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Effects of GlyT1 inhibition on erythropoiesis and iron homeostasis in rats
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Glycine is a key rate-limiting component of heme biosynthesis in erythropoietic cells, where
the high intracellular glycine demand is primarily supplied by the glycine transporter 1
(GlyT1). The impact of intracellular glycine restriction after GlyT1 inhibition on hematopoi-
esis and iron regulation is not well established. We investigated the effects of a potent and se-
lective inhibitor of GlyT1, bitopertin, on erythropoiesis and iron homeostasis in rats. GlyT1
inhibition significantly affected erythroid heme biosynthesis, manifesting as microcytic hypo-
chromic regenerative anemia with a 20% steady-state reduction in hemoglobin. Reduced
erythropoietic iron utilization was characterized by down-regulation of the transferrin recep-
tor 1 (TfR1) on reticulocytes and modest increased iron storage in the spleen. Hepatic hepci-
din expression was not affected. However, under the condition of reduced heme biosynthesis
with reduced iron reutilization and increased storage iron, hepcidin at the lower and higher
range of normal showed a striking role in tissue distribution of iron. Rapid formation of iron-
positive inclusion bodies (IBs) was observed in circulating reticulocytes, with an ultrastruc-
ture of iron-containing polymorphic mitochondrial remnants. IB or mitochondrial iron accu-
mulation was absent in bone marrow erythroblasts. In conclusion, GlyT1 inhibition in rats
induced a steady-state microcytic hypochromic regenerative anemia and a species-specific
accumulation of uncommitted mitochondrial iron in reticulocytes. Importantly, this glycine-
restricted anemia provides no feedback signal for increased systemic iron acquisition and
the effects reported are pathogenetically distinct from systemic iron-overload anemias and
erythropoietic disorders such as acquired sideroblastic anemia. Copyright � 2016 Published
by Elsevier Inc. on behalf of ISEH - International Society for Experimental Hematology.
The glycine transporter 1 (GlyT1) was originally identified
as a member of the solute carrier family 6 of sodium- and
chloride-dependent neurotransmitter transporters [1].
GlyT1 is expressed in the central nervous system and in pe-
ripheral tissues; mainly in erythroid cells, from erythro-
blasts in the bone marrow up to circulating reticulocytes
in humans [2] and rats [3]. Reduced glycine transfer may
affect hemoglobin (Hb) biosynthesis because glycine is a
key rate-limiting component in the first catalytic reaction
of the heme synthesis pathway.
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Heme biosynthesis begins and ends in the mitochondria,
involves eight enzymatic reactions, and is highly conserved
in mammals [4]. It is initiated with a condensation reaction
between glycine and succinyl coenzyme A to form
5-aminolevulinic acid (ALA). ALA is catalyzed by d–ami-
nolevulinic acid synthase 2 (ALAS2) in erythroid cells.
ALAS2 expression is controlled by erythroid-specific tran-
scription factors that adjust the rate of heme synthesis based
on intracellular iron availability [5]. In the final reaction,
heme is formed by ferrochelatase catalyzing the insertion
of a ferrous iron into a protoporphyrin IX (PPIX) ring.
Heme is then exported out of the mitochondria to associate
with globin chains and apocytochromes, a process mediated
by adenosine triphosphate (ATP)-binding cassette trans-
porters, forming Hb [6].

In vitro studies suggest that GlyT1 is no longer ex-
pressed in mature red blood cells (RBCs), limiting its func-
tion to erythrocyte precursors including reticulocytes [3].
ternational Society for Experimental Hematology.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:michael.winter@roche.com
mailto:michael.winter@roche.com
http://dx.doi.org/10.1016/j.exphem.2016.07.003
http://dx.doi.org/10.1016/j.exphem.2016.07.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.exphem.2016.07.003&domain=pdf
http://dx.doi.org/10.1016/j.exphem.2016.07.003
http://dx.doi.org/10.1016/j.exphem.2016.07.003
Min Wu
Highlight

Min Wu
Highlight

Min Wu
Highlight

Min Wu
Highlight

Min Wu
Highlight

Min Wu
Highlight

Min Wu
Highlight



965M. Winter et al./ Experimental Hematology 2016;44:964–974
Reticulocytes continue to produce Hb for a short period in
bone marrow and peripheral circulation using residual ri-
bosomal RNA [7,8]. Although GlyT1 has been shown to
be the main contributor to glycine uptake in reticulocytes,
accounting for 42% of glycine uptake in humans [9], the
remaining glycine transfer occurs via other, less specific
transporters. GlyT1 inhibition is thus not anticipated to
cause complete glycine deficiency in pre-erythrocytes,
which is supported by our dataset presented.

Disorders of erythropoiesis are often associated with
abnormal iron homeostasis [10]. Although regulatory feed-
back mechanisms of reduced heme biosynthesis at inade-
quately low availability of iron are well understood, less
is known about the impact of glycine restriction on hema-
topoiesis and iron regulation. The aim of this mechanistic
study was to determine the effects of GlyT1 inhibition on
erythropoiesis and iron homeostasis in rats using bitopertin
(RG1678), a potent, selective, and reversible inhibitor of
GlyT1 that has been well characterized in preclinical
studies [11,12].
Materials and methods

Animals and husbandry
Because female rats showed higher oral bioavailability for bito-
pertin than males, only female rats were used in this study. Fe-
male Wistar rats (substrain: HanRCCWIST [SPF], Harlan
Laboratories, Ltd., Horst, The Netherlands), approximately
16 weeks of age, were acclimatized for 5–13 days and housed
in pairs in environmentally enriched Macrolon boxes at a tem-
perature of 20–24�C, with 40–80% humidity and a 12-hour
light/dark cycle. A pelleted (gavage administration) or powdered
(dietary administration) diet and tap water were supplied ad
libitum.

Study design and procedures
Daily doses of vehicle or bitopertin suspensions were administered
by oral gavage (vehicle, 1, 3, or 8 mg/kg) or admixed in a
powdered diet at equivalent exposure doses (vehicle, 1, 3, or
15 mg/kg) over a period of 58 or 59 days. Animals receiving
15 mg/kg initially received 10 mg/kg/day in week 1 to increase
tolerability. Each dose group consisted of 28 rats, 14 dosed by
oral gavage and 14 by diet admix, to assess the effects of distinct
exposure profiles. Because no differences in the dose–response ef-
fects were observed, results were merged and presented by dose
groups.

Necropsies were performed on 16 animals from each dose
group at the end of the treatment period on day 60. The remaining
recovery animals (n 5 12) were sacrificed at the end of a 4-week
treatment-free period, on day 88. Animals were killed by CO2

inhalation and exsanguination, and all major organs and tissues
were collected.

Two additional long-term studies were conducted as part of the
preclinical safety program of bitopertin. Pivotal hematology, blood
smear morphology, and histopathology findings of iron-sensitive
organs and tissues are reported from these studies to demonstrate
the long-term consistency of findings (Supplementary Methods,
online only, available at www.exphem.org).
All studies were performed in laboratories approved by the As-
sociation for the Assessment and Accreditation of Laboratory An-
imal Care and were carried out in accordance with the European
Union Directive 2010/63/EU for animal experiments.

Hematology parameters, clinical chemistry, and iron
biomarkers
Nonfasting blood samples were drawn under light isoflurane
anesthesia before dosing in week 1 (day 2 [gavage] or day 3
[diet admix]), week 2 (day 10), week 4 (days 24 and 25), at the
end of the treatment period (days 58 and 59), and at the end of
the recovery period (day 88). Hematological parameters were
measured using a hematology analyzer (Sysmex XT, Sysmex,
Kobe, Japan).

Serum total iron-binding capacity and serum iron were
measured using an ADVIA 1650 (Siemens, Tarrytown, NY).
Serum ferritin and transferrin were measured with commercial
enzyme-linked immunosorbent assays (ELISAs; E-25F, Immu-
nology Consultants Laboratory, Inc., Portland, OR) and
MBS564129 (MyBioSource, Inc., San Diego, CA), respectively.
Transferrin saturation was calculated as the ratio of serum iron
and total iron-binding capacity multiplied by 100. Total free eryth-
rocyte PPIX was determined using a fluorescence photometry
assay as described by Piomelli et al. [13]. ELISA and PPIX assays
were analyzed on a SpectraMax microplate reader with SoftMax
Pro software (Molecular Devices, LLC, Sunnyvale, CA). Serum
erythropoietin (EPO) concentrations were determined with an
immunoassay on the Gyrolab� instrument (Gyros AB, Uppsala,
Sweden) with antibody reagents from R&D Systems (Minneapo-
lis, MN): rat EPO-specific biotinylated capture antibody
BAM9592 and MAB9591 conjugated to Alexa Fluor� 647 with
the monoclonal antibody labeling kit (Molecular Probes, Eugene,
OR). EPO concentrations in samples were calculated by the Gyro-
lab Evaluator software, version 3.15.137 (from a recombinant rat
EPO standard curve [1306-RE-010/CF, R&D Systems]).

Blood and bone marrow smears
Blood smears were stained with Wright–Giemsa stain for exami-
nation of RBC morphology and inclusion bodies (IBs) and scored
as follows: 0 5 no IB; 1 5 few IB-positive reticulocytes, absence
in RBC; 2 5 most reticulocytes IB positive, few/no RBC affected;
3 5 most reticulocytes IB positive, moderate incidence in RBC;
4 5 most reticulocytes positive, marked incidence in RBC; and
5 5 absence of IB in reticulocytes, marked incidence in RBC.
Blood smears were also stained with Perls’ stain for identification
of iron-positive IB.

Bone marrow smears from all animals at the end of treatment
were stained with Perls’ stain for identification of siderotic gran-
ules in erythroblasts according to the scoring system reported in
Mufti et al. [14].

Histopathology
Spleen, pancreas and liver tissues were fixed in 10% formalin and
embedded in paraffin from which slides were prepared and
stained with hematoxylin–eosin and Perls’ stain and examined
under a light microscope. For iron scoring in the spleen and liver,
the following scores were applied: 0 5 none; 1 5 minimal
(approximately 1–20% of macrophages or Kupffer cells/hepato-
cytes affected); 2 5 slight (approximately 21–40% of cells
affected); 3 5 moderate (approximately 41–60% of cells
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affected); 45 marked (61–80% of cells affected); and 55 severe
(approximately 81–100% of cells affected). Automated image
analysis of spleen iron was also performed (Supplementary
Methods).

Electron microscopy
RBC from selected high-dose (8 or 15 mg/kg) and control animals
were fixed in glutaraldehyde, osmicated, and embedded in resin.
Semi-thin sections were stained with toluidine blue. Areas suitable
for examination were selected using a light microscope and then
microtomed to create ultra-thin sections, which were contrasted
using uranyl acetate and lead citrate and examined using an elec-
tron microscope (CM10, Philips Electron Instruments, Eindhoven,
The Netherlands).

CD71 (TfR-1) expression on reticulocytes by flow cytometry
Cell surface CD71 expression on reticulocytes was determined
with phycoerythrin-labeled anti-rat CD71 monoclonal antibody
(BD-Pharmingen�, San Diego, CA) on thiazole-orange-positive
reticulocytes (Retic-COUNT� reagent, BD Biosciences, San
Jose, CA) on a Cytomics FC 500 MPL flow cytometer with
MXP software version 2.1 (Beckman Coulter�, Miami, FL). Fluo-
rescence intensity binding signals were normalized to antibody-
binding capacity units with the Quantum� Simply Cellular�
anti-rat IgG beads using the QuickCal software version 2.3 (Bangs
Laboratories, Inc., Fishers, IN).

HAMP expression in the liver by in situ hybridization
Hepcidin antimicrobial peptide (HAMP) mRNA was detected in
rat liver samples using RNAscopeVS� (Advanced Cell Diagnos-
tics, Inc., Hayward, CA), an RNA in situ hybridization (ISH)
method that permits signal amplification and background suppres-
sion (for details, see the Supplementary Methods).

Statistical analysis
Group means and standard deviations (SDs) for hematological pa-
rameters and serum biomarkers were calculated for n $ 3 animals
per group using Provantis software (Instem Life Sciences, Stone,
UK). Differences between the control group and treated groups
were determined using an ANOVA and Dunnett’s multiple-
comparisons test and are indicated by significances of
*p! 0.05, **p ! 0.01, and ***p! 0.001. p ! 0.05 was consid-
ered statistically significant.
Results

GlyT1 inhibition causes microcytic hypochromic
regenerative anemia in rats
Reduced erythrocyte mean corpuscular Hb (MCH) was
observed in all rats treated with bitopertin. Ret-Y (a
marker for reticulocyte Hb) [15] showed a significant early
(days 2/3) decrease in treated compared with control ani-
mals, almost plateaued at about �25% by day 10, and re-
mained low until the end of the treatment period with a
weak dose-dependent effect (Fig. 1A). MCH and mean
corpuscular volume (MCV) showed a slow but progressive
decline from day 10 to the end of the treatment of about
�25% and �20%, respectively (Fig. 1B and C).
Compensatory reticulocytosis and erythrocytosis were
observed under GlyT1 inhibition, with a mean erythrocyte
count increase of approximately 10% starting on days 24/
25 until the end of treatment (Fig. 1D). Despite this
compensatory regeneration, hematocrit (Hct, data not
shown) and mean Hb (Fig. 1E) decreased progressively
by approximately 20% from day 3 to the end of treatment.
A mild increase in thrombocytes was also seen in
all treated rats. A modest, dose-proportional increase in
mean group serum EPO concentration was observed
from day 10 until the end of the treatment period, further
indicating an EPO-responsive anemia (Fig. 1F).

After discontinuation of treatment, Ret-Y values re-
turned to control group levels at the end of the recovery
period (day 88). However, mean MCH, Hb, Hct (data not
shown), and erythrocyte counts did not reach complete
normalization. EPO returned to control levels (Fig. 1F).

Long-term effects on erythropoiesis beyond multiples of
a rat RBC lifespan were shown in two rat studies with bito-
pertin exposure of up to 2 years. The results were consistent
with the pivotal 8-week mechanistic study and demon-
strated a steady-state microcytic hypochromic erythropoi-
esis, with MCH and Hb reductions of approximately
20% associated with elevated erythrocyte counts
(Supplementary Figure E1, online only, available at www.
exphem.org).

GlyT1 inhibition induces iron-containing inclusion
bodies in rats, but not type III ring sideroblasts
Rapid development of basophilic IB was detected early on
Wright–Giemsa-stained blood smears, with IBs present in
most reticulocytes in all treated dose groups at day 2. IBs
were subsequently found in a few erythrocytes in all dose
groups at day 10 and a dose-dependent effect on IBs was
observed at the end of the treatment period. No IBs were
detected on day 88, suggesting complete normalization
during the 28-day recovery period (Fig. 2). Chronic
GlyT1 inhibition in a long-term 2-year study resulted in
only a minimal increase in IBs between 6 months and
1 year and remained stable until the end of the 2-year
treatment.

IBs that had a basophilic polymorphic structure on
Wright–Giemsa stains (Fig. 3A and B), were shown to
be iron-positive with Perls’ stain (Fig. 3D), and were
accompanied by a pronounced poikilocytosis of a
schistocyte-like cell morphology (Fig. 3B). Hypochromic
microcytic erythrocytes and irregularly shaped RBCs (poi-
kilocytes) remained at the end of the recovery period, but
IBs were entirely absent. Examination of bone marrow
smears of treated rats at the end of the treatment period re-
vealed an unremarkable erythroblast cell phenotype with
no evidence of pathological ring sideroblasts (Type III)
(Fig. 3E and F). A few type I and II sideroblasts were
observed as single cells in individual blood smears of con-
trol and treated rats.
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Figure 1. Changes in hematological parameters characteristic of microcytic hypochromic regenerative anemia. GlyT1 inhibition causes reduced reticulocyte

and erythrocyte hemoglobinization, compensatory erythrocytosis, and reduced Hb, all characteristic for microcytic hypochromic anemia. The increase in

mean group serum EPO concentration indicates an EPO-responsive anemia. Hematology parameters (mean 6 SD) by bitopertin dose group measured on

day 2 (gavage dosed subgroup; n 5 4), day 3 (diet admix subgroup; n 5 4), day 10 (data combined; n 5 8), days 24/25 (data combined; n 5 16), at

the end of the treatment period (days 58/59, data combined; n 5 16), and at the end of the recovery period (day 88, data combined; n 5 12) are shown

for Ret-Y (A), MCH (B), MCV (C), RBC count (D), Hb (E), and EPO (F). *p ! 0.05, **p ! 0.01, and ***p ! 0.001 in treated groups compared

with controls.
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Electron microscopy examination of RBCs showed
IBs with a distinct morphology in treated animals
compared with the iron-containing vesicles seen typi-
cally in reticulocytes. These IBs were polymorphic,
irregularly shaped or round to oval, membrane bound,
and filled with remnants of mitochondrial cristae and
iron micelles. Consistent with the distribution in blood
smears, polymorphic IBs were predominantly found in
reticulocytes (Fig. 3G–I).

Effects of GlyT1 inhibition on iron storage and
availability in the hematopoietic system
Mean serum ferritin levels showed a modest time- and
dose-independent increase in treated compared with control

http://dx.doi.org/10.1016/j.exphem.2016.07.003


Figure 2. IB grading by dose group (gavage) over the duration of the study. GlyT1 inhibition induced a rapid development of IBs, with IBs present in most

reticulocytes already at day 2 of all treated dose groups, which was followed by a moderate progression in severity at later time points and full reversibility

within a 4-week recovery period. Typical IB grading from Wright–Giemsa-stained blood films are presented from the bitopertin-gavage-dosed subgroups

because early day 2 samples were taken in this subgroup only. Sampling was done on days 2 (n 5 4), 10 (n 5 4), 58/59 (n 5 8), and 88 (n 5 6).

Feed–admix-dosed animals showed nearly identical results (data not shown).
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rats. In treated rats, mean serum ferritin levels decreased
below control group levels at the end of the recovery
period, indicating efficient iron reutilization after restora-
tion of normal heme biosynthesis. Remarkably, a marked
increase in serum ferritin was noted in a few control group
animals and was responsible at the end of the treatment and
recovery phases for the high mean group variability
(Fig. 4).

To determine the effect of GlyT1 inhibition on func-
tional iron availability, flow cytometry was used to measure
the expression of the membrane-bound transferrin receptor
1 (TfR-1 or CD71). Two reticulocyte populations express-
ing CD71 were identified: one with low fluorescence/
RNA and low CD71 (TfR-1 LFR) and one with high fluo-
rescence/RNA with high CD71 (TfR-1 HFR) consistent
with reticulocyte maturation and CD71 cleavage. A clear
trend for reduced expression of CD71 was observed in
both reticulocyte populations in treated compared with con-
trol rats at the end of the dosing phase, with a maximum
reduction of 25% and a statistically significant difference
in the LFR reticulocytes (Fig. 5).

A modest but significant increase in total free erythro-
cyte PPIX was noted from days 24/25 to the end of the
treatment period and normalized at the end of the treatment
period (Fig. 6).

GlyT1 inhibition does not affect systemic acquisition of
iron
Serum iron, transferrin, and transferrin saturation were all
within the control group range. A modest increase in hemo-
siderin deposits was observed in treated rats compared with
controls in the spleen only and insignificantly reversed dur-
ing the 28-day recovery period due to the relative low
bioavailability of hemosiderin iron. The histology grading
correlated with quantitative imaging of the iron-stained
spleen area, where hemosiderin deposits were statistically
significantly increased in all groups at the end of the treat-
ment period (Supplementary Figure E2, online only, avail-
able at www.exphem.org). The incidence of animals with
hemosiderin deposits in the liver was slightly higher in
treated rats, although the severity was within the control
group range (Fig. 7). Consistent with iron retention and
absence of systemic iron accumulation, chronic exposure
to bitopertin (up to 2 years) resulted in a dose-
proportional increase in hemosiderin deposition in spleen
macrophages only.

GlyT1 inhibition did not affect hepatic expression of
hepcidin, with levels observed in bitopertin-treated animals
within the control group range at the end of the treatment
period (Supplementary Figure E3, online only, available
at www.exphem.org). Hepcidin expression in the liver
was significantly (p 5 0.0047) correlated with serum iron
concentration, demonstrating that ISH is a sensitive method
for measuring serum hepcidin activity (Supplementary
Figure E3B, online only, available at www.exphem.org).

Within the observed normal strain-specific variability of
hepcidin activity, hepcidin proved to be a strong regulator
of iron distribution. Rats with an elevated liver iron score
showed low spleen iron deposition at hepcidin expression
rates at the lower range of normal. Conversely, hepcidin
expression at the higher range of normal was strongly
associated with preferential spleen but low liver iron depo-
sition (Fig. 7). High serum ferritin correlated with liver
iron deposition, but was insensitive for spleen hemosidero-
sis (Fig. 8).
Discussion
In this study, we investigated the role of GlyT1 on eryth-
ropoiesis and iron homeostasis in erythrocyte precursors
by using bitopertin, a potent and selective inhibitor of
GlyT1. We demonstrated that inhibition of GlyT1
disturbed Hb synthesis in rats, which manifested as a
regenerative microcytic hypochromic anemia. This effect
is clearly target related because microcytic hypochromic
anemia with a similar magnitude of effect on MCH

http://www.exphem.org
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Figure 3. IBs and RBC abnormalities noted in blood and bone marrow smears. Representative microphotographs of blood smears taken at the end of the

treatment period (days 58/59) from representative rats of the control and the 8/15 mg/kg bitopertin dose group. Blood smears stained with Wright–Giemsa

from a control (A) and a treated (B) rat show polychromasia, mild thrombocytosis (long arrows), and poikilocytosis (short arrows). IBs were found

predominantly in polychromatophilic erythrocytes (reticulocytes, white arrows) and erythrocytes. Blood smear stained with Perls’ stain showing iron-

positive IBs in a treated animal (D) and an absence of IBs in controls (C). Bone marrow iron stains with unremarkable erythroblast iron load. Absence

of pathological ring sideroblasts (type III) in bone marrow smears stained with Perls’ stain illustrated in a treated rat (F) compared with control group

bone marrow (E). Black arrowheads indicate an erythron composed of a macrophage with pronounced storage iron surrounded by normal erythroblasts

of various maturational stages. Whereas ring sideroblasts were absent, discrete iron-positive IBs were present in reticulocytes in all animals (long arrow),

with a trend for a more condensed form and a higher incidence in treated rats. Blood and bone marrow smear images were taken on a Zeiss Axioscope

microscope with a 630 � 10 EC Plan Neofluar oil-immersion objective and an Olympus SC30 camera using Olympus analySIS software version 5.1.

(G–I) Electron microscopy (Philips CM10 electron microscope) images of reticulocytes. Classic ferric bodies and small, iron-containing vesicular IBs

were seen in both control and treated animals. Classic small ferric bodies (diameter approximately 0.2 mm) were characterized by round inclusions limited

by a membrane-like structure and filled with electron-dense granules resembling ferritin particles (G, treated rat). The relatively small, electron-dense

vesicular IBs (diameter approximately 0.5 mm) with electron-dense granules might resemble uncommitted iron precipitation during the final erythrocyte

maturation phase (H, control rat). Polymorphic IBs of a significantly larger size (diameter approximately 1.5 mm), containing iron micelles and representing

mitochondrial remnants, were found in reticulocytes of treated rats only (I).
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(21% reduction) was reported in GlyT1�/� mice [16],
indicating a complete inhibition of GlyT1 under the
selected experimental conditions.

GlyT1 inhibition also resulted in the rapid development
of iron-positive IBs within 24 hours after the first dose in
the majority of reticulocytes, with a subsequent minimal
extended manifestation in erythrocytes (siderocytes).
Because rat reticulocytes have a bone marrow maturation
phase of about 20 hours before release into circulation
[17], the rapid onset of IBs strongly suggests that IB forma-
tion occurred within this maturation phase in the bone
marrow.

http://dx.doi.org/10.1016/j.exphem.2016.07.003


Figure 4. GlyT1 inhibition moderately increases serum ferritin levels. Reduction in heme biosynthesis induced by GlyT1 inhibition caused iron retention in

the storage pool, as indicated by moderately increased serum ferritin levels. Full restoration of heme synthesis capacity during the recovery period was asso-

ciated with a rapid reutilization of storage iron and normalization of serum ferritin concentrations. Mean 6 SD levels of serum ferritin by bitopertin dose

group measured on day 2 (gavage dosed subgroup; n 5 4), day 3 (diet admix subgroup; n 5 4), day 10 (data combined; n 5 8), days 24/25 (data combined;

n 5 16), at the end of the treatment period (days 58/59, data combined; n 5 16), and at the end of the recovery period (day 88, data combined; n 5 12).

Statistical significance between treated and control groups was not reached at any time point due to large interindividual variability.
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IBs were electron-microscopically characterized as iron-
containing polymorphic mitochondrial remnants, indicating
the persistence of uncommitted mitochondrial iron reticulo-
cytes when heme biosynthesis is inhibited. This ultrastruc-
ture was comparable to IBs typically found in erythrocytes
and erythroblasts of various forms of sideroblastic anemia
[18]. In humans, acquired sideroblastic anemia has signifi-
cant bone marrow involvement [19] and the diagnosis is
confirmed by the widespread presence of abnormal ring
sideroblasts (type III) in bone marrow samples using light
and electron microscopy [20]. Type III sideroblasts were,
however, absent in the rat bone marrow.

IBs had a clear vesicular ultrastructure, suggesting that a
large part of the iron-containing mitochondrial remnants
Figure 5. GlyT1 inhibition downregulates transferrin receptor expression. Downr

poration into erythroblasts and thus reduced availability of functional iron. Redu

Thiazole orange (TO)–CD71 contour blots on both the immature high fluorescenc

ulocyte fraction (LFR), depicted on two representative animals: control (A) and t

CD71 expression rates at study termination is depicted in the box and whisker b
might be cleared via normal autophagy processes during
final reticulocyte maturation [21]. IB formation was fol-
lowed by characteristic changes in RBC morphology,
with irregularly shaped RBCs and a schistocyte-like cell
morphology in a subfraction of erythrocytes. These poikilo-
cytes are thought to be secondary to incomplete autophagic
clearance of mitochondrial remnants by the spleen because
removal of siderotic bodies from erythrocytes in the spleen
is known to result in fragmented RBCs [22], and erythro-
cytes with siderotic bodies are frequently observed after
splenectomy [23,24].

A compensatory downregulation of TfR-1 expression on
reticulocytes was shown after GlyT1 inhibition, indicating
reduced iron incorporation into erythroblasts and thus
egulation of TfR-1 expression on reticulocytes indicated reduced iron incor-

ction of CD71 expression on reticulocytes at end of treatment is shown by

e reticulocytes (HFR) fraction and the more mature low fluorescence retic-

reated with 15 mg/kg bitopertin (B). A significant reduction in mean group

lots in (C) and (D). *p ! 0.05, **p ! 0.01.

http://dx.doi.org/10.1016/j.exphem.2016.07.003


Figure 6. GlyT1 inhibition increases total free PPIX. A modest but statistically significant increase in total free erythrocyte PPIX was noted from days 24

and 25 to the end of the treatment period. PPIX then decreased to above control group levels at the end of the treatment period. Mean6 SD levels of total free

PPIX in the bitopertin dose group measured on day 2 (gavage dosed sub-group; n 5 4), day 3 (diet admix subgroup; n 5 4), day 10 (data combined; n 5 8),

days 24/25 (data combined; n 5 16), at the end of the treatment period (day 58/59, data combined; n 5 16), and at the end of the recovery period (day 88,

data combined; n 5 12) are shown. *p ! 0.05, ***p ! 0.001 in treated groups compared with controls.
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reduced availability of functional iron. Downregulation of
TfR-1 on erythroblasts and reduced erythroblast iron incor-
poration has also been reported in GlyT1�/� mice [16].
These findings contrast with human data and an animal
model considered relevant for human sideroblastic anemia
in which TfR-1 expression is significantly upregulated
[25,26].

Although IBs are formed by mitochondrial excess of
iron, the weak increase in free PPIX observed with GlyT1
inhibition may indicate at the same time a small net deficit
of available iron within the erythroblasts, resulting in proto-
porphyrin not being transformed into heme by ferrochela-
tase. The most likely explanation is that of a slight
Figure 7. Hepcidin as a regulator of iron tissue distribution in the spleen and li

analysis of spleen hemosiderin and histology liver iron score at the end of tr

GlyT1 inhibition, hepcidin was a strong regulator of iron tissue distribution within

of normal was strongly associated with preferential spleen iron deposition (A). C

sion rates at the lower range of normal (B). The liver–hepcidin correlation has its

low sensitivity and linearity at subtle levels of liver iron depositions. Dotted horizo

vertical line represents the median of the percentage of control group hepcidin e
asynchrony between the shutoff of TfR-1 synthesis/iron up-
take and the reduction in ALA and protoporphyrin synthe-
sis due to reduced availability of glycine. It is possible that
reduced heme synthesis results in an iron-replete signaling
within the mitochondria [27], which decreases TfR-1 syn-
thesis and iron uptake but at the same time may result in
transient upregulation of ALAS2, producing a small excess
synthesis of protoporphyrin above the available iron. Such a
paradoxical coexistence of mitochondrial iron accumula-
tion and PPIX increase has also been reported for disorders
with a distinct IB pathoetiology, such as refractory anemia
with ring sideroblasts [28] and X-linked sideroblastic ane-
mia with ataxia [6]. An iron-deplete signal would be
ver. Correlation analysis of hepcidin expression versus quantitative image

eatment is shown. Although hepcidin expression was not affected under

the observed range of expression. Hepcidin expression at the higher range

onversely, an elevated liver iron score was associated with hepcidin expres-

limitations due to the semiquantitative nature of a histology score, with its

ntal lines represent the upper limit of normal from control animals, and the

xpression.
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Figure 8. Serum ferritin is insensitive for spleen iron accumulation. Correlation analysis of serum ferritin concentrations versus quantitative image analysis

of spleen hemosiderin and histology liver iron at the end of treatment is shown. Serum ferritin is insensitive for spleen iron accumulation. At high spleen iron

deposition, serum ferritin concentrations are mostly unremarkable (A), whereas elevated liver iron deposition is associated with significantly increased serum

ferritin (B).
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furthermore consistent with the observed mild thrombocy-
tosis because elevated platelet counts are typically found
in iron deficiency anemia, although the molecular activa-
tion pathways are unknown [29].

Even though the IBs found in this study showed ultra-
structural similarities with IBs of sideroblastic anemia,
their rapid and marked formation within 24 hours, their re-
striction predominantly to reticulocytes, and in particular,
the absence of pathological bone marrow sideroblasts
render the bitopertin-induced IBs pathogenetically distinct
from those associated with acquired forms of sideroblastic
anemia. Why IBs are formed under these experimental
conditions is incompletely understood, but it can be hy-
pothesized that it is the inability to adapt with an adequate
reduction in iron incorporation to the reduced heme
biosynthesis, resulting in accumulation of iron in the mito-
chondria. To date, IBs have not been detected in cynomol-
gus monkeys and humans treated with bitopertin
(unpublished data), pointing to the well-known differences
in iron regulation and homeostasis within mammalian
species. Significant transcriptome differences during hu-
man and murine terminal erythroid differentiation were
reported recently [30] and are consistent with older studies
showing that, for example, the final heme synthesis rate is
higher in rat than in human reticulocytes [31]. Therefore,
reduction in heme synthesis induced by inhibition of
GlyT1 might cause a higher fraction of remaining uncom-
mitted mitochondrial iron in rat reticulocytes; however, a
final proof of this hypothesis is missing.

Although GlyT1 inhibition disturbed Hb synthesis, sys-
temic iron homeostasis remained unaffected. The significant
increase in the iron-stained areas, predominantly in the
spleen, associated with moderate increases in serum ferritin
was observed in treated rats, indicating iron retention. This
is due to a shift in iron from the Hb/RBC compartment to
the iron storage compartment, also reported for various
forms of hyporegenerative anemias [32]. Importantly, critical
organs for tissue iron accumulation, such as the heart and
pancreas, were negative for iron/hemosiderin even when
rats were treated with bitopertin for 2 years.

Hepcidin expression was not affected under GlyT1 inhi-
bition. Hepcidin downregulation is well documented in
conditions of ineffective erythropoiesis and dyserythro-
poietic anemias, including sideroblastic anemia [33,34].
Systemic iron acquisition under these types of anemia is
obviously independent from the status of the existing iron
stores (iron overload anemia). The mechanisms by which
erythropoietic activity modulates the iron supply remain,
however, incompletely understood. A number of mediators
released by erythroblasts have been identified as strong co-
regulators of hepcidin expression, with significant differ-
ences in expression activity between regenerative and inef-
fective erythropoiesis [33,35]. Hemolytic anemias, even
with massive peripheral destruction of erythrocytes such
as sickle cell anemia, do not stimulate intestinal iron ab-
sorption [36–38] and do not significantly depress hepcidin
synthesis, although the regenerative erythropoietic activity
is high. However, these conditions are characterized by
the absence of ineffective erythropoiesis and thus a signif-
icantly lower iron turnover within the erythron. This con-
trasts to the condition of ineffective erythropoiesis, in
which an abnormal rate of apoptosis within maturing eryth-
roblasts causes an overproportionally high intra-marrow
iron release and turnover. The regulatory pathways of ane-
mia with systemic iron acquisition are therefore distinct
from the conditions seen under the inhibition of GlyT1.

The data also provide experimental evidence about the
central regulatory role of hepcidin for iron tissue distribu-
tion [39,40]. When hepcidin is high, ferroportin is
degraded, iron export from macrophages is blocked, and
iron is thus preferentially retained and stored in spleen mac-
rophages [41]. At low hepcidin concentrations, ferroportin
transporters are active, iron is exported from macrophages,
and iron stores in hepatocytes are activated [42].

http://dx.doi.org/10.1016/j.exphem.2016.07.003
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Although hepcidin activity was not altered directly by
GlyT1 inhibition, hepcidin showed a significant regulatory
role in tissue distribution of storage iron when heme
biosynthesis and iron reutilization were reduced. Indeed,
a preferential spleen but low liver iron deposition was noted
in rats under GlyT1 inhibition at hepcidin expression levels
at the higher range of normal. In contrast, rats with a com-
parable increased pool of storage iron but concurrent hepci-
din expression rates at the lower range of normal showed
elevated liver iron scores but low spleen iron deposition.
High serum ferritin concentration correlated preferentially
with liver iron deposition, but ferritin was relatively insen-
sitive for spleen hemosiderosis. Because serum ferritin re-
flects the actual synthesis rate of tissue ferritin and thus
steady-state storage iron bioavailability, it is well estab-
lished that serum ferritin concentration does not accurately
reflect total hemosiderin iron stores [43]. This clearly ex-
plains the striking discrepancy between the pronounced
spleen hemosiderosis and the only modest and statistically
insignificant elevation of serum ferritin in this study. The
extent to which other confounding factors have interfered
in this study with iron regulatory pathways remains un-
known. The moderate increase in mean control group
serum ferritin, based on abnormal high values in a few in-
dividual animals, might point to a recently identified muta-
tion in TfR-2, which has been associated with the
sporadically observed iron overload pathology of Wistar
rats [44]. Even though the prevalence in the breeding line
used here is unknown, such a genetic predisposition might
have not only accounted for the observed changes in control
animals, but may have also interfered with the GlyT1-
induced iron retention, thereby contributing to the interindi-
vidual variability of serum ferritin, hepcidin expression,
and spleen and liver iron load in treated animals.

This rat study demonstrates that GlyT1 inhibition causes
a significant reduction in heme biosynthesis seen as a
regenerative hypochromic microcytic anemia. These results
also provide robust evidence that GlyT1 inhibition does not
cause systemic iron accumulation in rats. Although hepci-
din expression was not affected, the results provide an inter-
esting insight into hepcidin-regulated iron tissue
distribution, explaining the liver/spleen dichotomy of stor-
age iron. Overall, maximal inhibition of GlyT1 generated
a nonprogressive 20% steady-state reduction of MCH,
MCV, and Hb, demonstrating that GlyT1 is an essential
but nonexclusive glycine transporter in erythroblasts.

An imbalanced heme–globin interregulation leading to
excess of either free heme or globin chains is the well-
established pathogenesis of a broad spectrum of hematolog-
ical diseases such as beta-thalassemia or erythropoietic
porphyria. Delayed globin transcription with an associated
excess of free heme has been identified recently in bone
marrow culture systems from patients with Diamand-
Blackfan anemia and del(5) myelodysplastic syndrome as
the causal reason for the ineffective erythropoiesis [45].
Those studies also provided experimental evidence that in-
hibition of heme synthesis could improve erythroblast sur-
vival. The selective inhibition of heme biosynthesis with an
undisturbed systemic iron homeostasis by targeting GlyT1
might provide a promising therapeutic concept for such
disorders.
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Supplementary methods

Study design and procedures: long-term studies of GlyT1
inhibition
Female Wistar rats were exposed to bitopertin at daily
doses of 0, 1, 3, 10, or 15 mg/kg for 6 months (n 5 26
per group, dosed by oral gavage) and daily doses of 0, 1,
3, or 8 mg/kg for 2 years (n 5 72 per group, dosed by
diet admix). Hematology samples were taken throughout
the study period; at week 7, 14, and 27 in a subgroup
(n 5 10) from the 6-month study; and at week 48 and ter-
minal necropsy in a subgroup (n 5 12) from the 2-year
study. Histopathology of organs and tissues was conducted
in all animals at the end of the dosing period.

Blood smears were evaluated in the 2-year exposure
study. A less detailed IB-grading system was applied than
in the 8-week study, in which the presence of IBs was noted
with additional information as to whether IBs are predom-
inantly present in polychromatic (immature) or mature
RBCs.

HAMP expression in the liver by in situ hybridization. The
left lateral lobe of the liver was sampled at necropsy and
embedded in paraffin. Formalin-fixed and paraffin-
embedded tissue sections (3–4 mm thick) were deparaffi-
nized and treated with protease according to the manufac-

turer’s instructions. A mixture of HAMP-specific RNA
target probe sets for the rat was provided by the manufac-
turer (Entrez Gene ID 84604, targeted bps 50–322 of the
HAMP cDNA sequence). After signal amplification, slides
were stained with Fast Red and counterstained with hema-
toxylin. All steps of this procedure were performed using an
immunostainer (Ventana Discovery Ultra�, Ventana Medi-
cal System, Tucson, AZ). Probes to the bacterial gene dapB
and the endogenous Ubc mRNA were used as negative and
positive controls, respectively, for each case. Specific stain-
ing signals were identified as red, punctate dots present in
the cytoplasm.

Stained slides from all animals were scanned with the
AperioAT� full-slide scanner and image analysis was per-
formed using the Definiens TissueStudio� software version
3.51. The relative stained area from the whole liver tissue
section was calculated.

Imaging of spleen iron
Automated image analysis for iron was performed on Perls’
stained spleen slides by scanning with a full-slide scanner
(AperioAT�, Aperio Technologies, Inc., Vista, CA) and
analysis with Definiens TissueStudio� version 3.51 soft-
ware (Definiens AG, Munich, Germany). The relative
iron-stained area (hemosiderin deposits) was calculated as
a percentage of the total spleen area.
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Supplementary Figure E1. Chronic exposure to bitopertin causes steady-state microcytic hypochromic erythropoiesis. Hematology parameters

(mean 6 SD) by dose group in long-term studies of bitopertin treatment in rats are shown. Figures represent composite data from female rats in this study

(up to day 24) and from the 6-month study (days 45–183) and 2-year study (days 336–728). Once the exposure duration has exceeded one RBC lifespan

(approximately 60 days), bitopertin results in steady-state microcytic hypochromic erythropoiesis with stable and nonprogressive elevations of RBCs (A),

a reduction in MCH (B), and a total reduction in Hb (C). An equipotent effect on heme synthesis was seen at high-dose exposure ranges at 8–15 mg/kg

in all three combined studies, indicating a maximal inhibitory effect on GlyT-1 function with bitopertin.
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Supplementary Figure E2. Spleen iron retention. Box-and-whisker plots

showing percentage iron-stained spleen area by dose group measured by

imaging at the end of the treatment (main) period and the end of the recov-

ery period. Iron deposition was significantly increased in all groups at the

end of the treatment period and was only insignificantly reversed during

the 28-day recovery period due to the relative low bioavailability of hemo-

siderin iron. Statistical significance tested for the end of treatement phase:

*p ! 0.05, ***p ! 0.001.
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Supplementary Figure E3. GlyT1 inhibition does not affect hepcidin

expression. Hepcidin expression was not affected under GlyT1 inhibition.

Mean group and individual levels of hepatic hepcidin expression at the end

of the treatment period by dose group are shown.
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