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INTRODUCTION

In the recent National Health and Nutrition 
Examination Survey (NHANES) from 2007 to 2010, 
based on a study sample of 12,110 participants, 
kidney stones were found to affect approximately 1 
in 11 people in the USA. The overall prevalence of 
kidney stones was 8.8%, with a higher prevalence 
in men than in women (10.6% vs. 7.1%).[1] These 
data represent a marked increase in the incidence of 
stone disease compared with the NHANES III cohort. 
As the NHANES data are based on the self‑reported 
history of kidney stones, the actual prevalence may be 
underestimated, as some stones may be asymptomatic. 
The pediatric population has not escaped the stone 
epidemic either.[2] The Rochester Epidemiology 

Project[3] reported a dramatic increase in the incidence 
of kidney stones in children under 18 years of age during 
the 25‑year period from 1984 to 2008. The incidence rate 
increased by 4% per calendar year throughout the 25‑year 
period. The increase in the incidence was from 13/100,000 
person‑years between 1984 and 1990 to 36/100,000 
person‑years between 2003 and 2008.

FACTORS CAUSING NEPHROLITHIASIS

Metabolic abnormalities such as hypercalciuria, 
hypocitraturia, hyperuricosuria, hyperoxaluria, and 
cystinuria are the commonly identifiable etiologies of 
nephrolithiasis.[2,4] However, in almost 50% of the patients, 
no cause is found. These patients can also develop recurrent 
renal stones. Twin studies have revealed a 56% heritability 
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ABSTRACT
The incidence of nephrolithiasis is increasing worldwide. Understanding how gut microbiome influences oxalate 
homeostasis has the potential to offer new strategies to prevent nephrolithiasis. The literature was reviewed to gather 
the evidence on the association between gut microbiome, hyperoxaluria and nephrolithiasis, and to identify the 
therapeutic interventions focused on the gut microbiome that could decrease hyperoxaluria and prevent nephrolithiasis. 
Gut microbiome is constituted by a plethora of microbiota including Oxalobacter formigenes (Oxf) and lactobacilli. Oxf 
can degrade dietary oxalate and induce enteral oxalate secretion. Animal studies suggested an association between oral 
Oxf supplementation and a decrease in hyperoxaluria. However, human studies have showed inconsistent results. Oral 
supplementation of lactobacilli did not show benefit in decreasing the hyperoxaluria. Antibiotic exposure, by affecting 
the gut microbiome, has been associated with an increase in nephrolithiasis. In vivo studies suggest fecal transplantation 
as a potential treatment option for reducing nephrolithiasis, but needs further evaluation in clinical studies. The current 
evidence suggests an association between gut microbiome and nephrolithiasis. However, the strategies focused on 
modulating gut microbiome for decreasing hyperoxaluria and preventing nephrolithiasis need further research. Judicious 
use of antibiotics in those predisposed to nephrolithiasis offers a preventative strategy for decreasing nephrolithiasis.
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of the risk for stones, while the other implicated factors 
include diet, exercise, work environment, and geography.[5,6] 
In the absence of an identifiable metabolic factor, increasing 
fluid intake, restricting salt, and animal protein intake are 
the commonly recommended preventative strategies.[7‑10]

Lately, the understanding of the relationship between gut 
microbiome and nephrolithiasis has provided new insights 
into the pathways for preventing kidney stones. In the 
literature, the terms “microbiome” and “microbiota” are 
sometimes interchangeably used. Although synonymous, 
there is a subtle difference between these two terms. The 
term “microbiome” is more inclusive as it refers to the 
microorganisms and their metabolites, cell components, 
and genes.[11,12] In contrast, “microbiota” refers to the 
microorganisms including bacteria, viruses, fungi, and 
archaea, whereas the genes of the microorganisms are 
referenced as “metagenome.” The current understanding 
on the microbiota has largely been derived from 16S rRNA 
and metagenomics.[13] Human microbiota is constituted 
by over  400 species of bacteria including Oxalobacter 
formigenes (Oxf), Bifidobacterium, Lactobacillus, and the 
other species of importance to the oxalate metabolism.

As 70%–80% of the kidney stones contain calcium oxalate, 
the regulation of oxalate homeostasis by gut microbiome to 
reduce the hyperoxaluria has important pathophysiologic 
implications. The molar oxalate‑to‑calcium ratio is normally 
at 1:10 and thus even a slight change in the urinary 
oxalate concentration exerts a much larger effect on the 
crystallization and stone formation than the comparable 
changes in the calcium concentration. This review focuses 
on the association between oxalate homeostasis and 
nephrolithiasis, the evidence on the role of gut microbiome 
in decreasing urinary oxalate, and the impact of therapeutic 
interventions focusing on the gut microbiome for decreasing 
hyperoxaluria and preventing nephrolithiasis.

MECHANISTIC PATHWAYS CONTROLLING OXALATE 
HOMEOSTASIS

Hyperoxaluria is considered to be a major risk factor for 
calcium oxalate nephrolithiasis, which occurs in about 12% 
of the population.[14] Oxalate homeostasis in the humans is 
mediated by hepatic oxalate production,[15] gastrointestinal 
factors, and renal oxalate excretion. Genetic defects can 
increase the hepatic oxalate generation, and are classified 
as primary hyperoxaluria (PH).[15] There are three different 
types of PH.[2] Dietary oxalate also contributes to the oxalate 
load, although the bioavailability of dietary oxalate is typically 
about 10% or less.[16] The intestinal oxalate absorption 
was initially thought to be a passive, gradient‑driven flux 
through the paracellular pathways.[17] However, later studies 
established it as an active energy‑dependent absorption.[18] 
Dietary oxalate absorption can exhibit an inter‑individual 
variation,[16] with a higher absorption in the stone formers.[19] 

Dietary calcium and fats can also modify the dietary oxalate 
absorption.[20] It is thought that fatty acids bind calcium, 
and thus increase the availability of unbound anionic 
oxalate, making the patients with fat malabsorption 
predisposed to enteric hyperoxaluria. The identification 
of the solute‑linked carrier (SLC) gene superfamily, which 
encodes for the proteins that mediate anion transport, 
opened up a new mechanistic understanding of the oxalate 
homeostasis.[21,22] Among the SLC gene superfamily, SLC26 
gene family comprises of anion transporters expressed in 
the intestine with measurable affinity for oxalate.[21,22] The 
SLC26 gene family contributes to the oxalate homeostasis 
by increasing the colonic oxalate secretion, also termed as 
enteral oxalate shunting. It has been demonstrated that 
colonic oxalate secretion can serve as an extrarenal route for 
oxalate excretion both in rats with chronic kidney disease 
and in rats challenged with an oxalate load.[23,24]

With the understanding of the gut‑mediated oxalate 
absorption and secretion, the role of gut microbiota in 
modulating the oxalate handling has become a renewed 
focus of research. The demonstration of a direct interaction 
between Oxf and colonic epithelium via colonic oxalate 
transporters of the SLC26 family, leading to an active 
secretion of endogenously produced oxalate into the gut, 
provided an important insight into Oxf‑mediated oxalate 
elimination.[25,26] The characterization of Oxf‑produced 
secretagogue further expanded on the mechanistic 
understanding of Oxf‑mediated oxalate elimination.[27]

GUT MICROBIOME AND ITS DEMOGRAPHIC 
VARIABILITY

The microbiome has been viewed as a “metabolic organ” which 
provides beneficial metabolic and immunologic functions.[28] 
Changes in the gut microbiome have been associated with an 
increase in the incidence of diseases such as obesity, coronary 
vascular disease, allergies, and metabolic syndrome.[29] The 
discovery of an oxalate‑degrading bacteria, Oxf, by Allison 
et al. in 1985 has attracted considerable attention regarding 
its involvement in calcium oxalate stone disease.[30] Recurrent 
stone formers demonstrated lower Oxf gut colonization rates 
than the first‑time stone formers.[31‑33] In these studies, gut 
colonization rate was estimated by the proportion of individuals 
who tested positive for Oxf in the stool samples. Oxf is a unique 
Gram‑negative intestinal anaerobe that utilizes oxalate as its 
sole carbon and energy source and metabolizes it into formate, 
the anion derived from formic acid, and CO2.

[34] For the oxalate 
degradation, Oxf employs multiple oxalate‑degrading enzymes 
such as oxalate oxidase, oxalate decarboxylase, oxalyl‑CoA 
decarboxylase, and formyl‑CoA transferase.[35]

With the possibility that the gut colonization of Oxf can 
potentially play an important role in oxalate handling, the 
demographics of Oxf gut colonization was evaluated. Gut 
colonization of Oxf has varied in studies from different 
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countries. In healthy adults, Oxf prevalence was found 
to be 31%–38% in the USA,[36,37] with higher colonization 
rates of 60%–77% in the Asian countries[38,39] and native 
communities.[37,40] The Oxf colonization rates were about two 
times higher in the mothers and infants for the first 3 years 
of life from indigenous populations living in remote areas 
from Venezuela and Tanzania, with limited access to modern 
medical practices, than their American counterparts.[41] 
Younger age and male gender were often found to have 
lower gut Oxf colonization rates.[37] Age‑related variation 
was noticed, as the infants under the age of 1 year have 
been found to be deficient in Oxf colonization, whereas 
the colonization rate reached 90% by the age of 2 years. 
Nearly all the children appeared to be colonized by the 
age of 8 years, after which the rates declined.[42] Lack of 
early‑life Oxf colonization favored a horizontal transmission 
route and the role of environmental factors rather than 
maternal transmission.[41,42] A higher Oxf colonization 
in the indigenous population as compared to the general 
population exposed to the typical medical practices such as 
antibiotic usage has been suggestive of an adverse role of 
modern medical practices on Oxf colonization.[41]

EVIDENCE ON THE ROLE OF OXALOBACTER 
FORMIGENES IN DECREASING HYPEROXALURIA

With the understanding that gut plays an important role in 
the oxalate homeostasis, various gut‑focused intervention 
strategies to reduce the hyperoxaluria were evaluated. 
Reducing the consumption of oxalate‑rich foods can be an 
obvious intervention; however, the long‑term effectiveness 
and undesirable consequences of such dietary limitations 
remain uncertain. Therefore, the role of Oxf supplementation 
for decreasing the hyperoxaluria was explored. Gut 
colonization of the noncolonized rats by using either the 
oxalate‑degrading enzymes from Oxf[32] or the viable whole 
Oxf cells reduced the urinary oxalate excretion.[32] In the 
mouse model of PH type  1, which is deficient in liver 
alanine‑glyoxylate aminotransferase (agxt) that leads to an 
increase in the endogenous hepatic oxalate production and 
hyperoxaluria, Oxf feeding resulted in a striking reduction 
in hyperoxaluria.[43,44] The reduction in the hyperoxaluria 
in these studies was thought to be mediated by a favorable 
transepithelial gradient created by the Oxf‑induced dietary 
oxalate degradation and the Oxf interacting with oxalate 
transporters of the SLC26 family.[25‑27]

In human stone formers, the absence of intestinal Oxf 
colonization correlated with an increased risk of 
hyperoxaluria.[31,45] The demonstration of similar intestinal 
oxalate absorption in stone formers with hyperoxaluria,[31] 
indirectly supported the enteral oxalate secretion in humans 
similar to that reported in the mouse model.[25] Although 
several studies have linked the absence of Oxf in gut to the 
higher urinary oxalate excretion,[45‑47] these findings were 
not uniformly replicated.[36,48]

With this baseline evidence on the role of Oxf in 
reducing the hyperoxaluria, translational human studies 
were conducted. Oral Oxf administration was tried as a 
bridging procedure until transplant in two infants with 
infantile oxalosis with end‑stage renal disease.[49] In both 
the infants, Oxf was administered twice a day for 4 weeks 
and the therapy reduced the plasma oxalate levels by 
about 50%, despite no concomitant change in the dialysis 
prescription. The treatment was well tolerated.[49] The 
end‑stage renal status in both the infants supported that 
the Oxf therapy improved the intestinal secretion of 
endogenous oxalate.[50] Subsequently, a Phase I study 
demonstrated a statistically significant reduction in urinary 
oxalate excretion over 4 weeks by the oral administration 
of an Oxf formulation  (Oxabact®, OC3a).[51] However, a 
larger trial using a modified formulation (OC3b) failed to 
demonstrate a decrease in urinary oxalate excretion over 
a period of 24 weeks.[49] The lack of benefit in this trial 
was thought to be due to lyophilized state of the OC3b 
formulation, leading to its lower bioactivity and longer 
latent period to achieve peak oxalate‑degrading capacity. 
As a result, the formulation was modified, which resulted 
in the use of the OC5 formulation in the subsequent 
trial.[52] Unfortunately, twice‑daily treatment with the OC5 
formulation over an 8‑week treatment period in patients 
with PH again failed to show a decrease in the urinary 
oxalate excretion.[52]

The negative results in both the studies, despite the 
demonstration of adequate Oxf gut colonization, questioned 
the biologic effectiveness of Oxf supplementation in 
humans for treating PH. However, these studies also 
suggested the need to revisit the bioavailability of the 
different Oxf preparations. Methodological issues may 
also have affected the results. Despite the negative results 
based on the 24‑h urinary oxalate measurements, urine 
oxalate normalized for urinary creatinine differed between 
the patient and the control arms.[49] This measurement 
discrepancy suggested the possibility of an inadequate 
24‑h urine collection, which is known to be a challenge 
in children. Moreover, urinary oxalate excretion exhibits 
a large intra‑individual variability.[53] Patient’s estimated 
glomerular filtration rate can also influence the urinary 
and serum oxalate levels.[49,52] The treatment duration in 
these studies might have been insufficient to demonstrate 
treatment effectiveness.[49,52]

Unlike the mouse model, where the confounders are 
controlled for, the effectiveness of Oxf in humans can 
be influenced by diet and other factors as well. In one 
study, urinary oxalate excretion was significantly lower in 
Oxf‑positive patients on a standardized diet as compared 
to a self‑selected diet.[31] Oxf colonization decreased the 
urinary oxalate excretion more effectively during the 
periods of low calcium and moderate oxalate intake,[54] 
suggesting the possibility of reduced effectiveness of Oxf 
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supplementation when dietary oxalate is restricted.[55,56] 
However, liberalizing dietary oxalate can in turn increase 
urinary oxalate levels by increasing the intestinal oxalate 
absorption.[57] Based on the evidence so far, further 
research is needed to establish the effectiveness of 
Oxf supplementation as a therapeutic tool to prevent 
nephrolithiasis in a clinical setting.

EFFECTIVENESS OF LACTOBACILLUS SPECIES FOR 
PREVENTING NEPHROLITHIASIS

Probiotics containing lactobacilli have been commonly used 
to treat gastrointestinal symptoms such as antibiotic‑induced 
diarrhea. Therefore, probiotics containing lactobacilli were 
also considered as a potential treatment option for treating 
hyperoxaluria. A  Lactobacillus preparation containing 
Lactobacillus acidophilus, Lactobacillus brevis, Streptococcus 
thermophilus, and Bifidobacterium infantis named Oxadrop® 
was formulated specifically for treating hyperoxaluria.[58] Initial 
uncontrolled and unblinded studies showed a favorable response 
to Oxadrop® in humans with a 40% drop in oxalate excretion 
in a group of mildly hyperoxaluric calcium‑oxalate stone 
formers.[58,59] In addition, a dose–response pattern was assessed 
by administering Oxadrop® at 4, 8, and 12 g doses for 1 month 
each.[58] These data suggested a dose–response association, with a 
small effect at 4 and 8 g, whereas the 12 g of Oxadrop® resulted 
in a 20%–25% decrease in the urinary oxalate excretion and 
attained a urine oxalate level close to the baseline.[58] Based on 
these positive results, a randomized, placebo‑controlled trial in 
a population of forty enteric hyperoxaluria stone formers was 
performed.[55] In addition to Oxadrop® supplementation, patients 
were placed on a controlled metabolic diet with normal calcium 
and reduced oxalate. The diet itself was effective in reducing 
urine oxalate excretion by an average of 36%. However, urinary 
oxalate did not fall further with either probiotic or placebo while 
maintaining the controlled diet. Subsequently, a randomized, 
placebo‑controlled trial of Oxadrop® with nonrestricted diet 
also failed to show a reduction in hyperoxaluria in twenty stone 
formers with idiopathic mild hyperoxaluria.[60] The investigators 
then considered if oxalate availability helps in maintaining Oxf 
colonization,[55,56] and therefore a low calcium (400 mg) and 
high oxalate (200 mg) diet was evaluated in a population of 14 
stone formers.[57] High dietary oxalate increased urinary oxalate 
excretion by 30%, and addition of Lactobacillus/Bifidobacterium 
preparation had no further effect on urinary oxalate levels.[57] 
Thus, based on the current literature, there is no evidence that 
lactobacilli supplementation benefits hyperoxaluria.

ROLE OF ANTIBIOTICS IN PRESERVING GUT 
MICROBIOME

In addition to Oxf and lactobacilli supplementation for 
decreasing the hyperoxaluria, strategies to preserve the gut 
microbiome have also gained attention. In this context, the 
influence of antibiotic exposure on the gut microbiome was 

highlighted by observational studies, suggesting low Oxf 
colonization because of the antibiotic exposure in patients 
with cystic fibrosis[46] or inflammatory bowel diseases.[61] The 
detrimental effects of antibiotics on the gut Oxf colonization 
was further supported by in vivo studies that demonstrated 
the susceptibility of all the four Oxf strains found in humans 
to the commonly prescribed antibiotics.[62] The recent 
analysis of a large database constituted of 26,000 patients 
and nephrolithiasis with approximately 260,000 matched 
controls provided a robust epidemiological evidence on the 
association between antibiotics and nephrolithiasis.[63] In this 
analysis, the exposure to any of the five different antibiotic 
classes 3–12 months before the index date was associated with 
nephrolithiasis, though the association varied among the 
different antibiotics. The adjusted odds ratio (95% confidence 
interval) was 2.33  (2.19–2.48) for sulfas, 1.88  (1.75–2.01) 
for cephalosporins, 1.67 (1.54–1.81) for fluoroquinolones, 
1.70  (1.55–1.88) for nitrofurantoin/methenamine, and 
1.27  (1.18–1.36) for penicillins.[63] Two of the antibiotic 
classes, tetracyclines and macrolides, did not show any 
association. Although it is plausible that antibiotics increased 
the risk of nephrolithiasis in this study by deranging the gut 
microbiome, the study design precluded the assessment of 
a mechanistic inference or a causal relationship. However, 
the in vivo evidence supported the theory of disruption of 
the gut microbiome for linking antibiotic exposure to the 
nephrolithiasis risk.[62] In the in vivo study, all the four Oxf 
strains were resistant to amoxicillin, amoxicillin/clavulanate, 
ceftriaxone, cephalexin, and vancomycin and sensitive to 
azithromycin, ciprofloxacin, clarithromycin, clindamycin, 
doxycycline, gentamicin, levofloxacin, metronidazole, and 
tetracycline.[62] In a prospective small study, antibiotic 
exposure to either clarithromycin or metronidazole in 
Helicobacter pylori‑positive group decreased the Oxf 
colonization in 38% of the patients at 1‑  and 6‑month 
follow‑ups in contrast to the sustained positivity in 92% of 
the controls who did not receive the antibiotics. The notable 
finding from this study was that only one of the participant 
who had Oxf colonization eliminated by antibiotics regained 
colonization at 6 months, suggesting a lasting impact of 
antibiotics on Oxf colonization.[64]

In clinical practice, the nonjudicious use of antibiotics can 
be defended by the belief that the temporarily disrupted 
gut microbiome will recover to normal. Although this 
matter remains understudied, microbiome recovery can 
explain a proportionately lower stone prevalence despite 
a widespread antibiotic use. A  decline in the risk of 
nephrolithiasis over time after the antibiotic exposure 
may also support microbiome resilience or microbiome 
recovery.[63] However, this microbiome resilience may 
exhibit substantial inter‑individual variability, thereby 
making some individuals more susceptible to nephrolithiasis 
after antibiotic exposure. The robustness of gut colonization 
may also vary among different individuals.[37] Lower gut 
microbiome reserve can partly explain the higher prevalence 
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of nephrolithiasis in males and in those with high body 
mass index,[37,63] although in males, lower urinary citrate 
excretion after puberty can be another risk factor.[65] Those 
exposed to multiple antibiotics such as patients with cystic 
fibrosis[46] or inflammatory bowel disease[61] may not get 
enough time in between the antibiotic exposures for the 
microbiome to recover.[63,64] The long‑term consequences of 
antibiotic exposure were also supported by in vivo studies 
which linked antibiotics to systemic diseases such as obesity, 
diabetes, and atherosclerosis.[66‑68] This inference on the 
long‑term effect from antibiotic exposure was also supported 
by a population‑based, case–control study that suggested 
an increase in the risk of Type 1 diabetes after antibiotic 
exposure in childhood.[69]

Although the association between the antibiotic usage and 
the risk of nephrolithiasis needs further evaluation, this 
association may have a significant clinical relevance, given 
the widespread antibiotic use for marginal indications. In 
the USA, health‑care providers prescribed 262.5 million 
courses of antibiotics in 2011  (842 prescriptions/1000 
persons).[70] Previous studies estimated that about 30% of 
the antibiotics prescribed in the outpatient setting in the USA 
are unnecessary;[71,72] the proportion could be even higher in 
countries with unregulated medication prescription. Based on 
this evidence, a judicious use of antibiotics in those predisposed 
to nephrolithiasis may serve as a major preventative strategy 
for decreasing the recurrence of nephrolithiasis.

G U T  M I C R O B I O M E  P R O F I L I N G ,  F E C A L 
TRANSPLANTATION, AND NEPHROLITHIASIS

The understanding on gut microbiome profiling has led to the 
concept of fecal transplantation or “bacteriotherapy.” Fecal 
transplantation is the administration of a solution of fecal 
matter from a donor into the intestinal tract of a recipient 
in order to change the recipient’s microbial composition so 
as to confer a health benefit.[73] The first known description 
of the use of feces as therapy was described by Ge Hong in 
the 4th century in China for the treatment of a variety of 
conditions including diarrhea.[74] In 1958, the use of fecal 
enemas was used for the first time in clinical medicine 
for the treatment of pseudomembranous colitis.[75] In a 
murine model, fecal transplantation of the germ‑free mice 
with obese microbiota resulted in a significantly greater 
increase in adiposity than those transplanted with the 
lean microbiota.[76] Metabolic diseases such as asthma,[77] 
inflammatory bowel disease,[78] and cardiovascular diseases[79] 
have been linked to the changes in the gut microbiome 
profile. Similarly, both obesity and diabetes, the known 
risk factors for nephrolithiasis,[1] have been associated with 
unique gut microbiome profiles.[80] The effectiveness of 
fecal transplantation in metabolic syndrome was shown by 
improved insulin sensitivity in individuals with metabolic 
syndrome by transferring intestinal microbiota from lean 
donors.[81]

In clinical practice, the benefit of fecal transplantation 
was demonstrated in the treatment of Clostridium 
difficile infections.[82] The fecal transplantation is 
thought to cause a competitive exclusion of C. difficile 
for the nutrients by the transplanted microbiota.[83] The 
restoration of gut microbiome by fecal transplantation 
has been found to be sustained.[84] Fecal transplantation 
has also shown potential to treat inflammatory bowel 
disease in a clinical setting, although with inconsistent 
results.[83,85,86] The multifactorial pathophysiology of 
inflammatory bowel disease, unlike that in recurrent 
C.  difficile infection, was considered to be a reason 
for the inconsistent results,[83] suggesting the need 
of disease‑specific assessment while evaluating the 
effectiveness of fecal transplantation.

The advances in gut microbiome sequencing technology has 
provided new insights into the gut microbiome profiling 
associated with nephrolithiasis beyond the individual bacteria 
such as Oxf and lactobacilli. Gut microbiome sequencing 
revealed that Bacteroides, a genus of Gram‑negative obligate 
anaerobic bacteria, were more abundant in the stone former 
group, and Prevotella, a different genus of Gram‑negative 
bacteria, were more abundant in the nonstone former 
group.[87] In another controlled study, gut microbiome 
profile was found to be different in patients with and without 
nephrolithiasis.[88] In a metagenomics analysis, two enzymes, 
formyl‑CoA transferase and oxalyl‑CoA decarboxylase, were 
found to be less well represented in the stone formers as 
compared to the controls, which can lead to a higher oxalate 
availability in the gut for absorption.[89] In a mouse study, 
fecal transplantation from healthy mice into the germ‑free 
mice demonstrated a significant decrease in urinary calcium, 
oxalate, and ammonium and an increase in urinary pH 
at 4  weeks following fecal transplantation.[90] Whole‑gut 
microbiome transplanted from the oxalate‑metabolizing 
wild mammalian herbivore, Neotoma albigula, to the 
laboratory rat, Rattus norvegicus, which is incapable of 
degrading oxalate, showed an increase in oxalate degradation 
in the transplanted rat that persisted 9 months after the 
transplant.[91]

With further understanding on gut microbiome in 
nephrolithiasis, there is a need to reinterpret the mechanism 
by which gut microbiome can influence nephrolithiasis. It 
can be hypothesized that targeting the gut microbiome as a 
whole unit, constituted by the network of microbes, can be 
a more effective strategy to reduce nephrolithiasis instead of 
focusing on individual bacteria such as Oxf or Lactobacillus. 
Potentially, gut microbiome transplantation, rather than 
Oxf supplementation alone, may result in sustained oxalate 
degradation in the human gut. In this context, restricting 
unnecessary antibiotic exposure offers a synergistic strategy 
to ensure healthy gut microbiome profile, especially in those 
who are predisposed to nephrolithiasis.



Sharma, et al.: Gut microbiome and nephrolithiasis

Indian Journal of Urology, Volume 36, Issue 4, October-December 2020 267

CONCLUSIONS

Although establishing a direct causal relationship between 
alterations in the gut microbiome and the risk of kidney 
stones is nonconclusive at this point, the reviewed literature 
is highly suggestive of an association. The positive results 
reported in the rodent studies, in which the gut microbiome 
was manipulated with Oxf supplementation, could not be 
replicated in human studies. Given the fact that human 
microbiome and diet are significantly different from an 
experimental rodent model, a more representative approach 
may be necessary in order to translate the findings from 
a rodent model into the humans. The methodological 
limitations identified in the previous studies can help in 
designing the future studies. The advancement in sequencing 
technologies and analytical tools offer an opportunity to 
refine the understanding on the association between gut 
microbiome and nephrolithiasis. In addition, looking at the 
gut microbiome as a network of bacterial species performing 
a function, for example, oxalate degradation, instead of 
as a single species, offers a new perspective for future 
research. Judicious use of antibiotics in those predisposed 
to nephrolithiasis should be considered as a preventative 
strategy to decrease nephrolithiasis.

REFERENCES

1.	 Scales CD Jr., Smith AC, Hanley  JM, Saigal CS; Urologic Diseases in 
America Project. Prevalence of kidney stones in the United States. Eur 
Urol 2012;62:160‑5.

2.	 Rodriguez Cuellar CI, Wang PZ, Freundlich M, Filler G. Educational 
review: Role of the pediatric nephrologists in the work‑up and 
management of kidney stones. Pediatr Nephrol 2020;35:383‑97.

3.	 Dwyer ME, Krambeck AE, Bergstralh EJ, Milliner DS, Lieske JC, Rule AD. 
Temporal trends in incidence of kidney stones among children: 
A 25‑year population based study. J Urol 2012;188:247‑52.

4.	 Lee M, Rodriguez Cuellar CI, Nagra R, Wang ZT, Bhayana V, Filler G. 
Does the urinary calcium/citrate ratio add to the diagnostic workup 
of children at risk of kidney stones? A cross‑sectional study. J Child Sci 
2019;9:e1‑6.

5.	 Goldfarb DS, Fischer ME, Keich Y, Goldberg J. A twin study of genetic 
and dietary influences on nephrolithiasis: A report from the Vietnam 
Era Twin (VET) Registry. Kidney Int 2005;67:1053‑61.

6.	 Sharma AP, Filler G. Epidemiology of pediatric urolithiasis. Indian J Urol 
2010;26:516‑22.

7.	 Borghi L, Schianchi T, Meschi T, Guerra A, Allegri F, Maggiore U, et al. 
Comparison of two diets for the prevention of recurrent stones in 
idiopathic hypercalciuria. N Engl J Med 2002;346:77‑84.

8.	 Reddy  ST, Wang  CY, Sakhaee  K, Brinkley  L, Pak  CY. Effect of 
low‑carbohydrate high‑protein diets on acid‑base balance, 
stone‑forming propensity, and calcium metabolism. Am J Kidney Dis 
2002;40:265‑74.

9.	 Curhan  GC, Willett  WC, Speizer  FE, Spiegelman  D, Stampfer  MJ. 
Comparison of dietary calcium with supplemental calcium and other 
nutrients as factors affecting the risk for kidney stones in women. Ann 
Intern Med 1997;126:497‑504.

10.	 Siener R, Schade N, Nicolay C, von Unruh GE, Hesse A. The efficacy 
of dietary intervention on urinary risk factors for stone formation in 
recurrent calcium oxalate stone patients. J Urol 2005;173:1601‑5.

11.	 Hollister EB, Gao C, Versalovic J. Compositional and functional features 

of the gastrointestinal microbiome and their effects on human health. 
Gastroenterology 2014;146:1449‑58.

12.	 Whiteside SA, Razvi H, Dave S, Reid G, Burton JP. The microbiome of 
the urinary tract‑‑a role beyond infection. Nat Rev Urol 2015;12:81‑90.

13.	 Gupta S, Allen‑Vercoe E, Petrof EO. Fecal microbiota transplantation: 
in perspective. Therap Adv Gastroenterol 2016;9:229‑39.

14.	 Finlayson B. Calcium Metabolism in Renal Failure and Nephrolithiasis. 
In: David DS, editor. New York: John Wiley, Sons; 1977. p. 337.

15.	 Edvardsson  VO, Goldfarb  DS, Lieske  JC, Beara‑Lasic  L, Anglani  F, 
Milliner  DS, et  al. Hereditary causes of kidney stones and chronic 
kidney disease. Pediatr Nephrol 2013;28:1923‑42.

16.	 Holmes RP, Goodman HO, Assimos DG. Contribution of dietary oxalate 
to urinary oxalate excretion. Kidney Int 2001;59:270‑6.

17.	 Binder  HJ. Intestinal oxalate absorption. Gastroenterology 
1974;67:441‑6.

18.	 Freel RW, Hatch M, Earnest DL, Goldner AM. Oxalate transport across 
the isolated rat colon. A  re‑examination. Biochim Biophys Acta 
1980;600:838‑43.

19.	 Hesse A, Schneeberger W, Engfeld S, Von Unruh GE, Sauerbruch T. 
Intestinal hyperabsorption of oxalate in calcium oxalate stone formers: 
application of a new test with  [13C2]oxalate. J  Am Soc Nephrol 
1999;10 Suppl 14:S329‑33.

20.	 Stauffer JQ. Hyperoxaluria and intestinal disease. The role of steatorrhea 
and dietary calcium in regulating intestinal oxalate absorption. Am J 
Dig Dis 1977;22:921‑8.

21.	 Jiang Z, Asplin JR, Evan AP, Rajendran VM, Velazquez H, Nottoli TP, et al. 
Calcium oxalate urolithiasis in mice lacking anion transporter Slc26a6. 
Nat Genet 2006;38:474‑8.

22.	 Freel RW, Hatch M, Green M, Soleimani M. Ileal oxalate absorption 
and urinary oxalate excretion are enhanced in Slc26a6 null mice. Am 
J Physiol Gastrointest Liver Physiol 2006;290:G719‑28.

23.	 Hatch M, Freel RW, Vaziri ND. Regulatory aspects of oxalate secretion in 
enteric oxalate elimination. J Am Soc Nephrol 1999;10 Suppl 14:S324‑8.

24.	 Hatch M, Freel RW, Vaziri ND. Intestinal excretion of oxalate in chronic 
renal failure. J Am Soc Nephrol 1994;5:1339‑43.

25.	 Hatch M, Cornelius J, Allison M, Sidhu H, Peck A, Freel RW. Oxalobacter 
sp. reduces urinary oxalate excretion by promoting enteric oxalate 
secretion. Kidney Int 2006;69:691‑8.

26.	 Hatch M, Freel RW. A human strain of Oxalobacter (HC‑1) promotes 
enteric oxalate secretion in the small intestine of mice and reduces 
urinary oxalate excretion. Urolithiasis 2013;41:379‑84.

27.	 Arvans  D, Jung  YC, Antonopoulos  D, Koval  J, Granja  I, Bashir  M, 
et  al. Oxalobacter formigenes‑derived bioactive factors stimulate 
oxalate transport by intestinal epithelial cells. J  Am Soc Nephrol 
2017;28:876‑87.

28.	 Gensollen  T, Iyer  SS, Kasper  DL, Blumberg  RS. How colonization 
by microbiota in early life shapes the immune system. Science 
2016;352:539‑44.

29.	 Blaser MJ, Falkow S. What are the consequences of the disappearing 
human microbiota? Nat Rev Microbiol 2009;7:887‑94.

30.	 Allison MJ, Dawson KA, Mayberry WR, Foss JG. Oxalobacter formigenes 
gen. nov, sp. nov.: oxalate‑degrading anaerobes that inhabit the 
gastrointestinal tract. Arch Microbiol 1985;141:1‑7.

31.	 Siener R, Bangen U, Sidhu H, Hönow R, von Unruh G, Hesse A. The 
role of Oxalobacter formigenes colonization in calcium oxalate stone 
disease. Kidney Int 2013;83:1144‑9.

32.	 Sidhu  H, Schmidt  ME, Cornelius  JG, Thamilselvan  S, Khan  SR, 
Hesse  A, et  al. Direct correlation between hyperoxaluria/oxalate 
stone disease and the absence of the gastrointestinal tract‑dwelling 
bacterium Oxalobacter formigenes: Possible prevention by gut 
recolonization or enzyme replacement therapy. J  Am Soc Nephrol 
1999;10 Suppl 14:S334‑40.

33.	 Mittal RD, Kumar R, Mittal B, Prasad R, Bhandari M. Stone composition, 
metabolic profile and the presence of the gut‑inhabiting bacterium 



Sharma, et al.: Gut microbiome and nephrolithiasis

268 Indian Journal of Urology, Volume 36, Issue 4, October-December 2020

Oxalobacter formigenes as risk factors for renal stone formation. Med 
Princ Pract 2003;12:208‑13.

34.	 Allison  MJ, Cook  HM, Milne  DB, Gallagher  S, Clayman  RV. Oxalate 
degradation by gastrointestinal bacteria from humans. J  Nutr 
1986;116:455‑60.

35.	 Cornick NA, Allison MJ. Assimilation of oxalate, acetate, and CO2 by 
Oxalobacter formigenes. Can J Microbiol 1996;42:1081‑6.

36.	 Kaufman  DW, Kelly  JP, Curhan  GC, Anderson  TE, Dretler  SP, 
Preminger GM, et al. Oxalobacter formigenes may reduce the risk of 
calcium oxalate kidney stones. J Am Soc Nephrol 2008;19:1197‑203.

37.	 Liu M, Koh H, Kurtz ZD, Battaglia T, PeBenito A, Li H, et al. Oxalobacter 
formigenes‑associated host features and microbial community 
structures examined using the American Gut Project. Microbiome 
2017;5:108.

38.	 Kwak  C, Jeong  BC, Lee  JH, Kim  HK, Kim  EC, Kim  HH. Molecular 
identification of Oxalobacter formigenes with the polymerase chain 
reaction in fresh or frozen fecal samples. BJU Int 2001;88:627‑32.

39.	 Kumar R, Mukherjee M, Bhandari M, Kumar A, Sidhu H, Mittal RD. Role 
of Oxalobacter formigenes in calcium oxalate stone disease: A study 
from North India. Eur Urol 2002;41:318‑22.

40.	 Clemente JC, Pehrsson EC, Blaser MJ, Sandhu K, Gao Z, Wang B, et al. The 
microbiome of uncontacted Amerindians. Sci Adv 2015;1:e1500183‑95.

41.	 PeBenito  A, Nazzal  L, Wang  C, Li  H, Jay  M, Noya‑Alarcon  O, et  al. 
Comparative prevalence of Oxalobacter formigenes in three human 
populations. Sci Rep 2019;9:574.

42.	 Sidhu  H, Enatska  L, Ogden  S, Williams  WN, Allison  MJ, Peck  AB. 
Evaluating children in the Ukraine for colonization with the intestinal 
bacterium oxalobacter formigenes, using a polymerase chain 
reaction‑based detection system. Mol Diagn 1997;2:89‑97.

43.	 Grujic D, Salido EC, Shenoy BC, Langman CB, McGrath ME, Patel RJ, 
et al. Hyperoxaluria is reduced and nephrocalcinosis prevented with an 
oxalate‑degrading enzyme in mice with hyperoxaluria. Am J Nephrol 
2009;29:86‑93.

44.	 Hatch M, Gjymishka A, Salido EC, Allison MJ, Freel RW. Enteric oxalate 
elimination is induced and oxalate is normalized in a mouse model 
of primary hyperoxaluria following intestinal colonization with 
Oxalobacter. Am J Physiol Gastrointest Liver Physiol 2011;300:G461‑9.

45.	 Troxel SA, Sidhu H, Kaul P, Low RK. Intestinal Oxalobacter formigenes 
colonization in calcium oxalate stone formers and its relation to urinary 
oxalate. J Endourol 2003;17:173‑6.

46.	 Sidhu H, Hoppe B, Hesse A, Tenbrock K, Brömme S, Rietschel E, et al. 
Absence of Oxalobacter formigenes in cystic fibrosis patients: A risk 
factor for hyperoxaluria. Lancet 1998;352:1026‑9.

47.	 Kwak C, Kim HK, Kim EC, Choi MS, Kim HH. Urinary oxalate levels and 
the enteric bacterium Oxalobacter formigenes in patients with calcium 
oxalate urolithiasis. Eur Urol 2003;44:475‑81.

48.	 Knight  J, Jiang  J, Wood  KD, Holmes  RP, Assimos  DG. Oxalate and 
sucralose absorption in idiopathic calcium oxalate stone formers. 
Urology 2011;78:475.e9‑4.75E+15.

49.	 Hoppe B, Groothoff JW, Hulton SA, Cochat P, Niaudet P, Kemper MJ, et al. 
Efficacy and safety of Oxalobacter formigenes to reduce urinary oxalate 
in primary hyperoxaluria. Nephrol Dial Transplant 2011;26:3609‑15.

50.	 Hoppe B, Dittlich K, Fehrenbach H, Plum G, Beck BB. Reduction of 
plasma oxalate levels by oral application of Oxalobacter formigenes 
in 2 patients with infantile oxalosis. Am J Kidney Dis 2011;58:453‑5.

51.	 Hoppe B, Beck B, Gatter N, von Unruh G, Tischer A, Hesse A, et al. 
Oxalobacter formigenes: A potential tool for the treatment of primary 
hyperoxaluria type 1. Kidney Int 2006;70:1305‑11.

52.	 Hoppe B, Niaudet P, Salomon R, Harambat J, Hulton SA, van’t Hoff W, 
et al. A randomised Phase I/II trial to evaluate the efficacy and safety 
of orally administered Oxalobacter formigenes to treat primary 
hyperoxaluria. Pediatr Nephrol 2017;32:781‑90.

53.	 Clifford‑Mobley  O, Sjögren A, Lindner  E, Rumsby  G. Urine oxalate 
biological variation in patients with primary hyperoxaluria. Urolithiasis 

2016;44:333‑7.
54.	 Jiang J, Knight J, Easter LH, Neiberg R, Holmes RP, Assimos DG. Impact of 

dietary calcium and oxalate, and Oxalobacter formigenes colonization 
on urinary oxalate excretion. J Urol 2011;186:135‑9.

55.	 Lieske JC, Tremaine WJ, De Simone C, O’Connor HM, Li X, Bergstralh EJ, 
Goldfarb DS. Diet, but not oral probiotics, effectively reduces urinary 
oxalate excretion and calcium oxalate supersaturation. Kidney Int 
2010;78:1178‑85.

56.	 Abratt VR, Reid SJ. Oxalate‑degrading bacteria of the human gut as 
probiotics in the management of kidney stone disease. Adv Appl 
Microbiol 2010;72:63‑87.

57.	 Ferraz  RR, Marques  NC, Froeder  L, Menon  VB, Siliano  PR, 
Baxmann AC, et al. Effects of Lactobacillus casei and Bifidobacterium 
breve on urinary oxalate excretion in nephrolithiasis patients. Urol 
Res 2009;37:95‑100.

58.	 Lieske JC, Goldfarb DS, De Simone C, Regnier C. Use of a probiotic to 
decrease enteric hyperoxaluria. Kidney Int 2005;68:1244‑9.

59.	 Campieri C, Campieri M, Bertuzzi V, Swennen E, Matteuzzi D, Stefoni S, 
et al. Reduction of oxaluria after an oral course of lactic acid bacteria 
at high concentration. Kidney Int 2001;60:1097‑105.

60.	 Goldfarb DS, Modersitzki F, Asplin JR. A randomized, controlled trial of 
lactic acid bacteria for idiopathic hyperoxaluria. Clin J Am Soc Nephrol 
2007;2:745‑9.

61.	 Kumar  R, Ghoshal  UC, Singh  G, Mittal  RD. Infrequency of 
colonization with Oxalobacter formigenes in inflammatory bowel 
disease: Possible role in renal stone formation. J  Gastroenterol 
Hepatol 2004;19:1403‑9.

62.	 Lange  JN, Wood  KD, Wong  H, Otto  R, Mufarrij  PW, Knight  J, et  al. 
Sensitivity of human strains of Oxalobacter formigenes to commonly 
prescribed antibiotics. Urology 2012;79:1286‑9.

63.	 Tasian GE, Jemielita T, Goldfarb DS, Copelovitch L, Gerber JS, Wu Q, 
et  al. Oral antibiotic exposure and kidney stone disease. J  Am Soc 
Nephrol 2018;29:1731‑40.

64.	 Kharlamb V, Schelker  J, Francois F, Jiang  J, Holmes RP, Goldfarb DS. 
Oral antibiotic treatment of Helicobacter pylori leads to persistently 
reduced intestinal colonization rates with Oxalobacter formigenes. 
J Endourol 2011;25:1781‑5.

65.	 Perry GM, Scheinman SJ, Asplin JR. Effects of Sex on Intra‑Individual 
Variance in Urinary Solutes in Stone‑Formers Collected from a Single 
Clinical Laboratory. PLoS One 2013;8:e53637.

66.	 Cho I, Yamanishi S, Cox L, Methé BA, Zavadil J, Li K, et al. Antibiotics 
in early life alter the murine colonic microbiome and adiposity. Nature 
2012;488:621‑6.

67.	 Livanos  AE, Greiner  TU, Vangay  P, Pathmasiri  W, Stewart  D, 
McRitchie S, et al. Antibiotic‑mediated gut microbiome perturbation 
accelerates development of type 1 diabetes in mice. Nat Microbiol 
2016;1:16140‑72.

68.	 Wang Z, Roberts AB, Buffa JA, Levison BS, Zhu W, Org E, et al. Non‑lethal 
inhibition of gut microbial trimethylamine production for the treatment 
of atherosclerosis. Cell 2015;163:1585‑95.

69.	 Mikkelsen KH, Knop FK, Vilsbøll T, Frost M, Hallas J, Pottegård A. Use of 
antibiotics in childhood and risk of Type 1 diabetes: A population‑based 
case‑control study. Diabet Med 2017;34:272‑7.

70.	 Hicks  LA, Bartoces  MG, Roberts  RM, Suda  KJ, Hunkler  RJ, 
Taylor  TH, Jr., et  al. US outpatient antibiotic prescribing variation 
according to geography, patient population, and provider specialty in 
2011. Clin Infect Dis 2015;60:1308‑16.

71.	 Fleming‑Dutra KE, Hersh AL, Shapiro DJ, Bartoces M, Enns EA, et al. 
Prevalence of inappropriate antibiotic prescriptions among US 
ambulatory care visits, 2010‑2011. JAMA 2016;315:1864‑73.

72.	 Hicks  LA, Taylor  TH, Jr., Hunkler  RJ. U. S. Outpatient antibiotic 
prescribing, 2010. N Engl J Med 2013;368:1461‑62.

73.	 Smits LP, Bouter KE, de Vos WM, Borody TJ, Nieuwdorp M. Therapeutic 
potential of fecal microbiota transplantation. Gastroenterology 



Sharma, et al.: Gut microbiome and nephrolithiasis

Indian Journal of Urology, Volume 36, Issue 4, October-December 2020 269

2013;145:946‑53.
74.	 Zhang  F, Luo  W, Shi  Y, Fan  Z, Ji  G. Should we standardize the 

1,700‑year‑old fecal microbiota transplantation? Am J Gastroenterol 
2012;107:1755.

75.	 Eiseman B, Silen W, Bascom GS, Kauvar AJ. Fecal enema as an adjunct 
in the treatment of pseudomembranous enterocolitis. Surgery 
1958;44:854‑9.

76.	 Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. 
An obesity‑associated gut microbiome with increased capacity for 
energy harvest. Nature 2006;444:1027‑31.

77.	 Sokolowska M, Frei R, Lunjani N, Akdis CA, O’Mahony L. Microbiome 
and asthma. Asthma Res Pract 2018;4:1.

78.	 Knoll RL, Forslund K, Kultima JR, Meyer CU, Kullmer U, Sunagawa S, 
et al. Gut microbiota differs between children with Inflammatory Bowel 
Disease and healthy siblings in taxonomic and functional composition: 
A metagenomic analysis. Am J Physiol Gastrointest Liver Physiol 
2017;312:G327‑39.

79.	 Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et al. Gut 
flora metabolism of phosphatidylcholine promotes cardiovascular 
disease. Nature 2011;472:57‑63.

80.	 Larsen N, Vogensen FK, van den Berg FW, Nielsen DS, Andreasen AS, 
Pedersen BK, et al. Gut microbiota in human adults with type 2 diabetes 
differs from non‑diabetic adults. PLoS One 2010;5:e9085.

81.	 Vrieze A, Van Nood E, Holleman F, Salojärvi J, Kootte RS, Bartelsman JF, 
et al. Transfer of intestinal microbiota from lean donors increases insulin 
sensitivity in individuals with metabolic syndrome. Gastroenterology 
2012;143:913‑600.

82.	 van Nood  E, Vrieze  A, Nieuwdorp  M, Fuentes  S, Zoetendal  EG, 
de Vos  WM, et  al. Duodenal infusion of donor feces for recurrent 
Clostridium difficile. N Engl J Med 2013;368:407‑15.

83.	 Kelly  CR, Kahn  S, Kashyap  P, Laine  L, Rubin  D, Atreja  A, et  al. 
Update on fecal microbiota transplantation 2015: Indications, 
methodologies, mechanisms, and outlook. Gastroenterology 

2015;149:223‑37.
84.	 Hamilton  MJ, Weingarden  AR, Unno  T, Khoruts  A, Sadowsky  MJ. 

High‑throughput DNA sequence analysis reveals stable engraftment 
of gut microbiota following transplantation of previously frozen fecal 
bacteria. Gut Microbes 2013;4:125‑35.

85.	 Colman RJ, Rubin DT. Fecal microbiota transplantation as therapy for 
inflammatory bowel disease: A systematic review and meta‑analysis. 
J Crohns Colitis 2014;8:1569‑81.

86.	 Lopez J, Grinspan A. Fecal microbiota transplantation for inflammatory 
bowel disease. Gastroenterol Hepatol (N Y) 2016;12:374‑9.

87.	 Stern JM, Moazami S, Qiu Y, Kurland I, Chen Z, Agalliu I, et al. Evidence 
for a distinct gut microbiome in kidney stone formers compared to 
non‑stone formers. Urolithiasis 2016;44:399‑407.

88.	 Tang R, Jiang Y, Tan A, Ye J, Xian X, Xie Y, et al. 16S rRNA gene sequencing 
reveals altered composition of gut microbiota in individuals with kidney 
stones. Urolithiasis 2018;46:503‑14.

89.	 Ticinesi A, Milani C, Guerra A, Allegri F, Lauretani F, Nouvenne A, et al. 
Understanding the gut‑kidney axis in nephrolithiasis: An analysis of 
the gut microbiota composition  and functionality of stone formers. 
Gut 2018;67:2097‑106.

90.	 Stern  JM, Urban‑Maldonado  M, Usyk  M, Granja  I, Schoenfeld  D, 
Davies KP, et al. Fecal transplant modifies urine chemistry risk factors 
for urinary stone disease. Physiol Rep 2019;7:e14012.

91.	 Miller AW, Oakeson  KF, Dale  C, Dearing  MD. Microbial community 
transplant results in increased and long‑term oxalate degradation. 
Microb Ecol 2016;72:470‑8.

How to cite this article: Sharma AP, Burton J, Filler G, Dave S. Current 
update and future directions on gut microbiome and nephrolithiasis. Indian 
J Urol 2020;36:262-9.


