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Abstract
The primary hyperoxalurias are three rare inborn errors of the glyoxylate metabolism in the liver, which lead to massively 
increased endogenous oxalate production, thus elevating urinary oxalate excretion and, based on that, recurrent urolithiasis 
and/or progressive nephrocalcinosis. Frequently, especially in type 1 primary hyperoxaluria, early end-stage renal failure 
occurs. Treatment possibilities are scare, namely, hyperhydration and alkaline citrate medication. In type 1 primary hyper-
oxaluria, vitamin  B6, though, is helpful in patients with specific missense or mistargeting mutations. In those vitamin  B6 
responsive, urinary oxalate excretion and concomitantly urinary glycolate is significantly decreased, or even normalized. In 
patients non-responsive to vitamin  B6, RNA interference medication is now available.  Lumasiran® is already available on 
prescription and targets the messenger RNA of glycolate oxidase, thus blocking the conversion of glycolate into glyoxylate, 
hence decreasing oxalate, but increasing glycolate production. Nedosiran blocks liver-specific lactate dehydrogenase A and 
thus the final step of oxalate production. Similar to vitamin  B6 treatment, where both RNA interference urinary oxalate 
excretion can be (near) normalized and plasma oxalate decreases, however, urinary and plasma glycolate increases with 
lumasiran treatment. Future treatment possibilities are on the horizon, for example, substrate reduction therapy with small 
molecules or gene editing, induced pluripotent stem cell-derived autologous hepatocyte-like cell transplantation, or gene 
therapy with newly developed vector technologies. This review provides an overview of current and especially new and 
future treatment options.

Key Points 

Primary hyperoxaluria is a rare metabolic disorder, with 
often a fatal outcome if not treated.

New medications based on RNA interference are avail-
able but need adequate adjustment into the current 
therapeutic approaches.

Future treatment options are on the horizon.

1  Background

The primary hyperoxalurias (PHs) are a group of rare but 
underdiagnosed disorders of hepatic glyoxylate metabo-
lism resulting in excessive endogenous oxalate production, 
which is their common biochemical hallmark [1, 2]. Three 
types (PH1–3) can be distinguished according to their spe-
cific enzymatic defect in glyoxylate metabolism [3–6]. It is 
important to understand that PHs per se are not renal dis-
eases, but autosomal-recessive inborn errors of metabolism 
that usually manifest first as recurrent urolithiasis and/or 
nephrocalcinosis (Fig. 1).

Mutations in the AGXT gene (encoding for liver-specific 
alanine: glyoxylate aminotransferase, AGT) cause PH1, 
mutations in the GRHPR gene (for ubiquitous glyoxylate 
reductase/hydroxypyruvate reductase) cause PH2, and muta-
tions in the HOGA1 gene (for 4-hydroxy-2-oxoglutarate 
aldolase type 1, expressed in the liver and kidney) cause 
PH3. Variants in either gene increase glyoxylate, which is 
oxidized to oxalate by liver-specific peroxisomal glycolate 
oxidase (GO, upstream in PH1) and cytosolic lactate dehy-
drogenase A (LDHA) [downstream in all types, Fig. 1] [7].
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Registry data show that PH1 is the most frequent (about 
80% of cases) and most devastating type that regularly 
leads to end-stage kidney failure (ESKD) from infancy to 
late adulthood. Type 2 primary hyperoxaluria is much less 
frequent (<10% of cases) in Western registries, but it still 
bears a considerable risk of chronic kidney disease [CKD] 
(50%) and ESKD (25%) in adulthood [8]. Type 3 primary 
hyperoxaluria is regarded as the second most common type 
(>10% of cases), which also leads to CKD (20% of patients 
≥CKD stage 2), while ESKD is only seldom reported so far 
[5, 6, 9–12].

Oxalate, the simplest dicarboxylic acid, is an end product 
of human metabolism. Hence, the elevated levels appear-
ing, either endogenously (in PH) or exogenously from the 
gastrointestinal tract (in secondary hyperoxaluria), have to 
be eliminated predominantly via urine [1, 13].

Renal excretion allows the elimination of large quanti-
ties of oxalate; however, the window of calcium oxalate 
(CaOx) that can be excreted without causing harm to the 

kidney is rather narrow [1, 2]. In PH, increased oxalate 
levels (between 1.5-fold and > 10-fold the upper level of 
normal) lead to the precipitation of insoluble CaOx in the 
tubular lumen and interstitial tissue [14]. This deposition 
induces a strong inflammatory reaction that leads to a pro-
gressive decline in kidney function and finally ESKD [15, 
16]. Plasma super saturation for calcium-oxalate (ßCaOx 
> 1 relative unit) is reached at plasma oxalate (Pox) levels 
> 30 µmol/L (depending on the analytical method used). 
A distinct correlation of the glomerular filtration rate and 
Pox was described, calculating the threshold for ßCaOx 
super saturation at a glomerular filtration rate of ≤ 30–40 
mL/min*1.73  m2 body surface area [17]. Especially in 
the case of PH1, this constant elevation of Pox leads to 
massive deposition of CaOx in almost all tissues (bone, 
retina, myocardium, vessel walls, skin), which is defined 
as systemic oxalosis [1, 17, 18]. Systemic oxalosis also has 
been reported in a few individuals with PH2 [8, 19] and 
was also found in patients with PH3 [20].

Fig. 1  Glyoxylate metabolic pathway in the liver (modified from 
Martin-Higueras et al. [7]). The enzymatic deficits responsible for the 
three known types of primary hyperoxaluria are shown (I, II, and III). 
Oxalate is then secreted out of the liver, to be excreted by the kidneys. 
High levels of oxalate in the kidneys and urine lead to formation of 
calcium oxalate (CaOx) in the renal tissue and tubular system, caus-
ing urolithiasis (upper image) and/or nephrocalcinosis (lower image), 

which can be detected by ultrasound imaging procedures. 1P5CDH 
Δ1-pyrroline-5-carboxylate dehydrogenase, AGT  alanine:glyoxylate 
aminotransferase, AspAT aspartate aminotransferase, DAO D-ami-
noacid oxidase, GO glycolate oxidase, GRHPR glyoxylate reductase/
hydropyruvate reductase, HOGA 4-hydroxy-2- oxoglutarate aldolase 
1, HYPDH hydroxyproline dehydrogenase, LDH L-lactate dehydroge-
nase
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2  Diagnosis

Diagnosis is established when a combination of clinical 
symptoms and laboratory data fit together. Clinically, 
patients experience recurrent kidney stone episodes and/
or nephrocalcinosis, but also hematuria with or without 
the spontaneous passage of stone(s) (Fig. 1).

The level of urinary oxalate (Uox) excretion defining 
the primary range is commonly characterized as ≥ 0.8–1 
mmol per 1.73  m2 body surface area per day (normal range 
is < 0.5 mmol/1.73  m2/day) (Tables 1 and 2). The excre-
tion of related markers further clarifies a type-specific PH 
diagnosis: elevated glycolate suggests PH1, glycerate ele-
vation suggests PH2, and excretion of either/or 4-hydroxy-
2-oxoglutarate, 2,4-dihydroxy-glutarate, and 4-hydroxy-
glutamate are pathognomonic of PH3 [21–24]. With that 
information, a confirmatory genetic analysis is performed 
by sequencing the suspected gene (Fig. 2).

The median time from onset of the first symptom to 
an established diagnosis is 4 years [25], and diagnosis is 
often only made after a long odyssey. Additionally, not 
every hospital has the facilities necessary to measure the 
specific metabolites that assist the diagnostic algorithm. 
Thus, diagnosis is even more delayed or never established.

3  Current Treatment Options

The standard treatment of care has included, classically, 
hyperhydration, crystallization inhibitors, and vitamin  B6 
(VB6), the latter in PH1. If kidney function declines, dialysis 
and transplantation are performed. Here, we briefly address 
the classical treatment, to later focus with more detail on 
current and future pharmacological treatment options for 
patients with PH, and how they have changed the therapeutic 
algorithm in PH.

3.1  Standard Treatment

3.1.1  Hyperhydration

Hyperhydration remains the hallmark of conservative treat-
ment for all stone diseases, here including all types of PH 
(Fig. 2). High fluid intake (> 3 L per 1.73  m2 body sur-
face area, per day) is essential. If necessary, a gastrostomy 
tube can be installed in infants and toddlers to safeguard an 
adequate fluid administration day and night. Situations of 
fluid loss (fever, diarrhea/vomiting, urinary tract infections) 
or with compromised oral hydration (status post-surgery) 

Table 1  Synopsis of clinical features and characteristics of PH types 1–3

CCR  complete clinical remission, ESKD end-stage renal disease, NC nephrocalcinosis, NC↓ indicates less frequent plus less severe NC in PH2, 
NC↓↓ indicates that (severe) nephrocalcinosis is a rare finding in PH3, PH primary hyperoxaluria, PH1 PH type 1, PH2 PH type 2, PH3 PH type 
3, UL urolithiasis, UTI urinary tract infection

PH type Clinical presentation ESKD risk Infantile oxalosis Systemic oxalosis Clinical remission

1 UL, NC, UTI, hematuria,
failure to thrive

>50–100% 10–20% of cases +++
In case of advanced 

CKD/ESKD

none

2 UL, UTI, hematuria
NC↓

ca. 25% Not reported + Reported None

3 UL, UTI, hematuria
NC↓↓ is reported

CKD <20%, ESKD 
reported

Not reported (+) Uncommon Stones also in adulthood

Table 2  Synopsis of biochemical features in PH types 1–3

4OHGlu 4-hydroxyglutamate, DHG 2,4-dihydroxyglutarate, HOG 4-hydroxy -2- oxoglutarate, PH primary hyperoxaluria, PH1 PH type 1, PH2 
PH type 2, PH3 PH type 3
a Not all patients with PH1 have elevated glycolate, but all patients with elevated glycolate and oxalate are diagnosed as PH1
b Not all patients with PH2 have elevated glycerate, but all patients with elevated glycerate and oxalate are diagnosed as PH2
c In patients with PH3, DHG and 4OHGlu appear always, but HOG does not appear in all of them

PH type Degree of hyperox-
aluria

Concomitant/intermittent 
hypercalciuria

Glycolate excretion L-glycerate excretion HOG/
DHG/4OHGlu 
excretion

1 +++ −−− (rare) +++ (high)a −−−− (low) −− (low)
2 ++ −−− (rare) −−− (low) +++ (high)b −−− (low)
3 ++ rare −−− (low) −−− (low) +++ (high)c
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require anticipated fluid administration intravenously [26, 
27].

3.1.2  Crystallization Inhibitors

Of paramount importance for both the idiopathic kidney 
stone formers, and patients with PH is treatment with anti-
lithogenic substances, for example, citrate and magnesium. 
Alkaline citrate increases the urinary pH and the citrate 
excretion (pH values > 7.5 should be avoided, as calcium-
phosphate precipitation may happen). With that, CaOx pre-
cipitation is significantly reduced [28, 29]. Vitamin  B6 is 
a well-established treatment option for patients with PH1 
addressed below within the pharmacological options.

3.1.3  Dialysis

No renal replacement therapy, daily hemodialysis (HD), nor 
its combination with peritoneal dialysis is able to sufficiently 
remove the endogenously overproduced oxalate [30–33]. To 
keep the oxalate threshold as low as possible, frequent and 
shorter HD sessions, for example, five to six times a week 
for 3 hours are more efficient, than long, but less frequent 
dialysis regimens [31, 32]. High flux filters have a slight 
advantage in oxalate elimination [31]. Post-dialysis Pox of 
< 30 µmol/L should be achieved, as this is the cut-off value 
for plasma CaOx super-saturation (depending on the method 
used) [17]. Pox promptly rebounds after HD, thus noctur-
nal peritoneal dialysis is a valuable tool for further oxalate 
elimination [33]. Nevertheless, time on dialysis should be as 
short as possible to avoid post-transplantation problems by 
means of exaggerated systemic oxalate depositions.

3.1.4  Transplantation Strategies

Liver transplantation (LTx) cures the enzyme defect in PH1 
and hence, sequential or combined liver/kidney transplan-
tation (LKTx) and pre-emptive LTx are possible proce-
dures. Combined LKTx is the method of choice, especially 
in ESKD and VB6 unresponsive patients without severe 
systemic oxalosis [34, 35]. Pre-emptive LTx may be an 
option in a patient with a more rapid decline in kidney func-
tion [36], but the timing of that procedure is difficult and 

sequential KTx may later be necessary [37, 38]. In patients 
with infantile oxalosis, sequential LKTx, based on anatomi-
cal reasons (e.g., small size, inadequate vessels for anasto-
mosis), but also based on severe systemic oxalosis, should 
be considered to avoid prompt recurrence of oxalosis within 
the kidney graft [38].

Isolated KTx might be considered in elderly patients with 
late onset of ESKD and/or with a VB6-sensitive genotype 
[39, 40]. Isolated KTx was recently described to be equiva-
lent in terms of long-term outcomes to the combined trans-
plantation procedures [35]. Hence, personalized decisions 
on transplantation procedures are necessary, even more now, 
considering the new pharmacological options.

In PH2, isolated KTx is the transplant method of 
choice (8). Although the current follow-up of the tiny group 
of PH2 patients being transplanted is good, patients with 
oxalate- related graft dysfunction or problematic follow-up, 
which make a subsequent liver transplantation necessary, are 
described [40–42]. In patients with PH3 no data on trans-
plantation procedures are currently available.

3.2  Pharmacological Options

3.2.1  Vitamin B6 in PH1: An Inexpensive Solution

One PH1-specific treatment option is the oral application 
of VB6. Pyridoxal 5’-phosphate (PLP) is one component of 
VB6, and is the cofactor of all body transaminases, there-
fore, also of the defective AGT in PH1. It was first described 
as a treatment option in two patients with PH1 in 1961, long 
before AGT deficiency was identified as the cause of the 
disease [44]. It has been observed for several decades that 
a variable number of patients with PH1 (up to 50%) with 
residual AGT activity show a reduction in Uox following 
administration of pharmacologic doses of PLP [45, 46]. 
Other authors, however, concluded pyridoxine treatment was 
not efficient [47, 48], opening a debate about the mode of 
action and response phenomena [49–51]. Data were mostly 
based on case series, single-case reports, and retrospective 
trials [52–57].

Side effects, for example, sensory polyneuropathy, are 
rarely seen even when higher dosages are used, as recorded 
in investigators brochures and retrospective case series [45]. 
In PH2 and PH3, PLP treatment is, obviously, inefficient 
(Fig. 2).

In more detail, VB6 entails six compounds (vitam-
ers) with VB6 activity: pyridoxine, pyridoxal, pyridox-
amine, and the activated phosphate esters pyridoxine 
5’-phosphate, pyridoxal 5’-phosphate, and pyridoxamine 
5’-phosphate [42]. Vitamin  B6 is usually administered 
as pyridoxine hydrochloride and is passively absorbed 
in the jejunum. In the liver, the VB6 vitamers are enzy-
matically interconverted [58], but finally deliver pyridoxal 

Fig. 2  Schematic of treatment for patients with primary hyperoxaluria 
(PH). If diagnosis is suspected, all patients with PH must be given 
the standard treatment of care by means of hyperhydration and citrate 
medication. In addition, patients with PH type 1 (PH1) should receive 
vitamin  B6 (Vit B6) until a genetic diagnosis is available. With a 
genetic diagnosis in hand, the therapeutical processes are depicted in 
the figure. AKF acute kidney failure, ESKD end-stage kidney failure, 
PH2 PH type 2, PH3 PH type 3, RNAi RNA interference, Tx trans-
plantation. *Missense mutations that respond to VitB6: p.G170R, 
p.G41R, p.F152I

◂
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5’-phosphate, the activated form that interacts with AGT 
as its cofactor [59].

In PH1, missense variants such as p.G170R and p.F152I 
in the context of the minor haplotype (defined by the pres-
ence of the polymorphism p.P11L and p.I340M) generate 
misfolded AGT enzymes [60], resulting in mistargeted pro-
teins in the mitochondria, with residual catalytic activity, 
but metabolically inefficient [61, 62]. Other AGT variants 
can cause protein aggregation (p.G41R, p.I244T), catalytic 
defects due to reduced PLP affinity (p.G82E, p.G41R), or 
synthesis defects due to reading frame shifts and an early 
stop codon (i.e., c.33dupC, splicing mutations, indels) [60].

There are different hypotheses as to why PLP might 
reduce endogenous oxalate production in PH1. Possible 
mechanisms are either an increase in AGT dimerization 

efficiency and intracellular stability, or reduced aggregation 
propensity, thus increasing AGT enzymatic activity [61, 62], 
or, most likely, a proper targeting of AGT into the peroxi-
somes, where it is metabolically efficient [63], or simply a 
combination of all these factors. Variant AGT proteins are 
not as stable as wild-type AGT and therefore, stabilizing 
compounds (i.e., pharmacological chaperones as PLP) might 
lead to re-stabilization of the AGT protein with an increase 
of enzymatic function (Fig. 3) [64].

In general, response to VB6 treatment seems to depend on 
the underlying variants [12]. Variants that lead to alterations 
at the active site directly interacting with PLP (e.g., p.W108R, 
p.S158L and p.D183N), and those resulting in mitochondrial 
mistargeting are likely to lead to responsiveness to PLP treat-
ment [61, 65]. Thus, patients carrying one or two copies of 

Fig. 3  Strategies for molecular therapy in primary hyperoxaluria 
(updated from Martin-Higueras et al. [7]): gene therapy with single-
stranded adeno-associated virus (ssAAV) carrying one copy of AGXT 
cDNA (here also applicable SV40 as a vehicle); cell therapy by 
hepatocyte transplantation, including the potential autologous trans-
plantation of human induced pluripotent stem cell-derived hepato-
cytes; proteostasis regulation therapy targeting molecular chaperones 
(Hsp60 and Hsp90) such as dequalinium chloride, monesin, and 
emetine, or directly stabilizing the (AGT) enzyme with the cofactor 
pyridoxine (B6); enzyme replacement therapy (ERT) by delivery of 

polymer-conjugated AGT proteins into the peroxisomal compartment; 
and substrate reduction therapy (SRT) through inhibition of glyco-
late oxidase (GO) in the peroxisome and/or lactate dehydrogenase A 
(LDHA) in the cytosol either by RNA interference or by small mol-
ecules, or by editing the corresponding gene. AGT  alanine:glyoxylate 
aminotransferase, responsible for PH1, AGT-Mi AGT in the minor 
haplotype, DAO D-amino acid oxidase, GRHPR glyoxylate reduc-
tase/hydroxypyruvate reductase, enzyme deficient in PH2, HOGA1 
4-hydroxy-2-oxoglutarate aldolase 1, involved in PH3, LDH L-lactate 
dehydrogenase
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p.G170R or p.F152I mutations are more likely to respond to 
pharmacological doses of pyridoxine, but other mutations are 
possibly similarly responsive [66, 67]. Classically, pyridoxine 
has been the VB6 vitamer administered in patients with PH1; 
however, pyridoxal and pyridoxamine have shown greater 
efficiency than pyridoxine in vitro and in vivo [61, 68, 69]. In 
humans, pyridoxamine hydrochloride has shown tolerability 
and efficacy in patients with diabetic nephropathy [70, 71], but 
unfortunately, no data are available about the effect of this drug 
in patients with PH and kidney stone formers from a clinical 
trial (NCT00490113).

Vitamin  B6 should be administered primarily to any 
patient with suspected PH1 up until a genetic diagnosis is 
made. Thereafter, genotype-related administration is recom-
mendable (Fig. 2) [34]. It is then first provided in increasing 
dosages of 5–20 mg/kg per day, aiming to decrease Uox 
by >30% [72, 73]. Responsiveness is defined by a decrease 
in Uox excretion (and urinary glycolate, Uglyc) after a test 
period of a minimum of 3 months at maximum dose [1, 72]. 
In some patients, normalization of Uox was reached dur-
ing a long course of VB6 treatment [74, 75]. If responsive, 
patients remain on the VB6 medication, even if commencing 
dialysis [72, 76]. In cases of suspected infantile oxalosis, 
PLP is also given immediately as renal failure can some-
times be reversed in patients with a susceptible genotype 
(e.g., homozygous for p.G170R) [77]. Response to VB6 
treatment is associated, not only with a specific genotype, 
but also with a better clinical course and manifestation at an 
older age of ESKD, and even death from ESKD, if ever, in 
VB6-sensitive patients [12, 67].

A prospective study reported that patients with missense 
mutations indeed showed a better VB6 sensitivity [72]. 
About 50% of patients showed a >30% reduction of Uox, 
but without reaching complete normalization, not even in 
patients homozygous for the p.G170R mutation. However, 
not all patients showed such a response, and serum VB6 
levels did not correlate with Uox reduction [72]. In addi-
tion, intra-familial heterogeneity in response to VB6 was 
observed despite patients being identified with the same 
genotype [72]. AGXT/VB6 data need careful interpretation, 
as absorption and metabolism of VB6 have not been studied 
in vivo. Thus, the efficacy of VB6 may not totally depend 
on the AGXT genotype, but also on differences in absorption 
and metabolism between patients.

3.2.2  Substrate Reduction Therapies: The Expensive 
Approach

RNA interference (RNAi) therapeutics work at the level of 
messenger RNA (mRNA) translation. Synthetic small dou-
ble-stranded RNA molecules (small interfering RNA) bind 
to a cytoplasmic protein complex (RNA-induced silencing 
complex), which specifically degrades the targeted mRNA 

and thus prevents translation into the corresponding protein 
[7, 78, 79]. This involves placing false information at the site 
that normally yields an enzymatic protein involved in oxa-
late metabolism (in the liver). If the protein is not formed, 
oxalate production can be significantly reduced or even com-
pletely blocked. A first RNAi drug, lumasiran  (Oxlumo®; 
Alnylam Pharmaceuticals, Cambridge, MA, USA), was 
recently approved (end of 2020) by the US Food and Drug 
Administration and the European Medicines Agency for the 
treatment of PH1 and has been available via prescription 
since January 2021 in some countries (Germany, France, 
Luxembourg, Switzerland, Austria, Italy, Russia, Bulgaria, 
Poland, Israel, Qatar, and the USA) [80], or via an “early 
access program” directly from the company in those coun-
tries where it cannot be prescribed.

Oxlumo® targets the mRNA of GO, thus blocking the 
conversion of glycolate into glyoxylate, hence reducing oxa-
late but increasing glycolate production (Fig. 2). Subcutane-
ous administration in animals showed a reduction of Uox 
by 98% [79, 81]. In healthy volunteers,  Oxlumo® blocked 
about 80% of the corresponding mRNA without relevant 
side effects, except for injection-site reactions (pain and 
erythema), headache, rhinitis, and upper respiratory tract 
infections as the most frequent compared to placebo [82, 
83]. In patients > 20 kg body weight,  Oxlumo® is injected 
subcutaneously in a dosage of 3 mg per kg body weight, 
monthly for the first dosages and quarterly after the fourth 
dose. In patients < 20 kg body weight, a dosage of 6 mg/
kg body weight is given monthly for the first four dosages, 
followed by monthly 3 mg/kg body weight in children < 10 
kg and of 6 mg/kg body weight quarterly in patients with a 
body weight from 10 to 20 kg. In patients with PH1, Uox 
was reduced by an average of 65.4% [80]. Based on the 
therapeutic mechanism, patients (and animals) showed an 
increase in Uglyc; however, it was, and still is, considered 
harmless [84].

So far, experiences with  Oxlumo® treatment (outside 
long-term studies from the company itself) have been 
reported only in ten PH1 cases, both children (n = 7) 
[85–88] and adults (n = 3) [89–91] (Table 3) with the time 
under treatment reported as from 1 to 18 months. Good tol-
erance, reduced urinary oxalate/creatinine ratio, and stability 
(or even slight improvement) of renal function were reported 
only in the children treated. In contrast, the outcome was 
not successful in adult patients in whom systemic oxalosis 
already existed before  Oxlumo® was started (Table 3) and, 
when related to the Pox follow-up. However, other clinical 
outcome parameters such as amelioration of oxalate oste-
opathy, or cardiac involvement and no worsening of retinal 
depositions may help in better interpretation of RNAi effi-
cacy here. Glycolate values (in urine or plasma) were not 
provided in any case. In one case, however, metabolic aci-
dosis was reported during a 5-month administration period 
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(measured by low  HCO3
− values and negative base excess) 

and treatment with sodium bicarbonate was needed [88]. 
Here, we may speculate that acidosis might possibly be due 
to very high plasma glycolic acid levels (Table 3).

Another RNAi medication, nedosiran (DCR-PHXC; 
Dicerna/Novo Nordisk, Bagsværd, Denmark) interferes 
with the translation of liver-specific LDHA, preventing the 
conversion of glyoxylate to oxalate supposedly in all PH 
types [92]. Its efficacy in reducing Uox was also proven 
in animal models [81]. Nedosiran is also subcutaneously 
injected; however, in a fixed dose of 170 mg on a monthly 
basis in an adult patient weighing > 50 kg and of 136 mg 
in a patient weighing < 50 kg, but corrected to body weight 
when administered in children (3.5 mg/kg body weight in 
patients aged 11–18 years and 2 mg/kg in patients aged < 11 
years). In a pilot study and a long-term follow-up of the 
same patients, nedosiran achieved a significant decrease in 
Uox, up to normalization [78], a result that was compara-
ble to  Oxlumo® [78, 92]. However, no conclusive data were 
seen in PH2, and data on PH3 are still unpublished from a 
recent phase I trial (NCT04555486). So far, only one case 
outside clinical trials has been published with experience 
under nedosiran treatment (compassionate use) [93]. The 
patient with PH1 was undergoing HD because of ESKD at 
age 20 years, when nedosiran was started, reporting some 
discomfort at the injection site. After five doses, Pox had 
decreased and HD sessions per week were consecutively 
reduced. The patient was withdrawn from the LTx list, and 
is awaiting isolated Tx [93].

The potential long-term benefits for patients of the sub-
strate reduction therapy based on RNAi, namely, better 
preservation of renal function and, at best, prevention of 
progression to ESKD and systemic oxalosis, remain to be 
confirmed. Although the healthcare costs for patients with 
PH are significantly higher than those in matched cohorts 
without other diseases [94], the very high price of RNAi-
based drugs (average expenses are, at least, $490,000 per 
patient per year) and the requirement for repeated dosing are 
major drawbacks. To reduce this socioeconomic burden, it 
may, at least for the body weight-related dosing of  Oxlumo®, 
be recommendable, to provide medication via specialized/
centralized pharmacies, which can adequately produce 
patient-related dosing, so that no medication needs to be 
thrown away. This procedure was already established by one 
insurance company in Germany. Especially problematic in 
children is their complaint about severe injection-site pain. 
The main differences between both RNAi medications are 
the dosage regimen during the maintenance phase (monthly 
vs quarterly), and the increased glycolate production when 
 Oxlumo® is used. As long-term experience is still missing 
(longest treatment published is 18 months, Table 3), and 
nedosiran is still pending Food and Drug Administration 
and European Medicines Agency approval, it is currently 

impossible to make clear recommendations regarding the 
use of either medication for a patient with PH1, or even a 
combination of both, and the long-term effects of any of 
them.

3.2.3  VB6 versus RNAi: Which Treatment When?

So, what should be the current best treatment practice rec-
ommendations? Vitamin B6 is cheap and known to be help-
ful for patients with specific genotypes. RNA interference 
medications are expensive but appear to be highly effective 
in all patients with PH1. Thus, the genotype, which should 
be known, could be the decision marker. Therefore, VB6 
should be administered as the first-line drug treatment in 
patients with sensitive genotypes. An effect should be vis-
ible relatively promptly, by analyzing Uox/Uglyc or Pox/
Pglyc, respectively, according to kidney function (Fig. 2) 
[27]. Additional treatment is not necessary with normaliza-
tion or near normalization of these parameters, especially in 
patients with good kidney function. Furthermore, in patients 
undergoing dialysis, an additive effect of RNAi treatment 
is not expected if a patient is truly sensitive to VB6 treat-
ment. This is further supported by a recent paper from the 
OxalEurope registry showing the favorable results of iso-
lated KTx in patients with VB6-sensitive mutations under 
treatment. Isolated KTx was equivalent to, or even better 
than combined LKTx in this group of patients [35].

From a mechanistic point of view, one would expect the 
effect of RNAi treatment (depletion of oxalate precursors/
substrates) is independent of the effect of VB6 treatment 
(partial restoration and proper targeting of AGT to the per-
oxisome in susceptible genotypes) (Fig. 1). Thus, one could 
assume synergistic benefits from a combination of RNAi and 
VB6 in patients with susceptible missense genotypes. This 
may, at best, lead the way to a more profound normalization 
of Uox, but also to a reduction in the increase in Uglyc in 
those patients treated with  Oxlumo®. In patients with sus-
pected PH presenting with acute kidney insufficiency or with 
ESKD, they should receive VB6 until a diagnosis is defi-
nitely established. After a diagnosis of PH1, and no obvious 
VB6 responsiveness, or as an additional rescue medication, 
RNAi can be administered, together with renal replacement 
therapies, aiming to quickly reduce the bulk of oxalate from 
the body (Fig. 2). This is, of course, a very personalized 
treatment procedure, and also relates to the ability of per-
forming diagnostic evaluations.

In all other patients, either those that cannot be treated 
with VB6 or in those for whom VB6 medication did not 
reach relative normalization, RNAi medication should be 
considered. Currently, there is only minor experience with 
 Oxlumo® or compassionate use with nedosiran reported in 
the literature (Table 3). Reports show the decline in Uox 
and Pox, as per reported in the pivotal studies, but emerging 
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evidence also shows that careful and personalized strategies 
have to be applied, to, for example, avoid recurrence of oxa-
losis in a kidney graft [85, 88, 91], or to adequately reduce 
Uox excretion by adaptation of medication [85].

Adequate dosing will be most problematic in patients 
with ESKD, in whom Pox is used currently as the primary 
outcome parameter. Even with our limited experience, it is 
recognized that Pox may initially decline, but increase very 
rapidly again when body oxalate stores are dissolving, thus 
making it problematic to only relate treatment success to 
a Pox follow-up. Here, further markers, such as repeated 
imaging procedures detecting changes in systemic oxalate 
deposition, are needed to declare the success or failure of 
treatment. In responsive patients, RNAi medication negates 
the need for liver transplantation. However, kidney trans-
plantation may be still necessary depending on the clinical 
outcome (Fig. 2) [95].

If both RNAi medications fail singularly, combined 
administration of GO and LDHA blockers may be consid-
ered. Examples are the PH1 infant treated with lumasiran 
and stiripentol [85] (a small molecule that inhibits LDHA, 
see below) (Table 1), and new small molecules that inhibit 
both GO and LDHA enzymes, showing efficacy in primary 
hepatocytes from all PH animal models (1–3) [96, 97]. If 
these all fail, patients must remain on standard treatment of 
care and a close follow-up evaluation of the disease course. 
When kidney function declines, renal replacement therapy 
and transplantation may be necessary. This group of patients 
may benefit from future therapeutic strategies (see below), 
which might also prevent the need for a transplant (Fig. 2).

3.2.4  Other Approaches for Substrate Reduction

Glycolate oxidase inhibition can also be achieved with 
an oral small-molecule medication targeting the protein, 
after showing proof of principle in animal studies [98, 99]. 
The drug BBP-711 is currently being tested in a phase I 
trial by Cantero Therapeutics Inc. (Palo Alto, CA, USA) 
[NCT04876924]. Gene editing of the HAO1 gene, the gene 
coding for GO, has been developed in the animal model 
using Crispr-cas9 technology [100], and the applicability 
in humans is currently in development by Precision Bio-
sciences (Durham, NC, USA).

Stiripentol (Diacomit), a LDHA-targeted oral commercial 
medication with the primary indication Dravet syndrome, 
was recently repurposed for the use in primary hyperoxalu-
ria [101, 102]. Stiripentol significantly reduced Uox in one 
patient with PH1 with good kidney function after 10 weeks 
of treatment. However, in patients with PH1 with CKD or 
ESKD, this medication did not produce a significant decline 
in Uox or Pox [103, 104]. Currently, a pivotal study is ongo-
ing for all types of PH, for which recruitment has been fin-
ished (NCT03819647).

Other LDHA-targeted small molecules are currently in the 
pipeline, such as CHK-336 from Chinook Therapeutics [105]. 
Silencing the LDHA gene using Crispr-Cas9 technology deliv-
ered in adeno-associated viral vectors has been recently proven 
to be safe and efficient in PH1 and PH3 mouse models, thus 
supporting that LDHA inhibition potentially treats all types of 
PH [106]. Regrettably, LDHA inhibition did not show efficacy 
in patients with PH2 when treated with nedosiran.

3.2.5  Oxalate‑Degrading Formulations

It is well known that the intestinal tract plays an important role 
in oxalate homeostasis in states of health and disease. Here, 
Oxalobacter formigenes, an obligate anaerobe microbe, plays 
an important role, as oxalate is its sole source of energy [107]. 
Oxalobacter utilizes a symbiotic relationship concerning the 
adjustment of oxalic acid absorption in the gut [108, 109]. It 
was shown repeatedly in animal models of PH and secondary 
hyperoxaluria that oxalate can be eliminated via the intestinal 
tract [110–112]. Such treatment showed its efficacy in trials 
with orally administered O. formigenes, as a paste or capsule 
(Table 1 in the Electronic Supplementary Material [ESM]), in 
patients with PH with normal renal function or at ESKD [113, 
114]. Urinary oxalate or Pox levels decreased significantly, 
and clinical symptoms were ameliorated in the ESKD popula-
tion [110, 112, 113]. However, these results were not repeated 
in further phase III trials, thus the manufacturer stopped the 
development process [115].

Different approaches are currently in (pre-)clinical stud-
ies based on orally administered oxalate-degrading formu-
lations to the gut (Table 1 of the ESM). All of them have 
the common aim of degrading oxalate in the intestinal tract 
and, hence, primarily are regarded as treatment options in 
patients with secondary hyperoxaluria (overview in Table 1 
of the ESM about recent and current studies). However, 
these medications may have their place also in, at least, a 
supportive manner in patients with PH. The basis for this 
assumption is the study in patients with PH undergoing dial-
ysis, who had received long-term Oxalobacter treatment and 
showed amelioration of clinical symptoms aside the reduc-
tion in plasma oxalate values [113]. We speculate though, 
that concomitant treatment, for example, alongside VB6 or 
RNAi and renal replacement therapy, might be helpful in 
patients with PH with severe systemic oxalosis.

4  Further Approaches

Induced pluripotent stem cell-derived hepatocytes have 
been explored to model human metabolic liver diseases 
[95, 116]. Recently, human induced pluripotent stem cells 
were generated from peripheral blood mononuclear cells 
and dermal fibroblasts of patients with PH1. The generated 
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PH1-human induced pluripotent stem cell lines were repro-
grammed, showing an ability to differentiate in vivo to the 
three germ layers [117, 118]. This may not only be useful 
to study the disease in detail but may, in the future, lead 
the way to an autologous hepatocyte-like cell transplanta-
tion (Fig. 3), when a proliferation advantage of the cells 
over the diseased hepatocytes is probably given [119]. This 
proliferation advantage was, however, not observed, when 
liver cell transplantation was performed in one patient with 
PH1 [120]. However, on the contrary, such a procedure has 
yielded quite successful results in an animal model of PH1, 
in which mice underwent procedures to destroy the native 
liver, but such measures are unsuitable for human applica-
tion [121].

In the Agxt1-knockout mouse model, PH1 can be healed 
with gene therapy (Fig.  3) [122]. However, for use in 
humans, optimization of vector technologies is necessary, 
as a single dosage might not be sufficient because almost all 
hepatocytes must be transfected. Multiple dosage, however, 
could induce severe immune responses if the current vec-
tors are used [27]. SVac, a vector derived from macaque 
polyomavirus SV40, was safely administered intravenously 
already in mice and non-human primates and resulted in 
adequate expression of the applied gene in their livers [123]. 
Because SVac is a non-integrating virus, which replication is 
defective and non-immunogenic, it is also safe for human use 
[124]. As the affected AGXT gene in PH1 is liver specific, 
patients might therefore benefit from such a gene therapy, 
currently in development by Amarna Therapeutics.

Pharmacological chaperone therapy aims to use small 
molecules to assist misfolded proteins in folding correctly 
and reaching the appropriate subcellular location, so that 
they function as proteostasis regulators [125] (Fig. 3), as 
it does with VB6 [61]. Dequalinium chloride and monen-
sin both interfere with mitochondrial transport, preventing 
the mistargeting of AGT in cell models, and restoring AGT 
into the peroxisomes [126, 127], like VB6. Additionally, 
aminooxyacetic acid works as a pharmaco-chaperone for 
AGT in vitro, not only in relation to the misfolded-causing 
variant p.G170R, but also in aggregation-causing variants 
such as p.I244M and p.G41R [128]. Miniaturized and cost-
effective in vitro tools for high-throughput screening may 
help in finding new or repurposing known molecules able 
to rescue the enzyme-trafficking defect in PH1 [129]. More 
recently, translation inhibition with nanomolar doses of the 
anti-parasitic drug emetine corrected the AGT mistarget-
ing and mildly decreased oxalate excretion in expanded pri-
mary hepatocytes from healthy and PH1 donors  (Upcyte®) 
exposed to glyoxylate [126]. However, no further in vivo 
progress was made, and it is unclear whether these com-
pounds can be used for human treatment.

5  Outlook

The PHs are challenging diseases and diagnosis is often 
delayed. As with most inherited metabolic disorders, a 
timely and proper diagnosis is the basis of any therapeutic 
concept. Genetic testing should be offered to every patient 
after evaluation of metabolites in urine/plasma, as the gen-
otype drives targeted treatment and transplantation strate-
gies. Orthotopic liver transplantation is far from being an 
ideal curative therapy especially in disorders where global 
liver function remains intact. Newly available RNAi medi-
cations, but also adequately applied VB6 treatment may 
make liver transplantation in PH1 avoidable. Alternative 
therapeutic approaches are already in the pipeline, which 
will move a step forward in treating patients non-respon-
sive to current medication. A rare disease with a severe 
clinical phenotype has now become treatable, but only 
with an early diagnosis and prompt treatment installment 
can chronic kidney failure be prevented.
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