, a well-recognized
pathophysiologic feature is glomerular hyperfiltra-
tion, which results from a rise in glomerular capillary
pressure[59]. In a diabetic milieu, hyperglycemia
might activate the renal RAS and result in an
impaired autoregulation of glomerular microcircula-
tion, which led to distinct dilatations of afferent and
efferent arterioles and expose the kidney to an
increasing blood pressure[59, 60]. In this complicated
process, the release of renin in the juxtaglomerular
apparatus is a vital signaling mechanism in early DN.
Pluznick J et al[25] have found that the SCFA receptors
expressed in the renal juxtaglomerular afferent
arteriole could mediate renin secretion in response to
the signals from gut microbiota, which could be
blunted by antibiotic treatment and in SCFA-receptor
knockout mice.

RAS seems connected to GPRs as well. For
example, beyond the conventional role as an
intermediate of the tricarboxylic acid cycle, the
accumulation of succinate in the distal
nephron-collecting duct (CD), which is the
predominant localization of its receptor GPR91,
appears to be an important signaling through which
the stored (pro)renin is released in diabetes and cells
response to the stimulation of high glucose and
provoke renal injuries of early DN[61]. Whether gut
microbiota participates in this process remains to be
investigated, though it has been demonstrated that as
an end-product from the fermentation by gut
microbiota, succinate can be converted to butyrate,
the pathway of which has the gut symbiont Bacteroides
thetaiotaomicron, C. difficile involved[62]. De Vadder F.
et al have colonized GF mice with a
succinate-producing bacterial species, Prevotella copri,
which significantly increased the levels of succinate in
the cecum, along with exerting metabolic benefits to
improve glucose and insulin tolerance[63].

Except for mediating fluid pressure, there is
evidence indicating pleiotropic roles of gut microbiota
in RAS-involved pathways. By testing on GF mice,
Karbach S. H. et al have pointed that gut microbiota
could facilitate Ang Il-induced vascular dysfunction
and hypertension[64]. As one of the end products
from the fermentation of complex carbohydrates by
gut microbiota, sodium butyrate (NaBu) has been
found to attenuated Ang Il-induced expression of
(pro)renin receptor (PRR) and renin, and therefore
provide an improvement for Ang Il-induced renal
injuries[65]. Nevertheless, causality cannot be proven
in observational studies and, unfortunately,
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experimental human data are extremely limited.

In terms of the gut itself, RAS also takes its
indispensable position. B’AT1 is a transporter of
neutral amino acid in the kidney, sharing the location
of small intestine brush border membrane with ACE2,
which couples with and stabilizes B’AT1 and the
expression of which promotes the transporting
activities of this transporter[66].

Knockout of ace? reduced the circulating neutral
amino acids and caused an impairment in the uptake
of tryptophan. The absence of BYAT1 with ACE2
blunted the efficient absorption of tryptophan,
leading to an aberrant activation of mTOR pathway
and reducing secretion of antimicrobial peptides,
subsequently altering the constitute of gut microbiota
and conferring the intestine higher susceptibility to
inflammations[67]. Administration of irbesartan, a
sort of ARB, inhibited the activation of stress-induced
ATiR pathway to reduce intestinal ROS accumulation
and inflammation, restored expression of
ACE2/BYAT1, activity of mTOR, dysbiosis and
tryptophan metabolism[68]. In addition to the gut,
Chen LJ. et al have also demonstrated that in Ang
II-infused ApoE knockout mice there existed an
exacerbation in renal fibrosis, and treatment with
human recombinant ACE2 (rhACE2) and rapamycin
suppresses the activation of mTOR signaling and
superoxide generation regulated by Ang II, indicating
the importance of ACE2 in maintaining the balance of
Ang 1-7/ Ang Il in the kidney[69].

On the other hand, uremic toxins are a great
stimulator of renal RAS by increasing the expression
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Figure 2. Gut microbiota and RAS are involved in DN pathogenesis. With demonstrable increases in
DN-related pathological contexts, there is a series of links between gut microbiota and RAS. The fermentation of
gut microbiota produces short chain fatty acids (SCFAs), which could bind to receptors located at kidneys and
exert vascular-related effects. Besides, the alternations of gut microbiota or their metabolites, along with
extrinsic stimulators (high glucose, uremix toxins, etc), are likely to break the balance between ACE and ACE2
axes of intrarenal RAS, thereby arouse a series of cascades which in turn exaggerate the renal injuries and

promote DN progression.

of renin, AGT and AT:R both in vitro and in vivo.
Particular uremic toxins cannot be removed by
dialysis, among which indoxyl sulfate (IS) and
p-cresol sulfate (PCS) are especial for their serum
levels are closely linked the progress of chronic
kidney diseases. Chiao-Yin Sun et al[70] have found
that RAS inhibition markedly decreased TGF-p1
expression and EMT-associated transcription induced
by IS and PCS in renal tubules which led to renal
fibrosis. IS derives exclusively from the gut
fermentation of diet-derived substance. Bacterial
tryptophanases transform tryptophan to indole, the
latter absorbed and processed by the host to generate
IS. Manipulation of the tryptophanase from
Bacteroides could reduce the amount of produced
indole, hence lowering circulating IS levels[71],
suggesting it is possible to target the microbiota as a
possible strategy for treating renal diseases.

In addition to weaken the deleterious functions
of gut microbiota on the host, therapeutic alteration of
microbial composition should also concentrate on the
preservation of the beneficial microbiota that are
central to maintaining host homeostasis because these
microbiota or their metabolites may mediate
renoprotective effects[72].

Summary

As mentioned above, there exists a complex
interplay between gut microbiota and components of
intrarenal RAS in DN (see in Figure 2). In terms of the
association with heightened inflammatory state and
metabolic disturbance of gut microbiota, progression
of DN renal injuries might be
potentially attributed to this
gut-kidney axis in which local
RAS is possibly involved.

Gut microbiota and their
metabolites might be able to
impose a broader impact on host
pathophysiology by virtue of
their promiscuous nature, yet it
remains a major challenge to
assure their comprehensive
influence and pinpoint the
precise mechanisms.

Despite  most relevant
studies are either preliminary or
controversial, there still have
been intriguing animal studies
that have motivated the
investigation of more roles gut
microbiota plays in the patho-
genesis and development of DN.
However, results regarding their
effects vary due to different

Progressive DN
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experimental conditions, making the precise role of
these intestinal floras related to intrarenal RAS awaits
subsequent research and needs to be applied in the
clinical treatment of DN.
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