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Abstract

Background: Primary hyperoxaluria (PH) is a rare autosomal
recessive disorder, mainly due to the increase in endoge-
nous oxalate production, causing a series of clinical features
such as kidney stones, nephrocalcinosis, progressive im-
pairment of renal function, and systemic oxalosis. There are
three common genetic causes of glycolate metabolism
anomalies. Among them, PH type 1 is the most prevalent
and severe type, and early end-stage renal failure often
occurs. Summary: This review summarizes PH through
pathophysiology, genotype, clinical manifestation, diagno-
sis, and treatment options. And explore the characteristics of
Chinese PH patients. Key Messages: Diagnosis of this rare
disease is based on clinical symptoms, urinary or blood
oxalate concentrations, liver biopsy, and genetic testing.
Currently, the main treatment is massive hydration, citrate
inhibition of crystallization, dialysis, liver and kidney trans-
plantation, and pyridoxine. Recently, RNA interference drugs
have also been used. In addition, technologies such as gene
editing and autologous liver cell transplantation are also

being developed. C.815_816insGA and c.33_34insC muta-
tion in the AGXT gene could be a common variant in Chinese
PH1 population. Mutations at the end of exon 6 account for
approximately 50% of all Chinese HOGA1 mutations. Cur-
rently, the treatment of PH in China still relies mainly on
symptomatic and high-throughput dialysis, with poor
prognosis (especially for PH1 patients).

© 2024 The Author(s).
Published by S. Karger AG, Basel

Introduction

Primary hyperoxaluria (PH) is a rare autosomal re-
cessive inherited disease, mainly caused by increased
endogenous oxalate production, leading to a series of
clinical features such as kidney stones, renal calcinosis,
progressive renal function damage, and systemic oxalate
deposition. This review mainly introduces PH through
pathophysiology, genotype, prevalence, clinical mani-
festations, evaluation, and treatment. Meanwhile, by
collecting literature, the genetic characteristics of Chinese
patients with PH were summarized.

Oxalate is an insoluble product. About 60-80% of
plasma oxalate is synthesized from glyoxylate in the liver,

karger@karger.com © 2024 The Author(s).
www.karger.com/kdd Published by S. Karger AG, Basel

\',; This article is licensed under the Creative Commons Attribution-
Ka rg e r A NonCommercial 4.0 International License (CC BY-NC) (http://www.

karger.com/Services/OpenAccessLicense). Usage and distribution for

BOPEN ACCESS commercial purposes requires written permission.

Correspondence to:
Guixia Ding, bhgyuan @ 163.com


https://www.karger.com/kdd
https://www.karger.com/kdd
https://doi.org/10.1159/000539516
mailto:karger@karger.com
https://www.karger.com/kdd
http://www.karger.com/Services/OpenAccessLicense
http://www.karger.com/Services/OpenAccessLicense

Hyp

Peroxisoms

Fig. 1. Glyoxylate metabolism pathway in
liver cells. Red: the type of PH caused by the
affected enzyme. Hyp, hydroxyproline;
HOG, 4-hydroxy-2-ketoglutarate; HOGA,
4-hydroxy-2-ketoglutarate aldolase; LDH,
L-lactic dehydrogenase; GR, glyoxylate
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and only 5-15% of dietary oxalate is normally absorbed
[1]. Oxalate is almost completely discharged from the
kidney. Therefore, when the excretion of oxalate in the
urine is too high, hyperoxaluria will occur.
Hyperoxaluria can be divided into three forms: idio-
pathic, intestinal, and primary. Among them, idiopathic
hyperoxaluria is the most common form, which may be
induced by excessive intake of oxalate diet or oxalate
precursors, or insufficient calcium diet. Intestinal hy-
peroxaluria is mainly exacerbated by intestinal resection
or indigestion brought on by inflammatory bowel disease,
resulting in increased absorption of oxalate in the in-
testine. The PH discussed in this review is the result of
abnormal endogenous glyoxylate metabolism, caused by
autosomal recessive inheritance. Therefore, when pa-
tients experience increased urinary oxalate excretion, it is
necessary to exclude secondary hyperoxaluria caused by
excess intake of oxalate, oxalate precursors, or alteration
in intestinal microflora. This is before considering PH [2].

The Pathogenesis of PH

PH is mainly divided into three types (shown in Fig. 1).
PH type 1 (PH1; OMIM 259900) is the most common
and severe PH form, which accounts for about 80% of PH
patients [3] and requires frequent healthcare resource
use. PHI1 is due to the absence of alanine: glyoxylate
aminotransferase (AGT).

PH type 2 (PH2; OMIM 260000) has a lower incidence
rate than PH1 (about 20% of PH) and is considered less
invasive than PH1, although it occurs earlier. PH2-related
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mutations in the GRHPR gene are found in 15% of pe-
diatric PH positive populations [4]. It lacks glyoxylate
reductase/hydroxypyruvate reductase (GP/HPR) due to
GRHPR gene mutation. Compared to PH1, PH2 patients
seem to have a lower likelihood of developing CKD5 at
diagnosis, and no patients have progressed to CKD5
before the age of 15 [5].

PH type 3 (PH3; OMIM 613616) is the rarest type. But
PH3 is still an early onset, recurrent stone disease and PH3
have a trend toward earlier diagnosis (median 4.9 years of
age) compared with PH1 (11Y) and PH2 (9.5Y), and had a
median age at first symptoms of 2.7Y [6]. PH3 was pre-
viously considered the lightest form, but recently it has been
found that more than 20% of PH3 patients have chronic
renal dysfunction [7]. PH3 is mainly due to the lack of 4-
hydroxy-2-ketoglutarate aldolase (HOGA), which is mainly
expressed in liver and kidney, encoded by HOGA1 gene.

All three types of PH often result in an increased
endogenous oxalate production. Hence, if the amount of
oxalate exceeds the kidney excretion capacity, oxalate
could deposit in the kidney and it can cause renal
function damage by inducing inflammation [8]. Recent
studies have shown that CaOx crystals activate the
NLRP3 inflammasome, leading to acute kidney injury
(AKI) or progressive renal failure [8, 9].

Genotype of PH
Three aberrant loci have been identified in the path-

ogenesis of PH: AGXT (PHI1), GRHPR(PH2), and
HOGA1 (PH3). Only scattered PH cases have been
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reported in China, despite its large population. The PH
variant spectrum in China has not been well documented.
We have summarized the currently reported mutations in
AGXT, GRHPR, and HOAGI in Chinese patients with
PH (shown in Fig. 2). Based on the keywords PH and
Chinese, we retrieved relevant literature on genetic var-
iations for Chinese patients with PH in the PubMed
database (https://www.ncbi.nlm.nih.gov/pubmed/) and
Wanfang database [10-43] (online suppl. Table 1; for all
online suppl. material, see https://doi.org/10.1159/
000539516).

Genotype of PHI

AGXT is located at 2q36-q37, which encodes AGT. At
present, there are at least 285 AGXT mutants (http://
www.hgmd.cf.ac.uk). Harambat et al. [44] conducted
DNA analysis on 140 patients from 116 families and
found three of the most common AGXT mutation alleles:
p.G170R, p.I244T, and c.33dupC account for approxi-
mately 26%, 20%, and 12% of the AGXT mutation alleles,
respectively. Among them, patients with mutations in the
first two are mainly from Western Europe and North
Africa. In Egypt, the most common mutation is
p.Gly41Arg, and mutations in exons 1 and 7 account
for >75% of the pathogenic variants in Egyptian patients
diagnosed with PH1 [45]. In a retrospective study [46], it
was found that patients with p.G170R and p.F152I var-
iants had the lowest risk of renal failure.

Genetic Characteristics of PHI in Chinese Patients

In China, a total of 79 PH1 patients have been reported.
There is evidence that mutations ¢.33_34insC (22/165) and
c.815_816insGA (14/165) are common among Chinese
people (shown in Fig. 2a). It is worth noting that the high-
risk mutation sites are mainly concentrated in the first and
sixth exons, especially in multiple cytosine (C) repeat
regions and guanine and adenine repeat regions, and
preliminary screening can be selectively performed on
exons with high incidence of mutations. Therefore,
c.815_816insGA and c.33-34insC are recognized as hot-
spots for AGXT mutations in China, and it is worth noting
that they may be associated with poor prognosis [30].

Children and adults with PH1 carrying the same
mutation may experience completely different outcomes:
ranging from kidney stones to end-stage kidney disease,
indicating significant heterogeneity in genotypes. How-
ever, the three most common misread AGXT variants
reported by Caucasians (p.G170R, p.1244T, and p.F1521)
are extremely rare in the Chinese population [13] and the
most common mutation in Tunisia (p.1244T) [47] has not
been found in China, indicating regional differences in
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the AGXT mutation spectrum. On the other hand, the
c.679_(IVS6+2)del AAGT mutation is considered a spe-
cific mutation in the Chinese population [48].

Genotype of PH2

So far, 75 GRHPR gene mutations have been found in
PH2 patients. Garrefs et al. [5] performed genetic testing
in 102 PH2 patients and analyzed that three major ge-
notype groups occurred: c.103delG, c.404+3_404+6del,
and c.494G>A. There may be rare mutation hotspots in
Caucasians (c.494G>A, 60%); the second is intron
splicing site variation (c.735-1G>A) [49]. All patients
with the ¢.103delG mutation were Caucasian [50].

Genetic Characteristics of PH2 in Chinese Patients

Reports of PH2 patients in China are rare. A total of 10
PH2 patients with 8 types of mutations were reported
(identify GRHPR gene mutations) (shown in Fig. 2b).
Among them, mutations in exon 8 [c.864_865delTG
(p.-V289Dfs*)] were the most common (12/20). We be-
lieve that c.864_865delTG is a hot spot mutation of
GRHPR in China.

Genotype of PH3

PH3 is caused by mutations in the 4-hydroxy-2-ox-
oglutarate aldolase (HOGA1I) gene. At present, 73 mu-
tations have been found, including two of the most
common alleles (c.700+5G>T23 and p.E315del), ac-
counting for about 70% of the HOGA1 alleles [51].
P.G287V and p.E315del account for 95% of the allele
count in patients of Ashkenazi Jews ancestry [52].

Genetic Characteristics of PH3 in Chinese Patients

A total of 61 PH3 Chinese patients were collected, in-
volving a total of 25 types of HOGAI gene mutations
(shown in Fig.2c). Among them, missense mutations ac-
count for the vast majority (21/25). Mutations are mainly
concentrated in exons 6 and 7. Splicing site mutations
c.834_834+1delGGinsTT are the most common, ac-
counting for 27.8% (34/122). The second missense mu-
tation is ¢.834G>A, accounting for 22.1% (27/122). Mu-
tations at the end of exon 6 account for approximately 50%
of all Chinese HOGA1 mutations. The Chinese population
may carry more HOGAI mutations than expected.

PH Patients without Detected Genetic Mutations

Although some patients exhibit the cardinal clinical
manifestations of PH, subsequent genetic screenings fail
to uncover suspected genetic causes of the disease.
Williams et al. [53] analyzed 28 patients with high sus-
picion of PH (excluding AGTX and GRHPR mutations),
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and only 15 patients had HOGAI gene mutations.
Similarly, in the study of Hopp et al. [3] 11.3% of 301 PH
families had clinical phenotypes consistent with PH, but
no mutations were detected in known genes.

This indicates that there are other unknown genetic
defects in glyoxylate metabolism and importantly, it also
implies that the prevalence of PH is higher than what is
currently anticipated. It is worth noting that some pa-
tients may have mutations located in deep introns, so
extended atypical splicing sites and copy number vari-
ation analysis are necessary. They can increase the di-
agnostic rate of typical exome sequencing analysis for PH
from 26% (20/77) to 35% (27/77) [54]. In China, there
may be a large number of undiagnosed PH patients,
especially children and adults with renal stones.

Clinical Manifestations and Laboratory Tests

Kidney Stones and Nephrocalcinosis

In most cases, patients with PH suffer from recurrent
kidney stones, which cause pain, inflammation, and
hospitalization. The presence of these stones seriously
affects the lives of patients. 84.0% and 81.6% of patients
experienced PH1-related hospitalization and emergency/
care [55]. And there is a positive correlation between
urinary calcium excretion and stone events every year [6].
Even though PH3 is considered a mild type, PH3 patients
have experienced recurrent stone events throughout all
decades of life, similar to PH1 and PH2 [6, 56]. The
progress of PH patients can be reflected in the analysis of
stone load. Imaging methods usually observe the size,
location, and changes of stones and nephrocalcinosis
(NC) progress. However, there are no longitudinal data
recording kidney stone number and size changes in PH
patients. It is worth noting that when patients develop to
CKD stage, the activity of renal stones may be improved.
This is because less calcium and oxalate are excreted due
to renal excretion decline [57]. It is worth noting that NC
is an independent risk factor for renal failure [58].

In short, PH patients’ progress can be reflected through
kidney stone monitoring and NC. However, there are still
shortcomings such as the lack of unified standards, the lack
of monitoring methods, and the performance of late-stage
patients cannot correctly reflect the disease condition.

Renal Function

Due to the accumulation of oxalate and local in-
flammation, renal function and estimated glomerular
filtration rate of PH patients decrease progressively. PH
patients’ symptoms and age vary greatly when diagnosed,

Mutations and Diagnosis and Treatment of
Primary Hyperoxaluria

especially PH1, including patients who reached CKD in
infancy and mild adult recurrent kidney stones. In a
patient registration [59], 43% of PH1 patients had ESRD
at the time of diagnosis, 14% of registered patients died
during the period. The renal outcome in infants with PH
was the worst (ESRD at visit was 80%) [60] and the
mortality rate seemed to be higher (23.1%) [61].
Therefore, early screening and diagnosis of PH in chil-
dren and intervention before renal function declines can
effectively protect renal function.

Systemic Hyperoxalemia

When plasma oxalate exceeds 35-50 mmol/L, its
physical and chemical properties are conducive to crys-
tallization, leading to systemic calcium oxalate crystal
deposition. Oxalate deposition usually occurs in the bone,
eye, blood system, heart, skin, and other systems, affecting
the function of the system (shown in Fig. 3). In recent
years, a small number of reports have been made on the
oral manifestations of PH patients, such as toothache,
periodontal infections, etc. The oral manifestations are
mainly described in late-stage PH and only after the onset
of chronic kidney disease [62]. The patient will suffer
cardiomyopathy, cardiac conduction disturbances, vas-
culopathy, anemia, and osteopathy (crisp pain). Assessing
the oxalate load of each system through imaging and other
examinations helps assess the severity of the disease.
Milliner et al. [57] proposed that the use of spectral domain
optical coherence tomography retinal imaging, speckle
tracking echocardiography, cardiac elastography, and
quantitative calcium oxalate deposition by computed to-
mography or magnetic resonance imaging for evaluation.

Urine Oxalate

PH patients have increased urinary oxalate. Normal
oxalate excretion cannot exclude PH diagnosis in sus-
picious patients. Follow-up observations [63] found that
the degree of hyperoxaluria at baseline was associated
with renal outcome, i.e., the higher the level of uric
oxalate, the increased risk of renal function damage. Sas
et al. [64] found that children under the age of 5 with PH1
have relatively higher urinary oxalate excretion, which
may be associated with a higher risk of PH1 renal failure
in infants compared to older individuals.

Plasma Oxalate

When kidney function is gradually damaged, and GFR
falls below 30-40 mL/min per 1.73 m?, enough oxalate
cannot be excreted, and plasma oxalate concentrations
gradually increase. At the same time, elevated plasma
oxalate levels in CKD may promote renal inflammation
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Fig. 3. When plasma oxalate exceeds
35-50 mmol/L, its physical and chemical
properties are conducive to crystallization,
leading to systemic calcium oxalate crystal
deposition.
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and accelerate CKD progression [65]. After liver trans-
plantation, the plasma oxalate concentration decreases
rapidly, indicating that plasma oxalate is a strong indi-
cator of liver oxalate production. Meanwhile, plasma
oxalic acid levels can indicate clinical endpoints, espe-
cially when patients are in CKD 3b-5 [57].

Diagnostic Biomarker

The detection of biomarkers can guide the diagnosis of
PH, such as PH1 (glycolate), PH2 (glycerate), and PH3
(40HGlu, which is the precursor to HOG in the hy-
droxyproline catabolic pathway) [66]. For example, in
addition to the increase in urinary oxalate, urine
L-neneneba glycerate in PH2 patients also increased
frequently. As a result, it might be possible to detect these
special biomarkers in blood or urine in order to screen for
symptomatic patients and newborns with PH.

Diagnosis
Because of PH’s rarity, many patients are not identified

until a few years after symptoms appear. Even after
kidney transplantation (KT) for ESRD, the diagnosis is
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made only after kidney failure again. A retrospective
study of PH1 patients showed that timely diagnosis and
treatment at the stage of preserving renal function may
change the course of disease [44]. Therefore, early di-
agnosis of suspicious patients is beneficial to early in-
tervention and reduces the damage to renal function. PH
should be considered for any patient with renal failure of
unknown cause, especially in the case of renal calcifica-
tion or severe stone burden [67]. Children under the age
of 4 years, who are individuals with complex stone
problems and reduced kidney function, should be re-
quired for more frequent assessments [68]. In addition to
the increase of oxalate in urine, PH2 patients are often
accompanied by the increase of L-glycerate in urine [17],
which is helpful for the clinical diagnosis of PH2.

PH diagnosis (shown in Fig. 4) needs to be combined
with clinical and imaging studies: repeated urinary cal-
culi, NC, and renal injury are strong evidence for a clinical
diagnosis of PH. It is also necessary to conduct bio-
chemical tests on oxalate, calcium, citrate, and sodium in
the urine. Sometimes, a renal biopsy can obtain a his-
tological diagnosis. These include calcium oxalate crys-
tals, often best appreciated in polarized light, and
sometimes features of acute inflammation not expected in

Zhu/Cheung/Zhang/Ding


https://doi.org/10.1159/000539516

Recurrent kidney stones

* Nephrocalcinosis

Suspected patients

Unknown renal failure

|

| Laboratory Examination |

| Imaging examination |

l Liver biopsy ‘ ‘ Genetic screening

\
I |

Urine Blood
= . Clear AGXT
composition biomarkers 3 . — :
y diagnosis mutation
analysis
Urine oxalate || GRHPR
! - || Renal mutation
urine calcium ultrasound
—— urine citrate
urine iOd'”m Plasma oxalate HOGA1
etc. — o :
AGT activity mutation
Urine
L L-neneneba Plasma glycolate
glycerate

Fig. 4. Diagnostic process of PH.

cases with bland urinary sediment [69]. Recently, it has
been discovered that gas chromatography-mass spec-
trometry is a sensitive detection method for quantifying
plasma oxalate, suitable for pediatric patients [70].

However, the final diagnosis of PH mainly depends on
results from liver biopsy and genetic screening. Liver
biopsy proved that the lack of glycolate metabolism-
related enzymes in patients was the main evidence for
PH diagnosis in the past. However, with gene technology,
gene detection has become necessary evidence for diag-
nosis. At present, genetic analysis of AGXT gene can
replace liver biopsy as the first step and has high sensi-
tivity. PH2 and PH3 should be considered in patients with
hyperoxaluria with normal AGT activity or without
AGXT mutation.

Management

Basic Support Measures

Once the patient is diagnosed with PH, supportive
measures should be taken immediately to reduce oxalate
crystals in the kidney. This will reduce renal function
damage.

Patients need to ingest at least 2 L (even up to 3 L) of
liquid per square meter of body surface area every day to

Mutations and Diagnosis and Treatment of
Primary Hyperoxaluria

promote oxalate excretion and reduce stone production.
However, it is difficult to swallow a lot of liquid, especially
for children. Even some patients and infants with poor
compliance need gastric tubes [71]. Second, oral calcium
can reduce intestinal oxalate intake and oxalate load. In
addition, citrate works as a crystallization inhibitor,
preventing oxalate crystallization [72].

Primary indications for surgical intervention include
pain, infection, and obstruction [73]. H patients often
show repeated urinary stones, which may require
placement of a ureteral stent, ureteroscopic lithotripsy,
shock wave lithotrips, or open nephrolithotripsy [71]. It
remains to be seen whether surgical stone removal will
worsen renal function, especially the effect of open and
percutaneous surgery on GFR [74].

Molecular Chaperones

Pyridoxine Treatment

Most PH1-related mutations affect structural changes
in protein folding efficiency and lead to various down-
stream effects, including an increased trend of aggrega-
tion or intracellular degradation, or AGT mistakenly
targeting mitochondria with ineffective protein meta-
bolism [75]. Pyridoxine (vitamin B6) has been shown to
be effective in treating PH1 patients with specific AGXT
variants and part of the reason is its action on protein

Kidney Dis 2024;10:313-326
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folding [76, 77]. Pyridoxine leads to a decrease in urine
oxalate in ~30% of patients with PH1, particularly those
with p.G170R and p.F152I genotypes [78]. However, it is
used in some PHI1 patients, but not in others. Isotope
infusion protocols could evaluate the efficacy of new
therapies by investigating pyridoxine responsiveness [79].
Considering the response of some mutations to vitamin
B6, early detection and testing of vitamin B6 reactivity is
of great significance.

Dequalinium Chloride Treatment

As mentioned earlier, some PHI patients do not lack
AGT enzymes, but incorrect targeting. It is therefore
desirable to relocate it to the peroxisome. Dequalinium
chloride (DECA) is a small molecule that inhibits mi-
tochondrial protein translocation. Similar to Pyridoxine,
DECA restores proper AGT peroxidase transport. In
in vitro cell experiments, exposure to DECA can reduce
oxalate accumulation, similar to pyridoxine treatment in
a small proportion of PHI1 patients [80].

Kidney Replacement Therapy

Dialysis

When PH patients reach the ESRD stage, they receive
dialysis treatment. Patients with PH need more intensive
dialysis to remove sufficient endogenous oxalate [81].
However, renal replacement therapy is still insufficient to
compensate for the expected oxalate production [82]. If
PH1 patients respond completely to pyridoxine and the
administration of pyridoxine is not interrupted, they may
respond well to lower intensity dialysis [19].

Transplantation

Longer dialysis periods result in adverse outcomes.
Thus, transplantation before systemic oxalosis is im-
perative. Transplantation methods include simple KT,
preemptive liver transplant, combined (CLKT), or se-
quentially performed (SLKT).

No renal replacement therapy can remove enough
oxalate in PHI1. After simple KT, it still produces too
much oxalate, and the new graft still has a high oxalate
load. Meanwhile, after KT, tissue oxalate storage is re-
leased, which can rapidly damage the allografts. So, pa-
tients with a history of NC or nephrolithiasis in both
kidneys need preoperative screening for PH and ap-
propriate treatment before KT [83].

Liver transplantation can fundamentally solve exces-
sive oxalate production. Preemptive liver transplantation
before renal failure is a better option to prevent long-term
deterioration of renal function, but the timing of trans-
plantation and posttransplant treatment is still unclear
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(84, 85]. The European guidelines recommend CLKT or
SLKT for all PH1 CKD stage 4 and 5 patients [86]. Metry
et al. [87] suggested that CLKT leads to superior kidney
graft survival compared to isolated KT. Buscher et al. [88]
followed up on 10 pediatric patients with PH who un-
derwent liver and KT. Among them, 9 patients main-
tained stable kidney and liver function and had partial
improvements in bone health and growth (no more
pathological fractures and moderate catch-up growth).
The liver and kidney survival rates of adolescents after 1,
10, and 15 years are 90%, 75%, and 75% [89], with good
long-term outcomes. Hence, whether CLKT or SLKT is
more appropriate still needs to be evaluated.

It is worth noting that pyridoxine treatment can help
some PH1 patients reduce or even achieve close to normal
concentrations of urinary oxalate (as described above).
Therefore, pyridoxine combined with KT should be
considered for PH1 patients with a homozygous G170R
mutation [90, 91].

In China, an 8-month-old PH1 infant who underwent
simultaneous liver and KT is currently the smallest re-
cipient of simultaneous liver and KT in China [22]. The
patient is currently 3 years old, with normal kidney
function, and is still undergoing regular follow-up. This
indicates that liver and KT still plays an important role in
PH patients.

RNA Interference Therapeutic Agents

Another treatment option is to target the key enzymes
of glycolate metabolism: substrate reduction therapy.
Silence the liver-specific glycolate oxidase (GO) and
lactate dehydrogenase (LDH) through RNA interference
(RNAi) therapy, and then reduce the production of
oxalate precursors and oxalate. Some drugs have been
introduced into clinical or experimental trials. However,
long-term follow-up data are needed to determine
whether RNAi therapy can delay (and ideally prevent)
kidney failure in PH1 patients [92]. At present, there have
been no reports on the use of RNAi drugs such as Lu-
masiran in China.

GO Inhibitor

GO is a liver peroxidase upstream of AGT. The in-
hibition of GO may prevent PH1 pathological develop-
ment through reducing glycolate conversion to glyox-
ylate. The content of nontoxic glycolate increased, while
oxalate decreased due to the reduction of its precursor
glyoxylate. However, in PH2 and PH3 patients, inhibition
of GO cannot reduce oxalate production in the liver.

Lumasiran (ALN-GO1) is a subcutaneously admin-
istered, liver-directed RNAi therapeutic agent. It is a
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N-acetylgalactosamine-coupled small interfering RNA
(siRNA) and targets GO mRNA. ALN-GOL1 can reduce
GO and ultimately reduce oxalate production [93]. Lu-
masiran showed rapid urination, decreased plasma ox-
alate concentration, and acceptable safety in trials in
children <6 years of age with PH1 [94]. On 19th of
November 2020, Lumasiran received its first approval for
the treatment of PH1 in all age groups in the EU [95]. In a
multicenter long-term retrospective and observational
study of Lumasiran in the treatment of PH1 [96], the
safety of Lumasiran was once again confirmed, and it was
found to effectively reduce urinary oxalate levels in pa-
tients with renal function preservation and plasma ox-
alate levels in HD patients without significant systemic
oxalate deposition. The efficacy of early Lumasiran
treatment in improving renal calcification and even
normalization in infants, and starting treatment quickly
without waiting for genetic confirmation, may have an
impact on long-term outcomes [97].

LDH Inhibitor

LDH participates in the final step of oxalate production
by catalyzing glyoxylate to oxalate in hepatocyte cyto-
plasm. At the same time, patients with LDH deficiency do
not always show visible pathological phenotypes, signs, or
syndromes. LDHA subunit is mainly expressed in muscle
and liver. Therefore, the specific knockdown of LDHA can
reduce LDH content in the liver. In an animal experiment
[98], treatment with siRNA targeting liver LDHA resulted
in a significant decrease (75%) in urine oxalate excretion in
PH1 animals, while PH2 mice was relatively small (32%).
Similar findings were reported by Wood et al. [99]. Results
from these studies suggest that RNAi-mediated reduction
of hepatic LDHA and siRNA may be an effective strategy
to reduce oxalate synthesis in PH. Additional studies
should also be needed to clarify whether there are alternate
enzymatic pathways in the liver to create oxalate.

Nedosiran is a synthetic, double-stranded RNA oli-
gonucleotide (siRNA) designed to target the mRNA
encoding LDHA. Clinical trials have shown that nedo-
siran can reduce the 24-h average excretion of oxalate in
PH patients and have acceptable safety and pharmaco-
logical effects in the PH for each type [100-104]. This
indicates the application potential of this drug in PH
patients with ESRD. Nedosiran was first approved in the
UAS on September 29, 2023, to reduce urinary oxalate
levels in children aged >9 years and adults with PH1 and
relatively preserved kidney function [105]. However,
whether nedosiran will inhibit LDH activity in other
tissues and its potential adverse consequences await
further investigation.

Mutations and Diagnosis and Treatment of
Primary Hyperoxaluria

Restore Normal Liver Enzyme Metabolism

Combination liver and KT have some limitations,
including the scarce supply of suitable organs, the sig-
nificant incidence rate and mortality, and the lifelong
demand for immunosuppressants. Therefore, it is de-
sirable to use less invasive methods to change liver en-
zyme metabolism in patients. Normalization of only a
small number of hepatocytes cannot correct excessive
endogenous oxalate production because unconverted
hepatocytes will continue to produce oxalate.

Hepatocyte transplantation, which is much less in-
vasive, may provide an attractive alternative. Jiang et al.
[106] reduced the proliferative potential of host hepa-
tocytes using preparative hepatic irradiation and stimu-
lated mitosis at the same time, so that a large number of
transplanted hepatocytes could proliferate again. The
results showed that hepatocyte transplantation resulted in
liver re-proliferation levels sufficient to correct hyper-
oxaluria in PH1 mouse models.

Gene therapy is an attractive option for alternative
treatments for PH. Targeted gene therapy using
CRISPR/Cas9 technology for human induced pluripo-
tent stem cells can correct abnormal liver cells in pa-
tients with PH [107]. In addition, in animal models,
AAV-delivered paired Staphylococcus aureus nickases
(D10ASaCas9) to target the Haol gene has therapeutic
effects on PH1 mice [108]. Nieto-Romero et al. [109]
generated autologous healthy induced liver cells (iHeps)
from fibroblasts derived from PHI patients and found
that the generated AGXT corrected iHeps displayed a
liver gene expression profile and showed in vitro reversal
of oxalate accumulation. This provides new possibilities
for the implementation of liver cell replacement therapy
and the establishment of personalized PH1 in vitro
disease models in the future. Chen et al. [110] found that
hat systemic delivery of dual adeno-associated virus
encoding a split-ABE8e could artificially repair 13% of
the pathogenic allele in AGXT. However, the long-term
safety and efficacy of gene therapy still needs further
validation.

Direct Inhibition of GO/LDH

Stiripentol (Diacomit) is an antiepileptic drug for the
treatment of Dravet syndrome and has recently been
shown to inhibit LDH-5 Isoenzymes and decrease oxalate
synthesis by hepatocytes [111, 112]. In an ongoing phase
2 clinical trial [113], urinary oxalate concentration
continued to decrease during treatment with stiripentol.
At 34 months, the patient’s plasma oxalate level and renal
function remained normal. Therefore, treatment with
stiripentol is well tolerated.
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Oxalate Decarboxylase

A prospective, double-blind study showed that oxalate
decarboxylase significantly decreased urine oxalate in
healthy subjects on a high-oxalate diet but had no effect
on creatinine clearance, urine creatinine, or other solutes
related to calcium oxalate supersaturation [114]. This
means that oxalate decarboxylase can reduce the excre-
tion burden of excessive endogenous oxalate produced by
PH patients and protect renal function.

Conclusion

PH is a rare autosomal recessive disorder. The in-
creased production of endogenous oxalate can lead to
repeated kidney stones, impaired renal function, renal
failure, and systemic oxalate poisoning, severely affecting
patients’ quality of life and even their lives. Symptomatic
treatment alone cannot reduce oxalate load in PH pa-
tients. Patients with PH need to fundamentally restore
glyoxylate metabolism in the liver. Liver transplantation,
interfering RNA, gene editing, and other treatments can
be considered for patients. With the rapid development of
cutting-edge technologies, genetic testing allows sus-
pected patients to be diagnosed early. It also reduces the
impact of oxalate deposition on the body’s systems. In
addition, gene therapy research continues to progress,
which may improve the disease level and quality of life for
PH patients. The gradual application of RNAi therapy
can treat PH patients or be combined with simple KT to
improve patient prognosis.

In China, only a small number of scattered cases of PH
have been reported, and patients often delay diagnosis,
even discovering renal failure again after KT. At present,
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