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Abstract Renal urolithiasis is a pathological condition
common to a multitude of genetic, physiological and nutri-
tional disorders, ranging from general hyperoxaluria to
obesity. The concept of quickly dissolving renal uroliths
via chemolysis, especially calcium-oxalate kidney stones,
has long been a clinical goal, but yet to be achieved. Over
the past 25 years, there has been a serious effort to examine
the prospects of using plant and microbial oxalate-degrad-
ing enzymes known to catabolize oxalic acid and oxalate
salts. While evidence is emerging that bacterial probiotics
can reduce recurrent calcium-oxalate kidney stone disease
by lowering systemic hyperoxaluria, the possible use of
free oxalate-degrading enzyme therapy remains a challenge
with several hurdles to overcome before reaching clinical
practice.

Keywords Hyperoxaluria calcium oxalate (CaOx) -
Microbiome - Enzymatic dissolution - Oxalate-degrading
enzymes - Oxalate oxidase - Oxalate decarboxylase -
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Introduction

Idiopathic calcium-oxalate (CaOx) nephrolithiasis in
patients is commonly associated with hypercalciuria,
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hyperoxaluria and hypocitrauria [1]. Because oxalate lev-
els are perceived to be the stronger controlling element in
calcium crystal formation during kidney removal of water
from urine leading to CaOx super-saturation, increasing
attention has been placed on the role of hyperoxaluria in
CaOx kidney stone disease. Oxalic acid is a natural and
abundant by-product of metabolism, as well as a common
constituent of most diets [2]. It is a highly oxidized organic
compound with powerful chelating activity, therefore exists
mostly in salt form with calcium, potassium, sodium,
ammonium, etc. In high concentrations, oxalate can cause
death in animals and occasionally humans due primarily
to its corrosive effects. More commonly, however, accu-
mulation of oxalic acid can cause a variety of pathological
disorders known to associate and/or correlate with hyper-
oxaluria, including cardiomyopathy, cardiac conductance
disorders, calcium oxalate stone disease, renal failure and
even toxic death [3—11]. Furthermore, hyperoxaluria is
observed with many pathological conditions, e.g., aspergil-
losis, cystic fibrosis, irritable bowel disease (Crohn’s dis-
ease), primary hyperoxaluria type-I, pyridoxine deficiency,
steatorrhea and possibly autism, as well as with certain
medical interventions, e.g., ileal resection, ileal-bypass
surgery and kidney dialysis [11-19]. Interestingly, evi-
dence exists that animals, as well as humans, can respond
to hyperoxaluria and adapt to diets high in oxalate through
the selective increase in the numbers of oxalate-degrading
bacteria (such as Oxalobacter formigenes, Bifidobacterium
sp. Porphyromonas gingivalis, and Bacillus sp.) naturally
present in the gut [20, 21].

Oxalic acid, when bioavailable, appears to be absorbed
by all segments of the intestine with a significant portion
of dietary oxalate absorbed through the upper part of the
intestinal tract [5]. However, oxalate absorption is prob-
ably more prevalent in the normal large intestine, and this
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is the location where greatly enhanced oxalate absorp-
tion occurs in patients with enteric hyperoxaluria due to
ileal disease [6, 7], chronic inflammatory bowel disease
[15], jejunoileal-bypass surgery [16], fat malabsorption,
steatorrhea and sprue [17, 22]. This is also where oxalate-
degrading bacteria tend to reside, especially O. formigenes
that requires a strict anaerobic environment to survive.
Recent studies by Hatch et al. [23] and others [17] have
demonstrated that the colon has the capability of regulat-
ing absorption, as well as secretion of oxalate, and these
studies suggest that this intestinal segment participates sig-
nificantly in the mass balance of oxalate and subsequent
oxalate homeostasis [18]. Both absorptive and secretory
pathways for oxalate have been identified in the proximal
and distal segments of the colon, regulated by neuro-hor-
mones that direct net oxalate flux. The oxalate secretory
pathways in the colon can potentially provide an important
extra-renal route for oxalate excretion, especially in disor-
ders like chronic renal failure which are known to be asso-
ciated with hyperoxalemia and uremia [18]. Two published
studies have confirmed extra-renal elimination of oxalate in
rats with chronic renal failure [9, 10], and oxalate secretory
pathways in the large intestine have been proposed to be
functionally important in stone formers who are presumed
to hyper-absorb dietary oxalate. Importantly, reduction in
the colonic secretory component, rather than (or in addition
to) an enhancement of absorptive component of oxalate
transport, has been proposed to explain “dietary hyperox-
aluria” in stone-formers [24]. Thus, the importance of this
colonic segment in regulating oxalic acid homeostasis has
focused attention on the role of oxalate-degrading micro-
organisms, such as O. formigenes, in oxalate-associated
diseases. Already, several clinical studies have shown neg-
ligible or very low rates of oxalate degradation in fecal
samples obtained from patients suffering from enteric
hyperoxaluria secondary to jejunoileal-bypass surgery [16,
25], steatorrhea [26], Crohn’s disease, inflammatory bowel
disease [27], and these patients are often O. formigenes
negative. Such studies have, for years, made a strong case
for the importance of the gut microbiome in health and
disease.

Considering current clinical data, hyperoxaluria with
recurrent CaOx urolithiasis is a major health problem
worldwide [19]. National Health and Nutrition Examina-
tion Surveys carried out in the USA assessing the health
and nutritional status of US citizens have now shown that
kidney stone prevalence increased from 3.2 % in 1980
to 8.4 % in 2010, thereby actually surpassing the preva-
lence of type-2 diabetes, estimated at 8.2 %. This increas-
ing prevalence is observed for both males and females,
as well as in children [28, 29]. Of serious note, however,
there are no serious measures to predict who will fall vic-
tim to kidney stone disease, even though the recurrence
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rate in individuals having produced a stone is between 30
and 60 %. While urolithiasis has become the most costly
urologic disease in the USA, more important is the qual-
ity of life factor, especially in patients with conditions that
increase oxalate absorption as they are at increased risk of
developing recurrent CaOx kidney stone disease [30, 31].

Circumstantial evidence points to the fact that one prob-
able underlying cause of hyperoxaluria and subsequent
CaOx urolithiasis is the wide spread use of antibiotic ther-
apy that, along with diet and environmental factors, alters
intestinal bacterial microbiomes. The overall role of micro-
biomes in human and animal health has become one of the
most active fields in medical sciences with rapidly accu-
mulating evidence strongly indicating that the gut, oral,
skin, vaginal and ocular microbiomes are all important in
health, immunity, and general physiological homeostasis of
its host. Therefore, a better understanding of the relation-
ships between the gut microbiome and enteric hyperoxalu-
ria is needed, representing a wide range of opportunities
for translational and clinical research, especially in light
of conflicting data published in rodent animal models of
induced CaOx renal pathology versus human CaOx kidney
stone disease [32-34]. Thus, one must ask the question “Is
the gut microbiome phenotype a risk factor for hyperoxalu-
ria and CaOx urolithiasis?”.

The gut microbiome and CaOx urolithiasis

To address this specific point, it is important to examine the
nearly three decades of research and clinical studies inves-
tigating the gut-associated oxalate-degrading microorgan-
ism, O. formigenes. O. formigenes is now known to regu-
late the absorptive and secretory pathways for oxalic acid
in the intestines, thereby influencing homeostatic levels of
oxalate in plasma and urine [35-38]. O. formigenes (shown
in Fig. 1), is a Gram-negative, obligate-anaerobic bacte-
rium [39—41] that may be unique among oxalate-degrading
organisms, having evolved a total dependence on oxalate
metabolism for energy [40]. Although O. formigenes was
first isolated by Allison et al. from the rumen contents of
sheep [20, 42], it was soon found in fecal samples from
rats, guinea pigs, and pigs [35, 43], in fecal samples from
humans [25], and in anaerobic aquatic sediments [44].
Oxalobacter formigenes has been reported to be present
in fecal specimens of healthy individuals at levels ranging
from 107 to 10® colony-forrming units (CFU) per gram (g)
wet sample. Based on the oxalate-degrading capacity of O.
formigenes, a normal colonization of the intestines could
result in the degradation of more than 1 g of oxalate per
day. Attempts to culture this bacterium out of fecal speci-
mens collected from different individuals have indicated
that many individuals have colony counts much lower than
10% CFU per g wet sample [20] and some individuals are
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Fig. 1 O. formigenes bacteria (Courtesy of Dr. Milton Allison)

apparently O. formigenes negative. This suggests that part
of the normal population is either not colonized or colo-
nized with fewer bacteria than can be readily detected.
Interestingly, our studies on the natural colonization of
the gut with O. formigenes in healthy children and adult
populations has shown that virtually 100 % of children do
become naturally colonized between 1 and 6 years of age,
but that 20-25 % lose their colonization during adolescence
or early adulthood [41]. Additionally, children residing in
countries with strong healthcare programs and/or higher
economic life-styles tend to have significantly less O. for-
migenes colonization, an observation considered to be due
to higher general use of antibiotics within these societies
and populations [45].

In contrast to normal healthy children, the vast major-
ity of patients with cystic fibrosis (CF) show a complete
absence of O. formigenes or very low colonization [46]. CF
patients have been found to be at increased risk for devel-
oping nephrocalcinosis and calcium oxalate urolithiasis
[11, 12], with an incidence of urolithiasis in CF children
reportedly 3.5 % over a 12-year period as compared to only
0.2 % for the same time period in the normal population.
Medullary nephrocalcinosis is reported in more than 95 %
of CF patients at post-mortem autopsy [13]. Furthermore,
urolithiasis appears to be an increasingly common com-
plication as life expectancy of CF patients increases [47].
Though the underlying cause for CaOx urolithiasis in CF
patients remains speculative, data published on suspected
urinary-lithogenic and stone-inhibitory parameters in CF
patients suggest that hyperoxaluria may be the main risk
factor [48], as we have reported urinary oxalate levels can

be as high as those present in primary hyperoxaluria type-I
patients [41, 49].

Enteric hyperoxaluria due to pancreatic insufficiency
and fat malabsorption is also a well-documented entity
observed in gastrointestinal diseases (e.g., colitis or Crohn’s
disease), or following ileal resection and jejuno-ileal bypass
surgery [17, 19, 50-55]. First, the colon has been identified
as a primary site for increased oxalate absorption, mostly
attributable to an enhanced mucosal permeability. Second,
these patients exhibit an increased oxalate solubility and
bio-availability in fecal contents [19, 50, 54]. This is espe-
cially true for patients with small bowel resection, as this
can lead to a steatorrhea that increases the permeability of
the colon to oxalate and a subsequent increased concentra-
tion of oxalate due to calcium binding to free fatty acids.
Similarly, patients with Crohn’s disease or ulcerative coli-
tis, plagued by recurrent inflammatory responses along the
gastrointestinal (GI) tract, exhibit malabsorption due in part
to a greater permeability of the colonic mucosa, although
this is truly an oversimplification. While a majority of kid-
ney stones in these patients are CaOx, many inflammatory
bowel disease (IBD) patients present with uric acid stones,
similar to diabetic patients with urolithiasis. Thus, it is not
surprising that in a recent prospective study of Crohn’s
disease patients, of whom nearly 40 % were hyperoxalu-
ric, there was a direct association of stone formation with
observed lower concentrations of magnesium and citrate,
relative to calcium, and higher urinary pH and levels of NH,
ions. Although it is not known if these clinical observations
are in any way attributable to altered gut bacterial microbi-
omes, an earlier study revealed that Crohn’s patients with
CaOx stone disease were generally O. formigenes nega-
tive, despite their partners living in the same environment
being O. formigenes positive (personal communication).
A logical conclusion might be that clinical manifestations
result from loss of bicarbonate, water and salt in diarrheal
stools in conjunction with decreased absorption of citrate
and magnesium, then confounded by the lack of oxalate-
degrading bacterial species either by these changes in gut
environment or heavy use of prescribed drugs.

Probiotic intervention and future CaOx kidney stone
disease therapies

The possibility of using oxalate-degrading micro-organ-
isms for the prevention of human CaOx kidney stone dis-
ease was first suggested by Dr. Birdwell Finlayson after
hearing a presentation by Dr. Milton Allison describing
the isolation of O. formigenes from sheep and the impor-
tance of this single bacterium in reducing the toxic effects
of high oxalate intake during spring grazing (personal com-
munication). This quickly led to a multitude of epidemiol-
ogy studies to determine correlations between the absence
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and presence of O. formigenes and disease states associ-
ated with hyperoxaluria, especially kidney stone disease.
A number of critical observations can be summarized from
the results, including:(a) natural colonization of the gut
with O. formigenes occurs primarily at the time children
begin to crawl and play outdoors, suggesting horizontal
transmission despite being an obligate anaerobe, (b) fecal
specimens collected from patients with chronic hyperox-
aluria-associated pathologies are often, but not always,
negative for O. formigenes, (c) all individuals thus far
tested are never colonized by more than one subgroup of
0. formigenes, suggesting this bacterium actively prevents
dual colonization, (d) the frequency of recurrent kidney
stone disease is higher in non-colonized individuals, and
(e) kidney stone patients who have been treated with antibi-
otics are more likely to have recurrent stone episodes than
those not treated with antibiotics.

At the same time, studies performed in rodents, espe-
cially male rats, have provided strong support for the obser-
vations reported in human kidney stone patients, as well
as the potential use of O. formigenes as a probiotic treat-
ment to reduce hyperoxaluria. Results from these studies
have shown that (a) laboratory rats housed in typical ani-
mal facilities and maintained on commercial rodent pellets
remain O. formigenes negative, (b) neonatal rats born to
mothers colonized with O. formigenes do not become colo-
nized themselves until they begin crawling around their
cages, (c) rats colonized with O. formigenes exhibit stable
reductions in hyperoxaluria when fed an oxalate rich diet
that would normally induce high levels of hyperoxaluria
in non-colonized rats, and, most critical, (d) colonization
is achieved by a maximum of a single subgroup of O. for-
migenes, even if gavaged with multiple substrains. In addi-
tion, a recent report by Canales et al. [56] indicated that
obese rats having undergone bariatric surgery then colo-
nized with O. formigenes maintained a significant (>70 %)
reduction in urinary oxalate levels.

Considering the results from both human and animal
studies, it is obvious that a great deal of attention has been
placed on the role of O. formigenes in human (and animal)
health despite the fact that the human bacterial microbi-
ome contains multiple oxalate-degrading bacterial species,
as stated earlier. Furthermore, rodent studies have clearly
indicated a possible use of O. formigenes as a probiotic to
reduce hyperoxaluria and subsequent kidney stone disease.
However, clinical studies in humans have yet to produce
consistent results, e.g., the study of Jairath et al. [57] versus
that of Mayo Clinic [58], thus raising questions whether
the underlying problem is technical, biological or patient
sample. From a technical perspective, O. formigenes is an
obligate anaerobe that utilizes a relatively complex bio-
chemical pathway to catabolize oxalate, i.e., oxalyl-CoA
decarboxylase coupled to formyl-CoA transferase, making
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it very difficult with which to work. From a biological per-
spective, O. formigenes is highly sensitive to its environ-
ment, susceptible to the use of antibiotics, and relatively
ineffective in gaining a stable colonization of the gut, espe-
cially in adults. These facts suggest that investigations of
other bacterial organism are needed, especially in light of
the recent study by Mogna et al. [59] using Lactobacillus
and Bifidobacterium strains. In contrast, many microorgan-
isms have the ability to degrade oxalate using a far simpler
system, i.e., oxalate decarboxylase, and are technically eas-
ier to handle. Thus, while attention has mostly focused on
the possible development of O. formigenes as a probiotic
therapy, greater attention should be placed on additional
oxalate-degrading bacteria. Furthermore, a third oxalate-
degrading enzyme system, i.e., oxalate oxidase, is present
in many plant tissues and is well known since it has been
used for several decades to measure urine oxalate levels via
measurement of H,O,, one of the two products produced in
its degradation of oxalate.

Use of oxalate-degrading enzymes for dissolution
of urinary tract stones

While bacteria such as O. formigenes that express oxalyl-
CoA decarboxylase enzyme systems have been shown to
slowly degrade oxalate salts in agar, it is considered highly
unlikely that the enzymes in free form are capable of a
similar action due to spatial requirements. In contrast, both
the oxalate decarboxylase and the oxalate oxidase enzymes
act directly on oxalate and therefore represent biochemical
factors useful in dissolving or reducing the size of CaOx
stones already formed in the urinary tract. Application of
such therapy would be especially pertinent for patients
who are poor candidates for surgery, have rapidly recur-
rent formation of stones, and/or have received shockwave
lithotripsy. Oxalate-degrading activity of these two latter
enzymes could function in unique ways: first, catabolize
free oxalate to lower the bioavailability of oxalate thereby
reducing levels below supersaturation and permitting pre-
cipitated crystals to dissolve naturally, and/or secondly,
act directly on CaOx crystals in formed kidney stones to
slowly dissolve the CaOx mineral precipitates within the
stone matrix. Similarly, treatment of patients with alkaline-
citrate, shown to be relatively successful in reducing recur-
rent disease involving CaOx monohydrate stones or uric
acid calculi [60], most likely encompasses multiple bio-
chemical processes without actually participating in active
dissolution of the stone.

In our most recent study [61], we examined the ability
of oxalate decarboxylase and oxalate oxidase to dissolve
CaOx crystals in an in vitro analysis. Results of this study
revealed several important points including: (a) free oxa-
late decarboxylase enzyme is capable of dissolving CaOx
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crystals in an enzyme concentration-dependent manner,
(b) free oxalate oxidase enzyme proved far less efficient
compared to oxalate decarboxylase in dissolving CaOx,
(c) in a closed system, the rate at which oxalate decarbox-
ylase enzyme dissolves CaOx crystals drops off due to a
reversible inhibition of the enzymatic reaction by formate,
a product of the oxalate breakdown, (d) long-term enzy-
matic activity of oxalate decarboxylase requires the pres-
ence of FDH-coupling reagents, and(e) oxalate decarbox-
ylase derived from Bacillus subtilis may not be the ideal
source for CaOx stone dissolution as the maximum obtain-
able velocity was <1.3 % of the true V,_ of the enzyme.
The latter conclusion suggests that oxalate decarboxylases
from other organisms need to be examined for possible
higher efficacy. Further considerations in trying to design
oxalate-dissolving enzyme therapies is the fact that maxi-
mum enzymatic activities for both oxalate decarboxylase
and oxalate oxidase currently used and studied in detail lie
below pH 4.5. Furthermore, it must be remembered that
both enzymes are proteins derived form non-mammalian
sources and, as such, are immunogenetic molecules. It is
not known how modifications such as pegylation could
affect enzymatic activities. Clearly, there is much to clarify
before these enzymes can be used in a clinical setting as
adjuvants for stone dissolution.

Conclusion

Studies in both humans and animal models of hyperox-
aluria-associated CaOx kidney stone disease indicate
that oxalate-degrading microorganisms, in particular the
more widely-studied O. formigenes, are both capable of
and important in regulating urinary levels of oxalate. This
regulation of oxalate levels reveal trends showing reduc-
tions in hyperoxaluria with subsequent lowering of recur-
rent stone formation. While there is a paucity of studies
using free oxalate-degrading enzymes, preliminary in vitro
investigations suggest that oxalate decarboxylase and oxa-
late oxidase possess the potential to actively dissolve CaOx
crystals. However, how oxalate-degrading enzymes can be
put into clinical practice will require substantial innova-
tive measures, but a successful technology would clearly
impact the treatment of recurrent stone disease. It seems
reasonable to begin the thought process of how to partner
the use of oxalate-degrading microorganisms with their
free enzymes to enhance the speed at which CaOx stones
dissolve naturally.

Compliance with ethical standards

Conflict of interest There are no authors of this report that currently
have a conflict of interest with the subject matter.

References

1. Cochat P, Rumsby G (2013) Primary hyperoxaluria. N Engl J
Med 369(7):649-658
2. Svedruzic D, Jonsson S, Toyota CG, Reinhardt LA, Ricagno S,
Lindqvist Y, Richards NG (2005) The enzymes of oxalate metab-
olism: unexpected structures and mechanisms. Arch Biochem
Biophys 433(1):176-192
3. Williams HE, Wandzilak TR (1989) Oxalate synthesis, transport
and the hyperoxaluric syndromes. J Urol 141(3 Pt 2):742-749
4. Rodby RA, Tyszka TS, Williams JW (1991) Reversal of cardiac
dysfunction secondary to type 1 primary hyperoxaluria after
combined liver-kidney transplantation. Am J Med 90(4):498-504
5. Menon M, Mahle CJ (1982) Oxalate metabolism and renal cal-
culi. J Urol 127(1):148-151
6. Curhan GC, Willett WC, Rimm EB, Stampfer MJ (1993) A pro-
spective study of dietary calcium and other nutrients and the risk
of symptomatic kidney stones. N Engl J Med 328(12):833-838
7. Lindsjo M, Danielson BG, Fellstrom B, Ljunghall S (1989)
Intestinal oxalate and calcium absorption in recurrent renal stone
formers and healthy subjects. Scand J Urol Nephrol 23(1):55-59
8. Bulgin MS (1988) Losses related to the ingestion of lincomy-
cin-medicated feed in a range sheep flock. J Am Vet Med Assoc
192(8):1083-1086
9. Costello JE, Smith M, Stolarski C, Sadovnic MJ (1992) Extrare-
nal clearance of oxalate increases with progression of renal fail-
ure in the rat. J Am Soc Nephrol 3(5):1098-1104
10. Camici M, Balestri PL, Lupetti S, Colizzi V, Falcone G
(1982) Urinary excretion of oxalate in renal failure. Nephron
30(3):269-270
11. Matthews LA, Doershuk CF, Stern RC, Resnick MI (1996) Uro-
lithiasis and cystic fibrosis. J Urol 155(5):1563-1564
12. Strandvik B, Hjelte L (1993) Nephrolithiasis in cystic fibrosis.
Acta Paediatr 82(3):306-307
13. Katz SM, Krueger LJ, Falkner B (1988) Microscopic nephrocal-
cinosis in cystic fibrosis. N Engl J Med 319(5):263-266
14. Hoppe B, Hesse A, Bromme S, Rietschel E, Michalk D (1998)
Urinary excretion substances in patients with cystic fibrosis: risk
of urolithiasis? Pediatr Nephrol 12(4):275-279
15. Hylander E, Jarnum S, Jensen HJ, Thale M (1978) Enteric
hyperoxaluria: dependence on small intestinal resection, colec-
tomy, and steatorrhoea in chronic inflammatory bowel disease.
Scand J Gastroenterol 13(5):577-588
16. Lindsjo M, Danielson BG, Fellstrom B, Lithell H, Ljunghall S
(1989) Intestinal absorption of oxalate and calcium in patients
with jejunoileal bypass. Scand J Urol Nephrol 23(4):283-289
17. Stauffer JQ, Humphreys MH (1972) Hyperoxaluria with intesti-
nal disease. N Engl J Med 287(8):412
18. Worcester EM, Fellner SK, Nakagawa Y, Coe FL (1994) Effect
of renal transplantation on serum oxalate and urinary oxalate
excretion. Nephron 67(4):414-418
19. Dobbins JW, Binder HJ (1977) Importance of the colon in
enteric hyperoxaluria. N Engl J Med 296(6):298-301
20. Allison MJ, Cook HM (1981) Oxalate degradation by microbes
of the large bowel of herbivores: the effect of dietary oxalate.
Science 212(4495):675-676
21. Miller AW, Dearing D (2013) The metabolic and ecological
interactions of oxalate-degrading bacteria in the Mammalian gut.
Pathogens 2(4):636-652
22. McDonald GB, Earnest DL, Admirand WH (1977) Hyperoxalu-
ria correlates with fat malabsorption in patients with sprue. Gut
18(7):561-566
23. Hatch M, Freel RW, Vaziri ND (1994) Mechanisms of oxalate
absorption and secretion across the rabbit distal colon. Pflugers
Arch 426(1-2):101-109

@ Springer



50

Urolithiasis (2016) 44:45-50

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hatch M (1993) Oxalate status in stone-formers. Two distinct
hyperoxaluric entities. Urol Res 21(1):55-59

Allison MJ, Cook HM, Milne DB, Gallagher S, Clayman RV
(1986) Oxalate degradation by gastrointestinal bacteria from
humans. J Nutr 116(3):455-460

Hatch M (2014) Intestinal adaptations in chronic kidney dis-
ease and the influence of gastric bypass surgery. Exp Physiol
99(9):1163-1167

Kumar R, Ghoshal UC, Singh G, Mittal RD (2004) Infrequency
of colonization with Oxalobacter formigenes in inflammatory
bowel disease: possible role in renal stone formation. J Gastroen-
terol Hepatol 19(12):1403-1409

Goldfarb DS (2003) Increasing prevalence of kidney stones in
the United States. Kidney Int 63(5):1951-1952

Scales CD Jr, Smith AC, Hanley JM, Saigal CS (2012)
Prevalence of kidney stones in the United States. Eur Urol
62(1):160-165

Schissel BL, Johnson BK (2011) Renal stones: evolving epide-
miology and management. Pediatr Emerg Care 27(7):676-681
Bihl G, Meyers A (2001) Recurrent renal stone disease-
advances in pathogenesis and clinical management. Lancet
358(9282):651-656

Khan SR, Hackett RL (1985) Calcium oxalate urolithiasis in the
rat: is it a model for human stone disease? A review of recent
literature. Scan Electron Microsc (Pt 2):759-774

Khan SR (1997) Animal models of kidney stone formation: an
analysis. World J Urol 15(4):236-243

de Bruijn WC, Boeve ER, van Run PR, van Miert PP, de Water
R, Romijn JC, Verkoelen CF, Cao LC, Schroder FH (1995)
Etiology of calcium oxalate nephrolithiasis in rats. I. Can this
be a model for human stone formation? Scanning Microsc
9(1):103-114

Argenzio RA, Liacos JA, Allison MJ (1988) Intestinal oxalate-
degrading bacteria reduce oxalate absorption and toxicity in
guinea pigs. J Nutr 118(6):787-792

Sidhu H, Allison MJ, Chow JM, Clark A, Peck AB (2001) Rapid
reversal of hyperoxaluria in a rat model after probiotic adminis-
tration of Oxalobacter formigenes. J Urol 166(4):1487-1491
Cornelius JG, Peck AB (2004) Colonization of the neonatal
rat intestinal tract from environmental exposure to the anaero-
bic bacterium Oxalobacter formigenes. J Med Microbiol 53(Pt
3):249-254

Sidhu H, Schmidt ME, Cornelius JG, Thamilselvan S, Khan SR,
Hesse A, Peck AB (1999) Direct correlation between hyperox-
aluria/oxalate stone disease and the absence of the gastrointes-
tinal tract-dwelling bacterium Oxalobacter formigenes: possible
prevention by gut recolonization or enzyme replacement therapy.
J Am Soc Nephrol 10(Suppl 14):S334-S340

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

Allison MJ, MacGregor B, Sharp R, Stahl DA (2001) Genus
Oxalobacter vol 11. Bergey’s Manual of Systematic Bacteriology.
Springer-Verlag, New York

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

Dawson KA, Allison MJ, Hartman PA (1980) Isolation and some
characteristics of anaerobic oxalate-degrading bacteria from the
rumen. Appl Environ Microbiol 40(4):833-839

@ Springer

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Daniel SL, Hartman PA, Allison MJ (1987) Microbial degrada-
tion of oxalate in the gastrointestinal tracts of rats. Appl Environ
Microbiol 53(8):1793-1797

Smith RL, Oremland RS (1983) Anaerobic oxalate degradation:
widespread natural occurrence in aquatic sediments. Appl Envi-
ron Microbiol 46(1):106-113

Barnett C, Nazzal L, Goldfarb DS, Blaser MJ (2015) The pres-
ence of Oxalobacter formigenes in the microbiome of healthy
young adults. J Urol. doi:10.1016/j.juro.2015.08.070

Sidhu H, Hoppe B, Hesse A, Tenbrock K, Bromme S, Rietschel
E, Peck AB (1998) Absence of Oxalobacter formigenes in
cystic fibrosis patients: a risk factor for hyperoxaluria. Lancet
352(9133):1026-1029

Nathanson S, Frere F, Tassin E, Foucaud P (2003) Urolithiasis in
cystic fibrosis. Arch Pediatr 10(9):794-796

Bohles H, Michalk D (1982) Is there a risk for kidney stone for-
mation in cystic fibrosis? Helv Paediatr Acta 37(3):267-272
Sidhu H, Allison M, Peck AB (1997) Identification and classifi-
cation of Oxalobacter formigenes strains by using oligonucleo-
tide probes and primers. J Clin Microbiol 35(2):350-353

Binder HJ (1974) Intestinal oxalate absorption. Gastroenterology
67(3):441-446

Moller T, Muller G, Schutte W, Rogos R, Schneider W (1987)
Oxalic acid resorption in patients with resection of the small
intestine, jejunoileal bypass, Crohn disease and chronic pancrea-
titis. Dtsch Z Verdau Stoffwechselkr 47(3):113-118

Caudarella R, Rizzoli E, Pironi L, Malavolta N, Martelli G, Pog-
gioli G, Gozzetti G, Miglioli M (1993) Renal stone formation
in patients with inflammatory bowel disease. Scanning Microsc
7(1):371-379 (discussion 379-380)

McConnell N, Campbell S, Gillanders I, Rolton H, Danesh B
(2002) Risk factors for developing renal stones in inflammatory
bowel disease. BJU Int 89(9):835-841

Trinchieri A, Lizzano R, Castelnuovo C, Zanetti G, Pisani E
(2002) Urinary patterns of patients with renal stones associated
with chronic inflammatory bowel disease. Arch Ital Urol Androl
74(2):61-64

Worcester EM (2002) Stones from bowel disease. Endocrinol
Metab Clin N Am 31(4):979-999

Canales BK, Hatch M (2014) Kidney stone incidence and meta-
bolic urinary changes after modern bariatric surgery: review of
clinical studies, experimental models, and prevention strategies.
Surg Obes Relat Dis 10(4):734-742

Jairath A, Parekh N, Otano N, Mishra S, Ganpule A, Sabnis R,
Desai M (2015) Oxalobacter formigenes: opening the door to
probiotic therapy for the treatment of hyperoxaluria. Scand J
Urol 49(4):334-337

Hoppe B, Groothoff JW, Hulton SA, Cochat P, Niaudet P,
Kemper MJ, Deschenes G, Unwin R, Milliner D (2011) Effi-
cacy and safety of Oxalobacter formigenes to reduce urinary
oxalate in primary hyperoxaluria. Nephrol Dial Transplant
26(11):3609-3615

Mogna L, Pane M, Nicola S, Raiteri E (2014) Screening of dif-
ferent probiotic strains for their in vitro ability to metabolise
oxalates: any prospective use in humans? J Clin Gastroenterol
48(Suppl 1):S91-S95

Sinha M, Prabhu K, Venkatesh P, Krishnamoorthy V (2013)
Results of urinary dissolution therapy for radiolucent calculi. Int
Braz J Urol 39(1):103-107

Thalji NK, Richards NG, Peck AB, Canales BK (2011) Enzy-
matic dissolution of calcium and struvite crystals: in vitro evalu-
ation of biochemical requirements. Urology 78(3):721.e713—
721.e717


http://dx.doi.org/10.1016/j.juro.2015.08.070

	Oxalate-degrading microorganisms or oxalate-degrading enzymes: which is the future therapy for enzymatic dissolution of calcium-oxalate uroliths in recurrent stone disease?
	Abstract 
	Introduction
	The gut microbiome and CaOx urolithiasis
	Probiotic intervention and future CaOx kidney stone disease therapies
	Use of oxalate-degrading enzymes for dissolution of urinary tract stones

	Conclusion
	References




