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ABSTRACT

Introduction. Kidney stone formation may be a result of increased urinary oxalate supersaturation.

Material and Methods. Eighteen pigs were randomly divided into: Control group, where standard cereal-based feed was sup-
plemented with 4% HP only, Prevention group, where treatment with OxDc slurry started at the end of the adaptation period
when pigs were switched to 4% HP diet, Reduction group, where the treatment with OxDc lyo powder started after pigs were
already on a 4% HP diet for 6 days.

Results. OxDc slurry prevented oxalate excretion in urine. The reduction effect of OxDc lyo feed addition was generally visible
during the first two days of the therapy (p<0.05). Both dietary intake of 4% HP and OxDc preparations did not influence weight
gain, water or feed intake, urine excretion and creatinine clearance.

Conclusions. The capacity of OxDc in preventing induced hyperoxaluria was moderate. Most probably, this is due to the in-
coherent response of animals to the HP enriched diet dependent on their gut pH, since optimum pH for OxDc is around 5-6.
A higher pH essentially reduces the activity of OxDc. The capacity of OxDc in reversing the hyperoxaluria induced by a HP en-
riched diet was significant during the first 2 days after introducing OxDc to the diet.
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Introduction

Kidney stone formation as a result of the accumulation
of calcium salts in renal tissue is believed to be an ef-
fect of increased urinary supersaturation, mostly of cal-
cium oxalate (CaOx) and calcium phosphate (CaP).!
Therefore, lowering the concentration of oxalate and/or
calcium in urine is an important part of medical treat-
ment that could prevent the formation of calcium oxa-
late crystals and consequent crystaluria.

In healthy humans, urinary oxalate is derived from
dietary (~40%) and endogenous pools (~60%). How-
ever, pathways leading to an endogenous synthesis of
oxalate have not been fully elucidated. From studies in
patients with type 1 and 2 of primary hyperoxaluria,
high levels of oxalate are known to result from deficien-
cies in the glycolate metabolizing enzymes, alanine-gly-
oxylate aminotransferase and glycolate reductase.” Thus,
glycolate is implicated as a precursor to endogenous ox-
alate. The endogenous precursors of glyoxylate and gly-
colate are not known to date, but hydroxyproline (HP)
has been implicated as part of the pathway.’

The pig model of hyperoxaluria and calcium oxa-
late stone disease after feeding with hydroxyproline
(HP) was described before by others.*> HP, a compo-
nent amino acid of collagen, is metabolized to pyruvate
and glycolate, an oxalate precursor, in both hepatic mi-
tochondria and renal proximal tubular cells.® It is im-
portant to address that at the functional level, humans
and pigs/sows share many similarities with regard to
the genitourinary structures. In addition to being mul-
tipyramidal structures (unlike rats), humans and swine
have comparable maximal urinary concentration, glo-
merular filtration rate, and total renal blood flow char-
acteristics.* Mandel NS et al. and Kaplon DM et al. **
demonstrated that young growing pigs and sows fed HP
became hyperoxaluric which provokes calcium oxalate
plaque formation on renal papillae and stones known
as crystalluria. Knight J et al. fed gelatin, a food ingre-
dient that contains HP, to healthy human subjects, and
created elevated levels of urinary oxalate and glycolate.?
The Western-type diet, which has an abundance of an-
imal protein, has been implicated as an increased risk
factor for the formation of kidney stones in humans.’
Consumption of the Western-type diet results in endog-
enous oxidation of excess cationic and sulfur-containing
amino acids which impose a chronic metabolic acidosis
that leads to bone demineralization and hypercalciuria
that together with hyperoxaluria present a huge risk for
stones and kidney failure.’

Oxalate decarboxylase (OxDc) is an enzyme that
can be used for treatment of hyperoxaluria. OxDc has
high specificity to degrade oxalate into the more sol-
uble products carbon dioxide (CO,) and formic acid
(HCOOH). The rationale for the oral therapy with
OxDc is that it is capable of breaking down oxalate

found in the orally administered feed starting from the
stomach and duodenum and thereby decreasing the ox-
alate available for absorption into systemic circulation.
On the other hand, the decreased concentration of ox-
alate in the lower gut lumen will create a concentration
gradient, causing the movement of oxalate back to the
gut lumen from the blood, and enhancement of enteric
excretion or intestinal elimination.® In the animal mod-
els, enteric excretion of oxalate is up regulated when the
kidney function is compromised.”

The primary objective of this study was to find out if
oral administration of OxDc will reduce urinary oxalate
excretion and, by this means, will also prevent nephro-
calcinosis and calcium oxalate crystal formation in kid-
neys of HP challenged pigs. The secondary objective was
further development and testing of the swine model of
dietary induced hyperoxaluria.

Materials and methods

All experimental procedures were approved by the
Malmé/Lund Ethic Review Committee on Animal Ex-
periments, Lunds city court (Malmé/Lunds djurférsok-
setiska namnd, Lunds tingsratt), Lund, Sweden. During
the study, the care and use of animals was conducted in
accordance with the principles outlined in the current
Guide to the Care and Use of Experimental Animals.

Animals and housing
The experiment was carried out on the Odarslovs re-
search farm of Swedish Agriculture University and the
Department of Biology of Lund University, Sweden.
Eighteen male pig (Swedish Landrace, Yorkshire,
and Hampshire), 6 weeks of age and a weight of 6.5 +
0.8 kg at the beginning of experiment, were used in
the study. Animals were randomly selected from 7 lit-
ters from the University herd at Odarslov, Swedish Ag-
ricultural University. The pigs had been weaned at four
weeks of age and then housed in individual pens (1.0
x 1.5 m) with perforated plastic flooring, wood chips
and bedding. All pens were equipped with a dry feeding
trough, a drinking nipple and a constant heating lamp
(150 W). During the experimental period, pigs were in-
dividually housed in “home-design” metabolic cages.
Each metabolic cage was also equipped with a drink-
ing nipple and red heating lamp (150 W). All pigs were
acclimated and trained to the metabolic cage before the
start of the experiment.

Study design

The eighteen pigs were randomly divided into three
groups (n=6): 1) Control group, where feed was supple-
mented with 4% HP only, 2) Prevention group, where
the treatment with OxDc slurry (3.5 mL, 15,750 u/meal)
started at the end of the adaptation period when pigs
were switched to 4% HP diet and 3) Reduction group,
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where the treatment with OxDc lyo powder (500 mg,
11,500 u/meal) started after pigs were already for 6 days
on a 4% HP diet. OxDc in form of slurry was given at
the beginning of the meal with syringe to mouth to all
pigs in the Prevention group, while OxDc lyo powder
was mixed with the feed and was given with the first
small portion of the meal to all pigs in the Reduction
group. (Figure 1)

Monitoring and Assessments. Body weights were ob-
tained before, during and at the end of experiments.
Animals were also assessed for signs of poor health and
other conditions that might interfere with results.

Feeding and water administration

Pigs were fed with cereal-based feed for young grow-
ing pigs (53908 VAXTILL 320 P BK, Lantmannen, Swe-
den) twice daily (2% body mass per meal) at 8-9 am
and 5-6 pm. This amount is comparable to the amount
of consumed food when given ad libitum in similar
conditions. During the pre-treatment period, feed was
enriched gradually with HP (from 1% to 4%) and af-
ter a week of adaption all pigs were switched to a 4%
HP diet until the end of the experiment. Drinking wa-
ter was provided ad libitum when pigs stayed in pens,
but during the study while pigs were in metabolic cages,
water was provided 4 times per day, again ad libitum, for
accurate measurement of water intake.

Inducing the hyperoxaluria. To achieve the hyper-
oxaluria, pigs were challenged with trans-4-hydroxy-L-
proline (HP) obtained from TIANJIN WRI BR SHE YI
SHU GOAN, BAN SHI CHU, 309 999 TIANJIN, China.

Oxalate decarboxylase

Oxalate decarboxylase used in the experiment was for-
mulated as a slurry or lyophylisate (lyo) formulations.
Lyo OxDc CLEC Lot #768-9 and slury OxDc Lot #768-9
(Altus Pharmaceuticals, Cambridge, MA, USA). Specit-
ic activity, of the both formulations were tested (Alnara

Figure 1. Study design

Pharamceuticals, Cambridge, MA, USA) and the val-
ues were ~45 U/mg and ~23 U/mg for the OxDc slurry
and lyo, respectively. Estimated activity of OxDc slurry
might have been higher than indicated, due to improper
dry weight measurement or increased solubility due to
possible leaching of glutaraldehyde during storage. Both
enzyme formulations were stored in tightly sealed con-
tainers at 2-8 °C.

Blood, urine and feces sampling

Blood and urine samples were taken at the following
time points: basal (during adaptation time), last day on
2% HP and last day on 3% HP, before randomization,
every second day during treatment period and on the
last day of the study when pigs were sacrificed.

Blood. 5 mL blood samples were collected on the re-
spective days before feeding from the jugular vein via di-
rect venipuncture. Collected blood samples were placed
in Vacutainer heparin tubes. After collection, tubes were
centrifuged for 15 min at 3000 rpm and blood plasma
was separated to new tubes. Samples were store at -20
°C for further analysis.

Urine. 24h urine samples were collected into con-
tainer with 2 ml of 6 N HCL. After measurement of to-
tal volume of urine, 3 mL sample was transferred to the
plastic tube and stored for further analysis.

Feces. Small fraction of fresh samples of the feces
were collected in the morning from the pigs for oxalate
estimation. Each sample was weighed, put in the plastic
bag and stored at -20 °C for future analysis.

Analysis of oxalate concentration

Oxalate concentration in blood and urine was measured
by sensitive spectrophotometric method with the use of
Trinity Biotech Oxalate reagents (Kit #.591 D Trinity
Biotech, Ireland). The severity of hyperoxaluria for the
young growing pigs (5-12 weeks of age and 5-20 kg of
body weight) was graded as shown in Table 1.
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Table 1. Grading of the hyperoxaluria for the young
growing pigs (5-12 weeks of age and 5-20 kg of body
weight)

. Urinary oxalate
Hyperoxaluria

mg/24h
Normal 2-10
Minimal 10-15
Mild 15-40
Severe >40

Analysis of creatinine concentration ant the creatinine
clearence

Creatinine concentration. Creatinine in blood and urine
was measured using a colorimetric method (Quanti-
Chrom™ Creatinine Assay Kit, DICT-500, BioAssay
Systems, USA). Urine samples that were used for analy-
sis were acidified and charcoal extracted that might have
resulted in lower read outs.

Creatinine clearance. Creatinine clearance is ex-
pressed as excretion rate (U_ x V), where U_ presents
concentration of creatinine (mg/dL) and V (Urine Vol-
ume) is the 24h urine sample (mL/24h), divided by
plasma creatinine (Pcr in mg/dL), BW is body weight of
pigs. The formula used was as follows:

Collection of organs for histo-pathological analysis and
gross examination

Gross analysis. At the end of the experiment, pigs
were euthanized with sodium pentobarbiturate
(20mg/kg). Selected organs: kidney, liver and small
and large intestine were gross examined, kidneys and
liver weight were recorded. Both right and left kid-
ney were divided transversely longitudinally, expos-
ing the corticomedullary surface and papillary tips.
Gross appearance of the kidneys was recorded and
digital images were obtained. After the gross exam-
ination, specimens of the kidneys, fixed in 10% for-
malin were taken for future histopathology analysis
and Yasue specific staining.

Histopathology. Each kidney was cut in 12 serial sec-
tions at 4 um per kidney and stained with hematoxy-
lin and eosin for routine histological examination, or by
specific Yasue metal substitution histochemical method
to detect the presence of calcium oxalate crystals in the
renal tissue.

Statistical analysis

Statistical analysis was performed on the data generated
from this study using the unpaired two-tailed Student’s
t-test. Differences were considered significant if p<0.05,

all data are expressed as a mean + standard deviation
(£SD). The statistical software used was SAS v 9.2, 2008.

Results

Influence on the excretion of oxalate in urine

Total levels of oxalate in urine during pre-treatment
and treatment period in both control and active groups
were generally low and did not differ significantly
(p>0.05). There was no effect of 4% HP administration
on oxalate excretion in urine in both the Control and
Prevention groups (p>0.05). Following, there was also
no effect of oral administration of OxDc slurry visible
in Prevention group (p>0.05). However, in the Reduc-
tion group, 4% HP induced severe hyperoxaluria (~5
fold elevation from normal levels) (p<0.05). The effect
of OxDc lyo oral administration on oxalate excretion
was visible from early stage of the therapy- as early as
day 1 (6™ day from the beginning of study) (p<0.05).
(Figure 2)

Influence on the renal function and urine excretion
Creatinine clearance. No differences in the creati-
nine clearance was noted between groups at baseline
(p>0.05). Similarly, there was no difference record-
ed between the Control and the Prevention groups
during the whole study period (p>0.05), which sug-
gests also that there was also no differences in the GFR
(glomerular filtration rate). However, creatinine clear-
ance values were lowest, but not significant (p>0.05),
in the Reduction group (which was in parallel with the
highest values of oxalate excretion). Significant differ-
ence between the Control and the Reduction group
(55.44 + 31.38 mL/min vs 27.18 + 19.93 mL/min,
p<0.05) was recorded on day 22 (last day of the treat-
ment). (Figure 3)

Urine excretion. There were distinct individual vari-
ations in both water intake and urine excretion within
groups (data not shown). However, both water intake
and urine excretion were higher in the treatment groups
when compared to placebo, but the statistical signif-
icance was found only with regard to the Reduction
group (p<0.05) (Table 2).

Table 2. Mean variations in feed intake (kg + SD), water
intake (kg * SD) and the urine excretion (kg + SD) during
the whole study period. In all statistical analysis P<0.05 was
taken as the level of significance

Student’s t-test: P<0.05
No statistical significance was found between study groups
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Student’s t-test: P<0.05

* Reduction vs Control group P < 0.05

Figure 2. Oxalate levels in 24h urine samples in pigs (mg/24h + SD). In all statistical analysis, P<0.05 was taken as the level of
significance

Student’s t-test: P<0.05
* Reduction vs Control group P < 0.05
Figure 3. Creatinine clearance in pigs (mL/min + SD). In all statistical analysis, P<0.05 was taken as the level of significance
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Influence on urinary oxalate levels normalized for dai-
ly creatinine excretion

Oxalate/Creatinine ratio. No differences in the oxalate
levels normalized for daily creatinine excretion (oxalate/
creatinine ratio) was noted within groups at baseline
(p>0.05). Similarly, there was no difference recorded be-
tween the Control and the Prevention group during the
whole study period (p>0.05). In the Reduction group, in
which oxalate levels were increased, oxalate /creatinine
ratio was also high and statistically significant when
compared with Control group (p<0.05). (Figure 4)

Student’s t-test: P<0.05
* Reduction vs Control group P < 0.05

Influence on body weight and feed consumption

Feed consumption. Daily feed consumption is present-
ed in Figure 5. In general, differences in the daily feed
consumption were observed in the selected time points
within groups as well as between both treatment and
control groups during the whole study period (p>0.05).
(Figure 5, Table 2)

Body weight gain. There were no differences in body
weight gain within groups as well as between experi-
mental groups, however, the mean body weight in the
Control group was insignificantly lower (~ 1 kg) when

Figure 4. Oxalate levels normalized for daily creatinine excretion in pigs (oxalate/creatinine ratio; L/min + SD). In all statistical

analysis P<0.05 was taken as the level of significance

Student’s t-test: P<0.05
No statistical significance was found between study groups

Figure 5. Mean daily feed intake variation is study groups (g + SD/24h). In all statistical analysis, P<0.05 was taken as the level

of significance
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compared to both Prevention and Reduction groups at
the end of the study (p>0.05). (Figure 6)

Macroscopic evaluation of the kidneys
The results of visual evaluation of the left and right kid-
ney are given below.

Control group. In the control group. All six animals
had fibrotic kidneys with the small spots of hemorrhag-

Student’s t-test: P < 0.05
No statistical significance was found between study groups

es visible in both left and right kidney. Moreover in four
of six animals in both sectioned kidneys small stones or/
and crystals were visible.

Prevention group. Two of six animals had normal
kidneys, three had a small amount of crystals visible
only in one kidney (left or right). One had small stones
and crystals visible in both kidneys. (Figures 7a, 7b
and 7c¢)

Figure 6. Body weight during the pre-treatment and treatment phases (kg + SD). In all statistical analysis P < 0.05 was taken

as the level of significance

No macroscopic changes visible.

Figure 7a. An example of cross-sectioned normal kidneys (Prevention group)
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Left and right kidneys: stones/crystals and abnormal cavities in medulla visible.
Figure 7b. An example of cross-sectioned kidneys with pathological changes (Prevention group)

Left and right kidneys: stones/crystals and fibrotic changes visible.
Figure 7c. An example of cross-sectioned kidneys with pathological changes (Prevention group)
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Reduction group. Two of six animals had normal kid-
neys. Four animals had fibrotic kidneys with small cav-
ities and small stones or/and crystals in visible in both
left and right kidneys.

Histological evaluation of the kidneys

Thickness of the kidney cortex. No differences in the kid-
ney cortex thickness was visible within groups (p>0.05).
Similarly, there was no difference measured between the
Control, Prevention and Reduction groups (p>0.05).
(Table 3)

Table 3. Mean thickness of the kidney cortex (um =+ SD).
In all statistical analysis P<0.05 was taken as the level of

significance

Cortex thickness Average
Control 4.68 + 0.64
OxDc-slurry 4.75+0.83
OxDc-lyo 4.86+0.71

Student’s t-test: P<0.05
No statistical significance was found between study groups

Histology examination using Yasue specific CaOx stain-
ing. CaOx stones were found mostly in the medulla of
the kidney, suggesting that CaOx deposits are the result
of oxalate precipitation during filtration through proxi-

mal and distal tubules. All animals in control group de-
veloped CaOx visible crystals in kidneys. Interestingly,
in the group that was treated with OxDc-lyo (Reduction
group) two out of six animals had normal kidneys with-
out visible stones or crystals, while in the group treated
with OxDc-slurry (Prevention) only one out of six pigs
had normal (healthy) kidneys. (Table 4)

Discussion

based on the obtained results we believe that we have
archived to develop a swine model of dietary induced
primary hyperoxaluria. Most of the available data on
kidney stone models concern rodents or piglets.>® Al-
though, our study is not the first presenting swine
model of hyperoxaluria and stone formation, the nov-
elty in the study was that we have archived the goal
by administering to the pigs relatively low concentra-
tions of HP in diet, when compared to other experi-
ments."** This can be of great importance when taking
under consideration the overall condition of animals.
Modification of the diet by high dosing of HP or eth-
ylene glycol may lead to appetite loss, lowering or
gaining weight and may interfere the water intake and
urine excretion.'®'' Moreover, some data suggests that
it may also cause metabolic acidosis and may lead to
renal dysfunction.’® All of the above mentioned dis-

Table 4. CaOx depositions in cortex (C), intermedulla (C-M) and medulla (M) of kidneys after staining with Yasue’s metal
substitution method that specifically detects calcium oxalate depositions*

Group Pig # Left kidney Right kidney
C C-M M C C-M M
727 none none minimal none none minimal
- 747 none none minimal none none minimal
% 757 none none none none none minimal
(&) 760 none none minimal none none minimal
765 minimal minimal minimal none minimal moderate
777 minimal minimal moderate none minimal moderate
- 724 none none minimal none none minimal
'5 730 none minimal minimal none none minimal
_g 735 none minimal minimal none minimal minimal
Q 751 none none none none none none
o 759 none none minimal none none minimal
775 minimal minimal moderate minimal minimal moderate
731 minimal minimal moderate minimal minimal moderate
e 749 none none none none none none
g 754 none none none none none none
5 761 none minimal minimal none minimal moderate
763 minimal minimal minimal minimal minimal moderate
783 none none minimal none none minimal

* For grading the severity of nephrocalcinosis, the scoring was done under a four category scale. The scoring was the
following: none, no oxalate crystals in any field; minimal, 1-5 crystals in any field; moderate 6-10 crystals in any field; severe-

all fields with multiple depositions of crystals.
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crepancies may have an impact on the results of the
studies with enzymes, drugs, etc., for which, in fact,
animal kidney stone models are designed for, and,
which is obviously of great importance for final out-
come of studies. Of course, our newly developed mod-
el is not ideal, all pigs in control group and majority of
animals in Reduction group had kidneys with clear-
ly visible fibrotic changes, which raises the question
about reliability and/or reversibility of this mod-
el. Further studies are needed to elucidate, at least in
part, to what extend such way induced fibrotic chang-
es may influence renal function.

In the presented study, supplementation of a typical
diet with 4% HP did not influence weight gain, water or
feed intake or urine excretion, creatinine clearance, and
last but not least, the overall condition of the animals.
However, we have surprisingly observed significant-
ly lower oxalate excretion in the Control group when
compared to the Reduction group both before and after
the addiction the OxDc lyo to the diet. This is at least
in part similar to the observations made by Kaplon et
al., who observed, after a short peak in the first day of
the oral 10% HP administration, a subsequent decline
in urine oxalate levels despite continued feeding.’ This
is contrary to the results obtained by others as well as
to our own results from previous experiments in which
urine oxalate levels have significantly raised during the
first few days and did not decline immediately after the
HP enriched diet was ceased.>'® The explanation for this
could be the individual differences in metabolic capacity
and/or the influence of other, until now, unknown fac-
tors. But, we can be almost sure that the decline in oxa-
late urine levels observed in the Control group was not a
result of the diet administration, because, as mentioned
above, there were no differences in feed intake both
within and between study groups. On the other hand,
HP absorption in the gut and/or its subsequent metabo-
lism to oxalate may have a rate limiting step, which was
clearly shown by Bushinsy et al., who concluded that ox-
alate levels may not be strictly dose-related to HP in the
diet."" Anyway, above described discrepancies raise also
one more, very important issue regarding the action and
effectiveness of OxDc, which in fact, was also the aim of
the study.

Although the difference between the Control and
Reduction group after 2 days of treatment (20* day of
experiment) was found, it should not be attributed to in-
creasing the oxaluria by 4% HP diet in Control animals,
but rather to the decreasing oxaluria by the administra-
tion of OxDc lyo in the Reduction group. Moreover, the
same issue does not allow us to conclude that the low
oxaluria in the OxDc slurry receiving animals was really
the result of enzyme action in the animal gut. Howev-
er, we do not exclude such a possibility since macro-
scopic changes seen during the gross examination of the

kidneys were much less advanced in animals receiving
4% HP enriched diet together with OxDc slury than in
those receiving 4% HP enriched diet alone.

Both OxDc slurry and OxDc lyo were well tol-
erated and did influence water or feed intake as well
as urine excretion and creatinine clearance. In the
OxDc lyo receiving animals, we have observed a trend
toward decreasing oxaluria during the first days of
therapy (from the 18" until the 20™ day of experi-
ment), however, starting from day 21, urinary oxalate
again increased reaching almost 40 mg/24h at the end
of the study.

Another interesting observation from the present-
ed study is that CaOx crystal/stone formation doesn’t
always correlate with the level of hyperoxaluria. Only
the minimal urine oxalate excretion was recorded in
the Control and Prevention group and yet, the majority
of the animals had crystals or/and stones. On the other
hand, in the Reduction group, where hyperoxaluria was
relatively high, both gross and histopathological analy-
sis did not show more pathology than we seen in other
study groups.

Conclusions
In the presented experiment, we have created a model of
hyperoxaluria in young pigs by increasing the amount of
HP in the diet up to 4%. Histological and gross evalua-
tion of the kidneys allows us to conclude that it is also
a model for pig nephocalcinosis, due to clearly visible
calcium oxalate crystals and small stones in renal tis-
sue. The capacity of OxDc enzyme in preventing hyper-
oxaluria induced by HP enriched diet was moderate.
This was most probably due to the incoherent response
of study animals to the HP enriched diet dependent on
their gut pH. It is well known that optimum pH for ox-
alate decarboxylase is around 5-6. Any higher pH es-
sentially reduces the activity of oxalate decarboxylase.
Anyway, the capacity of OxDc enzyme in reversing the
hyperoxaluria induced by a HP enriched diet was sig-
nificant during the first 2 days after introducing OxDc
to the diet.

The model presented can be extrapolated to humans
for future research. The rationale is that we nearly imi-
tated the mechanisms which are, at least in part, respon-
sible for the kidney stone formation in humans as in e.g.
diet overloaded in animal protein and/or a highly acid-
ifying diet. Moreover, pigs are believed to be the best
model humans, due to very similar renal physiology and
anatomical structure.
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