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Abstract

Background There are currently three distinct autosomal re-
cessive inherited types of primary hyperoxaluria (PH: PHI,
PHII, and PHIII), all characterized by the endogenous over-
production of oxalate. The PH type is difficult to differentiate
by clinical features alone. In addition to universal general
characteristics to all hyperoxaluria subtypes, specific urinary
metabolites can be detected: glycolate in PHI, L-glyceric acid
in PHII, and hydroxy-oxo-glutarate (HOG) in PHIIIL. PHIII is
considered to be the most benign form and is characterized by
severe recurrent urolithiasis in early life, followed by clinical
remission in many, but not all patients. We examined urinary
HOG (Uypg) excretion as a diagnostic marker and its corre-
lation to progression of the clinical course of PHIIIL.
Methods Uyog was analyzed by combined ion
chromatography/mass spectrometry (IC/MS) in urine samples
from 30 PHIII and 68 PHI/II patients and 79 non-PH
hyperoxaluria patients.

Results Mean Uyog excretion was significantly higher in pa-
tients with PHIII than in those with PHI/II and in non-PH
patients(51.6 vs. 6.61 vs. 8.36 umol/1.73 m?/24 h, respective-
ly; p<0.01).

Conclusions Significantly elevated Uyog excretion was ex-
clusively seen in PHIII patients and showed a 100 % consen-
sus with the results of hydroxy-oxo-glutarate aldolase
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(HOGAI) mutational analysis in newly diagnosed patients.
However, Uyog excretion did not correlate with clinical
course on follow-up and could not be used to discriminate
between active stone formers and patients with a clinically
uneventful follow-up.
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Introduction

Primary hyperoxaluria (PH) is a severe kidney stone disease
that frequently results in recurrent stone formation, renal fail-
ure, and multisystemic disease [1, 2]. Three types of PH have
been identified to date (PHI, PHII, PHIII), with all types char-
acterized by defective glyoxylate metabolism that results in
significant endogenous overproduction of oxalate and thus
elevated urinary excretion of oxalate. The clinical hallmarks
of the disease are recurrent urolithiasis and/or progressive
nephrocalcinosis [3—5]. Although each type of PH differs in
terms of clinical and laboratory features, there is a large over-
lap of symptoms and signs which makes differentiation on
clinical and biochemical bases alone challenging.

The genetic basis of PHIII (OMIM 613616) is loss of func-
tion mutations in the hydroxy-oxo-glutarate aldolase 1 gene
(HOGA) that codes for an enzyme which plays an important
role in hydroxyproline metabolism in liver mitochondria
[6-8]. The lack of HOGA1 enzymatic activity leads to a high
amount of hydroxy-oxo-glutarate (HOG), which leaks from
the mitochondria into the cytosol, where it is believed to in-
hibit the action of glyoxylate-reductase/hydroxypyruvate re-
ductase (GRHPR; defective in PHII). Inhibition of GRHPR
makes more glyoxlyate precursor available for oxalate
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generation, thus leading to significant hyperoxaluria (>1
mmol/1.73 m*/day) [6, 7, 9].

Patients with PHIII typically present with (severe) recurrent
kidney stone passages, often as soon as in early infancy [4, 5,
8, 9], which frequently lead to invasive stone removal proce-
dures. The clinical difference between PHIII and the two other
forms of PH is the decline in severity of clinical symptoms
over time [1, 4, 5, 8]. Moreover, to date only one patient with
PHIII with end stage renal disease (ESRD) has been reported
to date [10], which is quite different to PHI (with patients
having approx. a 100 % risk of ESRD over time) [3, 7, 9]
and PHII (approx. 20% risk of ESRD) [11].

Next to the clinical course, urinary excretion parameters
may better help to differentiate between types. In PHI
(OMIM 259900), which is caused by a lack of liver-specific
alanine:glyoxylate aminotransferase [2, 12], urinary glycolate
excretion is also elevated in most patients [4]. PHII (OMIM
260000) patients have a reduced activity of glyoxylate/
hydroxypyruvate reductase, leading to an elevated urinary ex-
cretion of L-glyceric acid in most patients [4, 13]. Although
urinary calcium excretion is typically low in patients with
PHI/II, this may not be the case in those with PHIII who
may demonstrate levels in the upper normal range or even
hypercalciuria, while hyperuricosuria is occasionally ob-
served [6, 7, 14].

It has been reported that both urinary hydroxy-oxo-
glutarate (Upog) and glutamate concentration and excretion
are increased in patients with PHIII [6, 15, 16]. In the study
reported here we examined Uyog concentrations to establish a
diagnostic marker for PHIII in our laboratory. We also looked
at whether changes in the Uyog excretion pattern could pos-
sibly serve as a prognostic marker.

Materials and methods

A total of 30 patients with PHIII, 65 with PHI, and three with
PHII, as well as a control group of 79 non-PH-patients with
secondary or unclassified hyperoxaluria, were enrolled in this
study. All patients had been completely genotyped for the
three known PH genes: AGXT, GRHPR, and HOGAI by
Sanger sequencing. We analyzed the first urine samples col-
lected after presentation in our outpatient clinic for HOG as
well as the follow-up urine samples for all PHIII patients. In
total, 280 urine samples (88 spot urine samples and 192
twenty-four-hour urine samples) of 177 patients were collect-
ed and analyzed using an ion chromatography/mass spectros-
copy (IC/MS) method: 69 samples from PHI/II patients, 110
samples from PHIII patients, and 101 urine samples from non-
PH patients. Long-term follow-up data were available for
29 PHIII patients. Mean patient age was 16.6, 6.8, and 9.3
years for patients with PHI and II, patients with PHIII,
and non-PH patients.
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Adequate urine preservation was necessary to ensure the
stability of Uyog over time. Preparation of urine specimens
(24-h urine samples, spot urine samples) included acidifica-
tion with HCI to a pH of <1.5 directly after collection. The
acidified samples were frozen promptly after preparation if not
directly analyzed. For analysis, samples were diluted 100x
with 0.20 M boric acid solution. The IC/MS system used
(ICS 3100 ion chromatography system and MSQ+ mass spec-
trometer; Thermo Fisher Scientific, Waltham, MA) was
equipped with an analytical column (AS11, high efficiency)
and a guard column (AG11) as the stationary phase. For the
mobile phase, KOH (Thermo Fisher Scientific; 3 KOH eluent
generator cartridge) with a gradient of 5 mM gradually
ramping to 100 mM was used in the IC. The flow rate was
set at 0.3 ml/min and the ramping included the following
steps: 5 mM concentration until min 5.9, followed by a linear
gradient from 5 to 52.5 mM until min 21; thereafter a 100 mM
concentration was set until min 24.2 after which, the concen-
tration went back to 5 mM until 38 min.

The system was calibrated using five standards of increas-
ing concentrations of HOG (0.05, 0.125, 0.25, 0.4, and 0.5
umol). The HOG used for calibration was purchased from
Santa Cruz Biotechnology (Dallas, TX). The M/S was cali-
brated to a span of 0.30 m/z at 161 m/z, negative polarity,
dwell time of 0.5s, cone voltage of 25V, and a probe temper-
ature of 450°C for optimal HOG detection.

Statistical analysis was performed using SPSS statistics
(IBM Corp., Armonk, NY). A p value of <0.05 was consid-
ered to be significant.

Results

Our IC/MS assay allowed a rapid identification of the metab-
olite HOG in urine samples with a between-run coefficient of
variation for urine HOG analysis of 0.15, repeated 100 times.
Multiple evaluations of individual samples revealed a high
degree of reproducibility. Multiple determinations of samples
+ added HOG concentrations (1, 2, and 5 umol/l) yielded
showed complete agreement with the added measured con-
centrations. The lower limit of detection was 0.03 pwmol/l.

Unog concentrations and especially Uyog excretion and
the HOG/creatinine ratio enabled PHIII patients to be discrim-
inated from PHI and PHII patients, and non-PH patients. The
Mean Uy g excretion from all primary urine samples of PHIII
patients taken at first presentation [68.91 (range 9.29-340.09)
umol/1.73 m*/24 h] was substantially higher than those of
PHI/II patients [6.61 (range 0.64—14.93) pumol/1.73 m?/24 h]
and non-PH patients with hyperoxaluria [mean 8.73 (range
0.06-24.11) umol/1.73 m*/24 h (p < 0.01) (Table 1).

For the 24-h urine samples in the follow-up examinations
(n = 139), mean Uypg excretion was 6.61 pmol/1.73 mz/day
in patients with PHI/IT (n = 34 samples) and 8.34 umol/1.73
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Table 1  Hydroxy-oxo-glutarate (HOG) values in first urine samples
analyzed in patients with primary hyperoxaluria types I, I, and III and
in patients without primary hyperoxaluria, expressed as excretion,
concentration, and the HOG/creatinine ratio

Patient group Parameter HOG HOG HOG
/creatinine excretion concentration
ratio (umol/  (umol/1.73  (umol/L)
pmol) m*/day)

PHUIland Mean 0.1097 7.8650 3.3606

non-PH- 103 83 147
Patients =\ redian  0.0862 7.7257 32116
PH III Mean 2.4263 68.9129 41.7391

n 27 21 30
Median  0.5968 43.3192 21.0476

PH, Primary hyperoxaluria

m?/day for non-PH patients (n = 58 samples). In PHIII pa-
tients, mean Uyxog excretion was fivefold higher (51.6
umol/1.73 m*/24 h; p < 0.01, n=47 samples), as graphically
demonstrated in Fig. la.

As occurs with many urinary metabolites, we ob-
served heterogeneity in HOG excretion in PHIII and
non-PH patients (range 0.063—340.09 umol/1.73 m*/24
h), such that low Uyog excretion in PHIII patients o-
verlapped with comparatively high Upyog excretion in
PHI/IT and non-PH patients. The lower HOG wvalues
measured in PHIII patients were obtained at follow-up
and not at the time of diagnosis.

We calculated the HOG/creatinine ratio (pmol/pmol) of all
spot urine samples (» = 79 with available creatinine levels). It
was over tenfold higher in PHIII patients (3.73, range <0.01-
25.68) than in PH I/II patients (0.27, range 0.05-1.0) or in
non-PH patients (0.05-0.52), respectively (p < 0.05). The
mean HOG/creatinine ratio for all urine samples (spot and
24-h urine samples) for which HOG and creatinine levels were
available(n = 224) were also substantially higher in PHIII
patients (2.1, range <0.001-25.68) than in PHI/IT patients
(0.11; range 0.007-1.0) and in non-PH patients (< 0.001—
0.52), respectively (p < 0.05 (Fig. 1b).

Sensitivity for Uyog concentration as a screening parame-
ter in the urine samples was 76.7% for a cutoff value of 10
umol/l, and the specificity was 100% tested for all first urine
samples collected after first presentation (positive predictive
value: 100%; negative predictive value: 94.7%). Uyog excre-
tion with a cutoff value of 24 umol/1.73 m?/24 h showed a
specificity of 99% and a sensitivity of 75%; for a HOG/
creatinine ratio with a cut-off value of 0.3 umol/umol, the
results were comparable with a sensitivity of 66% and a spec-
ificity of 95%.

The receiver operating characteristic (ROC) curve analysis
showed an area under the curve of 0.92 for HOG excretion,

0.89 for Uyog concentration (umol/1) and 0.89 for the HOG/
creatinine ratio (Fig. 2). Uyog concentration in our follow-up
PHIII cohort (n = 29) ranged from 3.58 to 116.41 (median
17.0) umol/l, and the HOG/creatinine ratio (n = 25) ranged
from 0.11 to 8.31 (mean value 1.12) wmol/umol. There was
no correlation between Uy og concentrations and urinary ox-
alate concentration in the same urine samples (log Pearson-
correlation 0.138), nor between Uy and patient age (Fig. 3).

There were no significant changes in the results when
the cohort was divided into active stone former (AS),
i.e., those patients who either showed ongoing stone
passages or developed new stones, as shown in imaging
procedures (urolithiasis, » = 8), and patients in clinical
remission (CR; completely asymptomatic or asymptom-
atic stones in situ, n=21). Uyog excretion levels in 24-h
urine samples were analyzed in 18 PHIII patients in
follow-up consultations, with levels ranging from 16.8
to 340.1 pmol/1.73 m?/24 h. There was no significant
difference in HOG excretion levels among AS and CR
patients (p = 0.14), although the mean Uyog in AS was
146.25 umol/1.73 m?*/24 h (n = 6) compared to 39.54
umol/1.73 m?/24 h in CR patients (n = 12) (Fig. 4).

Analysis of the HOG/creatinine ratio (n = 25) also
did not reveal any significant difference between AS
and CR patients (mean ratio 1.4 vs. 0.99 pmol/pumol,
respectively, p = 0.5). Mean estimated glomerular filtra-
tion rate (¢GFR) was comparable between groups (105.2
ml/min in AS vs. 118.4 ml/min in CR).

Within our PHIII cohort we detected five new
HOGA1 mutations (c.206T>G [p.F69C], c.580G>A
[p.G194S], ¢.209G>C [p.R70P], c.110G>A [p.G37D],
c.634A>C [p.Thr212Pro], and c.661G>C [p.Ala221Pro]
on the same parental allele) and reconfirmed some of
the previously identified private mutations from other
groups. Initial complaints of the follow-up cohort (n =
29) were urolithiasis or suspected urinary tract infection
in most of the patients. In the long-term follow up
(mean 6.04 years, range 1-17 years) 55% of patients
showed complete clinical remission. The main stone re-
moval procedure was lithotripsy, which was frequently
performed multiple times (Table 2).

Four patients developed chronic kidney disease
(CKD) stages 2-3 (GFR 53-89 ml/min per 1.73 m?
calculated by the Schwartz formula), which may be
due to the underlying severe hyperoxaluria per se.
However, all four patients underwent repeated stone re-
moval procedures, mostly lithotripsies (between >2 and
16 times), which normally is regarded as an obsolete
method in a patient with PH. Overt nephrocalcinosis
was not found in any of these patients. All other pa-
tients in the follow-up with a better eGFR (range 95—
185 ml/min), had only undergone <2 stone removal
procedures.

@ Springer
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Discussion and symptoms and other urinary excretion parameters

We successfully established an easy and reliable urine
screening test to better evaluate patients with PHIII in
our laboratory. We were able to prove that analysis of
Unog provided significant evidence for type III PH,
which was later verified by genetic testing in all pa-
tients. Based on these results, increased Ugog can be
regarded as a very useful parameter in addition to clin-
ical signs (in our cohort mostly recurrent urolithiasis)

@ Springer

(e.g. higher calcium and uric acid values) that may
point to a diagnosis of PHIII [6]. In particular, the spec-
ificity of the analysis was high, suggesting a solid
screening parameter. Therefore we now include Uyog
in our random urine hyperoxaluria panel (in addition
to oxalate, glycolate, and glyceric acid). However, there
was no specific correlation of Uyog with urinary oxa-
late excretion, age of patients, clinical severity and es-
pecially follow-up.
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Fig. 2 Receiver operating characteristic (ROC) curve showing an area under the curve of 0.92 for hydroxy-oxo-glutarate (HOG) excretion (a), 0.89 for
urinary HOG concentration (b), and 0.89 for the HOG-creatinine ratio (c¢), based on all urine samples

We observed a HOG excretion threshold of 24 umol/1.73
m?/24 h and a HOG/creatinine ratio of 0.3 to be a very con-
servative (cutoff) values for the diagnosis of PHIIL

In two asymptomatic siblings of an index case, Uy ex-
cretion data provided evidence of subclinical PHIII, which
was then genetically proven. In two new patients, HOG/
creatinine ratios of 4 and 21 led us to suspect PHIII, which
was then also proven by genetic testing.

Taking the different therapeutic regimens and prognosis for
each PH type into consideration, a more rapid and disease-
specific intervention is possible with adequate diagnostic eval-
uation. In PH type I disease, vitamin B6 medication leads to a
decrease in endogenous oxalate production in around 30 % of
patients [17, 18]. This, however, is not a therapeutic option in

patients with PH type III disease and might even lead to severe
side effects (neurologic, acne and, recent personal experience,
depression) in these patients. In patients with PHIII a high
fluid intake and measures to increase urinary solubility, such
as by alkaline citrate, are currently the only treatment options
[19, 20].

In our cohort of 29 patients with a long-term follow up,
four patients developed CKD stages 2—3 (GFR 53—-89 ml/min
per 1.73 m?, calculated by the Schwartz formula), but no
ESRD. All of these patients had undergone repeated stone
removal procedures (mostly lithotripsies, with up to 16 litho-
tripsies in a young boy and 13 in a young girl), but no overt
nephrocalcinosis was observed in the imaging procedures.
This is in context to a recently published study by Allard

@ Springer
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Fig. 3 Correlation between
urinary oxalate and hydroxy-oxo-
glutarate (HOG) concentration (in
pmol/l on log scale; log Pearson-
correlation 0.138)
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et al. who also reported GFR impairment in two out of seven
PHIII patients (GFR 77 and 83 ml/min per 1.73 m?) [21]. It
has to be kept in mind that lithotripsy is normally regarded as
an obsolete maneuver for stone removal in patients with PH,
even if no problematic nephrocalcinosis is seen on ultrasound
scans.

The first PHIII patient with ESRD was recently reported [10,
22], suggesting that PHIII may not be as clinically benign as
previously thought. However, the underlying reason of the de-
cline in kidney function remains unclear. Speculatively speak-
ing, it may not be hyperoxaluria or urolithiasis per se, but the

oxalate concentration in pmol/l

repeated stone removal procedures [10, 21]. Therefore, we sug-
gest that each stone removal procedure should be carefully
evaluated and discussed to avoid potential additional damage.
We did not find sound evidence that the level of Uyog
excretion relates to the clinical course and serves as a first
prognostic marker of why most of the patients remain clini-
cally silent in the long run. Nevertheless, in some patients
consistently higher Uyog values were observed with ongoing
urolithiasis, while other patients who were in complete clinical
remission demonstrated low Uyog levels. However, this was
not the case in all patients. Also, we did not find a significant

Fig. 4 Comparison of hydroxy-
oxo-glutarate (HOG) excretion in
active stone formers and patients
in clinical remission/
asymptomatic stones in situ on a
log scale
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difference in Uyog between those patients with ongoing de-
velopment of kidney stones and/or repeated stone passages (=
acute stone formers) and those in clinical remission (no further
stone development in imaging studies, no passage of stones).

It can be speculated that differences in nutrition may be the
most important parameter leading to a change in clinical severity
of the disease, as the hydroxyproline (animal protein) metabo-
lism is hampered [23]. However, the persisting hyperoxaluria in
all PH patients, mostly in the same range over all age groups and
independent of the change in diet from early infancy to young
adulthood, may make further evaluations necessary.

In conclusion, if urine specimens are adequately preserved
directly after collection, Uyog levels provide the first evi-
dence that the patient with recurrent kidney stones and severe
hyperoxaluria may have PHIIL. However, neither a true corre-
lation of Uypg with clinical follow-up nor a differentiation
between active stone formers and patients with a clinically
silent follow-up was apparent in our patient cohort, which is
the largest cohort of PHIII patients studied to date. The clinical
outcome of PHIII is—keeping in mind that data are available
from only a limited number of patients over a relatively short
period of time—mainly favorable although significant
hyperoxaluria persists [3, 6—8]. However, a potential impair-
ment in kidney function has also been observed, thereby pro-
viding evidence that PHIII is clearly not as unproblematic in
the long run as previously thought [10, 21].
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