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Introduction
Erythropoietic protoporphyria (EPP) (OMIM: 177000) is a cutane-
ous light sensitivity disorder that typically results from pathogenic 
variants in ferrochelatase (FECH), the last enzyme in heme bio-
synthesis. A decrease of  more than approximately 65% of  FECH 
activity causes accumulation of  the photoactive pigment metal-free 
protoporphyrin IX (PPIX) in erythrocytes and secondarily in plas-
ma and tissues (1). Approximately 95% of  patients with EPP have a 
rare, pathogenic missense, nonsense, spliced, or deleted FECH allele  
in trans of  a common intronic variant c.315-48T>C (rs2272783) 
that increases the use of  an aberrant splice site, resulting in a pre-
mature stop codon (Figure 1A).

X-linked protoporphyria (XLPP) (OMIM #300752) is largely 
clinically indistinguishable from EPP (2, 3). Patients with XLPP have 
C-terminal truncating pathogenic variants in the last exon of  5-ami-
nolevulinic acid synthase 2 (ALAS2), the first and rate-limiting step 
in erythroid heme synthesis. ALAS2 condenses glycine with succinyl 
coenzyme A to produce 5-ALA (ALA), which is subsequently mul-
timerized and modified to form PPIX. XLPP ALAS2 pathogenic 
variants lead to the loss of  a negative regulatory domain, resulting 
in ALAS2 gain-of-function alleles that have increased catalytic activ-
ity, leading to ALA overproduction and PPIX accumulation. XLPP 
and EPP are collectively called protoporphyria, and less than 10% of  
patients with protoporphyria have XLPP (4, 5).

The prevalence of  EPP and XLPP in Europe is reported to be 
approximately 1:100,000 individuals (6). An analysis of  FECH 
variants in the UK Biobank has provided evidence that EPP prev-
alence is 1:17,000 (5, 7). Patients with protoporphyria experience 
life-long, painful phototoxicity from visible light exposure (1). Pho-
totoxicity manifests as severe pain episodes that last for days and 
are unresponsive to analgesics, including narcotics. Even casual 
exposure to sunlight can precipitate pain. Moreover, due to light 
sensitivity, patients often have limited career and social opportuni-
ties that significantly affect their quality of  life (8, 9).

In addition to photosensitivity, patients may also develop ane-
mia, gallstones, and liver disease. Whereas 20%–30% of  patients 
have chronic hepatic transaminitis, 1%–5% of  patients will develop 
acute cholestatic liver failure that can be fatal or require liver trans-
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tive symptoms (e.g., apathy and social withdrawal) of  schizophrenia. 
Although early studies of  bitopertin suggested efficacy in schizophre-
nia, this was not confirmed in later phase III trials (30–33). Nonethe-
less, bitopertin has exhibited an acceptable safety profile in clinical 
trials that have altogether enrolled over 4,000 participants.

In healthy volunteers, bitopertin results in a dose-dependent, 
but clinically negligible, reduction in hemoglobin (Hb) and results 
in erythrocytes that are hypochromic and microcytic (30, 33–35). 
Preclinical work in rats demonstrated that chronic dosing resulted 
in a microcytic, hypochromic, regenerative anemia with sidero-
cytes (36). Treatment of  patients with another structurally unrelat-
ed GLYT1 inhibitor also induces mild anemia, suggesting that the 
effect on erythropoiesis is GLYT1 dependent (37). The drug has 
been shown to decrease erythroid PPIX and heme levels in human 
healthy and β-thalassemic erythroid precursors (38). We hypothe-
sized that bitopertin might effectively reduce erythroid metal-free 
PPIX accumulation in protoporphyric cells, potentially resulting in 
downstream clinical benefits such as decreased photosensitivity and 
liver disease. During the conduct of  the studies reported here, Halloy 
and collaborators tested several glycine uptake inhibitors for their 
effect on heme synthesis and demonstrated that high concentrations 
of  bitopertin (1 μM) reduced PPIX accumulation (30%–40%) in 
erythroblasts derived from CD34+ hematopoietic stem cells (HSCs) 
from a single patient with EPP (39). Bitopertin has now completed 
phase II clinical trials to evaluate its efficacy in erythropoietic pro-
toporphyria (NCT05308472 and ACTRN12622000799752).

Here, we examined the effects of  bitopertin in EPP and XLPP. 
We established that bitopertin has an EC50 of  32 nM in a cellular 
model of  EPP generated by knocking down FECH in erythroblasts. 
We also confirmed that bitopertin reduced PPIX accumulation in 
erythroblasts derived from adult HSCs obtained from 3 unrelated 
patients with EPP, at a final concentration of  as low as 10 nM. 

plantation (10, 11). A liver transplant may be followed by hemato-
poietic stem cell transplantation (HSCT) to prevent the recurrence 
of  PPIX-related liver disease in the donor liver (12). Even though 
HSCT is curative, because of  the up-front risk of  death and long-
term complications, such as graft versus host disease, HSCT is not 
used as first-line therapy.

Light sensitivity in protoporphyria extends into the visible spec-
trum, and sunscreens do not protect against phototoxic reactions. 
The only approved drug for phototoxicity prevention in adults is 
afamelanotide, a subcutaneous implant of  a synthetic analog of  
human α-melanocyte–stimulating hormone, which increases mel-
anin levels in the skin to provide protection against ultraviolet radi-
ation in sunlight (13). Afamelanotide leads to an increase in pain-
free light exposure and improvement in quality of  life. It has also 
been hypothesized to improve liver function through an undefined 
mechanism (13, 14). Other drugs or approaches have been inves-
tigated (15, 16). Some, such as isoniazid, were unsuccessful (17, 
18). ALAS2 inhibitors (19), an antisense oligonucleotide strategy 
targeting the c.315-48C allele (20, 21), and several other therapies 
are currently in development or clinical trials (22–25).

Heme production in the erythroblast is critically dependent on 
intramitochondrial glycine, which is a substrate for ALAS2. The 
very high demand for heme in the developing RBC requires extra-
cellular glycine for adequate hemoglobinization. Deletion of  the 
cell-surface glycine transporter (GLYT1), which is expressed pri-
marily in the brain and erythroid precursors, results in decreased 
fetal liver erythroblast glycine uptake, reduced iron incorporation 
into heme, and microcytic anemia in newborn mice (26).

Bitopertin is an investigational oral, potent, and selective non-
competitive inhibitor of  GLYT1 and has favorable pharmacokinetic 
properties, including an approximately 40-hour half-life in humans 
(27–29). The drug was initially developed for treatment of  the nega-

Figure 1. Generation of a K562 human erythroleukemic cell line with EPP. (A) Schematic of the human FECH locus showing the c.315-48T>C low expres-
sion splice variant (adapted from Mirmiran et al., ref. 20). (B) Aberrant FECH splicing in the K562-EPP cell line model of EPP. Lanes were run on the same 
gel but were noncontiguous, as indicated by the white line. (C) PPIX fluorescence in the control K562 (left) and K562-EPP (right) cell lines. FSC-H, forward 
scatter – height. (D) Quantification of PPIX levels in control K562 and K562-EPP cell lines. BLQ, below the limit of quantification. P values were calculated 
using an unpaired, 2-tailed t test with Welch’s correction. Data are presented as the mean ± SD.
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ry EC50 of  bitopertin was 32 nM (Figure 2E). Over a range of  
concentrations from 0.45 nM to 1 μM, we found that bitopertin 
had no effect on cell viability or on the fraction of  CD235+CD71+ 
erythroblasts (Supplemental Figure 1D).

EPP patient–derived erythroblasts. We isolated CD34+ HSCs from 
the peripheral blood (PB) of  3 unrelated patients with EPP and dif-
ferentiated each sample into erythroblasts in the presence of  vehicle 
(DMSO) or bitopertin either in the range of  the EC50 of  10 nM, as 
previously used in thalassemic erythroblasts (38), or 50 nM (target 
dose) bitopertin added before the initial accumulation of  PPIX (Fig-
ure 3, A–C), or 10 nM bitopertin added after the initial accumula-
tion of  PPIX (Figure 3, B and C). As a limited number of  cells were 
obtained, only the 10 nM concentration added at the beginning of  
differentiation was evaluated in all 3 patients. Compared with con-
trols, each bitopertin treatment scheme resulted in a marked reduc-
tion in PPIX accumulation, while it had only a limited dose- and 
time-dependent effect on morphological differentiation.

Bitopertin inhibits glycine uptake in mouse and rat reticulocytes
To quantitate the extent to which bitopertin can inhibit the uptake 
of  glycine in vivo, we dosed male C57BL/6J mice with 0.3–30 
mg/kg bitopertin by oral gavage for 3 days and female Wistar rats 
with 0.1–3 mg/kg bitopertin by oral gavage for 7 days (Figure 4A). 
PB contains reticulocytes and RBCs. In rodents, more so than in 
humans, reticulocytes retain their ability to synthesize heme as 
demonstrated by the expression of  key enzymes in the pathway 
(Supplemental Figure 2) (40). The plasma concentration of  bitoper-
tin and the ability of  PB cells to take up 3H-glycine were determined 
ex vivo. The EC50 of  the effect of  bitopertin on glycine uptake was 
1.2 nM and 2.0 nM in mice (Figure 4B) and rats (Figure 4C), with 
a maximal inhibition of  55% and 65%, respectively. In the rat, 
the effect of  bitopertin was not different in the animals treated for 
either 1 day or 7 days, indicating that there was no tachyphylaxis 
to the inhibitory effect. Overall, these analyses indicate that bitop-
ertin could inhibit RBC glycine uptake at doses that were readily 
achieved with oral administration.

In mouse models of  EPP and XLPP, oral administration of  bitop-
ertin reduced erythrocyte PPIX accumulation in a dose-depen-
dent manner and rapidly acted to limit PPIX accumulation in the 
reticulocytes, which contained disproportionate amounts of  PPIX 
compared with mature RBCs. Treatment with 200 parts per million 
(ppm) bitopertin for 8 and 32 weeks was associated with improve-
ment of  some liver disease parameters, significantly reducing liver 
fibrosis and ductular reaction in the EPP model. Altogether, these 
results support the ongoing development of  bitopertin as an agent 
for the treatment of  EPP and XLPP.

Results

Bitopertin reduces PPIX accumulation in EPP cell models and in EPP 
patient–derived erythroblasts
Effect of  bitopertin on K562-EPP cells. To confirm that bitopertin can 
reduce PPIX accumulation in EPP, we created a K562 erythroid 
cell line with an EPP genotype (K562-EPP) by introducing the 
common hypomorphic variant c.315-48T>C in trans of  a null allele 
(p.Thr81fs8*). As expected, the c.315-48T>C allele resulted in an 
aberrant, longer FECH mRNA (Figure 1B). The PPIX concentra-
tion in undifferentiated K562-EPP cells was more than 10,000-fold 
higher than in the parental cell line (405.7 ± 20.6 pmol/106 cells vs < 
0.2 pmol/106 cells; Figure 1, C and D). In K562-EPP cells, bitoper-
tin inhibited the production of  ALA and PPIX in a dose-dependent 
manner, with EC50 values of  3.2 nM and 3.4 nM, respectively (Fig-
ure 2, A and B), and had little effect on heme synthesis (Figure 2C).

FECH knockdown in human erythroblasts. We expanded human 
umbilical cord HSCs and differentiated them into erythroblasts 
for 16 days after infection with a lentiviral vector encoding either 
a control shRNA or FECH shRNA. This resulted in an approx-
imately 80% decrease in FECH mRNA and protein expression 
levels and in an approximately 10-fold increase in PPIX fluores-
cence (Supplemental Figure 1, B and C, and Figure 2D; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI181875DS1). In this model, the PPIX inhibito-

Figure 2. In vitro effects of bitopertin in the 
K562-EPP cell line and FECH-depleted human 
erythroblasts. Data showing (A) 5-amino-
levulinic acid (5-ALA), (B) PPIX, and (C) heme 
production in response to varying concentra-
tions of bitopertin in K562-EPP cells. (D) PPIX 
accumulation in human umbilical vein HSCs 
treated with control or FECH shRNAs and 
differentiated into erythroblasts. P values were 
calculated using an unpaired, 2-tailed t test 
with Welch’s correction. (E) Dose response of 
PPIX production to varying concentrations of 
bitopertin in human umbilical vein HSCs treated 
with FECH shRNAs differentiated into erythro-
blasts. Data are presented as the mean ± SD.
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body mass difference between the XLPP and EPP animals, or to 
other unknown factors, all of  which may possibly lead to differenc-
es in drug metabolism.

Treatment of  XLPP mice with 100 ppm bitopertin. Bitopertin 
treatment had little to no effect on Hb, but the mean RBC volume 
(MCV) and other RBC indices changed in a manner consistent with 
the inhibition of  heme synthesis (Supplemental Figure 3, A–E). 
As anticipated, the MFI of  RBC PPIX was significantly reduced: 
approximately 30% and 40% in treated XLPP male and female ani-
mals compared with the animals that received no treatment (Figure 
5, C and D). We confirmed these results by quantitative analysis 
of  RBC PPIX using ultra-high-pressure liquid chromatography 
(UPLC) at necropsy (Supplemental Figure 3, F and G). The distri-
bution of  immature erythroid cell populations in bone marrow was 
not affected by bitopertin treatment in XLPP animals. We observed 
no significant decrease in PPIX in any immature erythroid cell sub-
populations in the bone marrow, despite a trend toward a decrease 
in PPIX accumulation in more mature cells of  the treated animals 
(Supplemental Figure 3, J–P).

Treatment of  EPP mice with 100 ppm bitopertin. The effects on 
Hb and RBC parameters on EPP animals treated with 100 ppm 
bitopertin were generally similar to those seen in XLPP animals 
(Supplemental Figure 4, A–E). However, consistent with the lower 
drug levels and the more severe phenotype, the observed decrease 
in RBC PPIX in EPP animals was less than in the XLPP model 
(Figure 5, F and G, and Supplemental Figure 4, F and G). The 
distribution of  erythroid cell populations in the marrow and spleen 
(i.e., stress erythropoiesis) was not affected by drug treatment. Sim-
ilarly, the accumulation of  PPIX in erythroid subpopulations was 
not different (Supplemental Figure 4, I–R).

Bitopertin treatment in mouse models of XLPP and EPP
We fed cohorts of  C57BL/6N-Alas2Gln548*/Y and C57BL/6J- 
Fechm1PAS/m1PAS (referred to here as Fech–/–) animals, modeling XLPP 
and EPP, respectively, with chow containing bitopertin for 8 weeks. 
The phenotypic severity of  protoporphyria differs in these mouse 
models (41). EPP animals have a mild microcytic anemia at base-
line, and most develop liver disease. The relative phenotypic severity 
of  EPP mice is likely related to the inheritance of  a severe homo-
zygous loss-of-function mutation, resulting in approximately 5% 
residual FECH activity, which is substantially less residual activity 
than occurs in most patients who retain 30%–35% of activity. Adult 
male EPP animals had RBC PPIX levels that were approximately 
2–3 times higher than in male XLPP animals (Supplemental Figure 
3F and Supplemental Figure 4F). The baseline RBC PPIX level var-
ies with age, peaking at around 4 weeks and stabilizing at around 8 
weeks of  age in untreated EPP animals (41, 42). Even at older ages, 
the inter-animal variability in PPIX fluorescence was large, especially 
in EPP animals, with a coefficient of  variation of  30%–40%, reflect-
ing disease heterogeneity even in these genetically identical mice.

We recorded biweekly changes in RBC parameters and PPIX 
accumulation, and we assessed erythroid differentiation at the end 
of  the experiment (Figure 5A and Supplemental Figure 3I). The 
serum concentration of  the drug in XLPP animals fed 100 ppm 
bitopertin was 100–500 ng/mL (Figure 5B), comparable to levels 
achieved in humans at dose levels currently being evaluated in clin-
ical trials (43). The serum drug concentration in EPP animals was 
approximately one-third lower than that in XLPP animals (Figure 
5E). It is unclear if  this difference in systemic exposure to bitop-
ertin was due to the specific protoporphyria allele, to differences 
in the strain background (i.e., C57BL/6J vs. C57BL/6N), to lean 

Figure 3. In vitro effects of bitopertin in erythroblasts differentiated from EPP patients. (A–C) Time course of PPIX accumulation and morphologic anal-
yses in independent differentiation experiments. Erythroblasts were differentiated using PB from 3 unrelated EPP donors (EPP patients 1, 2, and 3) and 
exposed to DMSO or 10 nM or 50 nM bitopertin in DMSO beginning before or after PPIX accumulation. Horizontal dotted lines indicate the MFI of the PB at 
the collection of each donor sample.
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untreated animals, PPIX MFI in reticulocytes (i.e., erythroid cells 
that were thiazole orange+ [TO+], CD71hi, or CD71med) was higher 
than PPIX MFI in RBCs (i.e., erythroid cells that were unstained, 
TO–, or CD71lo) (Figure 7, B–G, and Figure 8, A–E), demonstrat-
ing that, in mice, PPIX accumulated in reticulocytes and was lost 
during RBC aging. The percentage of  TO+ cells was unaffected 
by treatment (Figure 7C), whereas the percentage of  CD71+ cells 
increased (Figure 7D). Analysis of  intermediate cell populations 
showed that the proportion of  CD71med cells was the one increasing 
(Figure 7, F and G). Tfr1/CD71 expression is iron-dependent, and, 
consequently, after bitopertin exposure, protein levels may remain 
elevated in later stages of  reticulocyte maturation to facilitate fur-
ther incorporation of  iron into PPIX. Bitopertin treatment pref-
erentially reduced PPIX levels in the reticulocytes, and the effect 
could be seen after just 1 day of  drug exposure (Figure 8, A, C, and 
D). Reticulocytes eventually established a new steady-state PPIX 
level that was one-half  to two-thirds as high as that in untreated 
cells but still approximately 3 times higher than in TO– or CD71lo 
RBCs. This result demonstrates that the rapidity of  the response to 
bitopertin was a consequence of  its effects on reticulocytes, which 
disproportionately contributed to PPIX levels in the RBCs.

Effect of bitopertin treatment on EPP liver disease
At baseline, XLPP animals accumulate only a limited amount of  
PPIX in the liver, rarely developing liver disease (41); we observed 
no histological evidence of  liver disease in these animals (data not 

Optimized dosing of bitopertin in EPP mice ameliorates RBC  
PPIX accumulation
Treatment of  EPP mice with 200 ppm bitopertin. To reduce the effect 
of  changes in RBC PPIX during development in EPP mice, we 
performed a follow-up experiment, beginning drug treatment 
when mice were 8 weeks of  age (Figure 6A). We also increased 
the dose level of  bitopertin to 200 ppm to obtain higher drug lev-
els. Feeding EPP male mice chow containing 200 ppm bitopertin 
resulted in drug levels comparable to those in XLPP males fed 100 
ppm bitopertin (Figure 5B and Figure 6B). Whereas RBC indi-
ces did not differ between 100 ppm and 200 ppm drug treatment, 
both diets resulted in a more pronounced hypochromic, microcytic 
anemia compared with control chow–fed animals (Supplemental 
Figure 5, A–E). Only the 200 ppm dose significantly reduced RBC 
PPIX levels (Figure 6, C and D, and Supplemental Figure 5G). 
Analyses of  bone marrow and spleen demonstrated a limited dose- 
dependent effect on erythropoiesis and stage of  maturation, while 
still reducing erythroid PPIX. The greatest reduction in PPIX MFI 
was observed in marrow reticulocytes and circulating RBCs in the 
animals treated with 200 ppm bitopertin (Figure 6, E–H, and Sup-
plemental Figure 5, H–M).

Rapid onset of  bitopertin effects. Because the maximum effect on 
the RBC PPIX MFI occurred much more rapidly (<14 days) after 
drug introduction than the expected RBC lifespan (40–50 days), 
we evaluated whether PPIX was differentially distributed in retic-
ulocytes compared with older RBCs in EPP mice (Figure 7A). In 

Figure 4. In vitro glycine uptake of rodent PB exposed to bitopertin in vivo. (A) Experimental schema. (B) Male mice were exposed to daily oral gavage of 
0, 0.3, 1, 3, 10, or 30 mg/kg bitopertin once per day for 3 days. On day 3, the concentration of plasma bitopertin and the percentage inhibition of 3H-gly-
cine uptake were determined 1, 4, 8, or 12 hours after dosing. Schematic was created with BioRender.com (Schmidt, P., 2025; https://BioRender.com/
oefao6p). The relationship between the inhibition of glycine uptake and drug concentration is displayed as 12-hour average inhibition and 12-hour average 
free plasma concentration of bitopertin. (C) Female rats were treated by gavage with 0, 0.1, 0.3, 1, and 3 mg/kg bitopertin once per day for 7 days. On days 
0 (black) and 7 (red), the concentration of plasma bitopertin and the percentage inhibition of 3H-glycine uptake were determined 0.5, 2, 4, 8, or 12 hours 
after dosing. The relationship between the inhibition of glycine uptake and drug and concentration is displayed as 12-hour average inhibition and 12-hour 
average free plasma concentration of bitopertin.
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shown). In contrast, EPP animals have a high incidence of  liver 
disease, similar to the protoporphyric hepatopathy described in 
patients (11), including fibrosis and bile ductular reaction at an ear-
ly age (42). After 8 weeks of  treatment, we found that bitopertin 
treatment reduced mean liver PPIX levels in EPP mice, although 
this trend was not statistically significant. Nonetheless, histo-
pathological evaluation of  the livers, scored on a categorical scale 
of  0–4, (Supplemental Table 3 and Figure 9, A and B, and Figure 
10A), demonstrated that bitopertin, particularly at the 200 ppm 
dose, reduced the extent of  histological liver fibrosis (Figure 10B). 
Importantly, none of  the mice on the 200 ppm diet developed a 
fibrosis score of  2 or higher. Furthermore, the presence or absence 
of  fibrosis was significantly associated with both liver and RBC 
PPIX levels at 8 weeks, irrespective of  whether the animal had been 
treated with the drug (Figure 10, C–E). There was a similar trend 
toward a presence of  liver fibrosis in animals with higher initial 
RBC PPIX levels (P = 0.0682, Figure 10F). Liver aminotransferases 
(aspartate transferase [AST] and alanine aminotransferase [ALT]) 
or bilirubin levels were not significantly affected by drug treatment 
(Supplemental Figure 6). However, no animal treated with 200 ppm 
bitopertin had evidence of  hyperbilirubinemia, whereas 30% and 

20% of  those receiving 0 ppm or 100 ppm drug, respectively, did 
(Supplemental Figure 6B).

Given the potential effect of  the initial RBC PPIX levels on liv-
er fibrosis, we performed multivariable logistic regression analyses 
to examine (a) the interaction between RBC PPIX levels prior to 
drug therapy and (b) the effect of  drug treatment on the presence 
or absence of  liver fibrosis at the end of  the study. Normalizing to 
the baseline PPIX MFI, we found that treatment with (a) 100 ppm, 
(b) 200 ppm, or (c) 100 or 200 ppm bitopertin for 8 weeks strong-
ly reduced the odds ratio (OR) for the occurrence of  liver fibrosis 
(OR: 0.0196, 95% CI: 0.0004–0.2905; OR: 0.0161, 95% CI: 0.0004–
0.2294; OR: 0.0175, 95% CI: 0.0004–0.2045; respectively; Figure 
10G). The area under the receiver operator curve, which considered 
the treatment dose, and the baseline MFI yielded an 89% ability to 
predict the presence or absence of  fibrosis (Supplemental Figure 6E). 
Furthermore, liver and RBC PPIX levels at the end of  treatment were 
both associated with an increased OR of fibrosis (OR: 2.90, 95% CI: 
1.21–9.53; OR: 3.95, 95% CI: 1.45–16.79, respectively; Figure 10H).

Although much of  the liver damage occurs before the animals 
are 8 weeks of  age (42), the murine EPP liver disease in this model 
progressed with age, including the evolution of  hepatic tumors (44), 

Figure 5. PPIX accumulation and erythroid differentiation in XLPP and EPP mice fed 100 ppm bitopertin for 8 weeks, up to 14 weeks of age. (A) Treat-
ment and sampling schema. (B) Serum bitopertin concentrations after 8 weeks on 100 ppm bitopertin in male (squares) and female (circles) XLPP animals 
(14 weeks of age). (C) RBC PPIX MFI in XLPP animals. (D) Percentage change in RBC PPIX MFI between baseline and 14 weeks of age in XLPP animals. (E) 
Serum bitopertin concentrations after 8 weeks on 100 ppm bitopertin in male (squares) and female (circles) EPP animals. (F) RBC PPIX MFI in EPP animals. 
(G) Percentage change in RBC MFI from baseline (0%) until 14 weeks of age in EPP animals. P values were calculated using the 2-tailed Mann-Whitney U 
test (B and E) or the Kruskal-Wallis test with Dunn’s multiple-comparison test (all others). Data are presented as the mean ± SD.
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which are extremely rare in patients with protoporphyria (11). Con-
sequently, we evaluated the effects of  long-term 200 ppm bitopertin 
treatment for 32 weeks in a cohort of  adult male and female EPP 
animals (40-week study, see Supplemental Figure 7A). We found 
that the positive effect of  bitopertin in lowering PPIX levels in 
RBCs was maintained long term, with only a mild decrease in Hb 
observed in treated males (Supplemental Figure 7, B–D). Although 
liver PPIX accumulation was not altered in the 40-week study, sev-
eral histological and biochemical metrics of  liver disease improved 
in drug-treated animals (Supplemental Figure 7, E–K).

Histopathological evaluation was conducted concurrently for 
all 3 cohorts of  EPP animals (14, 16, and 40-week studies), with the 
16-week cohort being re-scored (Figure 11A). In untreated male ani-
mals, fibrosis and portal inflammation progressed in severity with 
increasing age, whereas the incidence of  ductular reaction did not 
(Figure 11, B and C, and Table 1). As expected, untreated EPP livers 
had more significant abnormalities in the 40-week study. A notable 
histological feature was a hepatocarcinoma (HCC) and dysplastic 
hepatocellular nodules found in 1 and 3 male animals, respectively, 
in the untreated group (Supplemental Figure 7, M and N), reflect-

ing the development of  more severe cholestatic features (45). Such 
tumors were not observed in the treated group, but the number of  
animals was insufficient to conclude a drug benefit. Treatment with 
200 ppm bitopertin significantly reduced the incidence of  ductular 
reaction (Table 1) and the severity of  fibrosis (Figure 11B and Table 
2; P = 0.0023) in the livers of  the male group. In contrast, the por-
tal inflammation (Figure 11C and Table 2) was unchanged, consis-
tent with the fact that PPIX still accumulates in the liver of  treated 
animals. Detailed reports of  the histological evaluations (scoring 
of  PPIX and iron deposition in Kuppfer cells, bile plugs, and lob-
ular inflammation as well as data for females) are provided in the 
Supporting Data Values file. Altogether, these results suggest that 
the histopathological features of  liver disease associated with EPP 
disease are ameliorated upon bitopertin treatment. Drugs reducing 
the production of  PPIX, such as bitopertin, could modify the most 
severe consequence of  PPIX accumulation in the liver.

Discussion
Here, we describe the use of  bitopertin, an orally bioavailable 
small-molecule inhibitor of  GLYT1, the RBC membrane glycine 

Figure 6. PPIX accumulation and erythroid differentiation in male EPP mice fed 100 or 200 ppm bitopertin for 8 weeks, up to 16 weeks of age. (A) Treat-
ment and sampling schema. (B) Serum bitopertin concentrations in male EPP animals after 8 weeks on the diet (16 weeks of age). (C) RBC PPIX MFI. (D) 
Percentage change in RBC PPIX MFI between baseline and 16 weeks of age. (E–H) Bone marrow RBC PPIX quantification. PPIX MFI in (E) all Ter119+ cells, 
(F) erythroblasts, (G) transitional erythroblasts/reticulocytes, and (H) mature RBC (cRBCs) populations in the bone marrow after 8 weeks. Gating for E–H is 
as in Supplemental Figure 3I. P values were calculated using a 2-tailed Mann-Whitney U test (B) or the Kruskal-Wallis test with Dunn’s multiple-compari-
son test (all others). Data are presented as the mean ± SD.
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ished glycine uptake affects other metabolites important for heme 
synthesis and erythropoiesis. For example, glycine is also required 
for the synthesis of  glutathione (GSH), which protects RBCs from 
oxidative stress (46). In addition, work by several groups (47–52) 
has demonstrated that loss of  the mitochondrial GSH importer 
SLC25A39 diminishes heme synthesis and the activity and stability 
of  iron sulfur clusters, resulting in alterations in iron metabolism 
and impaired RBC production. Consequently, it is conceivable that 
diminished GSH production may play a role in the bitopertin-in-
duced reduction in erythrocyte PPIX burden.

Although we did not test whether bitopertin affects phototox-
icity in this study, whole-blood PPIX levels have been associated 
with symptom severity and sun tolerance in patients (53). In a small 
cohort, extracorporeal light inactivation of  PPIX also decreased 
the degree of  light sensitivity (54). Thus, even a partial reduction 
in RBC PPIX levels could significantly improve photosensitivity 
and the adverse effects of  light avoidance on quality of  life (55). 
Another preclinical study recently demonstrated that the admin-
istration of  an analog of  bitopertin resulted in diminished photo-

transporter, to achieve a substantial reduction in RBC PPIX accu-
mulation. GLYT1 is a compelling pharmacological target due to 
its tissue specificity, which is largely limited to the brain and eryth-
roid cells, the existence of  a second glycine transporter (GLYT2) 
in other tissues, and the unique requirement of  erythroid cells to 
acquire glycine for heme synthesis, which necessitates 8 glycines 
per heme molecule. We established the EC

50 of  bitopertin in a mod-
el of  EPP erythroblasts and demonstrate that concentrations of  
bitopertin in range of  the EC50 efficiently reduced PPIX accumu-
lation in erythroblasts derived from 3 unrelated patients with EPP. 
Additionally, we demonstrate that bitopertin significantly reduced 
erythroid PPIX accumulation in vivo in the EPP and XLPP mouse 
models. Interestingly, in mice, PPIX accumulated predominantly in 
reticulocytes. Our data show that the bitopertin effect was the most 
potent in this erythroid subpopulation. This is consistent with the 
fact that, in rodents, in contrast to humans, heme synthesis peaks in 
late erythroblasts and reticulocytes (Supplemental Figure 2).

While it is expected that bitopertin decreases the pool of  glycine 
directly available for heme production, it is also possible that dimin-

Figure 7. Percentage of reticulocytes in EPP mice fed a 200 ppm bitopertin diet. (A) Treatment and sampling schema. Pretreatment and drug treatment 
are the same as the 200 ppm arm described in Figure 6A, however, blood sampling and preparation were modified to examine the reticulocyte and RBC 
response to bitopertin treatment after hours and days. All animals were EPP. (B) PPIX MFI in circulating PB cells at the indicated time points following the 
introduction of a 200 ppm bitopertin diet (red) or maintenance on the control diet (black). (C) The reticulocyte fraction was measured by TO+ staining ver-
sus the time after introduction of the bitopertin diet. (D) The reticulocyte fraction was measured by CD71 (transferrin receptor) expression (CD71+ = CD71hi 
+ CD71med) versus the time after introduction of the bitopertin diet. (E) Flow cytometric analytical strategy to determine populations in CD71-stained cells. 
(F) Fraction of CD71hi reticulocytes versus the time after introduction of the bitopertin diet. (G) Fraction of CD71med cells versus the time after introduction 
of the bitopertin diet. *P < 0.05, **P <0.01, and ***P < 0.001, by unpaired, 2-tailed Welch’s t test with Holm-Šídák’s multiple-comparison test. Data are 
presented as the mean ± SD.
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reaction, portal inflammation, and fibrosis, commonly observed 
in liver biopsies from patients with EPP (11), was present in most 
of  the untreated EPP mice studied. As in humans, only a subset 
of  EPP mice developed very severe liver disease. Consequently, it 
is not practical to determine the efficacy of  bitopertin in reducing 
the most acute, life-threatening complication of  EPP in this model 
system. Nonetheless, we conclude that bitopertin can reduce both 
ductular reaction and fibrosis in this model of  EPP, providing evi-
dence that it modifies the underlying pathological processes leading 
to liver disease in EPP mice.

The primary measured side effect in this preclinical study was 
reduced Hb. This is not unexpected, as this was observed in clini-
cal studies of  bitopertin in schizophrenia and is an expected con-
sequence of  a reduction in heme synthesis. Initial data from the 
open-label study of  bitopertin in EPP (57, 63) showed that stable 
levels of  Hb and no anemia adverse events. It is also noteworthy 
that in our HSC model of  EPP, we could measure large reductions 
of  PPIX accumulation in response to bitopertin without an appre-
ciable effect on erythropoiesis. The differential effect on anemia 
in the mouse may be due to the extreme severity of  the Fechm1PAS 

toxicity in the BALB/C EPP mouse model (56). Preliminary data 
from an open-label pilot study of  bitopertin in patients with EPP 
have shown reductions in whole-blood PPIX levels of  a magnitude 
comparable (40%–60%) to that reported in this study (57). These 
preliminary clinical data were further confirmed in a randomized, 
double-blind, placebo-controlled study, in which bitopertin (60 mg) 
treatment resulted in a significant and sustained decrease in whole-
blood PPIX levels relative to placebo (40%, P < 0.001) (58).

We also provide evidence that bitopertin can modify the liver 
phenotype of  EPP mice. EPP animals treated with 200 ppm bitop-
ertin for both 8 and 32 weeks showed evidence of  less severe liver 
disease. Prevention of  liver pathology is difficult to achieve in these 
mice, probably because damage begins early in life (42). In adult 
EPP animals, only partial recovery of  liver function and histolog-
ical alterations have been reported even after bone marrow trans-
plantation, which fully corrects the excess RBC PPIX production 
(59). Liver disease is life-threatening in 2%–5% of  patients with 
EPP, and its treatment is a significant unmet need (60–62). Giv-
en the mouse data presented here, bitopertin might also amelio-
rate this phenotype in humans. Histological evidence of  ductular 

Figure 8. PPIX accumulation in reticulocytes and erythrocytes of EPP mice fed a 200 ppm bitopertin diet. (A) PPIX in TO+ (reticulocytes) PB versus the 
time after introduction of the bitopertin diet. (B) PPIX in TO– (erythrocytes) PB versus the time after introduction of the bitopertin diet. (C) PPIX in CD71hi 
(young reticulocytes) PB versus time after introduction of bitopertin diet. (D) PPIX in CD71med (young erythrocytes) PB versus the time after introduction of 
the bitopertin diet. (E) Comparison of PPIX MFI in CD71hi/med/lo PB populations versus time in EPP animals fed the control or 200 ppm bitopertin diet. Data 
are replotted from C and D along with CD71lo (older erythrocytes) population. Note the rapid decrease in PPIX on day 1 in the CD71hi population that could 
then be observed over the next 2 days in the CD71med population, as indicated by the red arrows. *P < 0.05, **P <0.01, ***P < 0.001, and ****P < 0.0001, by 
unpaired, 2-tailed Welch’s t test with Holm-Šídák’s multiple-comparison test. Data are presented as the mean ± SD.
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shRNA (Supplemental Table 2), differentiated into erythroblasts, and 

analyzed on day 16 for erythroid differentiation, FECH mRNA and pro-

tein expression, PPIX fluorescence by flow cytometry, and ALA, PPIX, 

and heme production by liquid chromatography/mass spectrometry.

EPP human erythroid differentiation. PB was obtained from 3 different 

patients with EPP. CD34+ progenitors (HSCs) were purified using mag-

netic anti-CD34 microbeads (Miltenyi Biotec) and differentiated into 

erythroblasts using an established 2-stage protocol with minor modifi-

cations (64). Bitopertin in DMSO was added to the media at a final con-

centration of  0, 10, or 50 nM. On alternate days, PPIX was quantified 

by flow cytometry, and morphologic erythroid maturation was assessed.

Glycine uptake in bitopertin-treated mouse and rat erythrocytes. Female 

Wistar rats or male C57BL/6J mice were treated with bitopertin via 

oral gavage for 7 or 3 days, respectively. On the indicated days, the plas-

ma concentration of  bitopertin was determined, and the ability of  PB 

erythrocytes to take up 3H-glycine was determined in vitro at different 

time points after administration of  the dose. The relationship between 

the inhibition of  glycine uptake and drug concentration was calculated 

allele (~5% residual activity) compared with the loss of  enzymatic 
activity in most patients with EPP (~25–35% residual activity), the 
dose and schedule of  the drug, or other factors. In total, howev-
er, the data reported in this study strongly support the continued 
evaluation of  bitopertin as a potential therapy for the treatment of  
EPP and XLPP. A confirmatory clinical trial (APOLLO) evaluat-
ing bitopertin in patients with EPP or XLPP is planned for initia-
tion by mid-2025.

Methods
Sex as a biological variable. This study examined male and female ani-

mals, and sex-dimorphic effects are reported.

K562 EPP model. CRISPR/Cas9 was used to generate a null variant 

(indel leading to a premature stop codon) in trans of  the c.315-48T>C 

variant (Supplemental Table 1) in K562 cells (ATCC).

HSC FECH shRNA model. Human umbilical cord blood stem cells 

(Human Cord Blood CD34 Stem/Progenitor Cells, Hemacare) were 

transduced with lentiviruses encoding a control or FECH-specific  

Figure 9. Liver histopathology in response to bitopertin treatment in EPP mice. (A) Histopathology images of representative EPP animals fed 0 (untreat-
ed) or 100 ppm or 200 ppm bitopertin for 8 weeks. Original magnification, ×10. Histology was performed and reviewed for all animals. Note the increase 
in blue Masson’s trichrome staining and black reticulin staining in the untreated animal and less reticulin staining and absent trichrome staining in the 
100 ppm animal. Both staining patterns are absent in the 200 ppm example. (B) Enlarged view of PPIX deposits (arrow, top) and ductular reaction (arrow, 
bottom) in control-fed animals. Original magnification, ×10 (A, top left). C1, control enlargement 1 (as defined in A, top left); C2, control enlargement 2 (as 
defined in A, top left).

Table 1. Ductular reaction evolution in EPP male animals treated with bitopertin

14-wk 16-wk 40-wk
0 ppm 100 ppm 0 ppm 100 ppm 200 ppm 0 ppm 200 ppm Statistical model Variable Comparison P value

DR 6 7 5 3 1 7 2 Studies: 14-wk and 16-wk,  
Amount: 0 ppm and 100 ppm

Treatment 100 ppm vs. 0 ppm 0.6106

No DR 3 3 5 7 9 7 13 Age 14-wk vs. 16-wk 0.0794

n = 9 10 10 10 10 14 15 Studies: 16-wk and 40-wk  
Amount: 0 ppm and 200 ppm

Treatment 200 ppm vs. 0 ppm 0.0083

% DR 66.7 70.0 50.0 30.0 10.0 50.0 13.3 Age 40-wk vs. 16-wk 0.8327

DR, ductular reaction.
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total of  8 weeks. (c) Short-term study: Male and female EPP animals 

were fed according to scheme 2 above, and at 8 weeks of  age, animals 

of  each were sex allocated to remain on the control diet or transferred 

to the 200 ppm bitopertin diet for up to 4 weeks. (d) Long-term study 

(40 weeks): EPP male mice were fed according to scheme 2 above, and 

at 8 weeks of  age, animals were allocated to remain on the control diet 

or transferred to the 200 ppm bitopertin diet for up to 32 weeks of  treat-

ment (40 weeks of  age).

Blood was sampled retro-orbitally for complete blood counts and 

PPIX quantification by flow cytometry at baseline and periodically 

thereafter as indicated. At necropsy, blood and liver tissue were collect-

ed for serum analyses, histopathology, and quantification of  heme and 

PPIX concentrations by flow cytometry and UPLC.

Flow cytometry. Relative RBC PPIX levels were determined using 

a violet excitation laser and emission fluorescence at 610/20 nm (i.e., 

BV605) on a BD Celesta flow cytometer and expressed as MFI. PPIX 

was quantified in fresh samples with this method requiring as little as 

1 μL PB. Erythroid differentiation was evaluated in the marrow and 

the spleen as previously described (66). For the reticulocyte study, tail-

vein blood was stained with TO or CD71-BV421. PPIX MFI was deter-

as the 12-hour average inhibition versus the 12-hour average free plasma 

concentration of  bitopertin.

Animals. EPP Fechm1Pas/m1Pas mice (65) were maintained on the 

C57BL/6J background. An XLPP allele, Alas2Gln548*, corresponding 

to a common XLPP pathogenic variant in patients (3), was created by 

CRISPR/Cas9-mediated transgenesis of  C57BL/6N embryos (41). 

EPP and XLPP animals were maintained in the barrier facility at Bos-

ton Children’s Hospital. Pregnant dams (Fech–/+ or Alas2Gln548*/+) were 

fed the Prolab RMH 3000 diet.

Bitopertin treatment of  EPP/XLPP mice. Mice were subjected to 3 

different treatment regimens. All pups were weaned onto Prolab RMH 

3000 and switched to a semisynthetic diet when indicated. (a) Initial 

study (14 weeks): Male and female EPP and XLPP animals were 

switched to a diet supplemented with 0 or 100 ppm bitopertin (con-

trol diet Envigo TD.120277 and TD.200425, respectively) at 6 weeks of  

age and maintained on the control or drug diet for 8 weeks. (b) Dose- 

escalation study (16 weeks): EPP male mice were placed on the control 

diet at 4 weeks of  age and maintained on that diet until 8 weeks of  

age. At that time, the cohort was divided into a control diet arm and 2 

treatment arms: 100 or 200 ppm (Envigo TD.210209) bitopertin for a 

Figure 10. Liver response to bitopertin treatment in EPP mice. (A) Quantification of liver PPIX levels after 8 weeks on bitopertin. (B) Histological liver 
fibrosis score after 8 weeks on bitopertin. Liver fibrosis at age 16 weeks was associated with (C) liver PPIX accumulation, (D) RBC PPIX levels, and (E) RBC 
PPIX MFI, as well as (F) trends toward increased initial RBC PPIX, irrespective of bitopertin therapy. (G) Multivariate logistic regression analysis to deter-
mine the OR for liver fibrosis associated with baseline RBC PPIX, adjusting for bitopertin treatment, and bitopertin treatment, adjusting for baseline RBC 
PPIX. (H) Logistic regression analysis to determine the OR for liver fibrosis that was associated with a standardized 1-unit increase in liver PPIX and RBC 
PPIX. Both liver and RBC PPIX levels were standardized to a mean of 0 and a SD of 1. P values were calculated using the Kruskal-Wallis test with Dunn’s 
multiple-comparison test (A and B) or a 2-tailed Mann-Whitney U test (C–F). Data are presented as the mean ± SD.
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between 2 groups. The Kruskal-Wallis test with Dunn’s multiple-com-

parison test was used for analysis among 3 or more groups. P values 

in Figures 7 and 8 were calculated using an unpaired, 2-tailed t test 

with Welch’s correction and a Holm-Šídák multiple-comparison test. 

The ORs for fibrosis were determined by logistic regression. For the 

final set of  analyses (fibrosis score, portal inflammation, and ductular 

reaction), the statistical tests were conducted only for male animals. 

Two types of  tests were performed on the basis of  the variable nature. 

For analyses of  the fibrosis score and portal inflammation, a 2-fac-

tor ANOVA model without interaction was applied. For analysis of  

ductular reactions, 2 separate multiple logistic regression models were 

required, as not all doses were evaluated in all studies (see Supplemen-

tal Methods). Data are presented as the mean ± SD, except for the 

mined in unstained, TO+, TO–, CD71hi, CD71med, and CD71lo cells. 

Data were analyzed with Diva or FlowJo software.

Quantitative heme and PPIX quantification. Total RBC/liver heme 

and PPIX analyses were performed by UPLC. Measurements were per-

formed on frozen RBC pellets or tissue, retrospectively, to limit batch-

to-batch variation, and normalized by total protein with this method.

Serum biochemical analyses. Total bilirubin, AST, and ALT analy-

ses were performed on a Roche Cobas c501 chemistry analyzer. For 

the 40-week study, these analyses, along with alkaline phosphatase 

(ALP) and γ-glutamyl transferase (GGT), were performed with colo-

rimetric kits (Abcam AB241029 and MilliporeSigma MAK126-1KT, 

MAK467-1KT, MAK052-1KT, and MAK447-1KT) following the 

manufacturers’ protocols.

Histopathology. Conventionally prepared microscopic slides were 

evaluated by a fellowship-trained liver pathologist in a blinded fashion 

and scored for fibrosis, macrophage and hepatocyte porphyrin accumu-

lation, iron staining, portal and lobular inflammation, and bile plugs 

on a scale of  0–3 or 0–4 (Supplemental Table 3). Ductular prolifera-

tion and reaction was noted. In the 40-week study, all discreet hepat-

ic nodules observed grossly were also sampled for histopathological 

assessment. The 14-week study was scored twice, first independently 

and then alongside the livers from the other studies. No statistical dif-

ferences were found between the 2 sets of  scores, despite the presence 

of  more damaged livers in the 40-week study (data not shown). Both 

independent scores have been kept (Figures 9–11 and Tables 1 and 2).

Statistics. Data were analyzed in GraphPad Prism 10.1.1 (Graph-

Pad Software) or Rstudio software, version 3.5.3. Differences among 

treatment groups were determined by an unpaired, 2-tailed t test 

with Welch’s correction or a Mann-Whitney U test for comparisons 

Figure 11. Fibrosis and portal inflammation evolution in male EPP animals enrolled in 14-week, 16-week, and 40-week studies following bitopertin 
treatment. (A) Graphical representation of the concomitant analysis of histopathology parameters (scoring system in Supplemental Table 3). Illustration 
was created with BioRender (Ducamp, S., 2025; https://BioRender.com/wvh26qu). (B) Fibrosis score and (C) portal inflammation. Data are presented as 
the mean ± SD.

Table 2. Fibrosis and portal inflammation in EPP animals treated 
with bitopertin

Comparison Fibrosis score  
P value

Portal inflammation  
P value

100 ppm vs. 0 ppm 0.0629 0.4645
200 ppm vs. 0 ppm 0.0023 0.2968
16-wk vs. 14-wk 0.0100 0.5912
40-wk vs. 14-wk 0.0001 0.0359

Statistical analyses  were performed using a 2-factor ANOVA (see 
Supplemental Methods for specific details). One animal with 
hepatocarcinoma (40-wk, 0 ppm) was excluded from this analysis, as no 
control liver was available for evaluation.
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(14W study) and recruited patients. RKL recruited patients. MDF 
designed experiments and wrote the manuscript. BM designed 
experiments and wrote the manuscript. PJS designed experiments, 
provided project oversight, performed mouse experiments, ana-
lyzed and interpreted data, and wrote the manuscript.

Acknowledgments
The authors would like to acknowledge the patients who partici-
pated in this study. Additionally, we thank the Animal Resources at 
Children’s Hospital (ARCH) (Boston Children’s Hospital, Boston, 
Massachusetts, USA); Michelle A. Lifton (Center for Virology and 
Vaccine Research Flow Cytometry Core, Beth Israel Deaconess 
Medical Center (BIDMC), Boston Massachusetts, USA; Hector 
Bergonia and John Philipps (Center for Iron and Hematology Dis-
orders [CIHD], Iron and Heme Core, University of  Utah, Salt Lake 
City, Utah, USA); and Kit Albrecht (YBR Analytics) for her statis-
tical analyses of  the combined 14W, 16W, and 40W liver histology. 
Disc Medicine provided funding and bitopertin for this research. 
Daniel Bauer (Division of  Hematology, Boston Children’s Hos-
pital, Boston, Massachusetts, USA) is acknowledged for ongoing 
mentorship and conflict-of-interest review.

Address correspondence to: Paul J. Schmidt or Sarah Ducamp, 
Department of  Pathology, Enders Research Building, Room 1107, 
BCH 3108, Boston Children’s Hospital, 300 Longwood Avenue, 
Boston, Massachusetts, 02115, USA. Phone: 617.919.4775; Email: 
Paul.schmidt@childrens.harvard.edu (PJS); Sarah.ducamp@ 
childrens.harvard.edu (SD).

VH’s present address is: Travin Bio, Cambridge, Massachusetts, USA.

ORs, which are displayed with 95% CIs. A P value of  less than 0.05 

was considered significant.

Study approval. Patients with EPP were enrolled in a human sub-

jects research protocol approved by Boston Children’s Hospital, and 

written informed consent was received for each participant. EPP and 

XLPP animals were maintained in the barrier facility at Boston Chil-

dren’s Hospital under protocols approved by the institution. Control 

female Wistar rats and male C57BL/6J mice were maintained under a 

protocol approved by Disc Medicine.

Data availability. Relevant information about the data will be made 

available directly from the corresponding authors. See Supplemental 

Methods for complete details. Values for all data points in graphs are 

reported in the Supporting Data Values file.

Author contributions
SD designed experiments, created the XLPP model, developed 
and performed PPIX and erythroid differentiation flow cytome-
try experiments, performed EPP HSC-erythroblast differentiation, 
analyzed and interpreted data, and wrote the manuscript. MW 
designed experiments and provided oversight of  the studies, gener-
ated in vitro results using the K562-EPP cell line and human WT 
erythroblasts, provided oversight concerning the glycine uptake 
assay using mouse and rat erythroid cells, analyzed and interpreted 
data, and wrote the manuscript. JP analyzed the mouse histopa-
thology results. DRC performed mouse phenotyping. YX designed 
experiments, developed and performed the RBC glycine uptake 
assays, analyzed and interpreted data, and wrote the manuscript. 
VH generated the K562-EPP cell line and evaluated the effect of  
bitopertin in K562-EPP cells and in human WT erythroblasts. 
MMH recruited patients. KKD analyzed a portion of  the liver data 

	 1.	Balwani M, et al. Clinical, biochemical, and 
genetic characterization of  North American 
patients with erythropoietic protoporphyria 
and X-linked protoporphyria. JAMA Dermatol. 
2017;153(8):789–796.

	 2.	Whatley SD, et al. C-terminal deletions in the 
ALAS2 gene lead to gain of  function and cause 
X-linked dominant protoporphyria without 
anemia or iron overload. Am J Hum Genet. 
2008;83(3):408–414.

	 3.	Ducamp S, et al. Molecular and functional 
analysis of  the C-terminal region of  human 
erythroid-specific 5-aminolevulinic synthase asso-
ciated with X-linked dominant protoporphyria 
(XLDPP). Hum Mol Genet. 2013;22(7):1280–1288.

	 4.	Poli A, et al. Erythropoietic protoporphyr-
ias: updates and advances. Trends Mol Med. 
2024;30(9):863–874.

	 5.	Dickey AK, et al. Update on the porphyrias. Annu 
Rev Med. 2024;75:321–335.

	 6.	Elder G, et al. The incidence of  inherited 
porphyrias in Europe. J Inherit Metab Dis. 
2013;36(5):849–857.

	 7.	Dickey AK, et al. Evidence in the UK Biobank for 
the underdiagnosis of  erythropoietic protopor-
phyria. Genet Med. 2021;23(1):140–148.

	 8.	Naik H, et al. Evaluating quality of  life tools in 
North American patients with erythropoietic pro-
toporphyria and X-linked protoporphyria. JIMD 
Rep. 2019;50(1):9–19.

	 9.	Naik H, et al. Psychosocial issues in erythropoi-
etic protoporphyria - the perspective of  parents, 
children, and young adults: A qualitative study. 
Mol Genet Metab. 2019;128(3):314–319.

	10.	Anstey AV, Hift RJ. Liver disease in erythropoietic 
protoporphyria: insights and implications for 
management. Gut. 2007;56(7):1009–1018.

	11.	Levy C, et al. Liver involvement in a large cohort 
of  patients with erythropoietic protoporphyria 
or X-linked protoporphyria. Hepatol Commun. 
2025;9(3):e0657.

	12.	McGuire BM, et al. Liver transplantation for 
erythropoietic protoporphyria liver disease. Liver 
Transpl. 2005;11(12):1590–1596.

	13.	McNeil MM, et al. Afamelanotide in the treat-
ment of  dermatologic disease. Skin Therapy Lett. 
2018;23(6):6–10.

	14.	Minder AE, et al. Afamelanotide is associated 
with dose-dependent protective effect from liver 
damage related to erythropoietic protoporphyria. 
Life (Basel). 2023;13(4):1066.

	15.	Heerfordt IM, et al. Experimental and approved 
treatments for skin photosensitivity in individuals 
with erythropoietic protoporphyria or X-linked 
protoporphyria: a systematic review. Biomed Phar-
macother. 2023;158:114132.

	16.	Leaf  RK, Dickey AK. How I treat erythropoietic 
protoporphyria and X-linked protoporphyria. 
Blood. 2023;141(24):2921–2931.

	17.	Parker CJ, et al. Results of  a pilot study of  isonia-

zid in patients with erythropoietic protoporphyr-
ia. Mol Genet Metab. 2019;128(3):309–313.

	18.	Fratz-Berilla EJ, et al. Isoniazid inhibits human 
erythroid 5-aminolevulinate synthase: molec-
ular mechanism and tolerance study with four 
X-linked protoporphyria patients. Biochim Biophys 
Acta Mol Basis Dis. 2017;1863(2):428–439.

	19.	Jin S, et al. Aminolevulinic acid synthase 2 
(ALAS2) inhibition to treat erythroporphyrias. 
International Congress on Porphyrins and Por-
phyrias. Milan, Italy; 2019.

	20.	Mirmiran A, et al. Erythroid-progenitor-targeted 
gene therapy using bifunctional TFR1 ligand- 
peptides in human erythropoietic protoporphyria. 
Am J Hum Genet. 2019;104(2):341–347.

	21.	Oustric V, et al. Antisense oligonucleotide-based 
therapy in human erythropoietic protoporphyria. 
Am J Hum Genet. 2014;94(4):611–617.

	22.	Tu JH, et al. Novel treatment using cimetidine for 
erythropoietic protoporphyria in children. JAMA 
Dermatol. 2016;152(11):1258–1261.

	23.	Heerfordt IM, et al. Cimetidine for erythropoietic 
protoporphyria. Photodiagnosis Photodyn Ther. 
2022;38:102793.

	24.	Balwani M, et al. Dersimelagon in eryth-
ropoietic protoporphyrias. N Engl J Med. 
2023;388(15):1376–1385.

	25.	Zhu J, et al. Inhibition of  ABCG2 prevents pho-
totoxicity in a mouse model of  erythropoietic 
protoporphyria. Nat Commun. 2024;15(1):10557.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2025;135(18):e181875  https://doi.org/10.1172/JCI1818751 4

	26.	Garcia-Santos D, et al. Extracellular glycine is nec-
essary for optimal hemoglobinization of  erythroid 
cells. Haematologica. 2017;102(8):1314–1323.

	27.	Pinard E, et al. Glycine transporter type I (GlyT1) 
inhibitor, bitopertin: a journey from lab to patient. 
Chimia (Aarau). 2018;72(7):477–484.

	28.	Pinard E, et al. Selective GlyT1 inhibitors: discovery 
of [4-(3-fluoro-5-trifluoromethylpyridin-2-yl)piper-
azin-1-yl][5-methanesulfonyl-2-((S)-2,2,2-trifluoro- 
1-methylethoxy)phenyl]methanone (RG1678), a 
promising novel medicine to treat schizophrenia.  
J Med Chem. 2010;53(12):4603–4614.

	29.	Alberati D, et al. Glycine reuptake inhibitor 
RG1678: a pharmacologic characterization of an 
investigational agent for the treatment of schizo-
phrenia. Neuropharmacology. 2012;62(2):1152–1161.

	30.	Umbricht D, et al. Effect of  bitopertin, a glycine 
reuptake inhibitor, on negative symptoms of  
schizophrenia: a randomized, double-blind, 
proof-of-concept study. JAMA Psychiatry. 
2014;71(6):637–646.

	31.	Hirayasu Y, et al. Efficacy and safety of  bitopertin 
in patients with schizophrenia and predominant 
negative symptoms: subgroup analysis of  japa-
nese patients from the global randomized phase 2 
trial. Psychiatry Investig. 2017;14(1):63–73.

	32.	Hirayasu Y, et al. A double-blind randomized 
study assessing safety and efficacy following one-
year adjunctive treatment with bitopertin, a gly-
cine reuptake inhibitor, in Japanese patients with 
schizophrenia. BMC Psychiatry. 2016;16:66.

	33.	Bugarski-Kirola D, et al. A phase II/III trial of  
bitopertin monotherapy compared with placebo 
in patients with an acute exacerbation of  schizo-
phrenia - results from the CandleLyte study. Eur 
Neuropsychopharmacol. 2014;24(7):1024–1036.

	34.	Bugarski-Kirola D, et al. Efficacy and safety of  
adjunctive bitopertin versus placebo in patients 
with suboptimally controlled symptoms of  schizo-
phrenia treated with antipsychotics: results from 
three phase 3, randomised, double-blind, parallel- 
group, placebo-controlled, multicentre studies in 
the SearchLyte clinical trial programme. Lancet 
Psychiatry. 2016;3(12):1115–1128.

	35.	Bugarski-Kirola D, et al. Bitopertin in negative 
symptoms of  schizophrenia-results from the 
phase III FlashLyte and DayLyte Studies. Biol 
Psychiatry. 2017;82(1):8–16.

	36.	Winter M, et al. Effects of  GlyT1 inhibition on 
erythropoiesis and iron homeostasis in rats. Exp 
Hematol. 2016;44(10):964–974.

	37.	Dunayevich E, et al. Efficacy and safety of  the gly-

cine transporter type-1 inhibitor AMG 747 for the 
treatment of  negative symptoms associated with 
schizophrenia. Schizophr Res. 2017;182:90–97.

	38.	Matte A, et al. Bitopertin, a selective oral GLYT1 
inhibitor, improves anemia in a mouse model of  
β-thalassemia. JCI Insight. 2019;4(22):e130111.

	39.	Halloy F, et al. Repurposing of  glycine transport 
inhibitors for the treatment of  erythropoietic pro-
toporphyria. Cell Chem Biol. 2021;28(8):1221–1234.

	40.	Gautier EF, et al. Comprehensive proteomic anal-
ysis of  murine terminal erythroid differentiation. 
Blood Adv. 2020;4(7):1464–1477.

	41.	Ducamp S, et al. Murine models of  erythroid 
5ALA synthesis disorders and their conditional 
synthetic lethal dependency on pyridoxine. Blood. 
2024;144(13):1418–1432.

	42.	Duchartre Y, et al. Neonatal bone marrow trans-
plantation prevents liver disease in a murine 
model of  erythropoietic protoporphyria. J Hepa-
tol. 2011;55(1):162–170.

	43.	Hofmann C, et al. Effects of  the glycine reuptake 
inhibitors bitopertin and RG7118 on glycine in 
cerebrospinal fluid: results of  two proofs of  mech-
anism studies in healthy volunteers. Psychophar-
macology (Berl). 2016;233(13):2429–2439.

	44.	Libbrecht L, et al. Liver pathology and hepa-
tocarcinogenesis in a long-term mouse model 
of  erythropoietic protoporphyria. J Pathol. 
2003;199(2):191–200.

	45.	Gijbels E, et al. Rodent models of  cholestatic 
liver disease: a practical guide for translational 
research. Liver Int. 2021;41(4):656–682.

	46.	Chang JC, et al. Glutathione reductase in the red 
blood cells. Ann Clin Lab Sci. 1978;8(1):23–29.

	47.	Wang Y, et al. SLC25A39 is necessary for mito-
chondrial glutathione import in mammalian cells. 
Nature. 2021;599(7883):136–140.

	48.	Nilsson R, et al. Discovery of  genes essential for 
heme biosynthesis through large-scale gene expres-
sion analysis. Cell Metab. 2009;10(2):119–130.

	49.	Liu Y, et al. Autoregulatory control of  mito-
chondrial glutathione homeostasis. Science. 
2023;382(6672):820–828.

	50.	Shi X, et al. Combinatorial GxGxE CRISPR 
screen identifies SLC25A39 in mitochondrial 
glutathione transport linking iron homeostasis to 
OXPHOS. Nat Commun. 2022;13(1):2483.

	51.	Shi X, et al. Dual regulation of  SLC25A39 by 
AFG3L2 and iron controls mitochondrial gluta-
thione homeostasis. Mol Cell. 2024;84(4):802–810.

	52.	Chen X, Gan B. SLC25A39 links mitochondrial 
GSH sensing with iron metabolism. Mol Cell. 

2024;84(4):616–618.
	53.	Goldstein BD, Harber LC. Erythropoietic pro-

toporphyria: lipid peroxidation and red cell mem-
brane damage associated with photohemolysis.  
J Clin Invest. 1972;51(4):892–902.

	54.	Wulf  HC, et al. Inactivation of  protoporphyrin 
IX in erythrocytes in patients with erythropoietic 
protoporphyria: a new treatment modality. Photo-
diagnosis Photodyn Ther. 2020;29:101582.

	55.	Thunell S, et al. Porphyrins, porphyrin metab-
olism and porphyrias. IV. Pathophysiology of  
erythyropoietic protoporphyria--diagnosis, care 
and monitoring of  the patient. Scand J Clin Lab 
Invest. 2000;60(7):581–604.

	56.	Xiang Y, et al. Inhibition of  glycine transporter 
1 reduces phototoxicity in a mouse model of  
erythropoietic protoporphyria (EPP). Blood. 
2024;144(suppl 1):2460.

	57.	Ross G, et al. Interim analyses from the Beacon 
Trial: a phase 2, randomized, open-label trial of  
bitopertin in erythropoietic protoporphyria. Blood. 
2023;142(suppl 1):923.

	58.	Ross G, et al. Results from the BEACON Trial: 
a phase 2, randomized, open-label trial of  bitop-
ertin in erythropoietic protoporphyria. Blood. 
2024;144(suppl 1):1093.

	59.	Garcia-Bravo M, et al. Bone marrow-derived 
cells promote liver regeneration in mice with 
erythropoietic protoporphyria. Transplantation. 
2009;88(12):1332–1340.

	60.	Phillips JD. Heme biosynthesis and the porphyr-
ias. Mol Genet Metab. 2019;128(3):164–177.

	61.	Puy H, et al. Porphyrias. Lancet. 
2010;375(9718):924–937.

	62.	Anstey AV, Hift RJ. Liver disease in erythropoietic 
protoporphyria: insights and implications for man-
agement. Postgrad Med J. 2007;83(986):739–748.

	63.	Dickey A, et al. Results from the Aurora Study: A 
phase 2, randomized, double-blind, placebo-con-
trolled study of  bitopertin in Erythropoietic Pro-
toporphyria. Blood. 2024;144(suppl 1):1089.

	64.	Gautier EF, et al. Comprehensive proteomic 
analysis of  human erythropoiesis. Cell Rep. 
2016;16(5):1470–1484.

	65.	Boulechfar S, et al. Ferrochelatase structural 
mutant (Fechm1Pas) in the house mouse. Genom-
ics. 1993;16(3):645–648.

	66.	Chen K, et al. Resolving the distinct stages 
in erythroid differentiation based on dynam-
ic changes in membrane protein expression 
during erythropoiesis. Proc Natl Acad Sci U S A. 
2009;106(41):17413–17418.


	Graphical abstract

