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Kidney stones are among the most prevalent urological diseases, with a high 
incidence and recurrence rate. Treating kidney stones has been greatly improved 
by the development of various minimally invasive techniques. Currently, stone 
treatment is relatively mature. However, most current treatment methods are 
limited to stones and cannot effectively reduce their incidence and recurrence. 
Therefore, preventing disease occurrence, development, and recurrence after 
treatment, has become an urgent issue. The etiology and pathogenesis of 
stone formation are key factors in resolving this issue. More than 80% of kidney 
stones are calcium oxalate stones. Several studies have studied the formation 
mechanism of stones from the metabolism of urinary calcium, but there are few 
studies on oxalate, which plays an equally important role in stone formation. 
Oxalate and calcium play equally important roles in calcium oxalate stones, 
whereas the metabolism and excretion disorders of oxalate play a crucial role in 
their occurrence. Therefore, starting from the relationship between renal calculi 
and oxalate metabolism, this work reviews the occurrence of renal calculi, oxalate 
absorption, metabolism, and excretion mechanisms, focusing on the key role 
of SLC26A6  in oxalate excretion and the regulatory mechanism of SLC26A6  in 
oxalate transport. This review provides some new clues for the mechanism of 
kidney stones from the perspective of oxalate to improve the understanding of 
the role of oxalate in the formation of kidney stones and to provide suggestions 
for reducing the incidence and recurrence rate of kidney stones.
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1. Introduction

Kidney stones are one of the most prevalent diseases in urology worldwide, and their 
prevalence and incidence have gradually increased over the past few decades. A recent national 
cross-sectional survey revealed that the prevalence of kidney stones is 6.4%, with a prevalence 
of 6.5% among men and 5.1% among women. Approximately 1 in 17 adults have kidney stone 
disease (1). Epidemiological data in the United States also revealed a high prevalence of kidney 
stones (2); the overall prevalence is rising annually (3), and stones easily relapse easily after 
treatment. The recurrence rate of kidney stones is estimated to be as high as 50% (3), and O 
Kamihira et al. (4) found that the recurrence rates of patients with kidney stones after 1, 3, and 
5 years were 6.7, 28.0, and 41.8%, respectively. Solborg E Ingvarsdottir et al. (5) found that the 
recurrence rates of kidney stones in children after 5, 10, 15, and 20 years were 26, 35, 41, and 
46%, respectively. The formation of kidney stones is also associated with a higher risk of diseases 
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such as hypertension (6), chronic kidney disease, and end-stage renal 
disease (7). Therefore, treating stones and stone-related diseases 
imposes a substantial burden on people’s health annually.

The basic steps in kidney stone formation are urine 
supersaturation, nucleation, crystallization, growth, and aggregation 
(8). Regardless of the mechanism of kidney stone formation, the 
chemical processes of nucleation and crystallization are essential for 
the formation and development of kidney stones. Randall’s plaque 
theory is widely accepted for forming kidney stones, and Randall’s 
plaque is a prerequisite for forming calcium oxalate kidney stones. The 
majority (approximately 75%) of calcium oxalate stones are attached 
to Randall’s plaque (9), which begins with the deposition of calcium 
phosphate crystals within the renal interstitium. Calcium phosphate 
crystals are deposited on the basement membrane of the Henle loop 
and continuously mineralized to form subepithelial plaques. As the 
plaque gradually deposits, it penetrates the epithelium and is exposed 
in the urine of the renal papilla. Urinary metastable calcium oxalate 
binds to these plaques to form stones (10, 11).

2. Oxalate and kidney stones

More than 80% of kidney stones are calcium oxalate stones (10). 
The primary risk factors for calcium oxalate stones are hypercalciuria 
and hyperoxaluria. Supersaturation of urinary calcium oxalate is the 
driving force for forming calcium oxalate stones. Studies have 
investigated the formation mechanism of stones from urinary calcium 
metabolism, whereas relatively few studies have been conducted on 
oxalate, another important raw material for forming kidney stones. 
Oxalate plays an equal or even crucial role in calcium oxalate stone 
formation. Studies have reported that oxalate plays a greater role than 
calcium in forming calcium oxalate stones (12). In the balance 
between calcium ions, oxalate ions, and oxalate in urine, the oxalate 
concentration in urine is crucial. Small changes in urinary oxalate 
concentration can influence the formation of calcium oxalate crystals 
(12–14). Hyperoxaluria not only promotes the deposition of calcium 
oxalate crystals but also damages renal tubular epithelial cells through 
oxidative stress, thereby facilitating crystal adhesion. The subsequent 
immune inflammatory response after injury also promotes the 
formation of Randall plaques (15). Some studies have demonstrated 
that hyperoxaluria promotes transforming renal tubular epithelial cells 
into osteoblast phenotypes and forming Randall plaques and stones 
(16). In conclusion, stone formation results from a series of events, 
and hyperoxaluria, the initiating and promoting factor of calcium 
oxalate stone formation, is present throughout the process. Therefore, 
exploring the cause of hyperoxaluria is crucial for preventing oxalate 
stones. This review begins with the various causes of high 
hyperoxaluria, then discusses the source and removal of oxalate, as 
well as the factors affecting the source and removal of oxalate.

3. Evidence acquisition and synthesis

This review assessed the latest research articles published in 
PubMed between 2013 and 2023 and used PubMed to systematically 
review the original articles. We used the following search strategies: 
(oxalate) AND (SLC26A6), OR (oxalate) AND (excretion), OR 
(oxalate) AND (absorption), OR (oxalate) AND (oxalobacter), OR 

(primary hyperoxaluria) AND (kidney stone), OR (oxalate) AND 
(hyperoxaluria) AND (kidney stone), 1,075 manuscripts were 
retrieved from the literature. We  reviewed these manuscripts and 
prioritized studies that fit our subject and those that are scientifically 
detailed and well-reported to help us understand them. Finally, 140 
manuscripts were selected for our study.

4. Source of oxalate

Oxalate sources can be classified as exogenous or endogenous 
(Figure 1). Dietary oxalate from exogenous sources is absorbed by the 
intestine. Approximately 20–40% of blood oxalate is derived from the 
diet. Endogenous sources include liver, red blood cells, and ascorbic 
acid. Oxalate is produced by metabolism (17). Any means of 
producing excessive oxalate can cause high oxalate urine disease and 
promote oxalate stone formation. Primary hyperoxaluria (PH) is 
caused by excessive secretion of liver oxalate because of hereditary 
glyoxylate metabolic disorders. Secondary hyperoxaluria is caused by 
dietary intake of oxalate and oxalate precursors or factors that increase 
the net absorption of oxalate in the gastrointestinal tract (i.e., low 
calcium diet, poor fat absorption, and intestinal flora) (18).

4.1. Endogenous sources of oxalate and 
primary hyperoxaluria

Approximately 60–80% of plasma oxalate is derived from 
endogenous oxalate produced by liver metabolism (19). The oxalate 
precursor in the body is metabolized by the liver to produce glyoxylate, 
which is then converted to oxalate by lactate dehydrogenase (LDH). 
Alanine-glyoxylate aminotransferase (AGT) is a peroxisome enzyme in 
the human body that converts glyoxylate to glycine and plays a central 
role in reducing endogenous oxalate production. Glyoxylate reductase–
hydroxypyruvate reductase (GRHPR) also metabolizes glyoxylates and 
helps limit the production of oxalates; 4-hydroxy-2-oxoglutarate aldolase 
(HOGA) is a key enzyme in the metabolism of hydroxyproline (20) 
(Figure 2). In the absence of these enzymes, glyoxylate is metabolized in 
the liver to produce an excess of endogenous oxalate, resulting in 
increased urinary oxalate excretion. Oxalate accumulates in various 
organs, including the kidney, in a rare autosomal recessive genetic disease 
known as primary hyperoxaluria (18). Primary hyperoxaluria is divided 
into types 1, 2, and 3, which are caused by a genetic deficiency of AGT, 
GRHPR, and HOGA, respectively. Primary hyperoxaluria type 1 is the 
most common and severe. Primary hyperoxaluria results in the 
accumulation of a large amount of oxalate to accumulate in the kidney, 
resulting in the formation of kidney stones and impairment of renal 
function, eventually leading to end-stage renal disease.

4.2. Exogenous sources of oxalate

Approximately 20–40% of the oxalate in the plasma is 
derived from the diet absorbed through the intestine. Although 
exogenous oxalate accounts for a relatively small proportion of 
total plasma oxalate, it is susceptible to various factors and, thus, 
is highly variable and can be  easily controlled by humans. 
Controlling exogenous oxalate is a feasible method for 
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preventing stone formation. After feeding hyperoxaluria mice 
with an oxalate-free diet, hyperoxaluria substantially improved, 
confirming that most urinary oxalates were derived from the 
intestines (19). Therefore, we must understand the absorption 
mechanism of oxalate in the intestine and the factors that affect 
its absorption.

4.2.1. Absorption mechanism of oxalate in the 
intestine

Whether oxalate absorption in the intestine is paracellular or 
transcellular or has not been determined. Knauf F et al. (21) found 
that the absorption flux of oxalate in the mouse intestine is similar 
to that of mannitol (mannitol is a marker of the paracellular 
pathway), is insensitive to the anion transport inhibitor DIDS, and 

is unsaturated. Therefore, oxalate is passively absorbed in the 
intestine through the paracellular pathway, and the net absorption 
of oxalate depends on the relative balance between the absorption 
of the paracellular pathway and the secretion of oxalate dependent 
on intestinal SLC26A6. However, Robert W. Freel et  al. (22) 
compared the one-way and net fluxes of oxalate ions in the 
intestine of wild-type (WT) and DRA knockout (KO) mice and 
found that in WT mice, all intestinal segments exhibited varying 
degrees of oxalate net absorption. However, in KO mice, oxalate 
absorption flux was significantly decreased, whereas secretion flux 
did not change significantly. All segments exhibited oxalate net 
secretions. The daily urinary oxalate excretion of KO mice was 
66% lower than that of WT mice, indicating that the net secretion 
of oxalate in KO mice was due to a decrease in oxalate absorption 
flux. Accordingly, DRA (SLC26A3) protein mediates intestinal 

FIGURE 1

Absorption mechanism of oxalate in the intestine and kidney. Plasma oxalate is derived from endogenous oxalate produced by the liver and oxalate 
and its precursors absorbed by the intestine. In the intestine, dietary-derived oxalate promotes oxalate absorption through SLC26A3-mediated and 
paracellular absorption. SLC26A6-mediated oxalate secretion limits the net absorption of oxalate. Intestinal oxalate-degrading bacteria decompose 
oxalic acid to reduce the absorption of oxalic acid; calcium ions combine with oxalate to form insoluble calcium oxalate, which is not absorbed by 
the intestine and is excreted with feces, thus limiting the absorption of oxalate. Fatty acids reduce calcium combined with oxalate by binding to 
calcium, thereby promoting oxalate absorption. Oxalate excretion is assisted by the kidneys and intestine. In the kidney, oxalate is mainly excreted 
through glomerular filtration and can be assisted by SLC26A6-mediated oxalate secretion. Oxalate is in dynamic equilibrium under the influence of 
these factors. When some of these factors change, plasma oxalate concentration and urinary oxalate excretion increase, thereby promoting the 
formation of kidney stones.
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absorption of oxalate across cellular pathways. Robert W. Freel 
(21) explained that these two distinct results may be  due to 
technical differences and that shunt permeability may 
be  exaggerated in his study. If oxalate uptake is a paracellular 
passive transport, the relationship between oxalate uptake flux 
and conductance (GT) should be linear, with an intercept of zero. 
Whittamore et al. (23) found that the relationship between oxalate 
absorption flux and GT in the distal colon of WT mice was indeed 
linear but that its intercept did not pass zero and that the oxalate 
absorption flux when GT was zero was very similar to that 
mediated by SLC26A3 (22). These findings indicate that the 
oxalate absorption flux at GT = 0 may be mediated by SLC26A3 
and that oxalate absorption may occur through paracellular and 
transcellular pathways.

4.2.2. Factors affecting intestinal absorption of 
oxalate

The intestinal absorption of oxalate is influenced by many factors, 
including the role of intestinal microbes, the form of oxalate, and 

intestinal fat absorption. A low-calcium diet is considered a risk factor 
for oxalate stones because intestinal calcium can be combined with 
oxalate to form insoluble calcium oxalate, which is difficult to 
be absorbed and discharged in feces. When the intestine lacks calcium, 
more oxalate becomes free, and these free oxalates are more easily 
absorbed, leading to hyperoxalemia (24–26). A recent report described 
a case of hyperoxaluria induced by a calcium-free diet. After calcium 
was added to the diet, the concentration of urine oxalate decreased 
substantially. This report indicates the importance of calcium intake 
in preventing calcium oxalate kidney stones (27). Moreover, when fat 
absorption is poor or a high-fat diet is consumed, excessive free fatty 
acids can be combined with dietary calcium, thereby increasing the 
free oxalate content and absorption (28, 29). Fatty acids also increase 
the permeability of local mucosa, thereby promoting oxalate 
absorption (30). The incidence of hyperoxaluria and calculus 
increased substantially after Roux-en-Y gastric bypass and 
malabsorption bariatric surgery. One of the primary causes may 
be inadequate fat absorption (31–34). Hyperoxaluria is often observed 
in digestive diseases associated with poor fat absorption, such as 

FIGURE 2

Oxalate metabolism in the liver. In hepatocytes, various oxalate precursors are metabolized into the direct precursor glyoxylate, which is then 
converted to oxalate by LDH. Glyoxylate can be catalyzed by various enzymes to reduce oxalate production. AGT catalyzes the conversion of 
glyoxylate and alanine to pyruvate and glycine, and glyoxylate can be used by cytosolic glyoxylate reductase-hydroxypyruvate reductase (GRHPR) to 
produce glycolate. Glycolate can also be metabolized by glycolate oxidase (GO) to produce glyoxylate. HOGA catalyzes the conversion of 
4-hydroxy-2- oxoglutarate (HOG) produced by hydroxyproline in mitochondria to produce pyruvate and glyoxylic acid. In the absence of AGT and 
GRHPR, glyoxylate accumulates in the liver to produce excessive oxalate, resulting in primary hyperoxaluria types 1 and 2. The mechanism by which 
the absence of HOGA causes primary hyperoxaluria type 3 is unknown. One theory suggests that 4-hydroxy-2-oxoglutarate is broken down into 
oxalates without HOGA, whereas another suggests that it inhibits GRHPR activity in mitochondria. Go, and LDH are emerging targets for RNA 
interference-based treatment of primary hyperoxaluria. AGT, Alanine-glyoxylate aminotransferase; GRHPR, Glyoxylate reductase–hydroxypyruvate 
reductase; HOGA, 4-Hydroxy-2-oxoglutarate aldolase; HOG, 4-Hydroxy-2-oxoglutarate; Go, Glycolate oxidase; LDH, Lactate dehydrogenase.
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Crohn’s disease (35, 36), biliary tract disease (30), pancreatic disease 
(37), and short bowel syndrome (38). In patients with fat 
malabsorption, supplementation with fat-soluble vitamins negatively 
correlates with urinary oxalate excretion (39).

4.2.3. Intestinal microbes and oxalate metabolism
Because hyperoxaluria is largely intestinal in origin, it is possible 

to prevent calcium oxalate stones by increasing the degradation of 
intestinal oxalate, thereby reducing intestinal oxalate absorption. 
However, the human body lacks an oxalate degradation pathway, and 
the required oxalate-degrading enzymes must be  obtained 
exogenously. Oxate-degrading bacteria with the oxalate-degrading 
genes frc and oxc are found in the human intestine (40). These oxalate-
degrading bacteria can use oxalate as an energy source to reduce the 
content of absorbable oxalate in the intestine, thereby reducing 
urinary oxalate excretion (41) (Table 1). Oxalate-degrading bacteria 
include “specialist oxalotroph” such as Oxalobacter formigenes and 
“generalist oxalotrophs” such as Bifidobacterium animalis, 
Lactobacillus acidophilus, and Lactobacillus gasseri (54). Benjamin K 
Canales et al. (51) colonized intestinal O. formigenes in model rats 
with hyperoxaluria after Roux-en-Y gastric bypass and found that 
urinary oxalate excretion decreased by 74% compared with the 
uncolonized group. Bernd Hoppe et  al. (59) administered 
O. formigenes oral preparations and placebo for 43 patients with 
primary hyperoxaluria. The urinary oxalate content of patients who 
consumed Oxalobacter oral preparations decreased by 19% compared 
to before treatment within 24 h. Furthermore, Several studies have 
examined the effect of intestinal colonization of oxalate-degrading 
bacteria on hyperoxaluria and have demonstrated that intestinal 
colonization with oxalate-degrading bacteria has a certain effect on 
the prevention and treatment of hyperoxaluria (45, 58, 60–64). 
Therefore, colonization of the intestine with oxalate-degrading 
bacteria may reduce intestinal oxalate absorption, plasma oxalate 
concentration, and urinary oxalate excretion, which is a potential 
strategy for preventing oxalate stones.

These oxalate-degrading bacteria affect the absorption of 
oxalate not only by decomposing oxalate but also by specific 
metabolites. Short-chain fatty acids (SCFAs), the main product of 
intestinal microbial fermentation, can regulate oxalate absorption, 
thereby reducing urinary oxalate excretion and calcium oxalate 
stone formation. Yu Liu et  al. administered SCFAs to calcium 
oxalate model rats and observed a decrease in kidney crystals (65). 
Comparing patients with calcium oxalate kidney stones and the 
control group, the control group had more bacteria with SCFAs 
metabolites in the intestine (48, 65). SCFAs can increase the 
expression of intestinal SLC26A6 and reduce the expression of 
intestinal SLC26A3, thereby affecting the absorption and excretion 
of oxalate and reducing the formation of urinary oxalate and 
calcium oxalate kidney stones (66). Furthermore, O. formigenes can 
not only degrade oxalate to reduce oxalate absorption but also 
increase the intestinal secretion of oxalate (52, 54). However, 
healthy subjects ingesting lactic acid bacteria preparations after 
consuming a high oxalate diet demonstrated no reduction in 
urinary oxalate excretion or plasma oxalate concentration (67). A 
phase I/II/III randomized trial on the efficacy and safety of 
colonization of O. formigenes in the treatment of primary 
hyperoxaluria revealed no significant reduction in urinary oxalate 
excretion and plasma oxalate concentration after treatment with 

lithogenic oxalate preparation (43, 44). Therefore, the mechanism 
of oxalate-degrading bacteria degrading intestinal oxalate requires 
further investigation.

Although considerable research on the intestinal metabolism of 
oxalates has focused on oxalate-degrading bacteria, recent studies—
with the advancement of sequencing technology have demonstrated 
that the microbiota plays a broader role in oxalate metabolism and the 
prevention of urinary stones (68). Studies have reported no significant 
difference in the number of intestinal oxalate bacilli between patients 
with hyperoxaluric kidney stones and normal controls; however, there 
is a reduction in intestinal microbial diversity, a significant reduction 
in the number of bacteria associated with oxalate degradation genes, 
and a change in the composition of intestinal microbes (48, 69–71). 
Animal models and human experiments have demonstrated that the 
risk of urinary calculi is significantly increased after taking antibiotics 
and reducing the bacterial load of the intestine (65, 66, 72). Intestinal 
microbial depletion may promote urinary oxalate excretion and 
calcium oxalate kidney stone formation. Consequently, gastrointestinal 
oxalate homeostasis is not only attributed to O. formigenes but may 
also involve the combined action of many bacterial species, which may 
help explain why previous probiotic intervention studies failed to 
reduce the risk of hyperoxaluria (43, 44, 63, 73, 74).

In summary, intestinal O. formigenes and other probiotics have a 
certain effect on oxalate degradation, but their individual effects may 
be limited. The role of probiotics depends largely on the diversity and 
integration of intestinal microorganisms. Numerous species of 
intestinal microorganisms can degrade oxalate. They can interact with 
each other to form an intestinal microbial network, and oxalate 
metabolism is not limited to a few species (68, 69, 73, 75). However, 
the roles of O. formigenes cannot be  ignored. O. formigenes is the 
center of the microbial network involved in oxalate degradation and 
prevention of hyperoxaluria (73). Therefore, successful development 
of bacterial therapies to inhibit urinary stones requires a strategy that 
targets bacterial diversity rather than a few specific species.

5. Oxalate excretion

In the absence of enzymes for oxalate metabolism in the body, 
oxalate, as a metabolic end product, must be excreted from the body 
(17). Oxalate was eliminated through renal and intestinal excretion 
pathways (Figure 1). The kidneys excrete most of the oxalate in the 
body, whereas the intestines excrete only a small amount. 
Hyperoxaluria can be caused by metabolic defects in the kidney and 
intestine. Disorders of intestinal oxalate secretion disorder or 
enhanced renal excretion may cause high oxalate urine, leading to 
kidney stones. The anion transporter SLC26A6 is essential in oxalate 
excretion in the kidneys and intestines.

5.1. Structure and physiological function of 
SLC26A6

Solute-linked carrier 26 gene family 6 protein (SLC26A6) is a 
multifunctional anion exchanger. It has the most extensive 
transport function in the SLC26A family and can transport a 
variety of anions (76). SLC26A6 is a transmembrane secondary 
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TABLE 1 Treatment of hyperoxaluria and kidney stones with intestinal flora.

Research subject Method Result Conclusion Reference

PH patients Subjects were randomized to 

receive Oxabact(a lyophilized O. 

formigenes formulation) or 

placebo

Plasma oxalate levels 

decreased in subjects treated 

with O. formigenes

O. formigenes can reduce plasma 

oxalate and help prevent kidney 

stones
(42)

PH patients Subjects were randomized to 

receive O.formigenes or placebo

Compared with placebo, there 

was no significant difference 

in urinary oxalate excretion 

and plasma oxalate 

concentration after O.

formigenes treatment.

O.formigenes treatment did not 

significantly reduce urinary 

oxalate excretion or plasma 

oxalate concentration within 

8 weeks of treatment

(43)

PH patients Subjects were randomized to 

receive O.formigenes or placebo

Compared with placebo, there 

was no significant difference 

in urinary oxalate excretion 

and plasma oxalate 

concentration after O.

formigenes treatment.

O.formigenes treatment did not 

reduce urinary oxalate during 

24 weeks of treatment in PH 

patients
(44)

PH patients Oral O. formigenes preparations All subjects had reduced 

compared with baseline

O.formigenes is beneficial to PH1 

subjects, which can significantly 

reduce plasma oxalate 

concentration, improve or 

stabilize cardiac function and 

clinical status

(45)

PH infant patients Hemodialysis combined with 

oral O.formigenes

Compared with before 

treatment, plasma oxalate 

decreased significantly.

O. formigenes preparations 

contribute to the treatment of 

PH.

(46)

PH infant patients Hemodialysis combined with 

O.formigenes

Plasma oxalate concentration 

decreased

Hemodialysis combined with O. 

formigenes treatment can reduce 

plasma oxalate, stabilize systemic 

oxalosis, and improve the clinical 

course.

(47)

Urolithiasis patients and 

healthy controls

Detection of fecal oxalate-

degrading bacteria abundance

The relative abundance of 

fecal O. formigenes in the 

kidney stone group was lower 

than in the control group.

O. formigenes is important in 

inhibiting the formation of 

kidney stones and hyperoxaluria.
(48)

Urolithiasis patients and 

healthy controls

Fecal O. formigenes abundance 

and urinary oxalate levels were 

detected.

Urinary oxalate excretion was 

less in patients with intestinal 

colonization than in patients 

without intestinal 

colonization

Lack of O. formigenes can lead to 

a significant increase in the risk 

of hyperoxaluria and lead to 

recurrent calcium oxalate stone 

attacks.

(49)

Urolithiasis patients and 

healthy controls

Detection of fecal O.formigenes 

abundance

Compared with the control 

group, the colonization of O.

formigenes in patients with 

renal calculi decreased.

The lack of O.formigenes 

colonization may be an important 

risk factor for stone formation 

and recurrence

(50)

Urolithiasis patients with 

hyperoxaluria

Received daily a mixture 

containing freeze-dried lactic 

acid bacteria.

Compared with before 

treatment, Urinary oxalate 

excretion was significantly 

reduced.

Oral freeze-dried lactic acid 

bacteria is a method for treating 

and preventing kidney stones.
(41)

Roux-en-Y gastric bypass 

model rats with hyperoxaluria

Intragastric administration of O. 

formigenes

O. formigenes colonization 

reduced urinary oxalate 

excretion in RYGB rats.

O. formigenes colonization 

degraded intestinal oxalate and 

promoted intestinal oxalate 

elimination

(51)

(Continued)
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transporter comprising 759 amino acids. The membrane insertion 
domain consists of 14 variable-length α-helixes, which are 
organized into two structurally related regions. Each region 
consists of seven transmembrane segments, thereby forming an 
interwoven structure consisting of two inverted repeats (77). A 
STAS domain is present at the C-terminus, which is related to 
intracellular transport and protein–protein interactions, and its 
deletion damages the substrate transport of the membrane domain 
(78, 79). Furthermore, the C-terminus of SLC26A6 contains a 
common PDZ interaction motif identical to that of the cystic 
fibrosis transmembrane conductance regulator (CFTR). The PDZ 
domain provides a site for protein–protein interactions, which are 
essential in assembling multiprotein complexes (80). SLC26A6 is 
highly expressed in the human intestine, kidney, other tissues, and 
the mammalian heart, reproductive system, esophagus, stomach, 
and other tissues. SLC26A6 is a multifunctional anion transporter 
and mediates the transport of anions such as Cl−/HCO3

−, Cl−/

formic acid, Cl−/oxalate, Cl−/nitrate, SO₄2−/oxalate, and Cl−/OH- 
(81, 82). It plays an essential role in ion balance and acid–base 
homeostasis, and its dysfunction is closely related to various 
diseases in various systems. SLC26A6 exhibits complete transport 
activity and can perform its normal function only after 
glycosylation. In vitro, studies have demonstrated that SLC26A6 
is highly N-glycosylated, and N-glycosylation has an important 
effect on the folding, transport, and function of various membrane 
proteins (83). R. Brent Thomson (84) found that SLC26A6 is 
glycosylated and tissue-specific when endogenously expressed in 
mice and humans. Glycosylation of human SLC26A6 on promoters 
167 and 172 is essential for oxalate transport. When SLC26A6 is 
deglycosylated by glycosidase, oxalate transport activity is 
significantly decreased, indicating that the oxalate transport 
function of SLC26A6 is heavily dependent on glycosylation. 
Glycosylation plays a key regulatory role in the transport function 
of SLC26A6. SLC26A6, which is expressed in the kidney and 

TABLE 1 (Continued)

Research subject Method Result Conclusion Reference

Primary hyperoxaluria type 1 

model mouse

Rectal administration of O. 

formigenes

Urinary oxalate excretion 

decreased, and distal colonic 

oxalate secretion increased.

O. formigenes-derived bioactive 

factors stimulate oxalate 

transport in intestinal cells, which 

has therapeutic potential.

(52)

Rat model of primary 

hyperoxaluria

Kidney stone model rats oral O. 

formigenes feed

O.formigenes treatment 

partially prevented ethylene 

glycol-induced increases in 

plasma and urine oxalate and 

completely prevented renal 

calcinosis.

O. formigenes has beneficial 

effects on ethylene glycol-induced 

hyperoxalemia and renal 

calcinosis, thus supporting the 

beneficial role of O. formigenes in 

primary hyperoxaluria.

(53)

Primary hyperoxaluria rats 

with slc26a6 knockout or 

slc26a3 knockout

Intestinal colonization of O. 

formigenes

O. formigenes can induce 

intestinal oxalate excretion in 

the absence of either apical 

oxalate transporter and 

reduce urinary oxalate 

excretion.

O. formigenes oxalate-induced 

intestinal oxalate secretion in 

mice does not require the 

presence of apical oxalate 

transporter SLC26A6 or 

SLC26A3, and other unidentified 

oxalate transporters are involved 

in mediating oxalate transport.

(54)

mice A human O. formigenes strain 

(HC-1) colonized mice

HC-1 promoted strong net 

secretion of oxalate in the 

terminal ileum, cecum and 

colon of mice and reduced 

oxalate excretion in the 

kidney.

HC-1 has great potential as a 

probiotic treatment for 

hyperoxaluria.
(55)

a mouse model of Primary 

Hyperoxaluria

Intestinal colonization of 

Bifidobacterium in PH model 

rats

Urinary oxalate excretion was 

significantly reduced.

Bifidobacterium has the potential 

to prevent and treat 

hyperoxaluria.

(56)

Hyperoxaluria rat model Intragastric administration of O. 

formigenes

Urinary oxalate excretion 

decreased and was 

proportional to the dose of O. 

formigenes.

Probiotic treatment of rats with 

hyperoxaluria can significantly 

and rapidly reduce urinary 

oxalate levels.

(57)

Rat model of primary 

hyperoxaluria

Intestinal colonization of O. 

formigenes

Intestinal colonization of O. 

formigenes significantly 

reduced plasma and urinary 

oxalate excretion.

Plasma and urinary oxalate 

returned to normal after 

colonization of oxalate in 

hyperoxaluria rats.

(58)
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intestine, mediates the secretion and absorption of oxalate and is 
the most important channel protein involved in oxalate transport 
(85). Abnormal expression and function of SLC26A6  in the 
intestine and kidney are closely related to hyperoxalemia, 
hyperoxaluria, and renal calcium oxalate stones.

5.2. Oxalate excretion in the kidney and 
stone formation

The kidney is the primary pathway for oxalate excretion. Oxalate is 
mainly excreted through glomerular filtration (86), but renal tubular 
secretion can also assist in oxalate excretion (87, 88). For normal people, 
oxalate is freely filtered in the glomeruli and is not easily regulated, and 
the oxalate secretion of renal tubules must be mediated by SLC26A6 (89). 
Therefore, differences in SLC26A6 expression can cause differences in 
oxalate secretion, and the regulation of SLC26A6 expression may affect 
oxalate secretion in proximal tubules. SLC26A6 is located on the lumen 
side of the proximal tubule and transports oxalate from the cell to urine 
through Cl−/oxalate exchange, that is oxalate secretion. It can also 
transport oxalate from urine to the cell through SO₄2− /oxalate exchange, 
which means oxalate reabsorption (17). Perfusion studies have 
demonstrated that S1 and S2 segments of the proximal tubule of rats 
absorb oxalate, whereas S3 segment secretes oxalate (87, 90). Abnormal 
expression of SLC26A6  in the kidney may cause oxalate excretion 
disorders, resulting in high oxalate urine and the formation of oxalate 
stones. Jiang et al. reported a significant increase in the expression of 
SLC26A6 in the kidneys of stone patients compared to that in controls 
(91). By targeting up-regulation and down-regulation of SLC26A6 
expression in the kidneys of mouse stone models, the results demonstrated 
that urinary oxalate concentration and stone formation rate significantly 
increased in SLC26A6 up-regulated mice (91). In oxalate-treated 
NRK-52E cells, after up-regulation of SLC26A6 expression, cell viability 
decreased more significantly, apoptosis rate increased significantly, and 
ROS and SOD production increased (92). In vivo and in vitro experiments 
concluded that the increase in SLC26A6 expression in the kidney can 
cause an increase in the secretion of oxalate in renal tubular epithelial 
cells, increasing the concentration of oxalate in urine. High oxalate 
concentrations in urine can damage renal tubular epithelial cells through 
oxidative stress, and damaged renal tubular epithelial cells are more likely 
to cause crystal adhesion and aggregation. The two factors of Oxalate 
oversaturation in urine and damage to renal tubules reinforce each other, 
eventually leading to the formation of oxalate stones. Studies have found 
that glycine can reduce urinary oxalate and significantly reduce calcium 
oxalate crystal deposition in rat kidneys induced by ethylene glycol. 
Mechanistic studies have demonstrated that glycine reduces urinary 
oxalate excretion by down-regulating the expression of SLC26A6 in the 
kidney (93). Therefore, increased expression of SLC26A6 in the kidney is 
one of the causes of oxalate stones, and down-regulation of SLC26A6 is a 
potential strategy for preventing oxalate stones.

5.3. Oxalate excretion in the intestine and 
stone formation

The intestinal tract, as an auxiliary pathway of renal excretion of 
oxalate, is of great significance in limiting the net absorption of oxalate 
by the intestinal tract, reducing the excretion of oxalate in the kidney, 
thereby reducing the concentration of oxalate in the urine and 

preventing the occurrence of oxalate stones. The secretion of oxalate in 
the intestine needs to be mediated by SLC26A6 (94, 95). Zhirong Jiang 
et al. found a significant incidence of hyperoxalemia, hyperoxaluria, 
and oxalate stones in SLC26A6 KO mice (94). The mechanism may 
be that in SLC26A6 gene KO mice, due to the deficiency of SLC26A6-
mediated oxalate secretion in the intestine, the net absorption of 
oxalate in the intestine increases, the concentration of oxalate in the 
plasma increases, and more oxalate is excreted from the urine, causing 
hyperoxaluria, which leads to the occurrence of oxalate stones. Robert 
W. Freel et al. also found a similar conclusion. In WT mice, the ileum 
had a net secretion of oxalate, whereas, in SLC26A6 KO mice, the 
ileum was converted to a net absorption of oxalate. The urinary oxalate 
excretion of SLC26A6 KO mice was four times that of WT mice. By 
administering the inhibitor DIDS of the mouse anion transporter 
SLC26A6, the ileum of WT mice changed from net secretion of oxalate 
to net absorption (95). Subsequent studies have reported similar 
findings that SLC26A6 gene defects lead to urolithiasis (96, 97). In a 
mouse model of chronic kidney disease, SLC26A6-mediated intestinal 
oxalate secretion is essential to reduce the body burden of oxalate (98). 
A net secretion of oxalate exists in the distal colon of mice, but it does 
not require the involvement of SLC26A6 and may have other unknown 
transporters (99). SLC26A6 overexpression in the kidney increases 
urinary oxalate excretion and promotes stone formation, whereas 
overexpression of SLC26A6 in the intestine increases intestinal oxalate 
secretion, reduces urinary oxalate excretion, and plays a protective role 
in stone formation. Therefore, SLC26A6 is expected to be a target for 
stone treatment and prevention. The formation of kidney stones can 
be prevented by up-regulating or down-regulating SLC26A6 expression.

6. SLC26A6 gene mutation and 
oxalate stones

SLC26A6 is essential for limiting the net absorption of oxalates by 
the gut and preventing kidney stones. Therefore, functional defects 
and mutations in human SLC26A6 may cause hyperoxaluria and 
kidney stones. Five studies have reported the effect of SLC26A6 
variants on human kidney stones (100–104). The first study reported 
the detection of six missense mutations in the SLC26A6 gene in the 
case and control groups. Among them, C.616G > A (p.Val206 Met) is 
the most common mutation (11%), but the mutation does not affect 
the population plasma or urine oxalate (100). The second study 
reported the relationship between SLC26A6 gene 206 M 
polymorphism and the risk of renal calculi in PHPT patients. The 
results also demonstrated that SLC26A6 gene 206 M polymorphism 
was not associated with renal calculi in PHPT patients (101). 
Non-homologous single nucleotide polymorphisms (nsSNPs) 
associated with kidney stones in the SLC26A6 gene were screened 
using Silico Screening by Xiuli Lu et al. (102), and nsSNP rs184187143 
was identified as a more likely disease-related variation in SLC26A6 
gene. In nsSNP, the risk of kidney stones increased by 6.1 times in C 
allele carriers compared with that of G allele carriers. Liana et al. (103) 
reported two new polymorphisms in the STAS domain of SLC26A6. 
This mutation impairs the regulation of NADC-1-mediated citrate 
transport by weakening the interaction between the STAS domain of 
SLC26A6 and NADC-1, causing hypocitraturia and occurrence of 
calcium oxalate kidney stones. Nicolas Cornière et al. (104) recently 
reported a rare heterozygous missense mutation (c.1519C > T/p.
R507W) in SLC26A6 gene in a patient with calcium oxalate 
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nephrolithiasis who had significant hyperoxaluria. R507W mutation 
was transfected into OKP cells, and the mutation resulted in decreased 
expression of SLC26A6 and significantly impaired oxalate transport 
activity. This result indicates that the p. R507W mutation affected the 
expression and transport activity of SLC26A6.

7. SLC26A6-mediated regulation of 
oxalate transport

SLC26A6-mediated oxalate secretion is essential in oxalate excretion 
in the kidney and intestine. Increased oxalate secretion in the kidney 
promotes stone formation, whereas increased oxalate secretion in the 
intestine inhibits stone formation. Therefore, elucidating the regulatory 
mechanism of SLC26A6 is essential for preventing calcium oxalate kidney 
stones. SLC26A6 is activated or inhibited through multiple signaling 
pathways. Through the study of these pathways, the expression and 
activity of SLC26A6  in the kidney and intestine can be  selectively 
regulated, which is a potential strategy for preventing stones (Figure 3). 
Studies have demonstrated that cholinergic signals can inhibit the 
expression of SLC26A6 on the cell surface through signaling pathways 
including the M3 receptor, phospholipase C, PKC-β, and c-Src, thereby 
negatively regulating oxalate transport (105). Similarly, purinergic 
signaling can also inhibit oxalate transport by activating P2Y2 purinergic 
receptors, PLC, and PKC signaling pathways to reduce the surface 
expression of SLC26A6 (106). SLC26A6 can also be  regulated by 
microRNAs, which are a group of small non-coding RNAs that regulate 
gene expression by binding to the 3′untranslated region (3′UTR) of target 
mRNAs. Arivarasu N (107) found that miR-125a-5p inhibited the 
expression of SLC26A6 by directly interacting with the 3′UTR of 

SLC26A6 mRNA and inhibited the transport of oxalate. SLC26A6 is 
activated by various regulatory factors. Cystic fibrosis protein (CFTR) is 
also closely related to the activation of SLC26A6. CFTR may promote the 
expression of SLC26A6 (79, 108). Felix Knauf et al. (108) found that the 
expression of SLC26A6 decreased in the duodenum of CFTR gene-
deficient mice, intestinal oxalate secretion decreased significantly, and the 
deficient mice exhibited hyperoxalemia and hyperoxaluria. Estradiol can 
up-regulate CFTR on the surface of intestinal mucosal cells to increase the 
expression of SLC26A6 and regulate oxalate transport (109, 110). 
Therefore, CFTR may be an upstream protein of SLC26A6. Furthermore, 
SLC26A6 is regulated through the PKA activation signal. After activating 
PKA, the expression of intestinal SLC26A6 was significantly increased, 
and its transport activity was enhanced (52, 111). CFTR can activate PKA 
(79) and SLC26A6 through signaling pathways such as PKA, but the exact 
mechanism requires further study. These results suggest that the 
expression of SLC26A6 and SLC26A6-mediated oxalate transport is 
positively and negatively regulated by various factors. Manipulating these 
regulatory factors and selectively regulating the expression and activity of 
SLC26A6 is a potential therapeutic approach. Furthermore, slc26a6 can 
interact with the citrate transporter NADC-1 to regulate the reabsorption 
of urinary citrate, thereby inhibiting the formation of calcium oxalate 
stones (85, 112).

8. Treatment and prevention strategies 
for calcium oxalate stones

In conclusion, to prevent hyperoxaluria and oxalate stones, the source 
and destination of oxalate must be investigated. First, we should reduce 
the source of exogenous oxalate and the generation of endogenous 

FIGURE 3

Regulation of slc26a6 oxalate transport activity.
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oxalate. Therefore, the intake of foods rich in oxalate and oxalate 
precursors should be reduced. However, oxalate is widely present in many 
foods, and it is difficult to control the intake. Only foods with very high 
oxalate content can be  avoided or restricted. Second, reducing the 
intestinal absorption of oxalate is a method to prevent hyperoxaluria and 
oxalate stones. Therefore, one must avoid low calcium, high-fat diet and 
treatment of diseases that cause poor fat absorption; SLC26A3 plays an 
important role in the intestinal absorption of oxalate, which can 
be considered to down-regulate SLC26A3 expression in the intestine. 
Furthermore, intestinal flora plays an essential role in degrading oxalate 
and limiting the intestinal absorption of oxalate, but oxalate degradation 
is more dependent on the integration of intestinal flora. Therefore, the 
intervention measures to limit the absorption of oxalate should consider 
the complexity of intestinal microflora, not just one or two bacteria. 
Finally, starting with the oxalate excretion pathway, more oxalate can 
be excreted from the intestine to reduce oxalate excretion in the kidney. 
Oxalate transporters play essential roles in oxalate absorption and 
excretion. Among them, the study of oxalate transporter SLC26A6 is 
more in-depth. The secretion of oxalate mediated by SLC26A6 in the 
intestine limits the net absorption of oxalate in the diet and reduces 
oxalate excretion in urine, whereas oxalate secretion mediated by 
SLC26A6  in the kidney increases the excretion of oxalate in urine. 
Therefore, it is possible to target the up-regulation of SLC26A6 expression 
in the intestine and its down-regulation in the kidney, thereby 
strengthening the inhibition of stone formation and weakening stone 
formation. However, SLC26A6, as a multifunctional anion exchanger, 
should also consider whether it affects the transport of other ions while 
regulating its expression, resulting in severe consequences.

For stones caused by primary hyperoxaluria, active treatment of the 
primary disease is required. Conventional treatment of primary 
hyperoxaluria includes high fluid intake, calcium oxalate crystallization 
inhibitors, and vitamin B6 (113). Liver transplantation is the only curative 
therapy in the past. Inhibition of liver-specific glycolate oxidase or 
reduction of liver lactate dehydrogenase is a promising strategy for 
primary hyperoxaluria treatment. Emerging therapies based on RNA 
interference have significantly influenced the treatment and prognosis of 
patients with primary hyperoxaluria. Lumasiran, a small interfering RNA 
(siRNA), inhibits oxalate synthesis by silencing genes encoding glycolate 
oxidase (114). Recent clinical phase III studies have demonstrated that 
Lumasiran treatment significantly reduced plasma oxalate concentration 
and urinary oxalate excretion. Most patients have normal or near-normal 
urinary oxalate levels after 6 months of treatment (115). Lumasiran was 
effective during the treatment of PH1. Urine oxalate remained low at 12 
and 18 months, and no adverse reactions were observed (116, 117). 
Furthermore, Nedosiran, as an RNA interference agent, can effectively 
reduce urinary oxalate excretion by specifically inhibiting LDH (a key 
enzyme in liver oxalate synthesis) so that glyoxylate cannot be converted 
into oxalate (118, 119). For the first time, Michelle A Baum et al.conducted 
a phase 1 clinical trial in humans. The results displayed that compared 
with before treatment, 24-h urinary oxalate excretion in PH patients 
decreased by an average of 55% after Nedosiran treatment, and 33% of 
subjects returned to normal (120). After that, Michelle A Baum et al.
conducted a randomized study on treating PH with Nedosiran. The 
results also depicted that compared with the placebo group, plasma 
oxalate and urinary oxalate in PH patients treated with Nedosiran were 
significantly reduced, and Nedosiran was generally safe and well tolerated 
by patients (121). Developing these new therapies to cure metabolic 
defects is expected to eliminate the need for liver transplantation, greatly 
improving the quality of life for primary hyperoxaluria patients.

9. Conclusion and outlook

In light of the high incidence and recurrence rate of kidney 
stones, urologists focus more on treating stones than on their 
prevention. Future research must focus on etiology and 
pathogenesis to effectively prevent kidney stones, as the 
importance of prevention cannot be overemphasized. Calcium 
oxalate stones, as a major type of kidney stone, can effectively 
reduce the formation of stones through targeted intervention in 
the source and excretion of oxalate. Intestinal oxalate-degrading 
bacteria play an essential role in limiting oxalate absorption; 
however, their function depends largely on the integration of 
intestinal flora. The future development of bacterial therapy to 
prevent kidney stones must consider the entire intestinal flora; 
SLC26A6 is closely related to the excretion of oxalate and is 
expected to be a target for preventing and treating kidney stones. 
Its expression in the intestine promotes the excretion of oxalate 
in the intestine, thereby reducing the excretion of urinary oxalate, 
which has a protective effect on kidney stones, whereas its 
expression in the kidney promotes the excretion of oxalate in the 
kidney, thereby increasing urinary oxalate and promoting kidney 
stones. Future research must confirm the feasibility of targeted 
up-regulation or down-regulation of SLC26A6 gene in preventing 
and treating oxalate stones. Our current understanding of the 
etiology and pathogenesis of stones remains limited, necessitating 
further research in the future to enhance our knowledge in 
this area.

Author contributions

BQ conceived the manuscript. TC searched publications and draft 
the manuscript. JunZ and PL edited tables and figures. WL and QC 
collect data. LZ and JunrZ reviewed the manuscript and polished the 
grammar. All authors contributed to the article and approved the 
submitted version.

Funding

This work was supported by the scientific research project of 
Jiangxi Provincial Department of Education (GJJ2201403), the key 
scientific research project of Gannan Medical University (ZD201909), 
and the research project of the First Affiliated Hospital of Gannan 
Medical University (YJYB202111).

Acknowledgments

We thank Home for Researchers editorial team (www.home-
forresearchers.com) for language editing service and all figures were 
created with BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

https://doi.org/10.3389/fmed.2023.1159616
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
http://www.home-forresearchers.com
http://www.home-forresearchers.com
http://BioRender.com


Chen et al. 10.3389/fmed.2023.1159616

Frontiers in Medicine 11 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Zeng G, Mai Z, Xia S, Wang Z, Zhang K, Wang L, et al. Prevalence of kidney stones 

in China: an ultrasonography based cross-sectional study. BJU Int. (2017) 120:109–16. 
doi: 10.1111/bju.13828

 2. Scales CD Jr , Smith AC, Hanley JM, Saigal CSUrologic Diseases in America 
Project. Prevalence of kidney stones in the United States. Eur Urol. (2012) 62:160–5. doi: 
10.1016/j.eururo.2012.03.052

 3. Siener R. Nutrition and Kidney Stone Disease. Nutrients. (2021) 13:1917. doi: 
10.3390/nu13061917

 4. Kamihira O, Ono Y, Katoh N, Yamada S, Mizutani K, Ohshima S. Long-term stone 
recurrence rate after extracorporeal shock wave lithotripsy. J Urol. (1996) 156:1267–71. 
doi: 10.1016/S0022-5347(01)65566-6

 5. Ingvarsdottir SE, Indridason OS, Palsson R, Edvardsson VO. Stone recurrence 
among childhood kidney stone formers: results of a nationwide study in Iceland. 
Urolithiasis. (2020) 48:409–17. doi: 10.1007/s00240-020-01179-6

 6. Kittanamongkolchai W, Mara KC, Mehta RA, Vaughan LE, Denic A, Knoedler JJ, 
et al. Risk of hypertension among first-time symptomatic kidney stone formers. Clin J 
Am Soc Nephrol. (2017) 12:476–82. doi: 10.2215/CJN.06600616

 7. Ando R, Nagaya T, Suzuki S, Takahashi H, Kawai M, Taguchi K, et al. Independent 
and interactive effects of kidney stone formation and conventional risk factors for 
chronic kidney disease: a follow-up study of Japanese men. Int Urol Nephrol. (2021) 
53:1081–7. doi: 10.1007/s11255-021-02803-z

 8. Shtukenberg AG, Hu L, Sahota A, Kahr B, Ward MD. Disrupting crystal growth 
through molecular recognition: designer therapies for kidney stone prevention. Acc 
Chem Res. (2022) 55:516–25. doi: 10.1021/acs.accounts.1c00631

 9. Chung HJ. The role of Randall plaques on kidney stone formation. Transl Androl 
Urol. (2014) 3:251–4. doi: 10.3978/j.issn.2223-4683.2014.07.03

 10. Coe FL, Evan A, Worcester E. Kidney stone disease. J Clin Invest. (2005) 
115:2598–608. doi: 10.1172/JCI26662

 11. Khan SR, Pearle MS, Robertson WG, Gambaro G, Canales BK, Doizi S, et al. 
Kidney stones. Nat Rev Dis Primers. (2016) 2:16008. doi: 10.1038/nrdp.2016.8

 12. Robertson WG, Peacock M. The cause of idiopathic calcium stone disease: 
hypercalciuria or hyperoxaluria? Nephron. (1980) 26:105–10. doi: 10.1159/000181963

 13. Curhan GC, Taylor EN. 24-h uric acid excretion and the risk of kidney stones. 
Kidney Int. (2008) 73:489–96. doi: 10.1038/sj.ki.5002708

 14. Ogawa Y, Miyazato T, Hatano T. Oxalate and urinary stones. World J Surg. (2000) 
24:1154–9. doi: 10.1007/s002680010193

 15. Khan SR, Canales BK, Dominguez-Gutierrez PR. Randall's plaque and calcium 
oxalate stone formation: role for immunity and inflammation. Nat Rev Nephrol. (2021) 
17:417–33. doi: 10.1038/s41581-020-00392-1

 16. Joshi S, Clapp WL, Wang W, Khan SR. Osteogenic changes in kidneys of 
hyperoxaluric rats. Biochim Biophys Acta. (2015) 1852:2000–12. doi: 10.1016/j.
bbadis.2015.06.020

 17. Marengo SR, Romani AM. Oxalate in renal stone disease: the terminal metabolite 
that just won't go away. Nat Clin Pract Nephrol. (2008) 4:368–77. doi: 10.1038/
ncpneph0845

 18. Demoulin N, Aydin S, Gillion V, Morelle J, Jadoul M. Pathophysiology and 
management of hyperoxaluria and oxalate nephropathy: a review. Am J Kidney Dis. 
(2022) 79:717–27. doi: 10.1053/j.ajkd.2021.07.018

 19. Hoppe B. An update on primary hyperoxaluria. Nat Rev Nephrol. (2012) 8:467–75. 
doi: 10.1038/nrneph.2012.113

 20. Salido E, Pey AL, Rodriguez R, Lorenzo V. Primary hyperoxalurias: disorders of 
glyoxylate detoxification. Biochim Biophys Acta. (2012) 1822:1453–64. doi: 10.1016/j.
bbadis.2012.03.004

 21. Knauf F, Ko N, Jiang Z, Robertson WG, Van Itallie CM, Anderson JM, et al. Net 
intestinal transport of oxalate reflects passive absorption and Slc26A6-mediated 
secretion. J Am Soc Nephrol. (2011) 22:2247–55. doi: 10.1681/ASN.2011040433

 22. Freel RW, Whittamore JM, Hatch M. Transcellular oxalate and Cl- absorption in 
mouse intestine is mediated by the Dra anion exchanger Slc26a3, and Dra deletion 
decreases urinary oxalate. Am J Physiol Gastrointest Liver Physiol. (2013) 305:G520–7. 
doi: 10.1152/ajpgi.00167.2013

 23. Whittamore JM, Hatch M. The role of intestinal oxalate transport in hyperoxaluria 
and the formation of kidney stones in animals and man. Urolithiasis. (2017) 45:89–108. 
doi: 10.1007/s00240-016-0952-z

 24. Bargagli M, Ferraro PM, Vittori M, Lombardi G, Gambaro G, Somani B. Calcium 
and vitamin D supplementation and their association with kidney stone disease: a 
narrative review. Nutrients. (2021) 13. doi: 10.3390/nu13124363

 25. Ferraro PM, Bargagli M, Trinchieri A, Gambaro G. Risk of kidney stones: influence 
of dietary factors, dietary patterns, and vegetarian-vegan diets. Nutrients. (2020) 12:779. 
doi: 10.3390/nu12030779

 26. Seeger H, Kaelin A, Ferraro PM, Weber D, Jaeger P, Ambuehl P, et al. Changes in 
urinary risk profile after short-term low sodium and low calcium diet in recurrent Swiss 
kidney stone formers. BMC Nephrol. (2017) 18:349. doi: 10.1186/s12882-017-0755-7

 27. Šálek T. Extreme diet without calcium may lead to hyperoxaluria and kidney stone 
recurrence-a case study. J Clin Lab Anal. (2020) 34:e23512. doi: 10.1002/jcla.23512

 28. Witting C, Langman CB, Assimos D, Baum MA, Kausz A, Milliner D, et al. 
Pathophysiology and treatment of enteric hyperoxaluria. Clin J Am Soc Nephrol. (2021) 
16:487–95. doi: 10.2215/CJN.08000520

 29. Asplin JR. The management of patients with enteric hyperoxaluria. Urolithiasis. 
(2016) 44:33–43. doi: 10.1007/s00240-015-0846-5

 30. Siener R, Petzold J, Bitterlich N, Alteheld B, Metzner C. Determinants of 
urolithiasis in patients with intestinal fat malabsorption. Urology. (2013) 81:17–24. doi: 
10.1016/j.urology.2012.07.107

 31. Ormanji MS, Korkes F, Meca R, Ishiy C, Finotti GHC, Ferraz RRN, et al. 
Hyperoxaluria in a model of mini-gastric bypass surgery in rats. Obes Surg. (2017) 
27:3202–8. doi: 10.1007/s11695-017-2725-3

 32. Moreland AM, Santa Ana CA, Asplin JR, Kuhn JA, Holmes RP, Cole JA, et al. 
Steatorrhea and hyperoxaluria in severely obese patients before and after Roux-en-Y 
gastric bypass. Gastroenterology. (2017) 152:1055–67.e3. doi: 10.1053/j.
gastro.2017.01.004

 33. Tarplin S, Ganesan V, Monga M. Stone formation and management after bariatric 
surgery. Nat Rev Urol. (2015) 12:263–70. doi: 10.1038/nrurol.2015.67

 34. Upala S, Jaruvongvanich V, Sanguankeo A. Risk of nephrolithiasis, hyperoxaluria, 
and calcium oxalate supersaturation increased after Roux-en-Y gastric bypass surgery: 
a systematic review and meta-analysis. Surg Obes Relat Dis. (2016) 12:1513–21. doi: 
10.1016/j.soard.2016.04.004

 35. Hueppelshaeuser R, Von Unruh GE, Habbig S, Beck BB, Buderus S, Hesse A, et al. 
Enteric hyperoxaluria, recurrent urolithiasis, and systemic oxalosis in patients with 
Crohn's disease. Pediatr Nephrol. (2012) 27:1103–9. doi: 10.1007/s00467-012-2126-8

 36. Liu M, Devlin JC, Hu J, Volkova A, Battaglia TW, Ho M, et al. Microbial genetic 
and transcriptional contributions to oxalate degradation by the gut microbiota in health 
and disease. elife. (2021) 10. doi: 10.7554/eLife.63642

 37. Chen CH, Lin CL, Jeng LB. Association between chronic pancreatitis and 
urolithiasis: a population-based cohort study. PLoS One. (2018) 13:e0194019. doi: 
10.1371/journal.pone.0194019

 38. Johnson E, Vu L, Matarese LE. Bacteria, bones, and stones: managing 
complications of short bowel syndrome. Nutr Clin Pract. (2018) 33:454–66. doi: 10.1002/
ncp.10113

 39. Siener R, Machaka I, Alteheld B, Bitterlich N, Metzner C. Effect of fat-soluble 
vitamins a, D, E and K on vitamin status and metabolic profile in patients with fat 
malabsorption with and without urolithiasis. Nutrients. (2020) 12:3110. doi: 10.3390/
nu12103110

 40. Turroni S, Bendazzoli C, Dipalo SC, Candela M, Vitali B, Gotti R, et al. Oxalate-
degrading activity in Bifidobacterium animalis subsp. lactis: impact of acidic conditions 
on the transcriptional levels of the oxalyl coenzyme a (CoA) decarboxylase and formyl-
CoA transferase genes. Appl Environ Microbiol. (2010) 76:5609–20. doi: 10.1128/
AEM.00844-10

 41. 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. doi: 10.1046/j.1523-1755.2001.0600031097.x

 42. Ariceta G, Collard L, Abroug S, Moochhala SH, Gould E, Boussetta A, et al. Ephex: 
a phase 3, double-blind, placebo-controlled, randomized study to evaluate long-term 
efficacy and safety of Oxalobacter formigenes in patients with primary hyperoxaluria. 
Pediatr Nephrol. (2023) 38:403–15. doi: 10.1007/s00467-022-05591-5

 43. 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. doi: 10.1007/s00467-016-3553-8

https://doi.org/10.3389/fmed.2023.1159616
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1111/bju.13828
https://doi.org/10.1016/j.eururo.2012.03.052
https://doi.org/10.3390/nu13061917
https://doi.org/10.1016/S0022-5347(01)65566-6
https://doi.org/10.1007/s00240-020-01179-6
https://doi.org/10.2215/CJN.06600616
https://doi.org/10.1007/s11255-021-02803-z
https://doi.org/10.1021/acs.accounts.1c00631
https://doi.org/10.3978/j.issn.2223-4683.2014.07.03
https://doi.org/10.1172/JCI26662
https://doi.org/10.1038/nrdp.2016.8
https://doi.org/10.1159/000181963
https://doi.org/10.1038/sj.ki.5002708
https://doi.org/10.1007/s002680010193
https://doi.org/10.1038/s41581-020-00392-1
https://doi.org/10.1016/j.bbadis.2015.06.020
https://doi.org/10.1016/j.bbadis.2015.06.020
https://doi.org/10.1038/ncpneph0845
https://doi.org/10.1038/ncpneph0845
https://doi.org/10.1053/j.ajkd.2021.07.018
https://doi.org/10.1038/nrneph.2012.113
https://doi.org/10.1016/j.bbadis.2012.03.004
https://doi.org/10.1016/j.bbadis.2012.03.004
https://doi.org/10.1681/ASN.2011040433
https://doi.org/10.1152/ajpgi.00167.2013
https://doi.org/10.1007/s00240-016-0952-z
https://doi.org/10.3390/nu13124363
https://doi.org/10.3390/nu12030779
https://doi.org/10.1186/s12882-017-0755-7
https://doi.org/10.1002/jcla.23512
https://doi.org/10.2215/CJN.08000520
https://doi.org/10.1007/s00240-015-0846-5
https://doi.org/10.1016/j.urology.2012.07.107
https://doi.org/10.1007/s11695-017-2725-3
https://doi.org/10.1053/j.gastro.2017.01.004
https://doi.org/10.1053/j.gastro.2017.01.004
https://doi.org/10.1038/nrurol.2015.67
https://doi.org/10.1016/j.soard.2016.04.004
https://doi.org/10.1007/s00467-012-2126-8
https://doi.org/10.7554/eLife.63642
https://doi.org/10.1371/journal.pone.0194019
https://doi.org/10.1002/ncp.10113
https://doi.org/10.1002/ncp.10113
https://doi.org/10.3390/nu12103110
https://doi.org/10.3390/nu12103110
https://doi.org/10.1128/AEM.00844-10
https://doi.org/10.1128/AEM.00844-10
https://doi.org/10.1046/j.1523-1755.2001.0600031097.x
https://doi.org/10.1007/s00467-022-05591-5
https://doi.org/10.1007/s00467-016-3553-8


Chen et al. 10.3389/fmed.2023.1159616

Frontiers in Medicine 12 frontiersin.org

 44. Milliner D, Hoppe B, Groothoff J. A randomised phase ii/iii study to evaluate the 
efficacy and safety of orally administered Oxalobacter formigenes to treat primary 
hyperoxaluria. Urolithiasis. (2018) 46:313–23. doi: 10.1007/s00240-017-0998-6

 45. Hoppe B, Pellikka PA, Dehmel B, Banos A, Lindner E, Herberg U. Effects of 
Oxalobacter formigenes in subjects with primary hyperoxaluria type 1 and end-stage 
renal disease: a phase ii study. Nephrol Dial Transplant. (2021) 36:1464–73. doi: 10.1093/
ndt/gfaa135

 46. 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. doi: 10.1053/j.ajkd.2011.05.012

 47. Pape L, Ahlenstiel-Grunow T, Birtel J, Krohne TU, Hoppe B. Oxalobacter 
formigenes treatment combined with intensive dialysis lowers plasma oxalate and halts 
disease progression in a patient with severe infantile oxalosis. Pediatr Nephrol. (2020) 
35:1121–4. doi: 10.1007/s00467-019-04463-9

 48. Tavasoli S, Alebouyeh M, Naji M, Shakiba Majd G, Shabani Nashtaei M, 
Broumandnia N, et al. Association of intestinal oxalate-degrading bacteria with 
recurrent calcium kidney stone formation and hyperoxaluria: a case-control study. BJU 
Int. (2020) 125:133–43. doi: 10.1111/bju.14840

 49. 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. doi: 10.1016/S0302-2838(02)00040-4

 50. Mittal RD, Kumar R, Mittal B, Prasad R, Bhandari M. Stone composition, 
metabolic profile and the presence of the gut-inhabiting bacterium Oxalobacter 
formigenes as risk factors for renal stone formation. Med Princ Pract. (2003) 12:208–13. 
doi: 10.1159/000072285

 51. Canales BK, Hatch M. Oxalobacter formigenes colonization normalizes oxalate 
excretion in a gastric bypass model of hyperoxaluria. Surg Obes Relat Dis. (2017) 
13:1152–7. doi: 10.1016/j.soard.2017.03.014

 52. 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. doi: 10.1681/ASN.2016020132

 53. Verhulst A, Dehmel B, Lindner E, Akerman ME, D'haese PC. Oxalobacter 
formigenes treatment confers protective effects in a rat model of primary hyperoxaluria 
by preventing renal calcium oxalate deposition. Urolithiasis. (2022) 50:119–30. doi: 
10.1007/s00240-022-01310-9

 54. Hatch M. Induction of enteric oxalate secretion by Oxalobacter formigenes in mice 
does not require the presence of either apical oxalate transport proteins Slc26A3 or 
Slc26A6. Urolithiasis. (2020) 48:1–8. doi: 10.1007/s00240-019-01144-y

 55. 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. doi: 10.1007/s00240-013-0601-8

 56. Klimesova K, Whittamore JM, Hatch M. Bifidobacterium animalis subsp. lactis 
decreases urinary oxalate excretion in a mouse model of primary hyperoxaluria. 
Urolithiasis. (2015) 43:107–17. doi: 10.1007/s00240-014-0728-2

 57. Sidhu H, Allison MJ, Chow JM, Clark A, Peck AB. Rapid reversal of hyperoxaluria 
in a rat model after probiotic administration of Oxalobacter formigenes. J Urol. (2001) 
166:1487–91. doi: 10.1016/S0022-5347(05)65817-X

 58. 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. doi: 10.1152/ajpgi.00434.2010

 59. 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. doi: 10.1093/ndt/gfr107

 60. Hatch M. Gut microbiota and oxalate homeostasis. Ann Transl Med. (2017) 5:36. 
doi: 10.21037/atm.2016.12.70

 61. 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. Phys 
Rep. (2019) 7:e14012. doi: 10.14814/phy2.14012

 62. 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. doi: 10.1016/j.juro.2011.03.006

 63. 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. doi: 10.1038/ki.2013.104

 64. Knight J, Deora R, Assimos DG, Holmes RP. The genetic composition of 
oxalobacter formigenes and its relationship to colonization and calcium oxalate stone 
disease. Urolithiasis. (2013) 41:187–96. doi: 10.1007/s00240-013-0566-7

 65. Liu Y, Jin X, Hong HG, Xiang L, Jiang Q, Ma Y, et al. The relationship between gut 
microbiota and short chain fatty acids in the renal calcium oxalate stones disease. FASEB 
J. (2020) 34:11200–14. doi: 10.1096/fj.202000786R

 66. Liu Y, Jin X, Ma Y, Jian Z, Wei Z, Xiang L, et al. Short-chain fatty acids reduced 
renal calcium oxalate stones by regulating the expression of intestinal oxalate transporter 
Slc26A6. mSystems. (2021) 6:e0104521. doi: 10.1128/mSystems.01045-21

 67. Siener R, Bade DJ, Hesse A, Hoppe B. Dietary hyperoxaluria is not reduced by 
treatment with lactic acid bacteria. J Transl Med. (2013) 11:306. doi: 
10.1186/1479-5876-11-306

 68. Miller AW, Choy D, Penniston KL, Lange D. Inhibition of urinary stone disease by 
a multi-species bacterial network ensures healthy oxalate homeostasis. Kidney Int. 
(2019) 96:180–8. doi: 10.1016/j.kint.2019.02.012

 69. 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. doi: 10.1136/
gutjnl-2017-315734

 70. 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. doi: 10.1007/s00240-016-0882-9

 71. 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. doi: 10.1007/s00240-018-1037-y

 72. Ferraro PM, Curhan GC, Gambaro G, Taylor EN. Antibiotic use and risk of 
incident kidney stones in female nurses. Am J Kidney Dis. (2019) 74:736–41. doi: 
10.1053/j.ajkd.2019.06.005

 73. Ticinesi A, Nouvenne A, Meschi T. Gut microbiome and kidney stone disease: not 
just an oxalobacter story. Kidney Int. (2019) 96:25–7. doi: 10.1016/j.kint.2019.03.020

 74. Duffey BG, Miyaoka R, Holmes R, Assimos D, Hinck B, Korman E, et al. 
Oxalobacter colonization in the morbidly obese and correlation with urinary stone risk. 
Urology. (2011) 78:531–4. doi: 10.1016/j.urology.2011.01.011

 75. Batagello CA, Monga M, Miller AW. Calcium oxalate urolithiasis: a case of missing 
microbes? J Endourol. (2018) 32:995–1005. doi: 10.1089/end.2018.0294

 76. Wang J, Wang W, Wang H, Tuo B. Physiological and pathological functions of 
Slc26A6. Front Med. (2020) 7:618256. doi: 10.3389/fmed.2020.618256

 77. Geertsma ER, Chang YN, Shaik FR, Neldner Y, Pardon E, Steyaert J, et al. Structure 
of a prokaryotic fumarate transporter reveals the architecture of the Slc26 family. Nat 
Struct Mol Biol. (2015) 22:803–8. doi: 10.1038/nsmb.3091

 78. Shibagaki N, Grossman AR. The role of the Stas domain in the function and 
biogenesis of a sulfate transporter as probed by random mutagenesis. J Biol Chem. (2006) 
281:22964–73. doi: 10.1074/jbc.M603462200

 79. Ko SB, Zeng W, Dorwart MR, Luo X, Kim KH, Millen L, et al. Gating of Cftr by 
the Stas domain of Slc26 transporters. Nat Cell Biol. (2004) 6:343–50. doi: 10.1038/
ncb1115

 80. Lohi H, Lamprecht G, Markovich D, Heil A, Kujala M, Seidler U, et al. Isoforms 
of Slc26A6 mediate anion transport and have functional Pdz interaction domains. Am 
J Phys Cell Physiol. (2003) 284:C769–79. doi: 10.1152/ajpcell.00270.2002

 81. Knauf F, Yang CL, Thomson RB, Mentone SA, Giebisch G, Aronson PS. 
Identification of a chloride-formate exchanger expressed on the brush border membrane 
of renal proximal tubule cells. Proc Natl Acad Sci U S A. (2001) 98:9425–30. doi: 10.1073/
pnas.141241098

 82. Xie Q, Welch R, Mercado A, Romero MF, Mount DB. Molecular characterization 
of the murine Slc26a6 anion exchanger: functional comparison with Slc26a1. Am J 
Physiol Ren Physiol. (2002) 283:F826–38. doi: 10.1152/ajprenal.00079.2002

 83. Li J, Xia F, Reithmeier RA. N-glycosylation and topology of the human Slc26 
family of anion transport membrane proteins. Am J Phys Cell Physiol. (2014) 
306:C943–60. doi: 10.1152/ajpcell.00030.2014

 84. Thomson RB, Thomson CL, Aronson PS. N-glycosylation critically regulates 
function of oxalate transporter Slc26A6. Am J Phys Cell Physiol. (2016) 311:C866–73. 
doi: 10.1152/ajpcell.00171.2016

 85. Ohana E, Shcheynikov N, Moe OW, Muallem S. Slc26A6 and Nadc-1 transporters 
interact to regulate oxalate and citrate homeostasis. J Am Soc Nephrol. (2013) 24:1617–26. 
doi: 10.1681/ASN.2013010080

 86. Holmes RP, Ambrosius WT, Assimos DG. Dietary oxalate loads and renal oxalate 
handling. J Urol. (2005) 174:943–7. doi: 10.1097/01.ju.0000169476.85935.e2

 87. Greger R, Lang F, Oberleithner H, Deetjen P. Handling of oxalate by the rat kidney. 
Pflugers Arch. (1978) 374:243–8. doi: 10.1007/BF00585601

 88. Senekjian HO, Weinman EJ. Oxalate transport by proximal tubule of the rabbit 
kidney. Am J Phys. (1982) 243:F271–5. doi: 10.1152/ajprenal.1982.243.3.F271

 89. Knauf F, Velazquez H, Pfann V, Jiang Z, Aronson PS. Characterization of renal 
NaCl and oxalate transport in Slc26a6(−/−) mice. Am J Physiol Ren Physiol. (2019) 
316:F128–33. doi: 10.1152/ajprenal.00309.2018

 90. Knight TF, Sansom SC, Senekjian HO, Weinman EJ. Oxalate secretion in the rat 
proximal tubule. Am J Phys. (1981) 240:F295–8. doi: 10.1152/ajprenal.1981.240.4.F295

 91. Jiang H, Pokhrel G, Chen Y, Wang T, Yin C, Liu J, et al. High expression of 
Slc26A6 in the kidney may contribute to renal calcification via an Slc26A6-dependent 
mechanism. PeerJ. (2018) 6:e5192. doi: 10.7717/peerj.5192

https://doi.org/10.3389/fmed.2023.1159616
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/s00240-017-0998-6
https://doi.org/10.1093/ndt/gfaa135
https://doi.org/10.1093/ndt/gfaa135
https://doi.org/10.1053/j.ajkd.2011.05.012
https://doi.org/10.1007/s00467-019-04463-9
https://doi.org/10.1111/bju.14840
https://doi.org/10.1016/S0302-2838(02)00040-4
https://doi.org/10.1159/000072285
https://doi.org/10.1016/j.soard.2017.03.014
https://doi.org/10.1681/ASN.2016020132
https://doi.org/10.1007/s00240-022-01310-9
https://doi.org/10.1007/s00240-019-01144-y
https://doi.org/10.1007/s00240-013-0601-8
https://doi.org/10.1007/s00240-014-0728-2
https://doi.org/10.1016/S0022-5347(05)65817-X
https://doi.org/10.1152/ajpgi.00434.2010
https://doi.org/10.1093/ndt/gfr107
https://doi.org/10.21037/atm.2016.12.70
https://doi.org/10.14814/phy2.14012
https://doi.org/10.1016/j.juro.2011.03.006
https://doi.org/10.1038/ki.2013.104
https://doi.org/10.1007/s00240-013-0566-7
https://doi.org/10.1096/fj.202000786R
https://doi.org/10.1128/mSystems.01045-21
https://doi.org/10.1186/1479-5876-11-306
https://doi.org/10.1016/j.kint.2019.02.012
https://doi.org/10.1136/gutjnl-2017-315734
https://doi.org/10.1136/gutjnl-2017-315734
https://doi.org/10.1007/s00240-016-0882-9
https://doi.org/10.1007/s00240-018-1037-y
https://doi.org/10.1053/j.ajkd.2019.06.005
https://doi.org/10.1016/j.kint.2019.03.020
https://doi.org/10.1016/j.urology.2011.01.011
https://doi.org/10.1089/end.2018.0294
https://doi.org/10.3389/fmed.2020.618256
https://doi.org/10.1038/nsmb.3091
https://doi.org/10.1074/jbc.M603462200
https://doi.org/10.1038/ncb1115
https://doi.org/10.1038/ncb1115
https://doi.org/10.1152/ajpcell.00270.2002
https://doi.org/10.1073/pnas.141241098
https://doi.org/10.1073/pnas.141241098
https://doi.org/10.1152/ajprenal.00079.2002
https://doi.org/10.1152/ajpcell.00030.2014
https://doi.org/10.1152/ajpcell.00171.2016
https://doi.org/10.1681/ASN.2013010080
https://doi.org/10.1097/01.ju.0000169476.85935.e2
https://doi.org/10.1007/BF00585601
https://doi.org/10.1152/ajprenal.1982.243.3.F271
https://doi.org/10.1152/ajprenal.00309.2018
https://doi.org/10.1152/ajprenal.1981.240.4.F295
https://doi.org/10.7717/peerj.5192


Chen et al. 10.3389/fmed.2023.1159616

Frontiers in Medicine 13 frontiersin.org

 92. Jiang H, Gao X, Gong J, Yang Q, Lan R, Wang T, et al. Downregulated expression 
of solute carrier family 26 member 6  in Nrk-52E cells attenuates oxalate-induced 
intracellular oxidative stress. Oxidative Med Cell Longev. (2018) 2018:1–15. doi: 
10.1155/2018/1724648

 93. Lan Y, Zhu W, Duan X, Deng T, Li S, Liu Y, et al. Glycine suppresses kidney 
calcium oxalate crystal depositions via regulating urinary excretions of oxalate and 
citrate. J Cell Physiol. (2021) 236:6824–35. doi: 10.1002/jcp.30370

 94. 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. doi: 10.1038/ng1762

 95. 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. doi: 10.1152/ajpgi.00481.2005

 96. Aronson PS. Essential roles of Cfex-mediated Cl(−)-oxalate exchange in proximal 
tubule NaCl transport and prevention of urolithiasis. Kidney Int. (2006) 70:1207–13. doi: 
10.1038/sj.ki.5001741

 97. Aronson PS. Role of Slc26A6-mediated Cl−-oxalate exchange in renal physiology 
and pathophysiology. J Nephrol. (2010) 23:S158–64.

 98. Neumeier LI, Thomson RB, Reichel M, Eckardt KU, Aronson PS, Knauf F. Enteric 
oxalate secretion mediated by Slc26a6 defends against Hyperoxalemia in murine models 
of chronic kidney disease. J Am  Soc Nephrol. (2020) 31:1987–95. doi: 10.1681/
ASN.2020010105

 99. Whittamore JM, Hatch M. The anion exchanger Pat-1 (Slc26a6) does not 
participate in oxalate or chloride transport by mouse large intestine. Pflugers Arch. 
(2021) 473:95–106. doi: 10.1007/s00424-020-02495-x

 100. Monico CG, Weinstein A, Jiang Z, Rohlinger AL, Cogal AG, Bjornson BB, et al. 
Phenotypic and functional analysis of human Slc26A6 variants in patients with familial 
hyperoxaluria and calcium oxalate nephrolithiasis. Am J Kidney Dis. (2008) 52:1096–103. 
doi: 10.1053/j.ajkd.2008.07.041

 101. Corbetta S, Eller-Vainicher C, Frigerio M, Valaperta R, Costa E, Vicentini L, et al. 
Analysis of the 206M polymorphic variant of the Slc26A6 gene encoding a Cl− oxalate 
transporter in patients with primary hyperparathyroidism. Eur J Endocrinol. (2009) 
160:283–8. doi: 10.1530/EJE-08-0623

 102. Lu X, Sun D, Xu B, Pan J, Wei Y, Mao X, et al. In silico screening and molecular 
dynamic study of nonsynonymous single nucleotide polymorphisms associated with 
kidney stones in the Slc26A6 gene. J Urol. (2016) 196:118–23. doi: 10.1016/j.
juro.2016.01.093

 103. Shimshilashvili L, Aharon S, Moe OW, Ohana E. Novel human 
polymorphisms define a key role for the Slc26A6-Stas domain in protection from 
ca(2+)-oxalate lithogenesis. Front Pharmacol. (2020) 11:405. doi: 10.3389/
fphar.2020.00405

 104. Cornière N, Thomson RB, Thauvin S, Villoutreix BO, Karp S, Dynia DW, et al. 
Dominant negative mutation in oxalate transporter Slc26A6 associated with enteric 
hyperoxaluria and nephrolithiasis. J Med Genet. (2022) 59:1035–43. doi: 10.1136/
jmedgenet-2021-108256

 105. Hassan HA, Cheng M, Aronson PS. Cholinergic signaling inhibits oxalate 
transport by human intestinal T84 cells. Am J Phys Cell Physiol. (2012) 302:C46–58. doi: 
10.1152/ajpcell.00075.2011

 106. Amin R, Sharma S, Ratakonda S, Hassan HA. Extracellular nucleotides inhibit 
oxalate transport by human intestinal Caco-2-Bbe cells through Pkc-δ activation. Am J 
Phys Cell Physiol. (2013) 305:C78–89. doi: 10.1152/ajpcell.00339.2012

 107. Anbazhagan AN, Priyamvada S, Borthakur A, Saksena S, Gill RK, Alrefai WA, 
et al. miR-125a-5p: a novel regulator of Slc26A6 expression in intestinal epithelial cells. 
Am J Phys Cell Physiol. (2019) 317:C200–8. doi: 10.1152/ajpcell.00068.2019

 108. Knauf F, Thomson RB, Heneghan JF, Jiang Z, Adebamiro A, Thomson CL, et al. 
Loss of cystic fibrosis transmembrane regulator impairs intestinal oxalate secretion. J 
Am Soc Nephrol. (2017) 28:242–9. doi: 10.1681/ASN.2016030279

 109. Lee D, Lee PC, Hong JH, Shin DM. Estrogen treatment reduced oxalate 
transporting activity and enhanced migration through the involvement of Slc26A6 in 
lung cancer cells. Toxicol in Vitro. (2022) 82:105373. doi: 10.1016/j.tiv.2022.105373

 110. Jin H, Wen G, Deng S, Wan S, Xu J, Liu X, et al. Oestrogen upregulates the 
expression levels and functional activities of duodenal mucosal Cftr and Slc26A6. Exp 
Physiol. (2016) 101:1371–82. doi: 10.1113/EP085803

 111. Arvans D, Alshaikh A, Bashir M, Weber C, Hassan H. Activation of the Pka 
signaling pathway stimulates oxalate transport by human intestinal Caco2-Bbe cells. Am 
J Phys Cell Physiol. (2020) 318:C372–9. doi: 10.1152/ajpcell.00135.2019

 112. Zacchia M, Preisig P. Low urinary citrate: an overview. J Nephrol. (2010) 
23:S49–56.

 113. Xie X, Zhang X. Primary Hyperoxaluria. N Engl J Med. (2022) 386:976. doi: 
10.1056/NEJMicm2113369

 114. Scott LJ, Keam SJ. Lumasiran: first approval. Drugs. (2021) 81:277–82. doi: 
10.1007/s40265-020-01463-0

 115. Garrelfs SF, Frishberg Y, Hulton SA, Koren MJ, O'riordan WD, Cochat P, et al. 
Lumasiran, an Rnai therapeutic for primary Hyperoxaluria type 1. N Engl J Med. (2021) 
384:1216–26. doi: 10.1056/NEJMoa2021712

 116. Chiodini B, Tram N, Adams B, Hennaut E, Lolin K, Ismaili K. Case report: 
sustained efficacy of Lumasiran at 18 months in primary Hyperoxaluria type 1. Front 
Pediatr. (2021) 9:791616. doi: 10.3389/fped.2021.791616

 117. Hulton SA, Groothoff JW, Frishberg Y, Koren MJ, Overcash JS, Sellier-Leclerc 
AL, et al. Randomized clinical trial on the long-term efficacy and safety of lumasiran in 
patients with primary hyperoxaluria type 1. Kidney Int Rep. (2022) 7:494–506. doi: 
10.1016/j.ekir.2021.12.001

 118. Wood KD, Holmes RP, Erbe D, Liebow A, Fargue S, Knight J. Reduction in 
urinary oxalate excretion in mouse models of primary Hyperoxaluria by Rna 
interference inhibition of liver lactate dehydrogenase activity. Biochim Biophys Acta Mol 
basis Dis. (2019) 1865:2203–9. doi: 10.1016/j.bbadis.2019.04.017

 119. Lai C, Pursell N, Gierut J, Saxena U, Zhou W, Dills M, et al. Specific inhibition of 
hepatic lactate dehydrogenase reduces oxalate production in mouse models of primary 
Hyperoxaluria. Mol Ther. (2018) 26:1983–95. doi: 10.1016/j.ymthe.2018.05.016

 120. Hoppe B, Koch A, Cochat P, Garrelfs SF, Baum MA, Groothoff JW, et al. Safety, 
pharmacodynamics, and exposure-response modeling results from a first-in-human 
phase 1 study of nedosiran (Phyox1) in primary hyperoxaluria. Kidney Int. (2022) 
101:626–34. doi: 10.1016/j.kint.2021.08.015

 121. Baum MA, Langman C, Cochat P, Lieske JC, Moochhala SH, Hamamoto S, et al. 
Phyox2: a pivotal randomized study of nedosiran in primary hyperoxaluria type 1 or 2. 
Kidney Int. (2023) 103:207–17. doi: 10.1016/j.kint.2022.07.025

https://doi.org/10.3389/fmed.2023.1159616
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1155/2018/1724648
https://doi.org/10.1002/jcp.30370
https://doi.org/10.1038/ng1762
https://doi.org/10.1152/ajpgi.00481.2005
https://doi.org/10.1038/sj.ki.5001741
https://doi.org/10.1681/ASN.2020010105
https://doi.org/10.1681/ASN.2020010105
https://doi.org/10.1007/s00424-020-02495-x
https://doi.org/10.1053/j.ajkd.2008.07.041
https://doi.org/10.1530/EJE-08-0623
https://doi.org/10.1016/j.juro.2016.01.093
https://doi.org/10.1016/j.juro.2016.01.093
https://doi.org/10.3389/fphar.2020.00405
https://doi.org/10.3389/fphar.2020.00405
https://doi.org/10.1136/jmedgenet-2021-108256
https://doi.org/10.1136/jmedgenet-2021-108256
https://doi.org/10.1152/ajpcell.00075.2011
https://doi.org/10.1152/ajpcell.00339.2012
https://doi.org/10.1152/ajpcell.00068.2019
https://doi.org/10.1681/ASN.2016030279
https://doi.org/10.1016/j.tiv.2022.105373
https://doi.org/10.1113/EP085803
https://doi.org/10.1152/ajpcell.00135.2019
https://doi.org/10.1056/NEJMicm2113369
https://doi.org/10.1007/s40265-020-01463-0
https://doi.org/10.1056/NEJMoa2021712
https://doi.org/10.3389/fped.2021.791616
https://doi.org/10.1016/j.ekir.2021.12.001
https://doi.org/10.1016/j.bbadis.2019.04.017
https://doi.org/10.1016/j.ymthe.2018.05.016
https://doi.org/10.1016/j.kint.2021.08.015
https://doi.org/10.1016/j.kint.2022.07.025

	Oxalate as a potent promoter of kidney stone formation
	1. Introduction
	2. Oxalate and kidney stones
	3. Evidence acquisition and synthesis
	4. Source of oxalate
	4.1. Endogenous sources of oxalate and primary hyperoxaluria
	4.2. Exogenous sources of oxalate
	4.2.1. Absorption mechanism of oxalate in the intestine
	4.2.2. Factors affecting intestinal absorption of oxalate
	4.2.3. Intestinal microbes and oxalate metabolism

	5. Oxalate excretion
	5.1. Structure and physiological function of SLC26A6
	5.2. Oxalate excretion in the kidney and stone formation
	5.3. Oxalate excretion in the intestine and stone formation

	6. SLC26A6 gene mutation and oxalate stones
	7. SLC26A6-mediated regulation of oxalate transport
	8. Treatment and prevention strategies for calcium oxalate stones
	9. Conclusion and outlook
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References



