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HIGHLIGHTS

� Peripheral serotonin, synthesized by the

enzyme tryptophan hydroxylase 1 (TPH1),

is a pathogenic factor in pulmonary

arterial hypertension (PAH).

� Oral TPT-001, a novel class drug of TPH1

inhibitors (TPHi), reverses severe PAH

and prevents associated RV dysfunction in

the clinically relevant SuHx rat model of

PAH.

� TPT-001 suppresses perivascular

infiltration of CD3D T cells,

proinflammatory F4/80D/CD68D

macrophages, and PCNAD alveolar

epithelial cells, found in the SuHx PAH rat

lung.

� Lung mRNA-sequencing unraveled

distinct gene expression patterns in

SuHx-rat lungs related to PASMC

proliferation, reactive oxygen species,

inflammation, and vasodilation, all of

which are beneficially affected by the oral

TPH1-inhibitor TPT-001.

� TPH1 inhibitors are promising options for

oral or inhalative treatment of PAH, and

should be studied in clinical trials.
https://doi.org/10.1016/j.jacbts.2024.04.006
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DEGs = differentially

expressed genes

LV = left ventricle

PA = pulmonary artery

PAH = pulmonary arterial

hypertension

PASMC = pulmonary arterial

smooth muscle cells
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PVD = pulmonary vascular
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ROS = reactive oxygen species

RV = right ventricle

RVEDP = right ventricular end-
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RVSP = right ventricular
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TPHi = inhibitor of tryptophan

hydroxylase 1
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The serotonin pathway has long been proposed as a promising target for pulmonary arterial hypertension

(PAH)—a progressive and uncurable disease. We developed a highly specific inhibitor of the serotonin syn-

thesizing enzyme tryptophan hydroxylase 1 (TPH1), TPT-001 (TPHi). In this study, the authors sought to treat

severe PAH in the Sugen/hypoxia (SuHx) rat model with the oral TPHi TPT-001. Male Sprague Dawley rats were

divided into 3 groups: 1) ConNx, control animals; 2) SuHx, injected subcutaneously with SU5416 and exposed to

chronic hypoxia for 3 weeks, followed by 6 weeks in room air; and 3) SuHxþTPHi, SuHx animals treated orally

with TPHi for 5 weeks. Closed-chest right- and left heart catheterization and echocardiography were per-

formed. Lungs were subject to histologic and mRNA sequencing analyses. Compared with SuHx-exposed rats,

which developed severe PAH and right ventricular (RV) dysfunction, TPHi-treated SuHx rats had greatly low-

ered RV systolic (mean � SEM: 41 � 2.3 mm Hg vs 86 � 6.5 mm Hg; P < 0.001) and end-diastolic (mean �
SEM: 4 � 0.7 mm Hg vs 14 � 1.7 mm Hg; P < 0.001) pressures, decreased RV hypertrophy and dilation (all not

significantly different from control rats), and reversed pulmonary vascular remodeling. We identified perivas-

cular infiltration of CD3þ T cells and proinflammatory F4/80þ and CD68þ macrophages and proliferating cell

nuclear antigen–positive alveolar epithelial cells all suppressed by TPHi treatment. Whole-lung mRNA

sequencing in SuHx rats showed distinct gene expression patterns related to pulmonary arterial smooth muscle

cell proliferation (Rpph1, Lgals3, Gata4), reactive oxygen species, inflammation (Tnfsrf17, iNOS), and vasodi-

lation (Pde1b, Kng1), which reversed expression with TPHi treatment. Inhibition of TPH1 with a new class of

drugs (here, TPT-001) has the potential to attenuate or even reverse severe PAH and associated RV dysfunction

in vivo by blocking the serotonin pathway. (J Am Coll Cardiol Basic Trans Science 2024;-:-–-) © 2024 The

Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
P ulmonary arterial hypertension (PAH) is a
rapidly progressive condition with a poor
prognosis and currently no cure.1 The pathobi-

ology of the underlying pulmonary vascular disease
(PVD) is multifactorial, encompassing altered cellular
and systemic glucose and lipid metabolism and
heightened proliferation of pulmonary arterial
smooth muscle cells (PASMCs) along with inflamma-
tion, endothelial cell apoptosis, and vasoconstriction.
These cellular and molecular changes lead to an in-
crease in pulmonary vascular resistance and right
ventricular (RV) pressure afterload, heart failure,
and death.2,3 Both the incidence and the prevalence
of PAH are increasing worldwide,4-6 and the available
treatment options remain very limited. Despite a
recent introduction of new efficient drugs, such as
riociguat,7 selexipag,8 and, most recently, sotater-
cept,9 it has not been shown in clinical trials that
long-term transplant-free survival improves with
PAH-targeted pharmacotherapy.

Serotonin has long been suspected to be a potential
therapeutic target in PAH. Increased serotonin
ttest they are in compliance with human studies committe

d Food and Drug Administration guidelines, including patien

r Center.

ceived February 9, 2024; revised manuscript received April 9,
plasma levels were found in PAH patients,10 and se-
rotonin reuptake inhibitors have been associated with
persistent pulmonary hypertension (PH) of the
newborn.11 Serotonin is one of the neurotransmitters
in the central nervous system, but it is unable to cross
the blood-brain barrier and is produced separately in
the central nervous system and peripherally. The
main production source of serotonin is in the
gastrointestinal tract, where it is then absorbed by
platelets, but it also originates from other places,
such as the lungs, immune cells, and blood vessels.12

The serotonin hypothesis of PH gained more support
with the identification of drug-induced etiology of
PAH in patients who took appetite suppressors, ie,
drugs such as amphetamine, fenfluramine, and ami-
noxaphen, that induce serotonin release (as reviewed
by MacLean et al13).

The rate-limiting step in serotonin synthesis is
catalyzed by tryptophan hydroxylase (TPH). TPH has
2 isoforms: TPH1, associated with the peripheral
synthesis of serotonin, mainly in the gut, and TPH2,
involved in the central nervous synthesis of
es and animal welfare regulations of the authors’

t consent where appropriate. For more information,

2024, accepted April 10, 2024.
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serotonin.14,15 Both in preclinical models of PH and in
PAH patients, TPH1 expression in pulmonary endo-
thelial cells has been shown to be increased.16,17

Further studies suggested that the use of pharmaco-
logic inhibitors of TPH1 (TPHis) and its genetic
manipulation may protect from or ameliorate already
established experimental PH.17-23 With the current
shortage and continuous search for new classes of
PAH-targeted medications, the interest in using
pharmacologic TPHis in the clinical setting has
risen.24,25

Recently, we successfully developed a new class of
TPHis that are unable to pass the blood-brain barrier,
thus remaining and acting in the periphery. We
demonstrated that these new TPHis are superior in
their TPH1-inhibiting properties compared with telo-
tristat etiprate, a clinically approved TPHi, and that
they also quench serotonin formation in vitro and
in vivo in mice.26

Here, we report the successful treatment of pro-
gressive angio-obliterative PAH in the Sugen/hypoxia
(SuHx) rat model with the new TPHi, TPT-001
(formerly called KM-05-166) (Supplemental
Figure 1). Five weeks of oral treatment with TPT-001
reversed PAH and PVD and prevented heart failure
in SuHx-exposed rats. By means of comprehensive
pulmonary mRNA sequencing analysis, we created
potential mechanistic networks that can explain how
the inhibition of TPH1 exerts beneficial effects in se-
vere PAH.

METHODS

ANIMAL STUDIES. All animal experiments were con-
ducted under the approval of the Niedersächsisches
Landesamt für Verbraucherschutz und Leb-
ensmittelsicherheit (Lower Saxony, Germany; no.
15/2022).
SuHx rat PAH model . As previously described by
our group,27 male Sprague-Dawley rats weighing
w180 to 200 g were purchased from Charles River and
divided into 3 groups, according to the experimental
design (Figure 1A): 1) control normoxia (ConNx); 2)
Sugen/hypoxia (SuHx), ie, rats injected subcutane-
ously with the vascular endothelial growth factor re-
ceptor 2 inhibitor SU5416 (Sigma), 20 mg/kg/dose
dissolved in dimethylsulfoxide, and subsequently
exposed to chronic hypoxia for 3 weeks, followed by 6
weeks of room air, and 3) Sugen/hypoxia–exposed
rats treated orally with TPH inhibitor TPT-001
(SuHxþTPHi), 25 mg/kg/day incorporated into the
diet, starting 1 week after the end of chronic hypoxia
(recovery), for 5 weeks. We had previously reported
that SuHx rats 1 week after the end of 3 weeks hyp-
oxia have PAH, but no RV failure yet.27

Drug incorporat ion . TPT-001 was incorporated into
the regular diet (Altromin 1324), based on an esti-
mated food intake of 30 g/day.

STATISTICS. Values from multiple experiments are
expressed as mean � SEM. The normality of data
distributions was tested by means of the Kolmogorov-
Smirnov test.

For multiple comparisons, statistical significance
was determined using one-way analysis of variance
followed by the Bonferroni post hoc test for multiple
pairwise comparisons unless stated otherwise. Stu-
dent’s 2-tailed t-test was applied for comparisons of 2
groups. A significance level of 0.05 was used in all
tests. The size of each group is indicated in the
legends.

Sample size was determined as reported previ-
ously.27 In the study we used 45 male Sprague-
Dawley rats: ConNx n ¼ 15; SuHx: n ¼ 17; and
SuHxþTPHi: n ¼ 11.

The animals were arbitrarily randomized at the
beginning of the experiment into the control group
and the group receiving SU5416/hypoxia. One week
after hypoxia, randomly picked animals from the
second group received TPHi orally.

Extended methods text are provided in the
Supplemental Appendix.

RESULTS

ORAL APPLICATION OF TPT-001 REVERSES SEVERE

PAH IN THE SuHx RAT. To determine whether phar-
macologic inhibition of TPH1 would reverse severe
PAH, we orally administered the TPHi TPT-001
(25 mg/kg/day) to hypertensive SuHx rats starting
1 week after hypoxia (Figure 1A). We had previously
reported that SuHx rats 1 week after the end of
3 weeks hypoxia have PAH, but no RV failure yet. In
the present study, after 5 subsequent weeks of oral
treatment with TPT-001, SuHx-exposed rats had
decreased right ventricular systolic (RVSP) and dia-
stolic (RVEDP) pressures compared with untreated
SuHx-exposed rats (41.35 � 2.34 mm Hg vs 86.12 �
6.46 mm Hg [P ¼ 0.001] and 4.28 � 0.73 mm Hg vs
13.53 � 1.68 mm Hg [P ¼ 0.001], respectively); RVSP
and RVEDP in treated animals were not significantly
different from healthy control animals (who were not
exposed to SuHx; P ¼ 0.17 and P > 0.99, respectively)
(Figures 1B and 1C). The systemic arterial pressure
(Figure 1D), LV systolic pressure, and LV end-diastolic
pressure were not significantly different among the

https://doi.org/10.1016/j.jacbts.2024.04.006
https://doi.org/10.1016/j.jacbts.2024.04.006
https://doi.org/10.1016/j.jacbts.2024.04.006


FIGURE 1 Inhibitor of Tryptophan Hydroxylase 1 (TPHi) Attenuates Pulmonary Arterial Hypertension in the SuHx Rat Model: Invasive

Hemodynamic Measurements

(A) Experimental design. Three age-matched groups: 1) control (ConNx); 2) SuHx (injected with SU5416, 20mg/kg per dose, subcutaneous, and

then exposed to hypoxia for 3weeks, followedby6weeks of roomair); and3) SuHxþTPHi (treated orallywith TPHi [TPT-001, 25mg/kg /day] for

5 weeks). (B to G) Invasive hemodynamic measurements performed 6 weeks after the end of hypoxia to assess the right ventricular systolic

pressure (RVSP), right ventricular end-diastolic pressure (RVEDP), systolic blood pressure (SAP), left ventricular systolic pressure (LVSP), left

ventricular end-diastolic pressure (LVEDP), and heart rate (HR). Mean � SEM, n ¼ 7-11, ANOVA–Bonferroni post hoc test. ***P < 0.001.
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3 groups (Figures 1E and 1F, Table 1), indicating the
absence of LV diastolic dysfunction and any post-
capillary component contributing PA pressure eleva-
tion. Heart rate (Figure 1G), LV mass, and LV
dimensions were very similar among the 3
groups (Table 1).

Transthoracic echocardiography demonstrated
restoration of pulmonary artery acceleration time (an
inverse surrogate of PA pressure and pulmonary
vascular resistance) (Figures 2A and 2B) and right
heart dimensions (RV end-diastolic wall thickness
and diameter) (Figures 2C and 2D) in TPHi-treated vs
untreated SuHx-exposed rats without the left side
being affected (Figures 2E to 2G). TPHi treatment
decreased RV mass, that is, RV hypertrophy (RV
anterior wall thickness 1.28 � 0.1 mm vs 1.75 �
0.06 mm; P ¼ 0.021) (Figure 2D), and prevented RV
dilation (RV end-diastolic diameter 2.83 � 0.30 mm vs
3.80 � 0.18 mm; P ¼ 0.001) (Figure 2C), that is, besides
the demonstrated elevation of RV filling pressures
(RVEDP), another surrogate for RV failure in rats
several weeks after SuHx exposure. Taken together,
our invasive and noninvasive in vivo data suggest
that the novel TPH inhibitor TPT-001, when given
orally over 5 weeks, reversed PAH/PVD and prevented
RV failure in SuHx-exposed rats.



TABLE 1 Invasive Hemodynamic (Cardiac Catheterization, Closed Chest Technique) and Echocardiographic Measurements in Male Sprague-

Dawley Rats 6 Weeks After the End of 3 Weeks of Hypoxia (SuHx PAH Rat Model)

ConNx SuHx SuHxþTPHi Significance n

Invasive hemodynamics
(cardiac catheterization)

Body weight, g 529.8 � 8.7 481.5 � 10.4 482.4 � 12.0a SuHx vs ConNxb

SuHxþTPHi vs ConNxa
11-17

Heart rate, beats/min 306 � 11 299 � 9 306 � 14 ns 8-11

RVSP, mm Hg 27.58 � 0.99 86.12 � 6.46 41.35 � 2.34 SuHx vs ConNxc

SuHx vs SuHxþTPHic
8-11

RVEDP, mm Hg 3.09 � 0.33 13.53 � 1.68 4.28 � 0.73 SuHx vs ConNxc

SuHx vs SuHxþTPHic
8-11

RV dp/dt max, mm Hg/s 1,485 � 124 2,989 � 262 1,905 � 199 SuHx vs ConNxc

SuHx vs SuHxþTPHib
8-11

RV dp/dt min, mm Hg/s �1,177 � 86 �2,399 � 272 �1,663 � 140 SuHx vs ConNxc

SuHx vs SuHxþTPHia
8-11

Systolic BP, aorta, mm Hg 93.9 � 4.1 101.8 � 4.1 91.5 � 4.0 ns 10-15

Diastolic BP, mm Hg 59.2 � 3.4 70.4 � 4.0 63.2 � 4.4 ns 10-15

LVEDP, mm Hg 9.9 � 0.7 8.4 � 1.8 8.2 � 1.0 ns 7-9

Echocardiography

Heart rate, beats/min 322 � 7 318 � 9 312 � 10 ns 7-14

PAAT, ms 32.55 � 1.98 17.39 � 0.71 25.20 � 1.45 SuHx vs ConNxc

SuHx vs SuHxþTPHib
7-14

PAET, ms 76.71 � 3.28 83.03 � 2.18 83.89 � 1.76 ns 7-14

PAAT/PAET 0.42 � 0.02 0.21 � 0.01 0.30 � 0.02 SuHx vs ConNxc

SuHx vs SuHxþTPHia
7-14

RVEDD, mm 2.32 � 0.07 3.80 � 0.18 2.83 � 0.30 SuHx vs ConNxc

SuHx vs SuHxþTPHib
7-14

RVAWD, mm 0.89 � 0.04 1.75 � 0.06 1.28 � 0.10 SuHx vs ConNxc 7-14

LVEDD, mm 6.87 � 0.22 7.50 � 0.30 7.42 � 0.13 ns 7-14

LVEDS, mm 3.83 � 0.07 4.23 � 0.15 4.11 � 0.19 ns 7-14

LVPWD, mm 2.06 � 0.17 2.08 � 0.13 2.35 � 0.14 ns 7-14

Values are mean � SEM and compared by means of ANOVA–Bonferroni post hoc test. For experimental design, see Figure 1. Clarification regarding animal numbers: The right
heart catheterization sets are complete (RVSP, RVEDP, RV dp/dt). The LV catheter was performed in the same animals as well as in the dedicated subset of animals. In some
animals we could insert the catheter into the carotid artery to record systolic arterial pressure, but not retrograde into the LV; therefore, the number for systolic and diastolic
arterial pressure is higher than for LVSP and LVEDP. aP < 0.05. bP < 0.01. cP < 0.001.

BP ¼ blood pressure; dp/dt max ¼ maximal rate of pressure development (systolic RV function); dp/dt min ¼ maximal rate of pressure decay (diastolic RV function);
LVEDD ¼ left ventricular end-diastolic diameter; LVEDP ¼ left ventricular end-diastolic pressure; LVEDS ¼ left ventricular end-systolic diameter; LVPWD ¼ left ventricular
posterior wall thickness in diastole; PAAT ¼ pulmonary artery acceleration time; PAET ¼ pulmonary artery ejection time; RV ¼ right ventricular; RVAWD ¼ right ventricular
anterior wall thickness; RVEDD ¼ right ventricular end-diastolic diameter; RVEDP ¼ right ventricular end-diastolic pressure; RVSP ¼ right ventricular systolic pressure.
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TPT-001 SUPPRESSES PULMONARY VASCULAR

REMODELING AND CARDIAC FIBROSIS. To estimate
the impact of oral TPH1 inhibition on the lung
vasculature, we performed histologic assessment of
serial lung sections. The SuHx-exposed rats exhibited
an increase in the perivascular collagen deposition as
assessed by Masson’s Trichrome staining (Figure 3B).
These animals also showed prominent medial hy-
pertrophy and lumen narrowing in peripheral (small)
pulmonary arteries (Figure 3C). The heart histology
demonstrated that the SuHx-exposed rats had
heightened percentage of interstitial fibrosis in the
RV free wall (Figure 3D). All these characteristics of
PAH pathology were largely reversed in SuHx-
exposed rats receiving oral TPT-001 (Figure 3).

COMPARTMENTAL SIGNALS IN RAT SuHx-PAH LUNGS

AND THEIR REVERSAL WITH TPHi TREATMENT. To get
insights into the compartmental distribution of pro-
liferative and proinflammatory protein expression in
the lungs of SuHx-PAH rats, and the according signal
changes with TPHi (TPT-001) treatment, we per-
formed immunofluorescence staining of formalin-
fixed and paraffin-embedded sections. Proliferating
cell nuclear antigen had a strong expression pattern
in alveolar epithelial cells of SuHx rats (Figure 4A).
Moreover, we identified alveolar septal and peri-
vascular lung infiltration of CD3þ T cells (Figure 4B),
and F4/80þ and CD68þ macrophages (Figures 4C
and 4D) in SuHx rats with severe PAH. Intriguingly,
this proliferative and proinflammatory marker
expression (T cells, macrophages) was reversed and
suppressed to control level in TPHi-treated SuHx-
exposed rats (Figure 4).

ORAL TPH INHIBITION REVERSES PAH-ASSOCIATED

GENE EXPRESSION IN SuHx-EXPOSED RAT LUNGS.

To understand the mechanisms by which TPHi exer-
ted its beneficial properties on the vasculature, we
performed mRNA sequencing in freshly frozen rat



FIGURE 2 Inhibitor of Tryptophan Hydroxylase 1 (TPHi) Attenuates Pulmonary Arterial Hypertension in the SuHx Rat Model:

Noninvasive Echocardiographic Measurements

(A) Representative pulsed-wave Doppler images for pulmonary artery acceleration time (PAAT) measurement in the 3 groups at the end of the

study. The SuHx group has a mid-systolic notch, which is no longer present in the group treated with TPHi. (B to G) PAAT as a surrogate of

mean pulmonary arterial pressure and pulmonary vascular resistance, RV end-diastolic diameter (RVEDD) and end-diastolic anterior wall

thickness (RVAWD), left ventricular end-diastolic diameter (LVEDD) and end-diastolic posterior wall thickness (LVPWD), and heart rate (HR).

Mean � SEM, n ¼ 7-14, ANOVA–Bonferroni post hoc test. **P < 0.01; ***P < 0.001.
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lungs. Gene expression analysis identified 112 differ-
entially expressed genes (DEGs), 76 up-regulated and
36 down-regulated, in the PAH model comparison
(SuHx [n ¼ 6] vs ConNx [n ¼ 4]) (Supplemental
Table SD1). Treatment comparison (SuHxþTPHi
[n ¼ 4] vs SuHx [n ¼ 6]) (Supplemental Table SD2)
generated 142 DEGs (61 up-regulated and 81 down-
regulated). Interestingly, 34 of the PAH model DEGs
(25 up-regulated and 9 down-regulated) reversed
their expression after the TPHi treatment (SuHxþT-
PHi vs SuHx), that is, up-regulated DEGs became
down-regulated and vice versa (Figure 5A).

Some of these genes (Gata4, Dnase1l3, Plxna4,
Mfap4, and Sox9) are known to be involved in path-
ways relevant to PAH (Figure 5). These and other
potentially PAH relevant genes are shown in
Figure 5B, which is based on TPHi treatment DEGs and
the matching PAH model genes (not necessarily
differentially expressed). The key DEGs likely
conferring beneficial effects associated with the TPHi
treatment are indicated in bold in Figure 5C (up-re-
gulated: Kng1 and Nos2; down-regulated: Pde1b,
Rpph1, Gata4, and Tnfsrf17).
DISCUSSION. In this study we hypothesized that the
novel TPHi TPT-001 is a potent treatment option of
severe PAH in vivo, based on its selectivity, chemical
properties, and inability to cross the blood-brain
barrier.26 We had previously performed comprehen-
sive phenotyping of the progressive SuHx PAH rat
model and showed that 1 week after chronic hypoxia

https://doi.org/10.1016/j.jacbts.2024.04.006
https://doi.org/10.1016/j.jacbts.2024.04.006
https://doi.org/10.1016/j.jacbts.2024.04.006


FIGURE 3 Inhibitor of Tryptophan Hydroxylase 1 (TPHi) Attenuates Muscularization of Small Pulmonary Arteries and Cardiac Fibrosis in

the SuHx Rat Model

(A to C) Representative images of small peripheral pulmonary arteries in hematoxylin and eosin (H&E), Masson’s Trichrome, and a-smooth

muscle actin (SMA) staining, respectively. Scale bars: 25 mm. Bar graphs: (B) percentage of perivascular collagen. n ¼ 20-40 vessels per

animal; n ¼ 7-8 animals. (C): Peripheral pulmonary artery muscularization. n ¼ 20-40 vessels per animal; n ¼ 7-8 animals. (D) Masson’s

Trichrome staining of interstitial collagen in RV tissue. n ¼ 4-7 individual animals. Mean � SEM, ANOVA–Bonferroni post hoc test. *P < 0.05;

**P < 0.01; ***P < 0.001.
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the animals have severe PAH but no early heart fail-
ure (which develops within 5 weeks), indicating the
appropriate time window to start pharmacotherapy.27

Here, we demonstrate that the drug TPT-001, of the
new class of TPHis,20 when given orally over 5 weeks,
successfully reversed progressive PAH and prevented
RV failure in the most accepted SuHx PAH rat model.
On the tissue and cellular level, we could show that
TPH inhibition impaired the hypermuscularization of
peripheral (small) pulmonary arteries and inhibited
cardiac fibrosis. We then unraveled the distinct gene
expression profiles in the lungs of SuHx-exposed rats
that reversed their expression pattern with
TPHi treatment.

Initially, TPHis were developed and successfully
passed phases 1-3 clinical trials for treating carcinoid
syndrome, with telostristat etiprate being approved
by the U.S. Food and Drug Administration in early
2017.28 The drug design for TPHis, however, remains
challenging: producing nonselective inhibitors
without the capacity to cross the blood-brain barrier,
or synthesizing highly specific TPHis,29 the latter be-
ing nearly impossible until recently, when a new
allosteric binding site of TPH1 was discovered.30 Of



FIGURE 4 Immunofluorescent Evaluation of Key Targets in the Rat Lung

(A) Representative photographs showing proliferating cell nuclear antigen (PCNA) staining. PCNA signal in red, 6-diamino-2-phenylindole

(DAPI) in blue, and red blood cells in yellow, quantification to the right. (B) Representative photographs showing accumulation of CD3þ T

cells in the lungs of SuHx animals, which is not present in the treated group. CD3 signal in red, DAPI in blue, and red blood cells in yellow,

quantification to the right. (C and D) Representative photographs showing accumulation of F4/80þ and CD68þ macrophages in the lung of

SuHx animals, which is absent after the treatment. CD68 signal in red, DAPI in blue, quantification to the right. Mean � SEM, ANOVA–

Bonferroni post hoc test. ***P < 0.001.
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note, the published TPHi rodatristat (KAR5585) at a
dose of 100 mg/kg per day administered as mono-
therapy had no significant effect on pulmonary he-
modynamics in the SuHx PAH rat model (mean
pulmonary arterial pressure 40.7 mm Hg in
SuHxþKAR5585 vs 43.3 mm Hg SuHxþvehicle; and
pulmonary pulse pressure 48.6 mm Hg in
SuHxþKAR5585 vs 45.7 mm Hg SuHxþvehicle; not
significant).23 Moreover, KAR5585 at 100 mg/kg/day
had only small effects on the relative pulmonary
vessel wall thickness (0.381 SuHxþKAR5585 vs 0.467
SuHxþvehicle; P < 0.001).23 Only at a very high oral
dose of 200 mg/kg/day was KAR5585 associated with
slightly lower mean pulmonary arterial pressure (37.8
vs 48.2 mm Hg, P < 0.05), lower RV mass (RV/[LV þ
septum] ratio 0.47 vs 0.61; P < 0.001), and decreased
relative vessel wall thickness (26.4% vs 47.0%,
P < 0.01).23 Nevertheless, the ELEVATE2 clinical trial
(NCT04712669) for KAR5585 enrolled WHO group 1 PH
(ie, PAH) patients in functional classes 2 and 3, but as
of February 2024 the results have not been made
public.

The TPHi TPT-001, which we tested in the present
study, has a novel mechanism of action, a high
inhibitory efficacy, and no toxic effects.26 In contrast
to the study by Aiello et al23 of KAR5585, oral TPT-001
treatment in our SuHx PAH rat study, compared with
disease control rats, greatly decreased RVSP, a sur-
rogate of PA pressure and PAH severity (41 mm Hg vs
86 mm Hg), lowered RVEDP, an indicator of diastolic

https://clinicaltrials.gov/study/NCT04712669


FIGURE 5 Gene Expression Analysis (RNA-seq) of Rat Whole Lung Samples Reveals Key Differentially Expressed Genes (DEGs) Likely

Contributing to Beneficial Effects of Tryptophan Hydroxylase 1 Inhibitor (TPHi) Therapy

(A) Heatmap of DEGs whose differential expression was reverted by the TPHi therapy. These DEGs are likely involved in biological processes

mediated by serotonin signaling and associated with pulmonary arterial hypertension (PAH); however, the roles of many of these genes

remain unclear. (B) Heatmap of selected treatment DEGs (SuHxþTPHi vs SuHx) and their corresponding expression in the PAH model (SuHx vs

ConNx). The selection is relevant to PAH based on the literature. (C) Proposed model of TPHi therapy based on observed gene expression

(RNA-seq, no additional validation) indicates likely beneficial effects, ie, decrease in: 1) vasoconstriction; 2) pulmonary arterial smooth

muscle cell (PASMC) proliferation; 3) vascular fibrosis; and 4) inflammation. Targets indicated in bold were significantly differentially

expressed (false discovery rate <0.05 and fold changes >2 or <0.5). The arrows next to targets indicate the observed up-regulation ([) or

down-regulation (Y). The arrows and T-bars in the models indicate the effects (induction or suppression, respectively) known from the

literature. The arrows next to biological processes ([ or Y) follow from the observed regulation of the upstream targets. Sample sizes:

ConNx, n ¼ 4; SuHx, n ¼ 6; SuHxþTPHi, n ¼ 4. 5-HT ¼ 5-hydroxytryptamine (serotonin); cGMP ¼ cyclic guanosine monophosphate;

ConNx ¼ control group in normoxia; Hx ¼ hypoxia; NO ¼ nitric oxide; PKG ¼ protein kinase G; ROS ¼ reactive oxygen species; SuHx ¼ Sugen

5416 in hypoxia; TPH, tryptophan hydroxylase.
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RV dysfunction (4.3 vs 14.3 mm Hg), reduced RV
mass, that is, RV hypertrophy (RV arterial wall
thickness), and prevented RV dilation and RV failure.
Indeed, our data suggest that oral TPT-001 given over
5 weeks reversed PAH/PVD and prevented RV failure
in SuHx-exposed rats.

An extended discussion on the role of serotonin
transporter and the clinical role of appetite-
suppressing drugs (amphetamines) in the pathobi-
ology of PAH is provided in the Supplemental
Appendix.

Most recently, the selective and systemically
restricted serotonin (5-hydroxytryptamine 2B; 5-
HT2B) partial agonist VU6047534 has been devel-
oped and applied in a SuHx PAH mouse model.31

VU6047534 moderately decreased RVSP (from w40
to 25 mm Hg), RV mass, peripheral PA musculariza-
tion, and vessel loss in SuHx-exposed mice.31 Block-
ing 5-HT2B signaling with antagonists in the heritable
mouse model of PAH (bone morphogenetic protein
receptor 2 [BMPR2] mutation) prevented increased
RVSP, microvessel muscularization, and Src tyrosine
signaling.32

Early experimental evidence suggesting that sero-
tonin was implicated in PAH development in vivo also
came from a BMPR2-deficient mouse study: Hetero-
zygous null BMPR2þ/� mice developed moderate PH
in response to hypoxia in combination with serotonin
infusions.33 Additional studies showed that genetic
depletion of TPH1/serotonin protects mice from
experimental PH.19-21,23

One possible mechanism by which pharmacologic
TPH inhibition exerts its beneficial effects is the in-
duction of the antiproliferative transcription factor
peroxisome proliferator–activated receptor gamma
(PPARg) in PASMCs. We have previously demon-
strated in several in vivo and in vitro models that
PPARg activation (ie, nuclear shuttling/DNA bind-
ing)—downstream of clinically highly important
BMP2/BMPR234 or other pathways—inhibits SMC
proliferation, reverses pulmonary arterial hyperten-
sion,34,35 and prevents right heart failure.27 Indeed,
serotonin (5-HT) dose- and time-dependently
decreased PPARg protein expression in PASMCs and
promoted their proliferation (as approximated by
bromodeoxyuridine incorporation).36 Further eluci-
dation of the according interactions and molecular
mechanisms is needed.

Overall, from the therapeutic perspective, the
pleiotropic actions of serotonin in the pathogenesis of
PAH impedes the future use of drugs inhibiting only 1
5-HT receptor, or SERT, serotonin transporter, and
favors the approach of serotonin reduction itself as
therapeutic goal.29

Our analysis of DEGs induced by the TPHi phar-
macotherapy in lungs of SuHx-exposed rats
revealed several targets potentially mediating mul-
tiple PAH-associated biological processes (Figure 5).
In particular, TPH1 inhibition and the resulting
reduction in 5-HT signaling likely decreased reac-
tive oxygen species (ROS)–associated Erk1/2–Gata4
signaling, which is known to drive PASMC prolifer-
ation,37,38 as corroborated by down-regulation of
Mek (Map2k1) and Gata4 in our data. Interestingly,
we observed a trend to down-regulation of Fabp4 in
SuHxþTPHi vs SuHx lungs. Fabp4 is known to in-
crease ROS and inflammation in murine and cell
models of acute lung injury.39 Therefore, down-
regulated Fabp4 would also likely contribute to
the aforementioned ROS/Erk/Gata4–mediated inhi-
bition of PASMC proliferation.

Moreover, several TPHi treatment DEGs in our data
suggested induction of the nitric oxide (NO)/soluble
guanylate cyclase (s-GC)/cyclic guanosine mono-
phosphate (cGMP)/cGMP-dependent protein kinase
(PKG) axis conferring its beneficial effects via: 1)
disruption of ERK1/2 phosphorylation38 and subse-
quent Gata4-induced PASMC proliferation (as dis-
cussed above); and 2) PKG-mediated vasodilation
(suppression of Ca2þ and induction of Kþ intracellular
levels).40 In particular, our data suggest an increased
synthesis of NO, corroborated by the observed up-
regulation of kininogen (Kng1)41 and nonsignificant
up-regulation of several subunits of the downstream s-
GC: Gucy1a1, Gucy1b1, and Gucy2g. Because s-GC is a
precursor of cGMP, we can expect boosted cGMP/PKG
signaling. Moreover, down-regulation of Pde1b, an
enzyme known to hydrolyze cGMP,42 further corrobo-
rates the increased cGMP/PKG signaling and the sub-
sequent induction of vasodilation and disruption of
proproliferative ERK1/2 pathway. In this respect, TPT-
001 mimics the effect of the s-GC activator riociguat,
which is already approved for the treatment of PAH.43

A long noncoding RNA, Rpph1, was reported to
induce galectin-3 in mesangial cells, which further
induced cell proliferation and inflammation.44

Galectin-3 is a biomarker of PAH and PAH severity45

that is known for its role in maladaptive pulmonary
vascular remodeling via induction of ROS and the
associated inflammation and vascular fibrosis, for
example, in a monocrotaline model of PAH.46-48 In
our TPHi treatment data, Rpph1 was significantly
down-regulated and likely induced down-regulation
of galectin-3.

https://doi.org/10.1016/j.jacbts.2024.04.006
https://doi.org/10.1016/j.jacbts.2024.04.006


PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: PAH is a debili-

tating disease with unmet medical need, with no cure other than

lung transplantation and limited long-term perspective. Inhibi-

tion of tryptophan hydroxylase 1 (TPH1) with a new class of

drugs (here, oral TPT-001) reverses severe PAH and prevents

associated RV dysfunction in vivo by blocking the serotonin

pathway. Perivascular infiltration of CD3þ T cells and proin-

flammatory F4/80þ and CD68þ macrophages, and PCNAþ alve-

olar epithelial cells occurs in the SuHx PAH rat model and was

suppressed by TPHi treatment. Whole-lung mRNA sequencing

showed distinct gene expression patterns in SuHx rat lungs

related to PASMC proliferation, ROS, inflammation, and vasodi-

lation, all of which were beneficially affected by oral treatment

with TPH1 inhibitor TPT-001.

TRANSLATIONAL OUTLOOK: Additional research is needed

to delineate the optimal route of application, target dose, and

pulmonary hypertension group that may benefit the most from

TPH1 inhibitor treatment. Our results lay the groundwork for

exploratory clinical studies on the use of oral or parenteral TPH1

inhibitors for PAH patients.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . - , N O . - , 2 0 2 4 Legchenko et al
- 2 0 2 4 :- –- TPH Inhibition Reverses PAH

11
Several tumor necrosis factor (TNF) ligand family
receptors, including Tnfrsf17, were reported to be up-
regulated in a rat monocrotaline model of PAH.49 In
human kidney cell lines, Tnfsrf17 was shown to
induce cell proliferation and proinflammatory
signaling.50 Therefore, down-regulation of Tnfsrf17
by the TPHi treatment in our study likely confers
beneficial effects (reduction of PASMC proliferation
and suppression of proinflammatory signaling).

Interestingly, Nos2, a gene coding for inducible
nitric oxide synthase (iNOS) tended to be up-
regulated in PAH and was significantly up-regulated
with TPHi treatment (Figure 4B). Although iNOS can
interfere with vasodilatory endothelial NOS by
competing for the NO precursor l-arginine,51 its pri-
mary role is in modulation of inflammatory
signaling.52 In particular, iNOS appears to play a
proresolving role by negative regulation of proin-
flammatory M1 macrophage polarization, inhibition
of production of interleukin (IL)-12 in macrophages,
negative regulation of TH17 differentiation, down-
regulation of TNF-a, IL-6, IL-12, and IL-23 in den-
dritic cells (DCs), and thus suppression of effector DCs
in favor of regulatory DCs (as reviewed by Xue et al52).

STUDY LIMITATIONS. In this drug discovery study,
we investigated the organismal effects of a novel
TPHi in the established preclinical SuHx rat model of
PAH, but the precise in-depth mechanism of TPHi
action in vivo remains to be elucidated. To this end,
we have explored quantitative lung vascular histol-
ogy and the mRNA signaling networks associated
with the treatment effect by means of bulk lung
mRNA sequencing. Deeper phenotyping could be
achieved by single-cell or single-nuclear sequencing
of the lungs and the heart may be studied ex vivo
after TPHi treatment in an isolated RV pressure
overload model, such as PA banding. Whether other
routes of TPHi drug application, such as aerosol or dry
powder inhalation, may be safe and efficient should
be investigated in future studies.

CONCLUSIONS

Taken together, this study suggests that inhibition of
TPH1 with a new class of drugs has the potential to
effectively treat severe PAH in vivo, even in the
progressive PAH SuHx rat model, via blocking of the
serotonin pathway.
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