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Abstract

ammation, oxidative stress, imbalanced immunity response, and
Objective: In kidney diseases, uncontrolled blood pressure, infl
metabolic dysfunction were associated with the progressive deterioration of renal function. Short-chain fatty acids (SCFAs), as a
group of metabolites fermented by gut microbiota exerted regulatory effects on kidney diseases through their activation of trans-
membrane G protein-coupled receptors and their inhibition of histone acetylation. In this review article, we updated recent research
advances that provided an opportunity to explore our understanding in physiology and function of SCFAs in kidney disease.
Data sources: We performed a comprehensive search in both PubMed and Embase using “short-chain fatty acids” and “kidney”
with no restrictions on publication date.
Study selection: After reading through the title and abstract for early screening, the full text of relevant studies was identified and
reviewed to summarize the roles of SCFAs in kidney diseases.
Results: Though controversial, growing evidence suggested SCFAs appeared to have a complex but yet poorly understood
communications with cellular and molecular processes that affected kidney function and responses to injury. From recent studies,
SCFAs influenced multiple aspects of renal physiology including inflammation and immunity, fibrosis, blood pressure, and energy
metabolism.
Conclusions: The roles of intestinal SCFAs in kidney diseases were exciting regions in recent years; however, clinical trials and
animal experiments in kidney diseases were still lacked. Thus, more research would be needed to obtain better understanding of
SCFAs’ potential effects in kidney diseases.
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Introduction (GPCRs) such as Gpr41, Gpr43, and olfactory receptor 78
and their inhibitory effects of histone acetylation
The human intestinal tract harbors a diverse and complex
microbial community, which contributes to gut homeosta-
sis and the host’s health. In recent years, metabolites
produced by gut microbiota, particularly short-chain fatty
acids (SCFAs), are generally proven to improve health.[1,2]

SCFAs are straight chain saturated fatty acids which are
consisted of less than six carbon atoms including acetate
(two carbons), propionate (three carbons), butyrate (four
carbons), and valproic acid (five carbons). These SCFAs
are produced by anaerobic bacteria in the distal small
intestine and the colon after carbohydrates fermentation
and also could be absorbed in the bloodstream.[3] The
decreased levels of SCFAs were usually related with the
happen of illnesses, including inflammatory bowel disease,
obesity, diabetes mellitus, multiple sclerosis, colon cancer,
as well as kidney diseases.[3-8]

The functions of SCFAs are mainly related to their
activation of trans-membrane G protein-coupled receptors

Access this article online
Quick Response Code: Website:
www.cmj.org

DOI:
10.1097/CM9.0000000000000228

1228
(HDAC).[9] SCFAs also exerted anti-bacterial, anti-inflam-
matory, anti-oxidative, anti-diabetic, and anti-cancer
effects in numerous studies.[8] However, the mechanisms
of SCFAs in the gut-kidney axis have not yet to be fully
explored. The review provides an overview of gut
microbiota-derived SCFAs in kidney disease and the
involved signal pathway.

Effects of SCFAs in kidney diseases

Inflammation

SCFAs modulated inflammation both in intestinal and
extra-intestinal environments and possessed multifarious
effects against inflammatory bowel disease and allergic
airway disease by decreasing inflammatory response.[10,11]

SCFAs also could regulate renal dysfunction both in acute
kidney injury (AKI) and chronic kidney disease (CKD) via
their anti-inflammatory properties.
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In AKI animal models, no matter contrast-induced or
ischemia/reperfusion-induced kidney injury, SCFAs

Immunity
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administrations significantly improved acute renal dys-
function.[1,12] The key mechanism of SCFAs against AKI
was suggested to be the reduction of inflammatory
cytokines and chemokines locally and systemically by
decreasing nuclear factor kappa-light-chain-enhancer of
activated B (NF-kB) cell signal pathway.[1,12] Acetate could
also inhibit HDAC activity of T cells to influence Toll-like
receptor 4 (TLR4)-induced NAPDH oxidase 2 (NOX2)/
reactive oxygen species (ROS) signaling and thus to show
anti-inflammatory effect.[13] It was also interesting to note
that SCFAs[14] or SCFA-producing bacteria[15] might be
benefited in the ischemia/reperfusion injury models of
other tissues, implying that the underlying mechanismmay
be common across tissues.

As to CKD, after supplementation of dietary fiber or
xylooligosaccharide (XOS), the increased cecal SCFAs
improved intestinal epithelial tight junctions, inflamma-
tion, and were positively correlated with CKD clinical
manifestations both in rats and in patients with end-stage
renal disease (ESRD).[16-18] Not only the dietary fiber
showed the benefits of reducing inflammation, propionic
acid supplementation to hemodialysis patients, also
alleviated pro-inflammatory parameters.[8] The subjects
with propionic acid supplementation revealed a significant
decline of parameters C-reactive protein, interleukin (IL)-
2, IL-17, IL-6, and interferon-gamma, while a significant
increase of anti-inflammatory cytokine IL-10. The reduc-
tion of inflammatory response was also associated with a
lowering of ferritin and a significant increase in hemoglo-
bin, which might be further related to mortality.[19,20] Four
weeks after the end of the treatment phase, all improved
parameters deteriorated again, which emphasized the
effects of propionic acid in improving inflammation in
hemodialysis patients.[8]

Surprisingly, not all the treatment of SCFAs showed anti-
inflammatory effects. Treatment of the mice by valproic
acid failed to block the accumulation of monocytes,
macrophages and neutrophils in the angiotensin II (Ang II)-
treated rats.[21] After chronically increasing oral doses of
SCFAs to higher than physiologic levels in mice, Th1 and
Th17 cells were observed to generate in the ureteropelvic
junction and proximal part of the ureter, which further
caused kidney inflammation and hydronephrosis.[22]

Besides acetate-induced renal disease, mice fed a high-
fiber diet increased gut butyrate and were more suscepti-
bility to infection with Escherichia coli,[23] as well as
enhanced Gb3 level in the gut and kidney, which resulted
in severe kidney damage.[24]

The controversial of SCFAs on inflammation were possibly
due to the complication of different types of SCFAs. It was
mentioned previously that SCFA propionate was nega-
tively correlated with blood urine nitrogen and serum
creatinine in adenine-induced nephropathy, while butyrate
showed the strong positive correlation.[16] The controver-
sial effects of different types of SCFAs on renal physiology
could be definitely observed. Further investigation focusing
on SCFAs, especially different types of SCFAs, in
regulation inflammation would be necessary.
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The generation of SCFAswas confirmed to influence innate
immunity and adaptive immunity. Defensin alpha 5
(Defa5), as a microbicidal and cytotoxic peptide highly
expressed in the Paneth cells of the ileum and involved in
host defense of pathogen bacteria[25] was observed to
increase in CKD mice. The XOS supplementation
potentially increased cecal SCFAs levels, and further
inhibited Defa5 to promote an optimal gut microbiota
profile in CKD mice and enhance the host’s resistance to
infection.[16]

Besides enhancing intestinal innate immunity, SCFAs have
also been indicated to induce immunologic responses by
regulating immune cell production, differentiation, and
function.[26] Previous studies reported that SCFAs could
induce Tregs production[27,28] by cellular bioenergetic
metabolism,[29] indirectly affect T-cell differentiation
patterns via a broadly immunosuppressive or tolerogenic
effect on antigen-presenting cells,[29,30] and inhibit HDAC
activity in T cells to ameliorate sepsis-induced AKI.[13,30,31]

Although SCFAs mostly regulated the immune system to
show the protective effects, the activity of SCFAs in
immune and epithelial cells also led to damage, if not
properly regulated.[28] Thus, the function of SCFAs still
seemed to be inconsistent and complex, and further studies
could provide mechanistic insights into how gut micro-
biota-derived metabolites contribute to immune inflam-
mation.

Antioxidant
Kidney diseases are usually associated with the higher
levels of ROS, which could damage proteins, DNA, lipids,
and other macromolecules in the body.[31] After supple-
mentation of propionic acid to hemodialysis patients, the
parameters of oxidative stress, malondialdehyde, and
glutathione peroxidase activity were reduced.[8]

Besides the clinical studies, considerable studies were still
in experimental phases. It was shown that SCFA acetate
and ethyl acetate extract of Zingiber zerumbet rhizome
ameliorated sepsis-induced AKI and paracetamol-induced
nephrotoxicity through its anti-oxidant properties.[13,32]

Not only acetate but also butyrate was verified to protect
kidney injury via enhancing superoxide dismutase, cata-
lase activity, as well as reducing glutathione.[33]

The benefits of SCFAs inhibiting ROS generation, no
matter in glomerular mesangial cells induced by high
glucose and lipopolysaccharide (LPS)[33] or human kidney
epithelial HK-2 cells after hypoxia,[1] was reported to be
modulated through Gpr43 activity as previous stud-
ies.[34,35] However, in sepsis-induced AKI experimental
model, the suppression of NOX2/ROS signaling pathway
in T cells after acetate administration was due to the
inhibition against HDAC activity and not due to Gpr43
activation.[13] These suggested that the signal pathways
responded to SCFAs were complicated in different cells
and animals, which needed further investigations to clarify
the issue.
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Renal immune-inflammatory processes play key roles in
kidney injury leading to chronic glomerulosclerosis and
interstitial fibrosis.[33] With the protective effects of SCFAs
on immune inflammation, the direct supplementations of
acetate or butyrate were both reported to attenuate
glomerular and tubulointerstitial fibrosis as well as
collagen deposition in the DOCA-salt mice[36] and juvenile
diabetic rats,[37] respectively. XOS supplementation,
which increased SCFA-producing bacteria was active
against fibrosis in adenine-induced kidney damage[16]

with the decrease of M2 macrophage, known to play an
important role in renal fibrosis.[16,38]

Several signaling pathways were involved in the elimination
of renal fibrosis. Valproic acid lowered HDAC activity
and suppressed the phosphorylation of ERK, which
further inhibited the proliferation of pericytes to block
Ang II-induced fibrosis.[21] Increased concentration of
butyrate in proximal tubular epithelial cells could
prevent transforming growth factor beta 1 (TGF-b1)
generation and thus to diminish renal fibrosis.[21,39]

However, in porcine kidney fibroblast, the increase of
sodium butyrate was along with the markedly enhanced
Wilms tumor 1 (WT1), which was involved in cell
proliferation and development.[40,41]

Taken these together, anti-fibrosis properties of SCFAs in
kidney was mainly through preventing TGF-b1 signaling
pathway, inhibiting HDAC activity, and reducing phos-
phorylation of ERK. Whether SCFAs inhibited cell
proliferation or influenced related signal pathways
to show anti-fibrosis effects needed further studies to
figure out.
Figure 1: Schematic roles of short-chain fatty acids (SCFAs) in kidney diseases. In kidney, SCF
kidney fibrosis, as well as modulated blood pressure and metabolism mainly related to their activ
All of these benefits from SCFAs improved kidney function with the decreased levels of serum
However, SCFAs also promoted acetate-induced renal disease under certain condition as the neg
activated B; ROS: Reactive oxygen species; TGF-b1: Transforming growth factor beta 1; TLR
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Growing evidences suggested that SCFAs were involved in
blood pressure modulation.[42-45] In kidney disease, the
systolic blood pressure of hemodialysis patients decreased
10% after supplementation of sodium propionate, while
the diastolic pressure was unchanged.[8] Several SCFA
receptors were expressed in human kidneys. Olfr78 as an
olfactory receptor expressed on the afferent arteriole
(juxtaglomerular apparatus) was reported to increase
blood pressure through mediating renin secretion and
subsequent vasoconstriction.[44] Other SCFA receptors
such as Gpr41 were expressed in the renal vasculature
(especially smooth-muscle cells of the small resistance
vessels) with controversial effects on regulating blood
pressure.[45-47] Gpr41, which was reported to have
hypotensive effects decreased in the kidney of mice treated
with Ang II[48] and null mice for Gpr41 were shown
hypertensive.[44] Administration of propionate to Gpr41-
deficient mice induced blood pressure elevation, also
suggesting that Gpr41 is needed to counterbalance the
pressor response to SCFAs.[49]

With respect to how SCFA receptors might be regulated in
the kidney, previous study identifiedmiRNAs altered in the
hypertensive kidney that target and potentially bind to
SCFA receptors.[48,50] It was interesting to note that miR-
329 and miR-132 were up-regulated in the hypertensive
kidney whereas miR-129 was down-regulated. Actually,
miR-329 and miR-132 could target Gpr41 and Gpr43,
respectively, while miR-129 was predicted to target
Olfr78.[48,50] These data point toward a role for miRNA
regulation of SCFA receptors in hypertensive kidney[48];
however, the regulation of these receptors was still not
clear.
As regulated immune responses, decreased inflammation, enhanced anti-oxidant, reduced
ation of G protein-coupled receptors (GPCRs) and the inhibition of histone acetylation (HDAC).
creatinine and blood urea nitrogen in both acute kidney jury and chronic kidney disease.
ative outcomes. IL-10: Interleukin 10; NF-kB: Nuclear factor kappa-light-chain-enhancer of
4: Toll-like receptor 4.
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It was reported previously that the improved inflammation
and oxidative stress were associated with the amelioration of
impaired glucosemetabolism. SCFAs are also involved in the
regulation of metabolism, including body weight control,
insulin sensitivity,[51] glucose homeostasis,[52] cholesterol
synthesis,[53] and retardation of progressive CKD.[54]

In patients with ESRD, insulin resistance accelerated
muscle protein degradation,[55] atherosclerosis develop-
ment, and cardiovascular mortality.[56] Therefore, the
improved glucose homeostasis may delay above-men-
tioned complications. In hemodialysis patients, after
propionic acid supplementation, a decline of fasting
insulin level and an improvement of the HOMA index
(homeostasis model assessment) was observed.[8] Interest-
ingly, fasting glucose and HbA1c remained unchanged. It
was hypothesized that the unchanged HbA1c level was
correlated with the longer survival of erythrocytes, which
was shortened in hemodialysis patients, due to propionic
acid’s anti-inflammatory ability.[8] However, few studies
focused on the effects of SCFAs on metabolism in kidney
diseases.

In summary, the roles of the intestinal SCFAs in kidney
disease were exciting regions, which influenced several
aspects of kidney including inflammation and immunity,
fibrosis and proliferation, blood pressure, and energy
metabolism in Figure 1. Clinical trials and animal
experiments related SCFAs in kidney diseases were still
rare and preliminary. Thus, more research will be needed
to obtain better understanding of their potential effects in
kidney diseases.
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