toxins
Review

The Role of Dietary Fiber and Gut Microbiome Modulation in
Progression of Chronic Kidney Disease
Natarajan Ranganathan * and Emmanuel Anteyi *
Research and Development Lab, Kibow Biotech Inc., 4781 West Chester Pike, Newtown Square, PA 19073, USA
* Correspondence: rangan@kibowbiotech.com (N.R.); e.anteyi@kibowbiotech.com (E.A.)

Abstract: Nutrition is one of the fundamental approaches to promoting and preventing all kinds of diseases, especially kidney diseases. Dietary fiber forms a significant aspect of renal nutrition in treating
chronic kidney disease (CKD). Dietary fiber intake influences the composition and metabolism of the
gut microbiome with proven roles in reducing uremic toxin production, preserving kidney function,
and retarding the progression of CKD through mechanisms of regulating metabolic, immunological,
and inflammatory processes. Understanding dietary fiber’s pathogenesis and mechanistic action
in modulating host and microbiome interactions provides a potential adjunct therapeutic target for
preventing, controlling, and treating CKD patients. In this regard, a recommendation of adequate
and appropriate dietary fiber intake to restore beneficial gut microbiota composition would reduce
the risks and complications associated with CKD. This mini review summarizes current evidence of
the role of dietary fiber intake in modulating the gut microbiome to improve kidney health.
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Key Contribution: 1. Adequate intake of dietary fiber as naturally occurring foods or supplementation promotes good health and prevents the development of chronic diseases like diabetes,
cardiovascular diseases, obesity, cancer, and kidney diseases. 2. This review has shown the important
role of dietary fiber in the correction of CKD-associated dysbiosis by favoring the growth of beneficial
gut bacteria through the regulation of host metabolic, immunological, and inflammatory processes.
The retardation of CKD progression is through gut microbiome modulation by increasing the colonic
saccharolytic fermentation and production of SCFA, maintaining gut barrier integrity, and reducing
uremic toxin production and inflammation. 3. Future research challenges will be screening and
identifying novel fibers from dietary, modified, and synthetic sources as prebiotics or synbiotics
formulations specific to gut microbiome alterations in CKD. This is a potentially cost-effective conservative management approach for advanced CKD patients who may be clinically unsuitable and
declined renal replacement therapy options.
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1. Introduction

published maps and institutional affil-

The increasing role and recognition that lifestyle and dietary habits play in the prevention and promotion of disease and health maintenance continue to stimulate research
interest to elucidate the course and pathogenesis of clinical conditions such as cardiovascular diseases, obesity, diabetes, cancer, etc., and kidney diseases [1]. While the health benefits
of probiotic intervention in chronic kidney disease (CKD) are well known, recent reviews
and data on the role of dietary fiber in promoting kidney health are still evolving [2]. This
important role of dietary fiber supplementation or naturally occurring foods in promoting
health and disease has increased tremendous research interest in gut microbiome modulation for clinical application and potential therapeutic targets by exploring the gut–kidney
axis in CKD [2,3]. The importance of nutrition to prevent and slow CKD progression
has long been recognized, with traditional and primary approaches of dietary treatment
comprising predominantly protein restriction, adequate calorie intake, and correction of

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Toxins 2022, 14, 183. https://doi.org/10.3390/toxins14030183

https://www.mdpi.com/journal/toxins

Toxins 2022, 14, 183

2 of 11

electrolytes abnormalities [2,4]. Apart from specific dietary intervention, the role of gut
microbiota in reducing uremic toxin production, preserving renal function, and slowing
CKD progression has been reported by various studies [4]. High dietary fiber intake modulates the gut microbiome of CKD patients through a complex regulatory effect on host
metabolic and immunological processes associated with improved overall health and renal
outcomes [4]. This mini-review paper summarizes the critical role dietary fiber intake
plays in improving kidney health through gut microbiome modulation and how its clinical
application could be a potential cost-effective, add-on treatment to current standard-of-care
in patients with CKD.
2. What Is Dietary Fiber
The term fiber has a broad and flexible meaning depending on the country, food, and
pharmaceutical industry definition and classification. Irrespective of its definition, dietary
fiber commonly refers to carbohydrates fermentable by gut microbiota providing health
benefits to the host. At the same time, the unfermentable remnants serve a bulking or
laxation function [4]. Fibers are traditionally classified according to their physicochemical
characteristics of solubility; hence, the European Food Safety Authority (EFSA) list of
dietary fiber includes undigestible and unabsorbable carbohydrate polymers proven to
have scientific evidence of health benefits [5]. Most countries adopted the comprehensive
definition of the US Codex Alimentarius commission of 2009, which defined dietary fiber as
edible carbohydrate polymers with three or more monomeric units resistant to endogenous
digestive enzymes and unabsorbable in small intestines. These edible fibers are further
sub-categorized as (i) edible carbohydrate polymers occurring naturally in foods such as
fruits, vegetables, legumes, and cereals, (ii) edible carbohydrate polymers obtained from
food raw materials by physical, enzymatic, and chemical means with proven physiological
benefits, and (iii) synthetic carbohydrate polymers with proven physiological benefit [6,7].
As a result of these diverse sources of dietary fibers, classification based on solubility alone
may not predict functional properties since most consumed foods are complex mixes, and
cooking may affect the availability of the fiber components [6,7]. Current classification
depends on several criteria, including primary food source, chemical structure, watersolubility, viscosity, and fermentability [7]. Based on non-carbohydrate components and
monomeric units, dietary fibers are either soluble or insoluble. Fruits and vegetables are
rich sources of soluble fibers (pectin, inulin), while wheat bran, oats, and barley have more
insoluble dietary fibers of cellulose or hemicellulose (See Figure 1). Gut colon bacteria
ferment soluble fibers, with metabolites having beneficial metabolic effects compared to
poorly or non-fermentable insoluble fibers with predominant bulking or laxative function
in the colon [8]. In addition to solubility and fermentability, the viscosity of soluble fibers
such as oligosaccharides influences the absorption of consumed nutrient components in the
gut [8,9]. In summary, dietary fiber’s health benefits are attributed to their physicochemical
characteristic of water-solubility, viscosity, and fermentability with regulatory effects on
body metabolism, obesity, hypertension, cancer, and immunological and inflammatory
processes [6,10].
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for adequate intake. Noticing this gap has informed some researchers to suggest that
any dietary fiber recommendation should include microbiota-accessible carbohydrates
components that can be metabolized by colonic microbiota to derive the health benefits.
Microbiota-accessible carbohydrates are carbohydrates, whether from plants or animal
tissue sources, resistant to digestion and absorption by the host enzymes, and may also be
from mucus secretions in the host’s intestine [21].
How dietary fiber contributes to general health has been explained through several
mechanisms such as improved colonic transit time, alteration of colon microbial composition and metabolite production, short-chain fatty acids production, and small intestinal
lipid and glucose absorption [24]. Short-chain fatty acids (SCFA) production reduces
inflammation, alters lipid and glucose metabolism that inhibits carcinogenesis, impacts
cardiovascular and metabolic disorders, and potentially reduces the risk and progression
of CKD [24,25].
4. The Composition of Healthy Gut Microbiota
The healthy gut microbiota is living microorganisms that form a symbiotic relationship
with the host, predominantly bacteria species, including viruses, archaea, fungi, and unicellular eukaryotes [26]. The human gut contains about one trillion of these microorganisms,
made of thousands of different species, encoding about three million genes, compared
to the human genome of 23,000 genes [27]. Taxonomically, gut microbial bacteria are
classified according to phyla, classes, orders, families, genera, and species. There are five
phyla in healthy colon microbiota: Firmicutes and Bacteroidetes (constitute 90%), followed
by Actinobacteria, Verrucomicrobia, and a small proportion of Proteobacteria [28]. The Phyla
Firmicutes have over 200 genera, such as Clostridium, lactobacillus, Enterococcus, and Ruminococcus; the Bacteroidetes phyla have predominant genera of Bacteroides and Prevotella,
while The Bifidobacterium genus represents actinobacterium phyla [29] (Figure 2). The
microbiome composition, diversity, and function differ in everyone depending on various
factors such as geographical location, age, sex, race, lifestyle, antibiotics use, and diet. Type
of dietary intake is the main factor determining changes in gut microbiome composition,
with some of these changes observed as early as a week after switching from a plant to
an animal protein-based diet of individuals [30]. The degradation of dietary fibers produces SCFA and vitamins, metabolizes conjugated bile acids, and regulates the immune
system [4,30]. The high intake of animal protein-based diet in association with low intake of
dietary fiber causes an abundance of Bacteroidetes and Actinobacterium bacteria that produce
trimethylamine (TMA), a precursor of the uremic toxin trimethyl amine-N-oxide (TMAO)
that has been implicated in chronic systemic inflammation and cardiovascular disease
(CVD) [31,32]. Other health benefits provided to the host by the gut microbiome include
the provision of nutrients, protection against pathogenic organisms through competitive
exclusion, antimicrobial substances production, development of intestinal mucosa and
endothelial integrity, immune modulation, cardiovascular system disease, and cancer risk
reduction [29].
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cium, and zinc, transported to the distal gut, released, and absorbed when colonic bacteria
metabolize the fiber [37].
6. Role of Dietary Fiber in CKD Progression
CKD is a global health problem affecting more than 9% of the world population and a
high US prevalence of 15%, associated with high healthcare costs, morbidity, and mortality.
The increased risk for CKD death has been attributed to chronic inflammation, oxidative
stress, malnutrition, high prevalence of hypertension, diabetes, and CVD. A declining
kidney function accumulates uremic retention molecules, notably indoxyl sulfate (IS), pCresyl sulfate (PCS), trimethylamine-N-Oxide (TMAO), blood urea nitrogen (BUN), and
creatinine, known to be associated with a progressive decline of kidney function, mineral
bone disorder, CVD, and increased mortality [38]. The interaction between gut microbiota
and CKD is a bidirectional relationship as CKD causes a shift of healthy gut microbiome
composition to a state of imbalance between healthy and pathogenic bacteria termed gut
dysbiosis. This gut dysbiosis disrupts intestinal epithelial integrity, enhances inflammatory
and immunological processes due to endotoxemia, gut-derived uremic toxins, and acidosis
which leads to progression and complications [30]. Other contributors to the persistence of
dysbiosis include decreased consumption of dietary fibers, frequent antibiotic use, slow
colonic transit time, metabolic acidosis, volume overload, intestinal wall edema, and oral
iron [30,39]. An experimental finding of dietary fiber effect on dysbiosis in mouse CKD
model fed with high amylose resistant starch diet showed decreased microbial diversity,
increased ratio of beneficial Bifidobacteria genera and Bacteroidetes to Firmicutes phyla [39].
A similar finding in human CKD stage 3–4 showed increased Bifidobacteria and Lactobacillus
species counts after short-term lactulose supplementation [40]. Carefully selected dietary
fiber administration was found appropriate and effective in reducing uremic toxins in CKD
patients with fibers containing resistant starch, arabino-xylo-oligosaccharide, gum acacia,
and Xylo-oligosaccharide [41]. In another study of hemodialysis (HD) patients, resistant
starch supplementation reduced plasma indoxyl sulfate (IS) levels, while an oligofructose
enriched inulin diet reduced the serum PCS levels [42]. These observations on reducing
plasma levels of uremic toxins following interventions with different dietary fiber types
were attributed to differences in the effectiveness of modulating gut microbiome to produce
sufficient SCFA to restore gut barrier integrity [43]. Hence, studies have recommended that
CKD patients should increase adequate consumption of dietary multifiber and vegetablebased diet to restore intestinal integrity, improve metabolic profile, prevent comorbidities,
and retard CKD progression [44]. Due to diet restrictions in CKD patients, supplementary
dietary multifiber is a supportive nutritional therapy in all CKD stages to enhance the
removal of uremic toxins linked to cardiovascular complications [45]. High fiber intake as
a recommended renal diet in CKD remains a challenge due to concerns of high potassium
and phosphorus levels. To overcome these fears, fiber from natural foods sources (fruits,
vegetables, whole grains) as plant-based diets should be preferred due to better nutrient
composition and relatively lower bioavailability of potassium and phosphorus [46].
7. Dietary Fiber in Renal Diet
The traditional diet plan for CKD patients comprises restricted protein intake and
increased complex carbohydrates with a preference for plant rather than animal sources of
these foods [46,47]. These complex fiber-rich carbohydrates with a low protein diet favor
a healthy gut microbiota composition, resulting in metabolism and reducing nitrogenous
waste retention products [47]. Dietary fiber is a substrate for saccharolytic fermentation that
produces SCFA, which has an anti-inflammatory function, regulates immune function, and
preserves intestinal barrier integrity. Blood urea nitrogen (BUN) which diffuses from the
systemic circulation into the intestinal lumen is hydrolyzed to ammonium hydrochloride
by urease-positive species and causes intestinal epithelial damage, increases intestinal
permeability, and thus diffusion of bacterial toxins to the bloodstream [48]. Consequently,
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triggers local and systemic inflammation, leading to further intestinal epithelial damage,
and progression of renal impairment [49].
In contrast, animal-based components of the renal diet promote proteolytic fermentation products like phenols, indole, amines, and ammonia which are toxic metabolites found
to reduce SCFA levels and thereby counters the beneficial role in the maintenance of intestinal integrity [49,50]. Prebiotic dietary fiber-containing fructooligosaccharide (FOS) and the
hydrolyzed product of Inulin have been used to modulate gut microbiome by promoting
the growth of beneficial species like Bifidobacterium and Lactobacillus via the saccharolytic
metabolic pathway [50]. A restricted intake of a protein diet in pre-dialysis stages can cause
malnutrition. Dietary fiber supplementation with added essential amino acids is recommended to reduce uremic toxins and reduce mortality and morbidity in CKD. In the case
of dialysis patients, a plant-based diet with most protein requirement from plant sources
which also provides dietary fiber is preferable to avoid malnutrition, rather than the usual
recommended high animal protein intake, which increases the production of gut-derived
uremic toxins (IS, PCS, TMAO) with associated high cardiovascular mortality [51]. Studies
have shown that increased dietary fiber of oligosaccharide-rich Inulin intake for four weeks
in hemodialysis patients reduced PCS levels due to SCFA producing microorganisms [52].
Similar findings were seen in non-diabetic peritoneal dialysis, where supplementary dietary
fiber intake reduced mortality and cardiovascular complications [53]. Recent reviews of
plant-based dietary fiber foods have shown its beneficial role in primary and secondary
prevention of CKD, reduced CKD complications of hyperphosphatemia, hypertension,
metabolic acidosis, uremic toxemia, hyperlipidemia, diabetes, kidney stones, and all-cause
mortality [54].
Renal diets fortified with dietary fiber will improve the current low fiber intake in
CKD/ESRD patients from 11–12 g/day to the recommended 25 g/day for women and
38 g/day for men, which is equivalent to 14 g/1000 kcal/day recommended for the general
population [55].
8. Conclusions
Adequate dietary fiber intake promotes good health, prevents and retards diverse
chronic diseases, particularly chronic kidney disease. Increased fiber food intake or fiber
supplementation reduces the risks and progression of CKD like hypertension, diabetes,
obesity, dyslipidemia, and the development of colon cancer [56]. Recognition of dietary
fiber either as prebiotic supplements or naturally occurring foods in health and disease
has equally increased general public interest as published in the science report of The New
York Times article on benefits of fiber-rich foods has created the urgent need for more
research in the field of gut microbiome modulation [57]. These health benefits relate to its
effect on gut microbiome modulation to regulate the host metabolism, energy homeostasis,
and immune system. The primary mechanism of action is to promote gut health through
balanced immune function, intestinal mucus production, and membrane integrity, thereby
preventing pathogenic microbial growth and disease. The main beneficial effect of dietary
fiber intake is gut microbiome modulation through intestinal fermentation and SCFA production. The SCFA, through cellular and signaling mechanisms, plays significant roles in
regulating the host metabolic, immunological, and inflammatory processes. The impact
of fermentable fiber intake is the correction of CKD-associated dysbiosis, which favors
the growth of beneficial gut bacteria, reduces gut-derived uremic toxins, inflammation,
and oxidative stress, and improves metabolic profile, resulting in retarding progression
CKD and development of CKD-associated comorbidities (See Figure 3).This review has
shown the emerging role dietary fiber plays in preventive and promotive health in the
context of chronic kidney dysfunction through the gut microbiota modulation pathway.
This is a potentially cost-effective approach for conservatively managing patients in advanced CKD stages who are clinically unsuitable or declined renal replacement options.
The future challenge is screening and identifying novel fibers from dietary, modified, or
synthetic sources that could be formulated as prebiotics or Synbiotic targeted at specific
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