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The Roles and Mechanisms of Intestinal
Oxalate Transport in Oxalate Homeostasis

Marguerite Hatch, PhD, and Robert W. Freel, PhD

Summary: The mammalian intestine has an important role in the dynamics of oxalate ex-
change and thereby is significant in the etiology of calcium oxalate nephrolithiasis. Here we
review some of the phenomenologic observations that have led to the conclusion that anion
exchangers (antiporters) are important mediators of secondarily active, net oxalate transport
along the intestine (both absorptive and secretory). Understanding the mechanisms of
transepithelial oxalate transport has been advanced radically in recent years by the identifi-
cation of the solute-linked carrier (SLC)26 family of anion transporters, which has facilitated
the identification of specific proteins mediating individual apical or basolateral oxalate
transport pathways. Moreover, identification of specific exchangers has underscored their
relative importance to oxalate homeostasis as revealed by using knockout mouse models and
has facilitated studies of oxalate transport regulation in heterologous expression systems.
Finally, the significance of oxalate degrading bacteria to oxalate homeostasis is considered
from basic and applied perspectives.
Semin Nephrol 28:143-151 © 2008 Elsevier Inc. All rights reserved.
Keywords: Absorption, secretion, anion exchange, SLC26, Oxalobacter species
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yperoxaluria is considered to be a major
risk factor in calcium oxalate nephroli-
thiasis, which occurs in about 12% of

he population.1 The importance of the intes-
ine in this renal disease stems from 3 facts.
irst, because urinary oxalate ultimately is de-
ived from dietary (net intestinal absorption) as
ell as endogenous (hepatic metabolism) ave-
ues,2 intestinal oxalate absorptive mechanisms
re significant. Second, although the principal
oute for oxalate excretion is through the kid-
eys, considerable intestinal excretion (net in-
estinal secretion) of oxalate occurs in some
athologic conditions, which has adaptive sig-
ificance.3,4 Third, certain microorganisms res-

dent in the mammalian gut can degrade ox-
late,5-11 suggesting they also potentially can
ontribute to the mass balance of oxalate.

In this brief overview of the role of the in-
estine in oxalate homeostasis we consider
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ome of the phenomenologic aspects of intes-
inal oxalate transport (handling) that have led
o the notion that the bulk of net transcellular
xalate transport, either absorption or secre-
ion, occurs via anion exchangers (antiporters).

e then consider the emerging importance of
ene families encoding these anion exchangers,
specially solute-linked carrier (SLC)26, and
ow an understanding of these proteins and
heir segmental and cellular distribution, has
ed to a better understanding of intestinal ox-
late exchange in health and disease. Finally,
ecent information on the role of oxalate de-
rading bacteria (Oxalobacter) in modulating
ntestinal oxalate handling is considered. Previ-
us reviews of oxalate handling in intesti-
al10,12-14 and renal epithelia15,16 may be con-
ulted for additional perspectives (eg, animal
odels simulating oxalate-associated disease

tates, factors influencing intestinal oxalate ab-
orption).

HENOMENOLOGIC ASPECTS OF
NTESTINAL OXALATE TRANSPORT

he transepithelial, unidirectional flux of any

olute (mucosal to serosal or serosal to muco-
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144 M. Hatch and R.W. Freel
al) is the sum of parallel flows through para-
ellular and transcellular pathways. Establishing
he relative importance of these 2 avenues is
undamental to understanding oxalate handling
n vivo, but no systematic study has been pre-
ented to quantitate their relative roles in secre-
ion or absorption. Early models for oxalate
bsorption in the intestine favored a nonmedi-
ted, passive, gradient-driven flux through para-
ellular pathways.17 However, it later became
pparent that an energy-dependent, net absorp-
ion of oxalate could be shown using short-
ircuited rat distal colon in the absence of a
ransepithelial oxalate gradient and using phys-
ologic concentrations of oxalate (�2 �mol/L)
n both sides of the epithelium.18 The apparent
ctive, transcellular absorption of oxalate we
bserved in the rat colon promoted a number
f additional studies characterizing the segmen-
al heterogeneity, ion dependencies, inhibitor
rofiles, and some regulatory aspects of oxalate
ransport in rat and rabbit intestine that are
onsidered later.

aracellular Exchange

efore considering the transcellular avenues in
etail we would like to re-emphasize that in
ivo the relative significance of paracellular
shunt) oxalate transport (in the secretory or
bsorptive direction) is defined only vaguely.
ecause flow through this pathway is depen-
ent on the prevailing transepithelial electro-
hemical potential differences of the oxalate
nion, it is anticipated that different segments
ill support different levels of passive oxalate

ransport. In this sense, it might be expected
hat along the early portions of the intestine—
here junctional resistance is typically low

nd luminal oxalate activity is expected to be
igher—that the shunt contributes signifi-
antly to oxalate absorption. In contrast, the
ontribution of paracellular pathways to ox-
late absorption in more distal segments such as
he colon—where luminal oxalate activity might
e lower and junctional resistance is much
igher—is likely to be less.
The importance of paracellular oxalate ab-

orption is best shown in the pathology of en-
eric hyperoxaluria associated with the malab-

orption of fatty acids and bile salts.17,19,20 c
ormally, these luminal solutes are absorbed
fficiently in the small intestine. However, in
alabsorption syndromes (secondary to dis-

ase21-24 or small-bowel resection25) these secre-
agogues promote increases in the paracellular
ermeability of the large intestine,23,26 leading
o the passive hyperabsorption of oxalate in
roportion to the luminal activity of the oxalate

on.20

ranscellular Absorption

pical uptake

lthough the initial studies with isolated rat
istal colon clearly indicated net absorption of
he oxalate ion in the absence of any electro-
hemical driving forces,18 the nature of this
ctive oxalate absorption was not clear. The
ranscellular absorption of oxalate requires an
ptake mechanism at the apical membrane fol-

owed by an efflux mechanism across the baso-
ateral membrane of the epithelium. In the
ourse of several studies using isolated, short-
ircuited segments of rabbit distal colon it be-
ame apparent that net oxalate absorption was
n energy-dependent process showing many
haracteristics that were emerging concurrently
or active chloride absorption. For example, net
xalate absorption and sodium absorption were

nhibited by 100 �mol/L 2-4 dinitrophenol, an
ncoupler of oxidative phosphorylation, con-
rming the energy-dependence of these active
ransport systems.27 Also, in the rabbit distal
olon the anion exchange inhibitor 4-acet-
mido-4-isothiocyano-2,-stilbene-2,2=-disulfonic
cid applied mucosally (100 �mol/L) inhibited
et chloride and oxalate absorption without
ffecting short-circuit current, primarily by re-
ucing the M to S unidirectional fluxes.27 Fur-
hermore, the carbonic anhydrase inhibitor ac-
tazolamide significantly reduced net chloride
nd oxalate absorption in the nominal ab-
ence of HCO3

� in the buffers. From these
ndings it was concluded that oxalate absorp-
ion was a secondarily active process that likely
as mediated apically by an anion exchanger

antiporter) that was similar to that mediating
hloride absorption. Somewhat later these no-
ions regarding apical oxalate transport were

onfirmed and extended in studies using brush-
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Intestinal oxalate handling 145
order membrane vesicles (BBMVs) isolated
rom the rabbit distal ileum.28,29 From the latter
tudies it was predicted that there were at
east 3 separate anion exchangers in rabbit
BMVs: a Cl�/HCO3

� exchanger; a SO4
2�/OH�

xchanger, which also transports oxalate; and
n Ox2�/Cl� exchanger, all of which were re-
orted to be electroneutral. Thus, 20 years ago
here was strong empiric support for the notion
hat net transepithelial oxalate absorption was
ediated apically by anion antiporters more

ommonly regarded as chloride/base exchang-
rs, a fact that presaged current efforts to
stablish the roles of multifunctional anion
xchangers in the SLC26 gene family to oxalate
andling.

asolateral efflux
oncomitant with the recognition of apical an-

iporters as mediating oxalate uptake in the
ntestine was the empiric development of the
dea that anion exchange also may account for
xalate efflux across the basolateral membrane
f absorptive enterocytes. Thus, in rabbit distal
olon serosal addition of 1 �mol/L 4,4=-diiso-
hiocyanatostilbene-2,2=-disulfonic acid (DIDS)
educed net oxalate absorption by 43% without
ffecting net chloride absorption, and serosal
a� removal decreased net oxalate absorption
ithout affecting net Cl� absorption.30 In addi-

ion, net oxalate absorption (but not Cl� ab-
orption) showed a dependence on serosal (but
ot mucosal) Na� as judged by the effects of
erosal amiloride (1 mmol/L) and serosal Na�

eplacement.30 It was concluded that the mech-
nism(s) mediating oxalate efflux across the ba-
olateral membrane during absorption was an
nion exchanger (DIDS-sensitive) mechanisti-
ally distinct from that mediating apical uptake.
he marked sodium dependence was proposed

o result from a coupling of base anion/oxalate
xchange with pH regulation via a basolateral
a�/H� exchanger.30

ranscellular Secretion

p until the early 1990s it appeared that the
ammalian intestine functioned only in an ab-

orptive mode with respect to oxalate, but it
ow is clear that net enteric oxalate secretion/

xcretion also occurs, which may have a signif- e
cant impact on oxalate homeostasis. Studies
sing short-circuited tissue preparations from
abbits,30,31 rats,4,14 and more recently mice32,33

ave indicated that oxalate handling along the
ammalian intestinal tract varies in both mag-

itude and direction in a segment-specific man-
er. Invariably, under control conditions, the
mall intestine and proximal colon show a net
ecretion of oxalate whereas the distal colon
upports net oxalate absorption. Under certain
onditions, after the addition of cyclic adeno-
ine monophosphate (cAMP) for example, the
istal colon can support a net secretory flux of
xalate.30 We have proposed that such secret-
gogue-induced oxalate secretion across this
egment is mediated by a furosemide-sensitive
asolateral uptake process and passive diffusion
f accumulated oxalate through an apical con-
uctive pathway that can be blocked partially
y the Cl� channel blocker 5-nitro-2-(3-phenyl-
ropylamino)benzoic acid (NPPB).30,34 We pro-
osed that electrogenic oxalate flux in BBMVs34

as mediated by an anion channel such as cys-
ic fibrosis transmembrane conductance regula-
or (CFTR), however, we recently observed that
4C-oxalate efflux from Xenopus oocytes ex-
ressing human CFTR is the same as water-

njected oocytes (unpublished observations).
his indicates that oxalate secretion, at least in
uman beings, may not be mediated by the
FTR chloride channel per se. Recent findings

hat some of the members of SLC26 are electro-
enic35 and functionally interact with the CFTR
ene product in a regulatory manner36,37 may
e relevant in this regard.

HE SLC26 GENE FAMILY AND
NTESTINAL OXALATE TRANSPORT

ntil recently, phenomenologic approaches de-
cribed earlier represented the sole experimental
asis for our current understanding of intestinal
xalate handling. Unraveling mechanisms was dif-
cult because it was not possible to identify spe-
ific transport proteins beyond anion selectivity
nd inhibitor profiles, which often overlap. This
as changed considerably with the identification
f the SLC gene superfamily, which encodes for
roteins that mediate anion transport.38-40 Partic-
larly relevant to the current discussion are sev-

ral structurally related proteins encoded by the
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146 M. Hatch and R.W. Freel
LC26 gene family that are anion transporters
ith measurable affinity for oxalate and are ex-
ressed in the intestine.38-40 Oxalate-transporting
embers of this family that are found in the gas-

rointestinal tract are as follows: SLC26A1 (sulfate
nion transporter 1 [SAT1]), SLC26A2 (diastro-
hic dysplasia sulfate transporter [DTDST]),
LC26A3 (down-regulated in adenoma [DRA]),
LC26A6 (putative anion transporter 1 [PAT1] or
hloride formate exchanger [CFEX]), SLC26A7,
nd SLC26A9. SAT1 is located in the human small
ntestine and colon41 and in postconfluent mono-
ayers of Caco-2 cells,42 presumably basolaterally
as in the proximal tubule43). DTDST is relatively
bundant in the human large intestine and less in
he small intestine44 and we have observed
LC26A2 messenger RNA in rat intestine42 and in
onfluent Caco-2 monolayers.45 The affinity of
TDST (SLC26A2) for oxalate has not been de-
ned clearly. In mice46 and rats,47 DRA (SLC26A3)

s abundant in the apical membrane of colono-
ytes and less so in the small intestine. In mice,
AT1 (slc26a6) is abundant in the apical mem-
rane of the duodenum and ileum but less so

n the colon.48,49 The isoforms SLC26A7 and
LC26A9 have been detected in gastric mucosa39;
et, although the stomach may mediate passive
xalic acid absorption by nonionic diffusion,10

either the mucosa nor the resident SLC26
ransporters have been implicated in mediated
xalate flux.

tudies in Knockout Mice

he utility/importance of identifiable molecular
ntities is shown best with the use of targeted
isruption of genes encoding oxalate transport-
rs. For example, the examination of oxalate
ransport across the ileum of slc26a6 null mice
ade by Freel et al32 revealed that slc26a6 rep-

esents a major apical membrane pathway me-
iating oxalate efflux rather than influx under
ormal conditions. The wild-type (WT) mouse

leum supported a small net secretion of oxalate
hat was sensitive to the mucosal addition of
IDS (200 �mol/L), whereas in the PAT1
nockout (KO) mice there was a significant net
bsorption of oxalate that was DIDS-insensitive.
n addition, these KO mice were hyperoxaluric
ompared with the WT mice, presumably be-

ause of the enhanced net absorption of ox- s
late. This study also showed that Cl� is an
xchange partner for oxalate efflux across the
pical membrane of the mouse ileum and there
as no evidence that PAT1-mediated oxalate

fflux was regulated by intracellular cAMP. By
sing an independently generated slc26a6 null
ouse model, Jiang et al33 also observed an

ncrease in duodenal oxalate absorption in their
AT1 KO mouse model compared with WT
ice. Interestingly, these KO mice had a high

requency of oxalate bladder stones, unlike the
O animals used by Freel et al,32 despite a

imilar degree of hyperoxaluria. This curious
nd important phenotypic difference between
he PAT1 KO models possibly may be explained
y the different background strains of the mice
sed in each study and/or the fact that the KO
ice used by Jiang et al33 were significantly
ypercalciuric (urinary Ca2� concentration,
.73 mmol/L � 1.71; n � 10) compared with
he PAT1 KO model used in our studies (1.49
mol/L � 0.35, n � 5, unpublished observa-

ions). The study by Jiang et al33 also provided
vidence to suggest that a large contribution of
rinary oxalate in their PAT1 KO model was
erived from dietary sources; however, they
ould not completely exclude some renal in-
olvement. It is notable that their results did
how reductions in oxalate excretion and se-
um oxalate in the KO mice fed an oxalate-free
iet, but, both still were significantly higher
han in WT mice fed a similar diet. We would
rgue that because both intestinal and renal
pithelia are the principal interfaces for ex-
hange of oxalate, and because the PAT1 trans-
orter is expressed in both epithelia, it is rea-
onable to assume that changes in urinary
xalate excretion result from oxalate transport
ctivity at both of these interfaces.

Because PAT1 appears to mediate apical ox-
late efflux (cell to lumen) in the mouse small
ntestine,32,33 we have speculated that DRA
slc26a3)32 may mediate apical oxalate uptake
lumen to cell) in the intestine. If this is correct,
e would expect that intestinal oxalate absorp-

ion should be reduced in DRA KO mice50 com-
ared with WT mice and urinary oxalate excre-
ion would decrease in DRA KO mice. The
ollowing preliminary results (unpublished ob-

ervations) we have obtained using DRA het-
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Intestinal oxalate handling 147
rozygotes (HETS) as well as DRA KO mice
ere consistent with this expectation. In the
ETS, significant reductions were observed in

he mucosal to serosal flux of oxalate in both
he distal ileum (�23% decrease) and distal
olon (�50% decrease), whereas urinary ox-
late excretion was reduced significantly from
.70 � 0.23 �moles/24 h in WT mice com-
ared with 0.87 � 0.11 �moles/24 h in the
ETS (n � 9 in each group). In the small num-
er (n � 3) of DRA KO mice we have examined
hus far, the mucosal to serosal flux of oxalate
n the distal ileum was reduced 45% and urinary
xalate excretion also was lower and compara-
le with the HETS. Thus, in the absence of
RA, the mouse ileum supports a sizeable net

ecretory flux of oxalate (�9-fold greater than
he WT) primarily owing to decreases in the
bsorptive component of the flux. Because
RA is not present in the kidney,50,51 the re-
uced intestinal absorption of oxalate in these
ice most likely contributes to the reduction in

rinary oxalate excretion in slc26a3 null mice.

egulation of Intestinal
xalate Transport and SLC26 Isoforms

unctionally, it has been shown that colonic
xalate secretion can serve as an extrarenal
oute for oxalate excretion both in rats with
hronic renal failure and in rats challenged by
n oxalate load.4,52-54 The chronic renal failure–
timulated enteric secretion was correlated
ith a local up-regulation of angiotensin II re-

eptors and was shown to be mediated by
erosal angiotensin II type 1 (AT1) receptor
ctivation.52,53 These studies also provided ev-
dence for hyperoxalemia-induced oxalate se-
retory pathways that are independent of an-
iotensin II regulation and distinct from those
ecretory pathways previously implicated54 (ie,
AMP-induced secretion). Serosal epinephrine
50 �mol/L) changes net oxalate transport
cross the isolated, short-circuited rabbit prox-
mal colon from a secretory to an absorptive

ode via increases in the mucosal to serosal
xalate flux and a decrease in the serosal to
ucosal flux.31 These phenomenologic studies

learly show that oxalate transport is affected

y neurohormonal effectors, but transporters D
ediating these changes have not been re-
olved.

There is little presently known about the
egulation of oxalate handling mediated by the
LC26 transporters in the intestine, but this is
ikely to change considerably. It is expected,
owever, that because most of these anion ex-
hangers are involved with acid-base regulation
f intestinal cells, oxalate flux will be affected
o some extent by factors regulating intracellu-
ar pH.10 PAT1 is reported to be the principal
l�/HCO3

� exchanger in the apical membrane
f the upper-villous epithelium in mouse duo-
enum with a smaller contribution by DRA.48

ne of the more novel aspects of HCO3
� regu-

ation (and possibly oxalate transport, directly
r indirectly) is the suggested mechanism of
cute regulation via disruption of bicarbonate
ransport metabolons. For example, it has been
roposed55 that SLC26A6 forms a transport
etabolon by complexing with carbonic anhy-

rase II (CAII). Apparently, because the binding
ocation for CAII on PAT1 is adjacent to the
rotein kinase C (PKC) phosphorylation site,
KC disruption of CAII binding results in re-
uced bicarbonate transport rates.55 The signif-

cance of this mechanism to SLC26A6-mediated
ntestinal oxalate transport is not certain be-
ause SLC26A6 shows multiple modes of anion
xchange independent of HCO3

� transport.38

n this regard, it has been reported56 that phor-
ol ester activation of PKC reduces the serosal
o mucosal flux of oxalate across the mouse
uodenum by about 50%, an effect that was
locked by the PKC-� inhibitor, rottlerin.
hether PKC altered net oxalate transport by
ouse duodenum was not reported. In parallel

tudies of Xenopus oocytes expressing mouse
lc26a6, PKC activation also reduced Cl�/Ox2�

xchange and this reduction was considered to
e secondary to the endocytotic withdrawal of
lc26a6 from the oocyte membrane.56

The intriguing observations that the SLC26
ransporters may interact with CFTR36,50,57-59

r modify other transporters47 afford another
merging regulatory aspect of these anion/base
ransporters. For example, CFTR up-regulates
LC26A3 and SLC26A6 function in cultured
ancreatic duct cells60 and co-expression of

RA or PAT1 with CFTR in HEK293 cells36,61
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148 M. Hatch and R.W. Freel
utually activates their physiologic functions
Cl�-dependent pH changes and Cl� current,
espectively). In the latter study,36 it was pro-
osed that the SLC26 transporters and CFTR
xist in a complex by binding to scaffolds con-
aining PDZ domains and interactions between
he CFTR R-domain and the SLC26 STAS domain
esults in mutual activation of CFTR and the
LC26 transporters.36,57 Another indication that
LC26 proteins have a regulatory potential
omes from a report that rat slc26a3 does not
ediate significant DIDS-sensitive Cl�/HCO3

�

xchange when expressed in HEK293.47 It was
uggested that if this were true for human DRA,
hen mutations in slc26a362 leading to congen-
tal chloride diarrhea (low pH with high Cl�)
ould not be caused solely by defective DRA-
ediated Cl�/HCO3

� exchange per se.47 This
ould imply that slc26a3 may act as a modifier

ene for other unidentified transporters.47

OLE OF OXALATE-DEGRADING BACTERIA

everal intestinal bacteria have been reported
o degrade oxalate and these include Eubacte-
ium lentum,5 Enterococcus faecalis,6 lactic
cid bacteria Lactobacillus sp., Streptococcus
hermophilus, Bifidobacterium infantis,7,8 and
xalobacter sp.9,10 More recently, a novel ox-
late-degrading member of the Enterobacteri-
ceae (Providentia rettgeri) was identified in
uman fecal samples and, notably, this organ-

sm also was reported to have enzymes similar
o those of O formigenes.11 The major focus of
he following section is on the role of the sub-
trate/oxalate-specific Oxalobacter sp. in intes-
inal handling of oxalate simply because it has
eceived the most attention in this regard by
nvestigators. For earlier reviews of the oxalate-
egrading bacteria, see articles by Allison et al,63

oldfarb,64 and Hoppe et al.65 We also recom-
end the section on Oxalobacter in a previous

eview as background material for the present
iscussion.10

tudies in Animals

xalobacter sp. has been found to be present
n the intestines of most wild and domesticated
nimals that have been tested, however, it is

ot typically present in laboratory rats.10,63 The u
esults of all of the studies examining the effects
f Oxalobacter on oxalate handling in labora-
ory rats are consistent and it generally is con-
luded that urinary oxalate can be reduced by
ral administration of encapsulated oxalate-de-
rading enzymes from Oxalobacter66,67 or by
dministering viable whole Oxalobacter cells.68

easonably, this effect has been assumed to be
aused by degradation of dietary oxalate by the
acterial enzymes produced in the luminal
ompartment. Certainly, a favorable transepi-
helial gradient across the intestine will pro-
ote the passive movement of oxalate from the

lood if luminal oxalate concentrations are
aintained at a lower level by Oxalobacter

nzyme activity, and this may be particularly
mportant in severe hyperoxalemic conditions
uch as primary hyperoxaluria and enteric hy-
eroxaluria. We have proposed that, in addition
o degrading dietary sources of oxalate, Ox-
lobacter may be able to derive oxalate from
ystemic sources by initiating or enhancing ac-
ive secretion of endogenous oxalate.67 Subse-
uently, by using various approaches, we were
ble to show that O formigenes can modulate
ntestinal oxalate transport by inducing colonic
xalate secretion67 and a positive consequence
f this bacterial host cell interaction is a signif-

cant reduction in urinary oxalate excretion ow-
ng to this enteric oxalate shunt.67 The latter
tudy also was the first to show that endog-
nously derived oxalate can sustain Ox-
lobacter colonization. In the next few years, it

s anticipated that there will be advances in our
nderstanding of the mechanistic basis for bac-
erial cell modulation of intestinal oxalate han-
ling because this is fundamental to future ef-
orts in identifying which strains of bacteria
nd/or bacterial products will be effective in
he treatment of hyperoxaluria and calcium ox-
late stone disease.

An interesting addendum to this section con-
erns very recent communications69,70 showing
hat a highly specific oxalate-degrading enzyme,
ormulated as cross-linked enzyme crystals
ALTU-237), significantly reduces hyperoxaluria
n a knockout mouse model simulating primary
yperoxaluria, type 1. ALTU-237, administered
rally for a month at a dose of 80 mg/d, reduced

rinary oxalate by 50% and there was a total
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Intestinal oxalate handling 149
revention of nephrocalcinosis, renal failure,
nd death compared with the controls.70 Al-
hough the enzyme was not identified in these
tudies for proprietary reasons, the efficacy of
LTU-237 in an animal model is impressive and
nderscores the potential for novel formula-
ions of oxalate-degrading enzymes.

tudies in Human Beings

ased on the results of several studies in human
eings, it now appears reasonable to consider
he lack of intestinal Oxalobacter activity as a
isk factor for hyperoxaluria and stones but not
ecessarily as a direct cause of stone dis-
ase.66,71-76 In fact, other intestinal oxalate-de-
rading bacteria may be important in this re-
ard also but, as yet, there is no correlative data
vailable for these other known/unknown mi-
roorganisms. Several studies have shown that
tone-forming patients who lack Oxalobacter
ave significantly higher urinary oxalate excre-
ion compared with patients colonized with the
acteria.71-74 Additional support for the notion
hat Oxalobacter may confer some protection
gainst stone disease was suggested by other
tudies66,75,76 showing a positive correlation be-
ween the number of stone episodes and the
ack of intestinal Oxalobacter activity. More
mportantly, perhaps, is the concept that sup-
lemental supplies of the oxalate-degrading
acteria or their enzyme products potentially
an be used as a treatment to reduce hyperox-
luria and stone disease. In 2002, it was shown
or the first time that urinary oxalate was re-
uced after the administration of a single oral
ose of O formigenes in 4 human subjects in-
esting an oxalate load.77 More recently, oral
dministration of Oxalobacter was tested in a
linical setting involving several groups of
rimary hyperoxaluria patients.65,78-80 The pa-

ients were treated with 2 forms of O formi-
enes, either a frozen cell paste or enteric-
oated capsules containing the bacteria, and
ignificant reductions in urinary oxalate were
bserved during treatment. Other positive out-
omes, in some but not in all of these patients,
ncluded reductions in plasma oxalate concen-
rations and amelioration in the clinical signs of
ystemic oxalosis. The results of these human

tudies are consistent with the animal studies in
hat Oxalobacter can degrade intraluminal, di-
tary-derived oxalate available in the intestinal
umen, thereby reducing its absorption. Clearly,
he results of these studies are encouraging and
upport the concept that supplemental sup-
lies of oxalate-degrading bacteria or their en-
yme products potentially can be used as a
reatment to reduce hyperoxaluria. However,
ore clinical studies and trials are warranted

nd future developments in this field must in-
lude rigorous double-blind, placebo-controlled
rials using probiotics/bacterial products/ox-
late-degrading enzymes along with a signifi-
ant contribution from basic science addressing
he mechanism of action.
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