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A B S T R A C T   

The high recurrence rate of cystine lithiasis observed in cystinuria patients highlights the need for new thera-
peutic options to address this chronic disease. There is growing evidence of an antioxidant defect in cystinuria, 
which has led to test antioxidant molecules as new therapeutic approaches. In this study, the antioxidant L- 
Ergothioneine was evaluated, at two different doses, as a preventive and long-term treatment for cystinuria in the 
Slc7a9− /− mouse model. L-Ergothioneine treatments decreased the rate of stone formation by more than 60% and 
delayed its onset in those mice that still developed calculi. Although there were no differences in metabolic 
parameters or urinary cystine concentration between control and treated mice, cystine solubility was increased 
by 50% in the urines of treated mice. We also demonstrate that L-Ergothioneine needs to be internalized by its 
transporter OCTN1 (Slc22a4) to be effective, as when administrated to the double mutant Slc7a9− /− Slc22a4− /−

mouse model, no effect on the lithiasis phenotype was observed. In kidneys, we detected a decrease in GSH levels 
and an impairment of maximal mitochondrial respiratory capacity in cystinuric mice that L-Ergothioneine 
treatment was able to restore. Thus, L-Ergothioneine administration prevented cystine lithiasis in the Slc7a9− /−

mouse model by increasing urinary cystine solubility and recovered renal GSH metabolism and mitochondrial 
function. These results support the need for clinical trials to test L-Ergothioneine as a new treatment for 
cystinuria.   
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1. Introduction 

Cystinuria is one of the urolithiasis disease with the worst reported 
quality of life in patients [1,2]. It is caused by mutations in the SLC3A1 
and SLC7A9 genes [3,4], which encode the cystine and dibasic amino 
acid transport system b0,+, expressed in the intestine and renal proximal 
tubules [5]. At the intestinal level, no clinical effect is observed as 
plasma concentrations of these amino acids are normal or slightly lower 
in cystinuria patients [6]. However, defects in renal reabsorption lead to 
the hyperexcretion of cystine, lysine, arginine and ornithine [7,8]. The 
low solubility of cystine at physiological urine pH induces its precipi-
tation and calculi formation, which is the main clinical manifestation of 
cystinuria [9]. Cystine urolithiasis accounts for 1–2% of urinary tract 
calculi in adults and 6–8% in children [10,11]. 

About 94% of patients develop cystine stones during their lifetime 
and, of these, 75% suffer from them bilaterally [12,13]. Recurrent renal 
calculi episodes causing obstructive uropathy and repeated urological 
interventions can result in chronic kidney disease [14,15]. Therefore, 
cystinuria patients require intensive follow-up to preserve their renal 
function. First-line treatments are conservative measures focused on 
preventing stone formation: hydration therapy, dietary recommenda-
tions and urine alkalinization [16]. When these approaches fail, thiol 
drugs as D-penicillamine or tiopronin are administered to dissolve the 
stones by forming cysteine-drug products, which are up to 50-fold more 
soluble in urines [16]. However, thiol drugs have side effects that must 
be monitored and lead to treatment discontinuation [17,18]. 

New therapeutic approaches for cystinuria are being investigated, 
ranging from thiol drugs as bucillamine (NCT02942420), diuretic drugs 
as Tolvaptan [19], or crystal growth inhibitors as L-cystine dimethylester 
[20] and L-cystine bis(N′-methylpiperazide) [21,22]. In addition, anti-
oxidant molecules are being considered as a potential treatment as they 
showed stone growth inhibitory properties, although the mechanism by 
which they act remains unknown. α-Lipoic acid showed to prevent 
cystine stone formation by increasing urinary cystine solubility in a 
cystinuria mouse model [23] and a clinical trial is underway to prove its 
effectiveness in patients (NTC02910531). Likewise, Salvianolic acid B 
and Selenium have been described to reduce cystine crystals deposition 
in mouse models and cystinuria patients [24,25]. 

In this line, we have recently identified the antioxidant L-Ergo-
thioneine (L-Erg) as a modulator of cystine lithiasis as the double mutant 
Slc7a9− /− Slc22a4− /− mouse model (cystinuria model lacking the L-Erg 
transporter), has shown an increased rate of stone-former mice [26]. In 
addition, the urinary ratio of the metabolite S-Methyl-L-Ergothioneine 
(S-Met-L-Erg) to L-Erg proved to be a marker to discriminate 
stone-former from non-stone-former cystinuric mice [26]. L-Erg is an 
intracellular antioxidant molecule with cytoprotective and 
anti-inflammatory effects which role associated with pathologies has 
been described in several organs [27–30], including the kidney [31–33]. 
It is a natural thiol molecule synthesized by cyanobacteria [34], myco-
bacteria [35] and non-yeast-fungi [36], that animals must absorb from 
diet. However, although animals cannot synthesize L-Erg, the existence 
of a specific transporter (OCTN1-SLC22A4) in most tissues that ensures 
its absorption and retention in the body [37], L-Erg long half-life [38] 
and its ability to accumulate in injured tissues [39], suggest that L-Erg 
has an important physiological role. 

Based on the above-described findings and for its thiol-antioxidant 
properties, we have tested L-Erg treatment to prevent cystine lithiasis 
in the Slc7a9− /− mouse model and assessed its mechanism of action. 

2. Methods 

2.1. Mice treatments 

Mice colonies were maintained in a specific pathogen-free animal 
facility. All protocols were approved by the Animal Experimentation 
Ethics Committee of IDIBELL (AAALAC accredited facility, B9900010). 

Homozygous Slc7a9− /− [40] and Slc7a9− /− Slc22a4− /− [26] mice on a 
C57Bl/6J genetic background were assigned randomly to control or 
L-Erg treated groups with balanced sex distribution and housed with ad 
libitum access to food and drinking water. 

L-Erg was in-house synthesized by the SIMChem service or provided 
by Tetrahedron (www.tetrahedron.fr). Three different treatments were 
administered to Slc7a9− /− mice: 1-month treatment in adult mice to test 
doses (n = 8, mixed sexes), low-dose (16 mg/kg/day) treatment since 
weaning to 7 months of age (n = 40, mixed sexes) and high-dose (200 
mg/kg/day) treatment since weaning to 4 months of age (n = 55, mixed 
sexes). Low-dose L-Erg treatment was also supplied to Slc7a9− / 

− Slc22a4− /− mice since weaning and up to 4 months of age (n = 22, 
mixed sexes). L-Erg concentration in the drinking water was adjusted 
per cage weekly according to mouse weight and water intake. Each 
treatment had its own control group with the same number of mice. 

2.2. Cystine calculi detection by X-ray 

To detect the stone onset and follow up its progression in vivo, X-ray 
images were taken monthly using an IVIS Lumina XR Series III (Caliper 
LifeScience–Vertex Technics, Hopkinton, MA, USA) as described in 
Ref. [26] and were analyzed using Living Image® Software. 

2.3. Sample collection 

Individual mice urine was collected using metabolic cages for 4 days 
at the beginning and the end of treatments. Urinary pH was determined 
using the 52 09 pH electrode (CRISON, Barcelona, Spain) and urines 
were kept at − 80 ◦C until further analysis. Mice were sacrificed on the 
last day in the metabolic cages by intracardiac puncture and kidneys, 
livers and stones were removed. 

2.4. L-Erg and S-Met-L-Erg determination 

L-Erg and S-Met-L-Erg determination in the urines of the test 
experiment was carried out as previously described in Ref. [26]. The 
analysis of L-Erg and S-Met-L-Erg in the urines of low and high-dose 
treatment was performed on an Agilent 1290 Infinity II UHPLC system 
(Agilent Technologies, Santa Clara, USA) coupled to a 6500 QTRAP 
mass spectrometer equipped with Ion Drive Turbo V ion source 
LC-MS/MS system (Sciex, Framingham, MA, USA). L-Erg and S-Met--
L-Erg concentration was normalized by urinary creatinine, determined 
with the Creatinine Assay Kit (Sigma-Aldrich, MA, USA). 

2.5. Cystine analysis 

Cystine precipitation assay was performed as described in Ref. [23]. 
Briefly, 400 μL of a supersaturated L-cystine solution (4 mM) were added 
to: i) 100 μL of a pool of Slc7a9− /− mice urine, ii) 100 μL of a pool of 
Slc7a9− /− mice urine supplemented with L-Erg or S-Met-L-Erg 500 μM 
(final concentration), or iii) 100 μL of a pool of L-Erg treated Slc7a9− /−

mice urine (4 replicates per condition). Then, samples were vortexed 
and left at 4 ◦C for 96 h to allow cystine precipitation. After that, samples 
were centrifuged at 4000 rpm for 20 min and supernatants were dis-
carded. The precipitate obtained was dissolved in 1.5 mL of ultrapure 
H2O. Cystine concentration of pellets and mice urines was determined 
by UPLC-MS/MS as described by Ref. [41]. 

2.6. Electron microscopy 

Cystine stones were split into two parts to analyze the outer surface 
and the inner layers of stones. Stone fragments were fixed with silicone, 
in its corresponding spatial orientation, to the 1 cm in diameter support 
element. No sample coating was needed as the analyses were carried out 
under low vacuum. Crystal morphology was evaluated using a Scanning 
Electron Microscopy (SEM) Quanta 200 3D (FEI Company™). The SEM 
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was coupled with energy-dispersive spectroscopy (EDS) (Thermo Fisher 
UltraDry, 30 mm2) allowing the simultaneous analysis of stone 
elemental composition. Stone images were acquired with magnification 
ranging from 100 to 1000 and an image resolution of 512 × 340. Nine 
sections were analyzed for each stone. 

2.7. GSH and GSSG determination 

To determine kidney and liver intracellular reduced glutathione 
(GSH) and oxidized glutathione (GSSG) levels, 100 mg of pulverized 
tissue were homogenized in 400 μL of PBS-N-Ethylmaleimide (NEM) 
buffer (10 mM). To induce protein precipitation, perchloric acid was 
added at 4% final concentration, and samples were centrifuged at 
10,000 rpm, 15 min at 4 ◦C. Supernatants were transferred to a new tube 
for analysis and pellets were resuspended in 100 μL of NaOH (1 M) to 
obtain the total protein content by BCA Protein Assay Kit (Thermo-
Scientific, MA, USA). Then, GSH and GSSG levels were analyzed by 
UPLC-MS/MS as described in Ref. [42]. Data were normalized by grams 
of total protein content. 

2.8. Mitochondrial respirometry 

Mitochondrial respiration was measured in fresh renal biopsies by 
high-resolution respirometry using an Oxygraph-2k (Oroboros® In-
strument Gmbh Corp) following the substrate-uncoupler-inhibitor 
titration (SUIT-008) protocol described in Refs. [43,44]. Fresh kidneys 
were cut into small pieces and were permeabilized for 30 min at 4 ◦C in 
2 mL of ice-cold saponin solution (0.05 mg saponin/mL BIOPS). After a 
5 min wash with MiR05 buffer, 1.5 mg of tissue were introduced in the 
O2k chamber to achieve a 0.75 mg/mL tissue concentration. Leak state 
of uncoupled respiration was assessed by adding malate (2 mM) and 
pyruvate (10 mM). Complex I oxidative phosphorylation was measured 
by adding ADP (5 mM). Then, cytochrome c (10 mM) was added to 
check the integrity of the outer mitochondrial membrane. NADH linked 
pathway respiration was evaluated by adding glutamate (10 mM) and, 
NADH and succinate linked pathways, adding succinate (10 mM). 
Maximal uncouple respiration was determined by following titration of 
carbonylcyanide-4-(trifluoromethoxy)-phenyl-hydrazone (FCCP). 
Finally, complex I and complex III were inhibited by the sequential 
addition of rotenone (0.5 μM) and antimycin A (2.5 μM), and residual 
oxygen consumption was quantified to subtract this value of the other 
respiratory states. 

2.9. Mitochondrial respiratory chain enzymatic activities 

Frozen kidneys were thawed in ice-cold mannitol (200 μL every 50 
mg of tissue), cut into tiny pieces and homogenized with a Teflon 
plunger motor-driven homogenizer. After centrifuging the homogenates 
for 20 min at 650×g and 4 ◦C, supernatants were kept, and pellets were 
resuspended and homogenized again on ice-cold mannitol. Then, total 
protein quantification was performed using the BCA protein assay and 
samples were diluted to a final concentration of 2 mg/mL with mannitol. 
Complex II, complex IV and Citrate Synthase activities were assessed 
spectrophotometrically as described in Ref. [45]. Complex II and com-
plex IV activities were normalized by Citrate Synthase activity and 
expressed as nmol/min/mg protein. 

2.10. Statistical analysis 

The unpaired non-parametric Wilcoxon-Mann-Whitney test was used 
to assess differences between independent group samples. Data are 
presented as mean values ± SEM and P values below 0.05 were 
considered statistically significant. Data analyses and figure design were 
performed with RStudio version 3.6.0. R packages used were openxlsx, 
dplyr, ggpubr, tidyr, devtools, and ggplot2. 

3. Results 

3.1. Determination of L-Erg dose 

One-month treatment with L-Erg was performed in adult mice to 
evaluate whether metabolic parameters could be affected by L-Erg 
administration and to study L-Erg and S-Met-L-Erg urinary bioavail-
ability testing two different doses. Hence, the drinking water of treated 
mice was supplemented by 15 or 60 mg/L of L-Erg. After that time, no 
significant variations in metabolic parameters such as weight, water 
intake, urinary excretion and pH were observed (Fig. 1a–d). Neverthe-
less, L-Erg and S-Met-L-Erg urinary concentrations increased signifi-
cantly at both tested doses (Fig. 1e–f). However, that increase was 
shown to be nonproportional as in the 15 mg/L group L-Erg and S-Met-L- 
Erg levels increased 3.4-fold and 5.4, respectively, and in the 60 mg/mL 
group, the increase was 150.0-fold and 13.4-fold, respectively (Fig. 1g). 
The administration of 60 mg/L of L-Erg, corresponding to a dose of 16.3 
± 6.6 mg/kg/day in mice (Fig. 1h), was chosen for subsequent experi-
ments as it resulted in a higher urinary concentration of L-Erg and S-Met- 
L-Erg. 

3.2. Long-term L-Erg treatment prevents cystine lithiasis and delays its 
onset 

Since cystinuria patients have an early onset and recurrent stone 
episodes, L-Erg was administered to mice before stone formation as a 
preventive and sustained treatment: from weaning to 7 months of age 
(Fig. 2a). L-Erg concentration in the drinking water was adjusted weekly 
according to mouse weight and water intake to administer a dose of 16 
mg/kg/day throughout the treatment (Supplementary Fig. S1). The 6- 
months treated group showed above 60% decrease in stone-former 
mice (relative risk = 0.375) (Fig. 2b), independently of mice sex (Sup-
plementary Fig. S2). In addition, through the X-ray follow-up, a 2-month 
delay in stone onset and growth evolution was observed in the treated 
group (Fig. 2c). Post-mortem stone weight of the treated group was also 
significantly lower compared to control group (Fig. 2d). 

3.3. L-Erg treatment increases urinary cystine solubility without affecting 
metabolic parameters or chelating cysteine 

To study L-Erg mechanism of action, urinary parameters related to 
other cystinuria treatment approaches were evaluated. No significant 
differences were observed when comparing the urinary excretion vol-
ume and pH levels of treated and control mice (Fig. 3a–b), revealing that 
L-Erg does not act as a diuretic or urinary alkalinizing drug. Then, to 
evaluate if L-Erg could be chelating cysteine, an in vitro assay combining 
different concentrations of L-Erg and cysteine was performed, but no L- 
Erg-cysteine dimers were detected by LC/MS-MS. Moreover, after L-Erg 
treatment, no differences in urinary cystine concentration were 
observed between treated and control mice, with both urines being 
highly concentrated compared to WT mice and confirming that L-Erg 
does not chelate cysteine (Fig. 3c). Then, urinary cystine solubility was 
assessed both ex vivo and in vitro by a cystine precipitation assay. After 
adding a supersaturated cystine solution to control and treated urines, 
the cystine precipitate was significantly lower in treated urines (Fig. 3d). 
Thus, although treated urines contained high amounts of cystine, L-Erg 
treatment decreased its precipitation which could explain the observed 
effect on stone formation. Next, cystine stones were analyzed using a 
SEM coupled with an EDS detector. High-resolution images showed that 
the structure of cystine stones was not affected by L-Erg treatment, 
neither on the stone surface, where the hexagonal prismatic crystals 
were preserved and no signs of corrosion were found, nor in the core of 
the stone, where the same stone cleavage pattern was observed (Fig. 3e). 
Also, control and treated cystine stones showed the same elemental 
composition spectra (Fig. 3e). 
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3.4. High-dose L-Erg treatment prevents cystine lithiasis 

To determine whether the effect observed after L-Erg treatment 
could be improved, a high-dose L-Erg treatment was performed from 
weaning and up to 4-month-old (Fig. 4a). The dose selected was 200 mg/ 
kg/day, corresponding to a Human Equivalent Dose (HED) of 1 g/day 
for a 60 kg adult [46]. During the 4-month treatment, no effect of L-Erg 
on mice weight, water intake and urinary cystine concentration was 
observed (Supplementary Figs. S3–S4). However, the treated group 
showed a 70% decrease in the rate of stone former mice (relative risk =
0.283), a delay in the stone onset and a lower post-mortem stone weight 
(Fig. 4b–d). A slight increase in effectivity was observed compared to the 
previous dose, but in the treated group still two mice developed stones. 
Then, urinary levels of L-Erg and S-Met-L-Erg were assessed in control, 
low and high-dose treated mice. Regardless of treatment, all 

stone-former mice had the lowest urinary S-Met/L-Erg ratio of each 
condition due to a lower amount of S-Met-L-Erg (Fig. 4e–g), suggesting a 
poorer internal metabolism of L-Erg in stone-former mice and revealing 
the importance of L-Erg metabolism rather than the L-Erg levels in urine. 

3.5. L-Erg metabolism is essential for treatment effectiveness 

As the above results suggested that L-Erg internal metabolism was 
necessary to prevent the stone formation process, 16 mg/kg/day of L-Erg 
was administered to the Slc7a9− /− Slc22a4− /− mice (cystinuria model 
lacking L-Erg transporter). Preventive treatment from weaning to 4 
months of age did not show significant differences in stone onset, 
growth, or post-mortem weight compared to control group (Fig. 5a–c). 
Results evidence that L-Erg internalization and metabolization are 
essential for treatment effectiveness. To explore whether S-Met-L-Erg 

Fig. 1. L-Erg treatment for 1 month increases L-Erg and S-Met-L-Erg urinary concentration without affecting metabolic parameters. Comparison of (A) mice 
weight, (B) water intake normalized by mice body surface area, (C) urinary excretion normalized by body surface area, and (D) urinary pH values recorded in 
metabolic cages before and after administration of 15 or 60 mg/L of L-Erg. (E) L-Erg and (F) S-Met-L-Erg urinary concentration in μM before and after administration 
of 15 mg/L or 60 mg/L of L-Erg. (G) Ratio between post and pre-treatment levels of L-Erg and S-Met-L-Erg in the urine of treated mice. E, F and G graphs are shown 
using a logarithmic scale for visualization purposes. (H) Calculated L-Erg mean dose during the 1-month L-Erg treatment taking into consideration L-Erg drinking 
water concentration, mice body weight and water intake. The dashed black line indicates the 16 mg/kg/day dose. Each dot represents an individual mouse, and the 
bars indicate the mean ± SEM. p-value is shown at the top if significant after Mann-Whitney-Wilcoxon test (***p < 0.001). 

Fig. 2. Long-term L-Erg treatment reduces and delays stone formation in the Slc7a9− /− mouse model. (A) Timeline of preventive L-Erg (16 mg/kg/day) 
treatment from weaning to seven months of age in Slc7a9− /− mice. (B) Evolution of the rate of stone-former mice in control and treated groups (N = 40 per group). 
(C) Comparison of the monthly stone weight evolution in control and treated stone-former mice. The stone weight follow-up was estimated by X-ray images. (D) Post- 
mortem stone weight in control and treated stone-former mice after L-Erg treatment. Each dot represents an individual mouse, and the bars indicate the mean ± SEM. 
p-value is shown at the top if significant after Mann-Whitney-Wilcoxon test (*p < 0.05). M = Month of age, XR = X-ray. 
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was the metabolite responsible for the increased solubility of cystine in 
the urine, a cystine precipitation assay was performed to compare the 
precipitate obtained in urines from both L-Erg treatments and urines 
supplemented in vitro with L-Erg or S-Met-L-Erg. While both treatments 
significantly reduced cystine precipitate by 50%, independently of the 
urine’s pH (Supplementary Fig. S5), no effect was observed in the in vitro 
supplemented ones (Fig. 5d). 

3.6. Long-term L-Erg treatment ameliorates oxidative damage in 
cystinuric mice 

As L-Erg properties described so far are related to its condition as an 
antioxidant molecule and cysteine is the limiting precursor of GSH, the 
oxidative status of WT, control and treated mice was studied. Intracel-
lular GSH and GSSG pools in the kidneys of Slc7a9− /− mice were about 
40% lower than those of WT mice, revealing a decrease in total GSH 
content in cystinuric mice, although GSH/GSSG ratio was preserved 
(Fig. 6a). Low-dose L-Erg treatment significantly increased GSH and 
GSSG content recovering total kidney GSH, but such effect was not 
observed in high-dose treated mice (Fig. 6a). Similar results were ob-
tained in the liver, where total GSH content was decreased by 25% in 
cystinuric mice compared to WT mice, while no differences in GSH/ 
GSSG ratio were detected (Fig. 6b). Low- and high-dose L-Erg treatment 
also showed disparities, as low-dose treatment significantly increased 
GSH/GSSG ratio due to lower GSSG levels, while high-dose treatment 
restored total liver GSH content without changing GSH/GSSG ratio 
(Fig. 6b). 

Moreover, mitochondria function was assessed in the kidneys of 
cystinuric mice by high-resolution respirometry. At 4 months of age, 
cystinuric mice showed lower maximal mitochondrial respiration ca-
pacity after adding the uncoupling agent FCCP and, when complex I was 

inhibited with rotenone, lower respiration was also detected, suggesting 
dependence on complex I to maintain mitochondrial respiration in 
cystinuria (Fig. 6c). At 6 months of age, differences between WT and 
cystinuric mice increased, indicating an age-related decrease in mito-
chondrial respiration in our model (Fig. 6c). Nevertheless, high-dose L- 
Erg treatment restored mitochondrial respiration at both 4 and 6 months 
of age (Fig. 6c). The enzymatic activity of complex II and IV was also 
evaluated at 4 months of age and, while non-significant differences were 
observed in complex II, a decrease in complex IV activity was observed 
in cystinuric mice compared to WT mice, defect that was restored by L- 
Erg treatment (Fig. 6d). 

4. Discussion 

Current therapeutical approaches for cystinuria aim to prevent the 
precipitation of cystine crystals and the consequent stone formation. 
However, many patients continue to develop cystine stones every few 
years [47]. Here, we have demonstrated the therapeutical effect of L-Erg 
preventing cystine lithiasis in the Slc7a9− /− mouse model by increasing 
urinary cystine solubility and improving some parameters related to the 
oxidative stress status in the kidney. L-Erg is an antioxidant and cyto-
protective molecule which safety has been deeply studied and approved 
by regulatory agencies as FDA [48] and EFSA [49]. 

As cystinuria is a lifelong disease with an early onset, mice were 
treated from weaning and for 6 months. L-Erg (16 mg/kg/day) treat-
ment decreased the rate of stone formation and delayed the lithiasis 
onset in those treated mice that developed stones. No effect was 
observed regarding mice weight and development, water intake, urinary 
excretion levels, or urinary pH, allowing to ensure the safety of L-Erg 
and discarding a diuretic or urine alkalinizing mechanism of action. 
Furthermore, although L-Erg is a thiol-thione molecule, we 

Fig. 3. Long-term L-Erg treatment increases cystine solubility without affecting physiological parameters and cystine crystal structure. (A) Urinary 
excretion normalized by body surface area in control and L-Erg treated mice. (B) Urinary pH in control and L-Erg treated mice. (C) Urinary cystine concentration in 
μM in WT, control and L-Erg treated mice. (D) L-cystine precipitate relative to control mice after adding a supersaturated L-cystine solution (4 mM) to a urine pool 
from control and L-Erg treated mice. (E) Representative SEM images of the surface (I) and core (II) of a cystine stone from control mice and of the surface (III) and 
core (IV) of a cystine stone from treated mice, and their corresponding EDS spectra. Each dot represents an individual mouse, and the bars indicate the mean ± SEM. 
p-value is shown at the top if significant after Mann-Whitney-Wilcoxon test (*p < 0.05). C = Carbon, N = Nitrogen, O = Oxygen, Al = Aluminum, S =Sulphur. 
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demonstrated by two different approaches that L-Erg does not chelate 
cysteine in urines, and thus does not act as a thiol-binding drug. Sup-
porting this finding, L-Erg-cysteine dimerization has been only observed 
in strongly acidic solutions [50]. 

The HED of L-Erg 16 mg/kg/day treatment is 77.8 mg/day for a 60 
kg adult [46] and, as the L-Erg NOAEL (No Observed Adverse Effect 
Level) established for adults, pregnant and infants is 800 mg/kg/day 
[48], we increase the dose administered. High-dose (200 mg/kg/day) 
L-Erg treatment confirmed the preventive effect by decreasing the rate of 
stone formation and delaying the stone onset. However, although the 
administered dose was 10-fold higher, the additional benefits observed 

were slight. By analyzing the urinary levels of L-Erg and its metabolite 
S-Met-L-Erg, we found that all stone-former mice, including the ones in 
the treated group, had the lowest S-Met/L-Erg ratio of their condition 
due to lower levels of S-Met-L-Erg. These results revealed, in addition to 
confirming that the ratio of S-Met-L-Erg to L-Erg is a robust marker of 
cystine lithiasis [26], that the internal metabolism of L-Erg is involved in 
the prevention of cystine lithiasis. This hypothesis was confirmed when 
Slc7a9− /− Slc22a4− /− mice were treated with L-Erg (16 mg/kg/day), as 
no differences were observed in stone formation rate or onset between 
control and treated mice. This could explain the slight additional ben-
efits observed in the high-dose treatment, as a pharmacokinetic study of 

Fig. 4. High-dose L-Erg treatment reduces and delays stone formation in the Slc7a9− /− mouse model. (A) Timeline of preventive L-Erg (200 mg/kg/day) 
treatment from weaning to 4 months of age in Slc7a9− /− mice. (B) Evolution of the rate of stone-former mice in control and high-dose-treated groups (N = 55 per 
group). (C) Comparison of the monthly stone weight evolution in control and high-dose-treated stone-former mice. The stone weight follow-up was estimated by X- 
ray images. (D) Post-mortem stone weight in control and high-dose-treated stone-former mice after L-Erg treatment. Urinary levels of (E) L-Erg, (F) S-Met-L-Erg and 
(G) their ratio in control, low-dose and high-dose-treated non-stone-former (NSF) and stone-former (SF) mice grouped by sex. Control and treated mice are plotted in 
different graphs for visualization purposes. Each dot represents an individual mouse, and the bars indicate the mean ± SEM. p-value is shown at the top if significant 
after Mann-Whitney-Wilcoxon test (*p < 0.05, **p < 0.01). M = Month of age, XR = X-ray, M = male, F = Female, Cntrl = Control, LD = Low-dose (16 mg/kg/day), 
HD = High-dose (200 mg/kg/day), NSF = Non-stone-former, SF = Stone-former. 

Fig. 5. L-Erg metabolism is essential for treatment effectiveness. (A) Evolution of the rate of stone-former mice percentage in control and treated dKO mice (N =
22 per group). (B) Comparison of the monthly stone weight evolution in control and treated dKO stone-former mice. The stone weight follow-up was estimated by X- 
ray images. (C) Post-mortem stone weight in control and treated dKO stone-former mice after L-Erg treatment. (D) L-cystine precipitate relative to control mice after 
adding a supersaturated L-cystine solution (4 mM) to a urine pool from Slc7a9− /− control mice (Cntrl), Slc7a9− /− mice treated with a low-dose of L-Erg (16 mg/kg/ 
day) (Treated LD), Slc7a9− /− mice treated with a high dose of L-Erg (200 mg/kg/day) (Treated HD), Slc7a9− /− control mice but in vitro supplemented with L-Erg to 
obtain a final urine concentration of 0.5 mM (Cntrl + L-Erg) and Slc7a9− /− control mice but in vitro supplemented with S-Met-L-Erg to obtain a final urine con-
centration of 0.5 mM (Cntrl + S-Met). Each dot represents an individual mouse, and the bars indicate the mean ± SEM. p-value is shown at the top if significant after 
Mann-Whitney-Wilcoxon test (*p < 0.05). dKO = Slc7a9− /− Slc22a4− /− mice, Cntrl = Control, LD = Low dose (16 mg/kg/day), HD = High dose (200 mg/kg/day). 
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L-Erg in mouse tissues showed no differences in the accumulation of 
L-Erg and its metabolites in the kidney when comparing two different 
doses: 35 and 70 mg/kg/day. Therefore, a dose lower than 35 
mg/kg/day may saturate the intracellular accumulation and metabolism 
of L-Erg [51]. 

Although no differences in urinary cystine concentration were 
detected between control and treated mice at the end of the experiments, 
a significant increase in cystine solubility was observed in treated urines, 
regardless of urinary pH, cysteine chelation, or induction of hydration or 
diuresis. Consistent with stone formation rate results, no differences in 

Fig. 6. Long-term L-Erg treatment ameliorates oxidative damage and mitochondrial function in Slc7a9− /− mice. (A) Kidney and (B) liver reduced (GSH), 
oxidized (GSSG) and total (GSH + GSSG) GSH content, and GSH/GSSG ratio of WT, low-dose (LD) and high-dose (HD) L-Erg treated mice, and their respective control 
mice. Levels were normalized by kidney or liver total protein content (grams of proteins) and plotted normalized to WT levels. (C) Ex vivo mitochondrial respiration 
of fresh saponin permeabilized kidney biopsies of WT, control and high-dose L-Erg treated mice at 4 (left graph) and 6 (right graph) months of age. N-Leak respiration 
was measured adding pyruvate and malate (PM), N-OXPHOS capacity adding ADP and glutamate (PMG), NS-OXPHOS capacity adding succinate (PMGS), NS-ETS 
capacity adding FCCP and S-ETS capacity adding rotenone. Oxygen flux was normalized by mg of kidney tissue. The upper p-value corresponds to the comparison 
between control and treated mice, and the lower p-value, to WT and control comparison. N = 5–7. (D) Kidney mitochondrial succinate dehydrogenase (CII) and 
cytochrome c oxidase (CIV) activity in control and high-dose L-Erg treated mice at 4 months of age. Activity levels were calculated in nmol/min per mg of protein and 
normalized to citrate synthase (CS) activity. Each dot represents an individual mouse, and the bars indicate the mean ± SEM. p-value is shown at the top after Mann- 
Whitney-Wilcoxon test. #p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001. Cntrl = Control, LD = Low-dose (16 mg/kg/day), HD = High-dose (200 mg/kg/day), N =
NADH linked pathway, NS = NADH and succinate linked pathways, S = succinate linked pathway, OXPHOS = oxidative phosphorylation, ETS = Electron transport 
system, FCCP = Carbonyl cyanide 4-(trifluoromethoxy)-phenylhydrazone, CII = Complex II, CIV = Complex IV, CS = Citrate Synthase. 
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cystine solubility were observed between urines from low- and high- 
dose L-Erg treatments: both decreased cystine precipitate by 50%. But, 
when L-Erg or S-Met-L-Erg were added in vitro to control urines, no 
changes in cystine solubility were detected, suggesting that they are not 
the direct metabolites responsible for preventing cystine precipitation. 
Remarkably, the antioxidant α-lipoic acid also increases cystine solubi-
lity in the urine of cystinuric mice through its derived metabolism, but 
the specific metabolite(s) involved have not yet been identified [23]. 
Similarly, Salvianolic acid B, reduced cystine crystal formation when 
administered to mice, but its mechanism of action has not been eluci-
dated beyond relating it to its antioxidant and cytoprotective capacity 
[24]. 

Disruptions in oxidative stress have been observed in cystinuria. In 
patients, decreased GSH levels in leukocytes [52], accumulation of lipid 
peroxidation and variations in superoxide dismutase (SOD), glutathione 
peroxidase (GPx) and inducible nitric oxide synthase (iNOS) antioxidant 
enzyme activities in blood have been described [24,53]. Likewise, 
decreased GSH levels in livers of the Slc3a1− /− mouse model [54] and 
alterations in lipid peroxidation and SOD and GPx enzyme activities in 
kidneys of the Slc7a9− /− mouse model have been observed [24]. In this 
work, GSH levels were determined in kidneys and livers of the Slc7a9− /−

mouse model and, in both tissues, a lower GSH content was observed 
compared to WT mice. These findings strengthen the evidence for a 
compromised antioxidant capacity in cystinuria that could be improved 
with antioxidant treatments. 

Low-dose L-Erg treatment restored total GSH levels in the kidneys 
and increased GSH/GSSH ratio in the livers of cystinuric mice. However, 
high-dose L-Erg treatment had no effect on the kidneys but restored total 
GSH content in the livers. These differences in kidney between low and 
high-dose treatment could be explained as it has been described that 
after the neutralization of reactive species by L-Erg, L-Erg can be re-
generated by consuming GSH [55]. Thus, the increase in GSH con-
sumption could counteract the effect observed in the low-dose treatment 
and lead to a decrease in the GSH/GSSG ratio. As the liver is the organ 
with the highest GSH levels and it is responsible for whole organism GSH 
homeostasis, this could explain why is need a high dose of L-Erg to 
restore its GSH levels. Previous L-Erg treatments in rat models of type 2 
diabetes and cisplatin-evoked nephrotoxicity, in addition to restoring 
kidney GSH concentration, increased antioxidant defenses such as SOD 
and GPx, and decreased lipid peroxidation [33,56]. Thus, L-Erg treat-
ment might be able to recover the antioxidant defect described in 
cystinuria [24,52–54]. 

Here, we have also described an OXPHOS-related impairment of 
mitochondrial activity in our cystinuria model at 4 and 6 months of age 
that could be restored with L-Erg treatment. It has been described that 
complex IV is the rate-limiting enzyme of the mitochondrial respiratory 
chain [57,58]. Thus, the lower activity of complex IV observed in cys-
tinuric mice could explain the decrease in their maximal respiratory 
capacity, which plays a crucial role in organs under chronic 
disease-related stress [59–61]. Although only in vitro studies have 
described the presence of the L-Erg transporter OCTN1 in the mito-
chondrial membrane [62–64], L-Erg detection in mitochondria fractions 
[38] demonstrated that targets this organelle. In addition, L-Erg 
administration has shown to prevent ROS production both in vitro 
[65–67] and in kidneys [68]. 

Oxidative stress and mitochondrial dysfunction have been linked to 
the pathophysiology of other urolithiasis [69–71]. The interaction of 
crystals with renal epithelial cells promotes cytotoxicity, which leads to 
membrane disruption, ROS production and mitochondrial damage 
[72–74]. Antioxidants that target mitochondrial defects showed to 
decrease crystal depositions in mouse models of kidney stone diseases by 
lowering ROS and lipid peroxidation, and recovering antioxidant de-
fenses and OXPHOS activity [74–79]. In vitro studies demonstrated 
cytotoxicity of cyst(e)ine on renal epithelial cells, leading to lipid per-
oxidation and necrosis induction [80–82]. Interestingly, a recent pro-
teomic analysis of cystine stones from mice revealed that the proteins 

overrepresented in the initial stage of cystine stone formation, apart 
from ribosomal proteins, were OXPHOS and the TCA cycle elements 
[83], closely related to mitochondrial metabolism. Similarly, mito-
chondrial proteins have been found in stone matrices of calcium oxalate 
stones being related to crystal nucleation [84]. Thus, high cystine con-
centrations in the renal tubules that induce cell death and lipid peroxi-
dation, together with low GSH levels and mitochondrial dysfunction 
that induce apoptotic cell death, could lead to the release of cellular 
debris and cell organelles into the lumen favoring the nucleation and 
aggregation of cystine crystals. 

A weakness of the study could be the method of drug delivery cho-
sen. Other methods were considered to better control the dose admin-
istered, but oral administration via drinking water has been applied in 
studies to test cystinuria treatments [85] and ensures continuous drug 
delivery while minimizing handling and stress to the mice, essential in 
long-term treatments. Also, although it saturates the L-Erg transporter, 
high-dose treatment was unable to totally prevent cystine stone forma-
tion probably due to differences in L-Erg metabolism. In humans, studies 
addressing the saturation point of L-Erg transporter have not yet been 
conducted, but there are SLC22A4 polymorphisms related to an increase 
[86] or impaired L-Erg transport [87]. More evidence is needed to un-
derstand the role of SLC22A4 gene in cystinuria patients and to establish 
the appropriate dose of L-Erg to prevent cystine lithiasis. 

To date, there is only one study that addresses the administration of 
L-Erg in humans [88], although different clinical trials are underway to 
determine the potential benefit of this molecule in different pathological 
conditions and to understand its pharmacokinetics better. From the 
published results, we can extrapolate that by administering a dose of 25 
mg/kg/day of L-Erg for 7 days to humans (mouse equivalent dose of 
307.5 mg/kg/day), both L-Erg and S-Met-L-Erg levels increase propor-
tionally in urine [88]. This suggests that L-Erg metabolism in humans is 
saturated at higher doses than in mice. Moreover, patients who have 
taken this dose have reported no side effects. However, to evaluate the 
effective dose and the optimal schedule of L-Erg administration, recur-
rent cystine precipitation assays of the urine of treated patients should 
be performed to assess treatment response. 

Cytoprotective properties [24,89], induction of GSH synthesis [89, 
90] and improvement of mitochondrial function [91,92] have also been 
reported for α-Lipoic Acid and Salvianolic acid B. These common path-
ways with L-Erg could explain their effect on cystine lithiasis. However, 
the HED of the doses tested in cystinuria animal models are 2700 [23] 
and 326 [24] mg/day for α-Lipoic Acid and Salvianolic acid B, respec-
tively, which are higher than the doses tested that cause side effects in 
humans. Regarding α-Lipoic Acid, in humans, doses of 600, 1200 and 
1800 mg/day reported a 27%, 43% and 54% of side effects [93]. Most of 
them, were gastrointestinal: nausea, vomiting and dizziness, which can 
lead to treatment discontinuation. Furthermore, the effect of α-Lipoic 
Acid on cystine lithiasis has already been reported to be dose-dependent 
in mice, being half as effective at half the dose of 2700 mg/day [23]. As 
for Salvianolic acid B, at the dose tested in mice, mild renal and hepatic 
damage was observed in humans [94]. We therefore believe that L-Erg, 
for which no side effects have been reported in humans at doses higher 
than those administered in the mouse model [48] is a molecule with 
high potential for the treatment of cystine lithiasis. 

In conclusion, L-Erg treatment prevented and delayed cystine lithi-
asis in a cystinuria mouse model by increasing urinary cystine solubility 
and restored kidney GSH content and OXPHOS function. Further evi-
dence from clinical trials in cystinuria patients is needed to evaluate L- 
Erg effect in combination with conservative therapies as a preventive 
treatment for cystine lithiasis. 
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[85] M. Font-Llitjós, L. Feliubadaló, M. Espino, et al., Slc7a9 knockout mouse is a good 
cystinuria model for antilithiasic pharmacological studies, Am. J. Physiol. Ren. 
Physiol. 293 (3) (2007) 732–740, https://doi.org/10.1152/ajprenal.00121.2007. 

C. Mayayo-Vallverdú et al.                                                                                                                                                                                                                   

https://doi.org/10.1007/s11095-010-0076-z
http://refhub.elsevier.com/S2213-2317(23)00202-1/sref38
http://refhub.elsevier.com/S2213-2317(23)00202-1/sref38
http://refhub.elsevier.com/S2213-2317(23)00202-1/sref38
https://doi.org/10.1016/j.bbrc.2015.12.124
https://doi.org/10.1093/hmg/ddg228
https://doi.org/10.1007/s11306-018-1374-4
https://doi.org/10.1016/j.jpba.2016.02.007
https://doi.org/10.1016/j.jpba.2016.02.007
https://doi.org/10.1002/9780470942390.mo140061
https://doi.org/10.1007/978-1-4939-7831-1_3
https://doi.org/10.1007/978-1-4939-7831-1_3
https://doi.org/10.1038/nprot.2012.058
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1007/s11934-019-0891-7
http://refhub.elsevier.com/S2213-2317(23)00202-1/sref48
https://doi.org/10.2903/j.efsa.2017.5060
https://doi.org/10.1042/bj0680204
https://doi.org/10.1038/s41598-018-20021-z
https://doi.org/10.1038/ki.1990.20
https://doi.org/10.1007/s00580-016-2393-z
https://doi.org/10.1186/s12882-019-1417-8
https://doi.org/10.1016/j.freeradbiomed.2017.10.372
https://doi.org/10.1016/j.lfs.2021.119572
https://doi.org/10.1007/s10863-006-9052-z
https://doi.org/10.1074/jbc.M109.050146
https://doi.org/10.3390/jpm10020032
https://doi.org/10.1371/journal.pone.0163158
https://doi.org/10.1371/journal.pone.0163158
https://doi.org/10.1016/j.redox.2016.09.007
https://doi.org/10.1016/j.redox.2016.09.007
https://doi.org/10.1016/j.bbrc.2006.05.026
https://doi.org/10.1016/j.cca.2020.02.015
https://doi.org/10.1016/j.cca.2020.02.015
https://doi.org/10.1093/toxsci/kfs330
https://doi.org/10.1093/toxsci/kfs330
https://doi.org/10.1016/j.freeradbiomed.2016.04.013
https://doi.org/10.1016/j.freeradbiomed.2016.04.013
https://doi.org/10.1016/j.freeradbiomed.2009.01.021
https://doi.org/10.1046/j.1467-2494.2001.00096.x
https://doi.org/10.1161/HYPERTENSIONAHA.119.13929
https://doi.org/10.1161/HYPERTENSIONAHA.119.13929
https://doi.org/10.1111/j.1523-1755.2004.00963.x
https://doi.org/10.1111/j.1523-1755.2004.00963.x
https://doi.org/10.1371/journal.pone.0093056
https://doi.org/10.1371/journal.pone.0093056
https://doi.org/10.1016/j.freeradbiomed.2012.01.005
https://doi.org/10.1016/j.freeradbiomed.2012.01.005
https://doi.org/10.1166/jbn.2016.2289
https://doi.org/10.1002/pmic.201800008
https://doi.org/10.1002/pmic.201800008
https://doi.org/10.1111/j.1442-2042.2009.02410.x
https://doi.org/10.1007/s00240-009-0197-1
https://doi.org/10.3390/molecules26041005
https://doi.org/10.3390/molecules26041005
https://doi.org/10.1111/iju.12425
https://doi.org/10.1111/iju.12425
https://doi.org/10.1007/s11010-015-2402-6
https://doi.org/10.1007/s11010-015-2402-6
https://doi.org/10.1016/j.mito.2016.01.002
https://doi.org/10.1159/000084108
https://doi.org/10.1038/ncomms10274
https://doi.org/10.1038/ncomms10274
http://refhub.elsevier.com/S2213-2317(23)00202-1/sref82
http://refhub.elsevier.com/S2213-2317(23)00202-1/sref82
https://doi.org/10.1371/journal.pone.0250137
https://doi.org/10.1371/journal.pone.0250137
https://doi.org/10.1007/s002400100177
https://doi.org/10.1152/ajprenal.00121.2007


Redox Biology 64 (2023) 102801

11

[86] D. Taubert, G. Grimberg, N. Jung, A. Rubbert, E. Schömig, Functional role of the 
503F variant of the organic cation transporter OCTN1 in Crohn’s disease, Gut 54 
(10) (2005) 1505–1506, https://doi.org/10.1136/gut.2005.075820. 

[87] D.S.L. Toh, F.S.G. Cheung, M. Murray, T.K. Pern, E.J.D. Lee, F. Zhou, Functional 
analysis of novel variants in the organic cation/ergothioneine transporter 1 
identified in Singapore populations, Mol. Pharm. 10 (7) (2013) 2509–2516, 
https://doi.org/10.1021/mp400193r. 

[88] I. Cheah, R. Tang, T. Yew, K. Li, B. Halliwell, Administration of pure ergothioneine 
to healthy human subjects: uptake, metabolism, and effects on biomarkers of 
oxidative damage and inflammation, Antioxidants Redox Signal. 26 (5) (2017) 
193–206, https://doi.org/10.1089/ars.2016.6778. 

[89] B. Skibska, A. Goraca, A. Skibska, A. Stanczak, Effect of alpha-lipoic acid on rat 
ventricles and atria under LPS-induced oxidative stress, Antioxidants 11 (4) 
(2022), https://doi.org/10.3390/antiox11040734. 

[90] L. Cao, G. Yin, J. Du, et al., Salvianolic acid B regulates oxidative stress , autophagy 
and apoptosi against cyclophosphamide-induced hepatic injury in nile Tilapia, 
Animals 13 (2023) 341–358. 

[91] F. Dieter, C. Esselun, G.P. Eckert, Redox active α-lipoic acid differentially improves 
mitochondrial dysfunction in a cellular model of alzheimer and its control cells, 
Int. J. Mol. Sci. 23 (16) (2022), https://doi.org/10.3390/ijms23169186. 

[92] Y. Pan, W. Zhao, D. Zhao, et al., Salvianolic Acid B improves mitochondrial 
function in 3T3-L1 adipocytes through a pathway involving PPARγ coactivator-1α 
(PGC-1α), Front. Pharmacol. 9 (JUL) (2018) 1–9, https://doi.org/10.3389/ 
fphar.2018.00671. 

[93] D. Ziegler, A. Ametov, A. Barinov, et al., Oral treatment with α-lipoic acid improves 
symptomatic diabetic polyneuropathy, Diabetes Care 29 (11) (2006) 2365–2370, 
https://doi.org/10.2337/dc06-1216. 

[94] J. Cheng, J. Long, J. Zhang, et al., Safety, tolerance, and pharmacokinetics of 
salvianolic acid B in healthy Chinese volunteers: a randomized, double-blind, 
placebo-controlled phase 1 clinical trial, Front. Pharmacol. (2023;14(April) 1–9, 
https://doi.org/10.3389/fphar.2023.1146309. 

C. Mayayo-Vallverdú et al.                                                                                                                                                                                                                   

https://doi.org/10.1136/gut.2005.075820
https://doi.org/10.1021/mp400193r
https://doi.org/10.1089/ars.2016.6778
https://doi.org/10.3390/antiox11040734
http://refhub.elsevier.com/S2213-2317(23)00202-1/sref90
http://refhub.elsevier.com/S2213-2317(23)00202-1/sref90
http://refhub.elsevier.com/S2213-2317(23)00202-1/sref90
https://doi.org/10.3390/ijms23169186
https://doi.org/10.3389/fphar.2018.00671
https://doi.org/10.3389/fphar.2018.00671
https://doi.org/10.2337/dc06-1216
https://doi.org/10.3389/fphar.2023.1146309

	The antioxidant l-Ergothioneine prevents cystine lithiasis in the Slc7a9−/− mouse model of cystinuria
	1 Introduction
	2 Methods
	2.1 Mice treatments
	2.2 Cystine calculi detection by X-ray
	2.3 Sample collection
	2.4 L-Erg and S-Met-L-Erg determination
	2.5 Cystine analysis
	2.6 Electron microscopy
	2.7 GSH and GSSG determination
	2.8 Mitochondrial respirometry
	2.9 Mitochondrial respiratory chain enzymatic activities
	2.10 Statistical analysis

	3 Results
	3.1 Determination of L-Erg dose
	3.2 Long-term L-Erg treatment prevents cystine lithiasis and delays its onset
	3.3 L-Erg treatment increases urinary cystine solubility without affecting metabolic parameters or chelating cysteine
	3.4 High-dose L-Erg treatment prevents cystine lithiasis
	3.5 L-Erg metabolism is essential for treatment effectiveness
	3.6 Long-term L-Erg treatment ameliorates oxidative damage in cystinuric mice

	4 Discussion
	Funding
	Authors’ contribution
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


