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Abstract

Osteoporosis is a low bone mass disease most often caused by an increase in bone resorption not 
compensated by a similar hike in bone formation1. Since gut–derived serotonin (GDS) inhibits 
bone formation2, we asked whether hampering its biosynthesis could treat osteoporosis through an 
anabolic mechanism. To that end we synthesized and used LP533401, a small molecule inhibitor 
of Tph1, the initial enzyme in GDS biosynthesis. Oral administration once daily for up to 6 weeks 
of this small molecule prevents the development of and fully rescues, in a dose–dependent 
manner, osteoporosis in ovariectomized rodents because of an isolated increase in bone formation. 
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These results provide a proof of principle that inhibiting GDS biosynthesis could become a novel 
anabolic treatment for osteoporosis.

Gut-derived serotonin (GDS) is a powerful inhibitor of osteoblast proliferation and bone 
formation that does not affect bone resorption2. Thus inhibiting GDS biosynthesis could be a 
means to treat low bone mass conditions through a bone anabolic mode of action. LP533401 
is a small molecule inhibitor of Tph1, the initial enzyme in the GDS biosynthesis, currently 
being tested at a dose of 100 mg per kg body weight for treatment of irritable bowel 
syndrome and no overt deleterious effects have been reported3. In vivo pharmacokinetic 
studies in rodents showed that LP533401 level in the brain is negligible following oral 
administration, indicating that it is virtually unable to cross the blood-brain barrier3,4. Thus, 
LP533401 appears to be a good tool to test the therapeutic potential of inhibiting GDS 
biosynthesis for low bone mass diseases.

We used the available chemical description to synthesize LP533401 and verified its 
structural identity by multiple analyses4 (Supplementary Fig. 1). To evaluate LP533401 
efficacy in inhibiting serotonin biosynthesis we treated Tph1–expressing cells (RBL2H3 
cells) for 3 days with increasing amounts of LP533401 (0.1-1 μM). LP533401 completely 
inhibited serotonin production in these cells at a dose of 1 μM (Fig. 1a). Moreover, there was 
a dose–dependent decrease in serum serotonin levels in WT mice fed with LP533401 (Fig. 
1b). This decrease in serum serotonin levels reached 30% of control values when using 250 
mg per kg body weight per day of the compound although no change in brain serotonin 
content was observed (Supplementary Fig. S2). This latter point is important since brain– 
and gut–derived serotonin exert opposite influences on bone formation5.

To elucidate how LP533401 influences Tph1 activity we performed in silico and ex vivo 

analyses. The co–crystal structure of Tph1 enzymatic domain with its co–factor 7,8–
dihydro–L–biopterin (HBI) (PDB ID: 1mlw)6 was used as a reference in studying 
interactions of LP533401 with Tph1 catalytic regions (Fig. 1c). A 3 dimensional (3D) model 
for LP533401 was generated from its chemical structure and docked onto the 3D structure of 
Tph1 to identify interactions between these two molecules7. Various generated docked 
conformers of LP533401 were analyzed and the one showing the lowest estimated free 
energy for binding (−9.46 kcal mol−1) selected for further analysis (Fig. 1d). This docked 
model of LP533401 and Tph1 interaction revealed that LP533401 interacts with two amino 
acids, Tyr235 and Phe241, near Tph1 catalytic site (Fig. 1d). To verify the importance of 
these residues in mediating LP533401 and Tph1 interaction we generated recombinant wild–
type Tph1 or a mutated form in which Tyr235 and Phe241 were replaced by a serine and a 
valine, respectively. While LP533401 decreased the activity of wild–type Tph1 by more 
than 70%, the mutations markedly blunted this effect (Fig. 1e). These results indicate that, as 
predicted by the docked model, LP533401 inhibits Tph1 activity, in part, by interacting with 
residues Tyr235 and Phe241.

Next we tested the therapeutic relevance of LP533401 for low bone mass diseases, through 
the use of ovariectomized rodents that present8, as post-menopausal women do1, an increase 
in bone resorption of higher magnitude than the increase in bone formation also caused by 
gonadal failure.
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We first asked whether LP533401 could prevent ovariectomy–induced bone loss. Six week–
old sham–operated or ovariectomized female C57Bl6/J mice were fed once daily with either 
vehicle or LP533401 at doses ranging from 1 to 250 mg per kg body weight per day from 
day 1 to 28 post–ovariectomy (Fig. 2a and Supplementary Fig. 3a). Osteoclast surface and 
serum deoxypyridinoline (Dpd) levels, a marker of bone resorption, were higher in 
ovariectomized mice, regardless of their treatment, than in sham–operated animals and, as a 
result, vehicle–treated ovariectomized mice developed a low bone mass (osteopenia) (Fig. 
2a and Supplementary Fig. 3b). In contrast, mice treated with 250, 100 or even 10 mg per kg 
body weight per day of LP533401 had a higher bone mass than that of vehicle–treated 
ovariectomized mice (Fig. 2a). Consistent with the influence of GDS on osteoblast 
proliferation and bone formation, this increase in bone mass in the LP533401–treated 
ovariectomized mice was secondary to a major increase in bone formation parameters such 
as osteoblast numbers, bone formation rate, and osteocalcin serum levels (Fig. 2a and 
Supplementary Fig. 3c–d). We verified that although serum serotonin levels were decreased 
in a dose–dependent manner, brain serotonin content remained unaffected in LP533401–
treated ovariectomized mice (Fig. 2b). These results established that LP533401 could 
prevent the development of ovariectomy–induced osteoporosis in the mouse. That a 
favorable effect on bone formation parameters is observed with a relatively small reduction 
in circulating serotonin levels (~30%) echoes what is observed in genetic model of 
decreased circulating serotonin levels. In that case the increase in bone formation parameters 
observed in heterozygous mutant mice is not statistically different from the one seen in 
homozygous mutant mice2. This suggests that there is a threshold for the reduction in serum 
serotonin levels beyond which the skeletal response is marginally increased.

We then asked whether LP533401 could also rescue an existing ovariectomy–induced 
osteopenia. In an initial experiment, sham–operated or ovariectomized 6 week–old mice 
were left without treatment for only 2 weeks, and then treated with vehicle or a daily dose of 
LP533401 (250 mg per kg body weight per day) for 4 weeks (Fig. 2c). Vehicle-treated 
ovariectomized mice developed the expected osteopenia secondary to an increase in bone 
resorption parameters (Fig. 2c and Supplementary Fig. 3e). These parameters were also 
increased in LP533401–treated ovariectomized mice, however, in these latter animals the 
increase in bone formation parameters was of such amplitude that it normalized their bone 
mass (Fig. 2c). Serum serotonin levels were decreased by 80% but brain serotonin content 
was unaffected in LP533401–treated animals (Fig. 2c and Supplementary Fig. 3f).

Given the success of this initial experiment, we then asked whether LP533401 could rescue 
an osteopenia even if administered substantially later after ovariectomy and at lower doses. 
For that purpose 6 week–old mice, ovariectomized, were left untreated for 6 weeks before 
being treated with vehicle or LP533401 at either 25, 100 or 250 mg per kg body weight per 
day for another 6 weeks (Fig. 2d). LP533401, by increasing bone formation parameters, 
reversed the deleterious effects of ovariectomy on bone mass and increased it to levels 
similar (25 mg per kg body weight per day) or higher (100 or 250 mg per kg body weight 
per day) than that seen in sham–operated mice (Fig. 2d). This increase in bone mass affected 
vertebrae and long bones (Fig. 2d and Supplementary Fig. 3g) and was also observed in 
naive mice (Supplementary Fig. 4a). There was no change in bone length or width in any of 
the groups treated with LP533401 (Supplementary Fig. 4b–c). To rule out the possibility that 
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LP533401, at the doses used in this study, exerts adverse effects on the gastroinstestinal tract 
or hemostasis we measured total gastrointestinal transit, colonic mobility and gastric 
emptying, three cardinal parameters of gastrointestinal homeostasis9. None of these 
parameters were affected in LP533401–treated mice, even when using 250 mg per kg body 
weight per day (Supplementary Figs. 4d–f). Similarly, platelet numbers and coagulation 
times were similar in vehicle– and LP533401–treated mice (Supplementary Figs. 4g–h). 
These results establish that LP533401 can rescue, through a bone anabolic mechanism, 
ovariectomy–induced osteoporosis in mice even when given at a low dose (25 mg per kg 
body weight per day) and late after ovariectomy and that it does so without deleterious 
consequences on hemostasis or intestinal motility.

The rat is the rodent model of choice for post–menopausal osteoporosis and intermittent 
injections of parathyroid hormone (PTH), the standard to which any novel bone anabolic 
agent must be compared 10. Hence, we ovariectomized rats at 12 weeks of age and left them 
untreated for 3 or 12 more weeks so that they develop a severe osteopenia (Fig. 3 and 
Supplementary Fig. 5). Sham–operated or ovariectomized rats were then treated for 4 weeks 
with either vehicle, a relatively high dose of PTH (80 μg per kg per day, subcutaneous)11, or 
increasing amounts of LP533401 (25, 100 or 250 mg per kg per day, orally).

A histomorphometric analysis of vertebrae showed that LP533401 fully rescued the 
ovariectomy–induced osteopenia in rats, no matter whether it was given 3 or 12 weeks post–
ovariectomy, and that it was efficacious even at the lowest dose used (25 mg per kg body 

weight per day) (Figs. 3a and 3d). This rescue was due to an increase in osteoblast number 
and bone formation rate while the osteoclasts surface per bone surface (OcS/BS) was similar 
in untreated, PTH– and LP533401–treated ovariectomized rats. To determine whether 
LP533401 also affects bone mass in long bones that are load bearing, we used micro–
computed tomography. Ovariectomy profoundly reduced bone volume, trabecular number 
(Tb.N*), trabecular thickness (Tb.Th*) and increased trabecular spacing (Tb.Sp*) in long 

bones (Fig. 3b and c). LP533401, at all doses tested, increased Tb.N*, and Tb.Th*, and 
reduced Tb.Sp* in these bones thereby increasing, in a dose–dependent manner, bone mass 
in ovariectomized rats when compared to vehicle–treated controls (Figs. 3b–d). Illustrating 
the sensitivity of the serotonergic regulation of bone formation 25 mg per kg body weight 
per day of LP533401 rescued the ovariectomy–induced osteopenia, in rats as in mice, 

though it caused only a 35 to 40% reduction in serum serotonin levels (Figs. 2d, 3d and 
Supplementary Figs. 5h–I). While LP533401 appeared to be at least as efficient as the high 
dose PTH regimen used in this experiment in vertebrae the opposite is the case when 
looking at long bones (Compare Figs. 3a–c). Ovariectomy also lead to a decrease in cortical 
thickness, a key parameter of bone integrity12; this decrease at the femur mid–shaft was 
equally rescued by PTH and LP533401 (250 mg per kg body weight per day) (Fig. 4a). We 
also analyzed two micro–architectural parameters; endocortical and periosteal 
circumference, both parameters were, as expected, increased after OVX13; LP533401 and 
PTH treatments normalized them to a similar extent (Supplementary Fig. 6).

To measure bone quality, femur and vertebra samples from untreated, PTH– and LP533401–
treated ovariectomized rats were subjected to a three-point bending test and a compression 
analysis, to determine maximal load and stiffness, two surrogates of bone quality14,15 (Figs. 
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4b–e). Both parameters were decreased after ovariectomy and restored to values seen in 
sham–operated rats by PTH and LP533401 (250 mg per kg body weight per day) treatments 
(Figs. 4b–e). Thus, daily oral administration of LP533401 could revert the bone loss and 
architectural deterioration caused by long–term gonadal failure in rats.

Given the progressive aging of the general population, post–menopausal osteoporosis is a 
growing public health concern. A major issue in the treatment of this disease is to identify 
safe anabolic agents that can increase bone formation on a long term basis and to such an 
extent that they compensate for the increase in bone resorption caused by menopause1. To 
date, only one drug fulfills this criteria, intermittent injections of PTH16,17. Therefore, there 
is an urgent need to identify additional bone anabolic agents1,10. We show here that an 
inhibitor of GDS synthesis acts as a bone anabolic agent that, when given to rodents for 4 to 
6 weeks, can fully rescue gonadectomy–induced bone loss. That a high dose of PTH is more 
efficient than LP533401 in long bones but not in vertebrae raises the testable possibility that 
the two agents exert anabolic functions through different mechanisms. Although the data 
presented here are promising we remain fully aware that, since rodents do not remodel bones 
as much as humans do, our results will have to be confirmed in other species. Nevertheless, 
that this small molecule is taken orally, promotes only bone formation and, for the purpose 
of treating osteoporosis, is needed at a relatively small dose and only once daily, suggest that 
inhibitors of GDS synthesis have the potential to become a novel class of bone anabolic 
drugs to be added to the therapeutic arsenal against osteoporosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix

Methods

Animals

We performed all procedures on animals approved by Columbia University Institutional 
Animal Care and Use Committee or by the Indian Institute of Science Animal ethics 
committee. Mice were purchased from the Jackson Laboratories, rats from the National 
Institute of Nutrition, India.

Bioinformatic analysis of LP533401 binding to Tph1

We generated a 3D model of LP533401 from its chemical structure using Corina direct 
(http://www.molecular-networks.com/software/corina). We docked LP533401 to human 
TPH1 using Autodock software7 and analyzed these docked models and the TPH1–HBI 
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crystal structure (1mlw) using SWISS-PDB viewer and PyMOL (Supplementary Fig. 7). We 
used Perl scripts identified polar and apolar interactions involving amino acid residue side-
chains with a threshold cut–off distance of 5.0 Å and 3.5 Å between atoms.

In vitro inhibition assays

We cloned human TPH1 in pMAL vector (New England Biolabs) and mutagenized residues 
Phe241 and Tyr235 using Site directed mutagenesis kit (Stratagene). Phe241 was mutated to 
Val241, Tyr235 to Ser235. TPH1 activity and in vitro inhibition assays using rat RBL2H3 
cells as described3,15

Preventive and curative regimen in mice and rats

We subjected six week–old virgin female mice to either bilateral ovariectomy or sham 
operation. We treated mice from day 1 post–ovariectomy for 4 weeks with LP533401 (1, 10, 
100 or 250 mg per kg body weight per day) or vehicle. Next we treated mice for 4 weeks 
starting 2 weeks post–ovariectomy with LP533401 (250 mg per kg body weight per day) or 
vehicle. lastly, we treated mice for 6 weeks starting 6 weeks post–ovariectomy with 
LP533401 (25, 100 or 250 mg per kg body weight per day) or vehicle. LP533401 was 
dissolved in polyethylene glycol/ 5% dextrose (40:60) (Sigma) and given daily by gavage at 
indicated doses.

We subjected virgin female Sprague–Dawley rats to either bilateral ovariectomy or sham 
operation, divided them into groups of sham-operated and ovariectomized animals and left 
them untreated for 3 or 12 weeks. We sacrificed one group of sham and one group of 
ovariectomized rats (n=10 per group) as baseline controls to determine bone loss before the 
start of LP533401 or PTH (ProSpec-Tany TechnoGene Ltd.) administration. The remaining 
animals (n=5–10 each group) received vehicle, LP533401 (25, 100 or 250 mg per kg body 
weight per day) or human PTH (80 μg per kg body weight per day) (daily subcutaneous 
injection) for 4 weeks. After sacrifice, we collected right tibia and lumbar vertebra 2 (L2), 
cleaned them of excess soft tissue, fixed overnight in 10% formalin (Fisher Scientific) and 
processed for μCT or histomorphometric analysis. We stored the right femur and L3 at −20 
°C prior to biomechanical testing.

Bone and gastrointestinal functions analyses

We performed bone histomorphometry as described using the Osteomeasure Analysis 
System (Osteometrics, Atlanta, GA)12,18,19. We assessed bone volume over tissue volume 
(BV/TV) by Von Kossa/Von Gieson staining; Bone formation rate (BFR) by calcein double-
labeling method18; osteoblasts and osteoclasts parameters by toluidine blue and tartrate–
resistant acid phosphatase (TRAP) staining, respectively2. Using μCT analysis we assessed 
trabecular bone architecture of the proximal tibia20 (VivaCT 40, SCANCO Medical AG, 
Bassersdorf, Switzerland) and evaluated 3D morphological parameters14,15 by distance 
transformation (DT) of bone volume fraction (BV/TV), Tb.Th* (trabecular thickness), 
Tb.N* (trabecular number), Tb.Sp* (trabecular separation) and connectivity density 
(Conn.D). We analyzed gastrointestinal parameters as reported21.
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Biochemistry and molecular biology

We collected blood samples from mice and rats through cardiac puncture in heparinized 
(Plasma) or non–heparinized (Serum) tubes, kept them on ice 7 min and centrifuged at 
13,000 rpm for 10 min at 4 °C. We quantified blood and brain serotonin levels by ELISA 
(Serotonin kit, Fitzgerald) and HPLC2,22 respectively. We excluded samples showing any 
signs of hemolysis from the serotonin assay. We measured serum deoxypyridinoline cross–
links using the Metra tDPD kit (Quidel corp.), osteocalcin using Ocn IRMA kits 
(Immutopics). We analyzed gene expression by real–time quantitative PCR (qPCR)2.

Hematological parameters

We measured blood clotting times 48 h after treatment with vehicle or different doses of 
LP533401 (25 or 250 mg per kg body weight per day) using a microhematocrit glass 
capillary tube. All evaluations started at 1100 h using a balanced latin square design. For 
platelet counts, we obtained blood using heparinized microcapillaries and immediately 
diluted 1:100 in saline. We counted platelets under a phase contrast microscope at x 400 
magnification using a Neubauer hemocytometer.

Biomechanical Testing

We determined mechanical properties of right femurs and L3 vertebrae using three–point 
bending and axial unconfined compression23,24. The loading protocol included a 5 N pre–
load for 3 min, followed by continuous load at 0.005 mm s−1 until failure. We recorded 
displacement and mechanical load and processed the data to determine the ultimate load (N) 
and stiffness (N per mm) of each femur and vertebra, respectively.

Statistical analyses

We assessed statistical significance by Student’s t test or one–way ANOVA followed by 
Newman–Keuls test for comparison between more than 2 groups. P < 0.05 was considered 
significant. All values are expressed as means ± SEM.
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Fig. 1. Analysis of LP533401 inhibition of Tph1 activity

(a–b) In vitro (a) and in vivo (b) dose response of inhibition of serotonin synthesis by 
LP533401.

(c) Crystal structure of human TPH1 bound to 7,8–dihydro–L–biopterin co–factor (HBI, in 
magenta) and Fe(III) (in blue) (PDB ID: 1mlw). Amino acid side-chains interacting with 
HBI are in white and those binding the metal ion are in cyan.

(d) Left panel, crystal structure of human TPH1 docked to the generated 3D model of 
LP533401. LP533401 is in magenta and the metal ion is in blue. The side-chains of amino 
acid residues interacting with LP533401 and metal ion are in white and cyan respectively. 
The residues interacting with LP533401 include Val232, Tyr235, Leu236, Pro238, Phe241, 
His251, Ala309 and Tyr312. Right panel, Zoom image for the binding of LP533401 to 
TPH1. The structure figures have been made using PyMOL (http://www.pymol.org/).

(e) In vitro activity of wild–type or mutated (Y235S, F241V) TPH1 in the presence of 
LP533401 (0.01 μM).
All values are expressed as means ± SEM. * p < 0.05 vs vehicle.
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Fig. 2. LP533401 can prevent and rescue osteoporosis in ovariectomized mice

(a–b) Histological analysis of L3–L4 vertebrae (a) and serum and brain serotonin levels (b) 
of sham–operated (sham) and ovariectomized (OVX) mice treated orally with vehicle (Veh) 
or the indicated dose (1, 10, 100 or 250 mg per kg body weight per day) of LP533401 (LP) 
for 4 weeks post–ovariectomy.

(c) Histological analysis of L3–L4 vertebrae of sham and OVX mice treated with vehicle or 
LP533401 (LP) from week 2 to 6 post–ovariectomy. (n =8–10 animals each group).

(d) Histological analysis of L3–L4 vertebrae or distal femurs of sham and OVX mice treated 
with vehicle or the indicated dose (25, 100 or 250 mg per kg body weight per day) of 
LP533401 (LP) from week 6 to 12 post–ovariectomy. (n=8–10 animals each group).
BV/TV, Bone volume over total volume; Nb.Ob/T.Ar, osteoblast number over trabecular 
area; BFR, bone formation rate; OcS/BS, osteoclast surface over bone surface; ND, not 
determined.
All values are expressed as means ± SEM. # p < 0.05 vs sham and * p < 0.05 vs OVX 
(Veh).
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Fig. 3. LP533401 rescues osteoporosis in ovariectomized rats

(a–c) Histomorphometric analysis of L2 vertebra (a) and micro–computed tomography 

analysis of the proximal tibiae (b,c) collected from rat sham-operated (sham) vehicle treated 
control, ovariectomized (OVX) and treated with vehicle, intermittent injections of PTH or 
250 mg per kg body weight per day of LP533401 (LP) from week 3 to 7 post–ovariectomy 
(n =8–10 animals each group).

(d) Histomorphometric analysis of L2 vertebra and micro–computed tomography analysis of 
the proximal tibiae collected from rat sham-operated (sham) vehicle treated control, 
ovariectomized (OVX) and treated with vehicle, intermittent injections of PTH or LP533401 
(25, 100 mg per kg body weight per day) from week 12 to 16 post–ovariectomy (n =8–10 
animals each group).
BV/TV, Bone volume over trabecular volume; Tb.N*, trabecular number; Tb.Th*, 
trabecular thickness; Tb.Sp*, trabecular spacing; Nb.Ob/T.Ar, osteoblast number over 
trabecular area; BFR, bone formation rate; OcS/BS, osteoclast surface over bone surface.
All values are expressed as means ± SEM. * means the parameter is measured without a 
plate or rod model assumption, # p < 0.05 vs sham and ◇ p < 0.05 vs OVX (Veh).
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Fig. 4. Effect of LP533401 on bone biomechanical strength

(a–e) Cortical thickness, stiffness and ultimate load analysis in femur and L3 vertebra 
collected from rat sham–operated (sham) vehicle treated control, ovariectomized (OVX) and 
treated with vehicle or intermittent injections of PTH or 250 mg per kg body weight per day 
of LP533401 (LP) from week 3 to 7 post–ovariectomy. (n =8–10 animals each group)
All values are expressed as means ± SEM. # p < 0.05 vs sham and * p < 0.05 vs OVX 
(Veh).
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