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Overactivity of CB1R and iNOS contributes to HPSPF development and progres-
sion via multiple critical pathological processes including dysregulation of mito-
chondrial function and IL-11. Simultaneous inhibition of lung CB1R and iNOS
by a hybrid inhibitor (MRI-1867) is a rational therapeutic strategy for achieving
therapeutic efficacy in HPSPF with attenuating fibrosis, improving pulmonary
function and survival.
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Abstract
Hermansky–Pudlak syndrome (HPS) is a rare genetic disorder which, in
its most common and severe form, HPS-1, leads to fatal adult-onset pul-
monary fibrosis (PF) with no effective treatment. We evaluated the role of
the endocannabinoid/CB1R system and inducible nitric oxide synthase (iNOS)
for dual-target therapeutic strategy using human bronchoalveolar lavage fluid
(BALF), lung samples from patients with HPS and controls, HPS-PF patient-
derived lung fibroblasts, and bleomycin-induced PF in pale earmice (HPS1ep/ep).
We found overexpression of CB1R and iNOS in fibrotic lungs of HPSPF patients
and bleomycin-infused pale ear mice. The endocannabinoid anandamide was
elevated in BALF and negatively correlatedwith pulmonary function parameters
in HPSPF patients and pale ear mice with bleomycin-induced PF. Simultaneous
targeting of CB1R and iNOS byMRI-1867 yielded greater antifibrotic efficacy than
inhibiting either target alone by attenuating critical pathologic pathways. More-
over, MRI-1867 treatment abrogated bleomycin-induced increases in lung levels
of the profibrotic interleukin-11 via iNOS inhibition and reversed mitochondrial
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dysfunction viaCB1R inhibition.Dual inhibition of CB1R and iNOS is an effective
antifibrotic strategy for HPSPF.

KEYWORDS
endocannabinoids, fibrosis, lung disease, polypharmacology, rare disease

1 INTRODUCTION

Hermansky–Pudlak syndrome (HPS) is a rare autosomal
recessive disorder of lysosome-related organelle biogenesis
caused by bi-allelicmutations in any of 11 different genes.1,2
HPS is reported worldwide, with an estimated prevalence
of 1–9 per 1,000,000 individuals. HPS is highly preva-
lent in northwest Puerto Rico, with an estimated preva-
lence of ∼1 in 1800. To date, 1407 individuals with HPS
are registered with the HPS Network (www.hpsnetwork.
org; personal communication of Donna Appell, R.N.).
Middle-aged adults with HPS-1 or HPS-4 and children
with HPS-2 develop HPS pulmonary fibrosis (HPSPF),3 a
leading cause of death in these patients.4,5 HPS-1 patients
develop the most common and severe form of HPSPF.
Lung histopathology of HPSPF patients resembles that of
patients with idiopathic pulmonary fibrosis (IPF), with the
additional features of foamy alveolar macrophages (AMs)
and enlarged alveolar type II (ATII) cells.6,7 In the absence
of a currently available FDA-approved therapy for HPSPF,
there is an urgent need for identifying new therapeutic tar-
gets and treatment strategies. Pirfenidone was approved
for the treatment of IPF, but its efficacy in IPF is moder-
ate, and in HPSPF, inconclusive.8,9
The pathogenesis of HPSPF is complex8 and can involve

multiple factors, including alveolar inflammation, epithe-
lial dysfunction, and fibrogenesis; therefore, simultane-
ously targeting multiple pathways may improve therapeu-
tic efficacy. Indeed, HPS patients exhibit alveolar inflam-
mation with accumulation of activated AMs that precedes
fibrosis.10 Furthermore, epithelial cell dysfunction in HPS
has been hypothesized to increase susceptibility to fibrosis
due to repetitive injuries.11
Alveolar inflammation and epithelial dysfunction

were shown to be mediated by common pathways.
Inducible nitric oxide synthase (iNOS) catalyzes the
generation of proinflammatory reactive nitrogen species
and is involved in cell injury and apoptosis. In HPS
mouse models, elevated iNOS expression contributed
to hyper-responsiveness of AMs and ATII cells and
resulted in increased nitrosative stress during alveolar
inflammation.12,13 Similarly, in HPS-1 patients, increased
nitrosylation was correlated with disease severity.12 In IPF,

iNOS is induced in fibrotic lung tissues in mice14,15 and
humans,16 and is thought to promote lung inflammation
and fibrosis progression.17–19
Another emerging potential target for HPSPF could

be the endocannabinoid/CB1R system. Endocannabinoids
are lipid-signaling molecules. Endocannabinoids acting
via CB1R are proinflammatory and profibrotic, promot-
ing fibrosis progression in multiple organs, including
the liver,20–22 kidney,23 heart,24 and skin.25 CB1R was
also linked to radiation-induced PF in mice26 and IPF.27
CB1R-mediated mitochondrial dysfunction and endoplas-
mic reticulum stress have been shown to have a promi-
nent role in multiple pathologies, such as obesity, dia-
betes, and cancer.28–31 Mitochondrial dysfunction induces
profibrotic stimuli across different organs, including the
lung,32 which has been linked to age-related susceptibility
to PF.33 Recently, CB1R overactivation in AMs was shown
to be responsible for the activation of proinflammatory and
profibrogenic macrophages.27 CB1R activation also regu-
lates MCP-1 and TGFβ-1 levels in PF,27 two molecules
which have been demonstrated to play critical roles in the
onset of lung fibrosis.34
In this work, we show that overactivity of CB1R and

iNOS in lung tissue contributes to the progression of PF in
HPS. Targeting both iNOS and CB1R in HPSF mice atten-
uated the progression of PF in HpsPF. Our studies demon-
strate that simultaneous inhibition of lung CB1R and iNOS
is a rational strategy for achieving therapeutic efficacy in
HPSPF.

2 RESULTS

2.1 Overexpression of CB1R and iNOS
protein in fibrotic lung tissue fromHPSPF
patients

We evaluated CB1R and iNOS protein levels by immuno-
histochemistry in lung tissue samples from control with-
out fibrotic lung disease and HPSPF patients (Figure 1A).
Both CB1R and iNOS proteins were dramatically increased
in HPSPF lung (Figure 1B).

http://www.hpsnetwork.org
http://www.hpsnetwork.org
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F IGURE 1 Histological and biochemical evidence from patients for pathologic involvement of endocannabinoid/CB1R and iNOS
systems in HPSPF. Masson trichrome staining sections from HPSPF patients and controls without fibrotic lung disease (A). CB1R and iNOS
immunohistochemistry from the same subjects (B). AEA (C) and 2-AG (D) levels in BALF from normal volunteers (NV), HPS-1 patients
without fibrosis, patients with HPSPF and HPS-3 patients. Pulmonary function tests (PFTs) in the same groups (E). Abbreviations:
DLCO, diffusion capacity; FVC, forced vital capacity; TLC, total lung capacity. Correlation between PFTs and AEA in BALF in NV, HPS-1, and
HPSPF (F). NV: empty black symbol, HPS1: blue symbol, HPSPF: red filled symbol, HPS3: empty yellow symbol. Correlation was calculated
by using Pearson correlation coefficients. Data represent mean ± SEM from five subjects for histology in each group, and 16 NV, 6 HPS-1, 10
HPSPF, and 3 HPS-3 subjects for BALF and PFTs. Data were analyzed by t-test for comparison of histological scoring and by one-way ANOVA
followed by Dunnett’s multiple comparisons test for endocannabinoids and PFT. * (p < 0.05) indicates significant difference from the NV
group
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2.2 Increased anandamide levels in
bronchoalveolar lavage fluid from HPSPF
patients are negatively correlated with
pulmonary function tests

We have recently reported that AEA, an endogenous ago-
nist of CB1R receptors, is increased in bronchoalveolar
lavage fluid (BALF) of IPF patients.27 Prompted by the
hypothesis that overactivity of the endocannabinoid/CB1R
system contributes to PF, we assessed the status of endo-
cannabinoids in the BALF bymeasuring levels of AEA and
2-arachidonoyl glycerol (2AG). In human BALF samples
(Table 1), AEAwas significantly elevated inHPSPF relative
to normal volunteers,whereas therewas no change inAEA
level in HPS-1 patients without PF (Figure 1C). HPS-3 sam-
ples were used as negative controls because HPS-3 patients
do not develop PF. In contrast, 2AG levels in BALF were
not altered (Figure 1D). Increased AEA levels in BALF
were negatively correlated with pulmonary function test
(PFT) results in these patients (Figure 1E, F). These find-
ings suggest that high concentrations of AEA in BALF are
related to fibrogenic processes in lungs.

2.3 Overactivity of
endocannabinoid/CB1R system and iNOS in
bleomycin-induced PF in pale ear
(Hps-1ep/ep) mice

Next, we analyzed the lungs of pale ear (Hps-1ep/ep)
mice with bleomycin-induced PF (HpsPF), to determine
whether the endocannabinoids/CB1R systemand iNOS are
both activated as seen in human HPSPF. The pale ear
(Hps1ep/ep) mouse is the most widely used model of HPS-
1, as it mimics structural abnormalities of AM and ATII
cells observed in patientswithHPS and the development of
PF can be induced with much lower doses of intratracheal
bleomycin instillation than inwild-type (wt)mice.35 In this
study, PF was induced in pale ear mice at 12–16 weeks
of age by subcutaneous bleomycin (60 U/kg/day) delivery
(HpsPF) via osmotic pump for 7 days.
The expression levels of Nos2 and Cnr1, encoding iNOS

andCB1R, respectively, in pale earmice are similar to those
in healthy control wt mice (Figure S1). Eight days after
osmotic minipump implantation, gene expression of the

fibrogenicmarkerCol1awas significantly increased in pale
ear mice (Figure 2A, B), although no quantifiable fibro-
sis was observed biochemically (Figure 2C) or histologi-
cally (Figure 2D). Fibrosis was evident 42 days after ini-
tial bleomycin treatment (Figure 2C, D). Gene expression
of Nos2 (Figure 2E) and Cnr1 (Figure 2F), along with gene
expression of fibrogenic markers (Figure 2B), increased at
8 days post-bleomycin and remained elevated at 42 days
post-bleomycin. In parallel with the findings in patients
with HPS-1, AEA (Figure 2G) but not 2AG (Figure 2H) was
similarly increased in the lungs of HpsPFmice. These find-
ings suggest that both CB1R and iNOS may be involved in
fibrosis initiation and progression in the mouse model of
HPS,which alignswith our observations in humanHPSPF.

2.4 Localization of CB1R and iNOS in
fibrotic lungs in pale ear mice

Based on the histological evidence, CB1R and iNOS expres-
sion are widely distributed in fibrotic lungs of both HPSPF
patients (Figure 1) and in HpsPF (Figures 1 and 2). Indeed,
both CB1R and iNOS are expressed in AT1 and AT2 epithe-
lial cells, macrophages, pericytes, endothelial cells, and
fibroblasts in fibrotic lungs of pale ear mice (Figure S2).
These findings suggest that both proteins may be involved
in multiple pathological processes in different cell types
during PF. More importantly, these results suggest that
dual-targeting of CB1R and iNOS may provide improved
antifibrotic efficacy compared to targeting either CB1R or
iNOS alone.

2.5 Pharmacokinetics of MRI-1867 in
pale ear (Hps1ep/ep) mice

Since overactivation of CB1R and iNOS was observed
in HPSPF patients and HpsPF mice specimens, we tar-
geted CB1R and iNOS by a peripherally restricted hybrid
CB1R/iNOS inhibitor (MRI-1867)36 in an animal model for
HPSPF.37,38
MRI-1867 caused maximal inhibition of both CB1R and

iNOS in lungs at 10 mg/kg dose in bleomycin-induced pul-
monary fibrosis in wt mice, which attenuated PF.27 We
first assessed the pharmacokinetics and lung exposure of

TABLE 1 Human subject characteristics for BALF samples

NV (n = 16) HPSPF (n = 10) HPS-1 (n = 6) HPS-3 (n = 3)
Age (years) 35.69 ± 2.80 45.1 ± 2.47 36.67 ± 2.72 30.67 ± 7.05
Gender (M/F) 12/4 4/6 4/2 2/1

Note: Data represent mean ± SEM.
Abbreviations: F, female; HPSPF, Hermansky–Pudlak syndrome pulmonary fibrosis; IPF, idiopathic pulmonary fibrosis; M, male; NV, normal volunteer.
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F IGURE 2 Target engagement and efficacy of MRI-1867 in experimental model of HpsPF in pale ear mice. (A) Body weight change in
Sc-Bleo (60 U/kg)-induced PF. (B) Gene expression of fibrosis marker collagen 1a (Col1a). (C) Hydroxyproline content of the left lung. (D)
Ashcroft scoring from the Masson trichrome staining. Lung tissue gene expression of Nos2 (E) and Cnr1 (F). Levels of endocannabinoid AEA
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MRI-1867 in pale ear andwt (C57BL/J) mice.MRI-1867 was
administered by oral gavage at 10mg/kg. Peak plasma con-
centration (Cmax) was reached at 2 h in both wt and pale
ear mice (Figure S3A). However, Cmax and the area under
the curve (AUC) were less than half for pale ear mice com-
pared to wt mice for a 24-h period (Figure S3A). Although
systemic exposurewas lower in pale earmice (Figure S3A),
lung exposure at the Tmax, 2 h after oral dosing was slightly
higher in pale ear mice (25 μM) compared to wt mice (20
μM) (Figure S3B).
From our recent study, we are aware that bleomycin

induces drug efflux transporters in murine lung and,
therefore, reduces lung exposure to pharmaceutical drugs
that are substrates for efflux transporters.39 Therefore,
we tested lung exposure of MRI-1867 in a bleomycin-
induced PF model using two different delivery routes—
either oropharyngeal instillation (OP-bleo) (0.3 U/kg) or
subcutaneous osmotic minipump (SC-bleo) (60 U/kg/day)
for 7 days in pale ear mice. Both delivery routes at the
selected doses generate similar, extensive PF as quanti-
fied by lung hydroxyproline content (Hyp), a biochemical
marker of fibrosis (Figure S4A, B). Systemic exposure to
MRI-1867 was similar in both OP-bleo and SC-bleo com-
pared to control, unchallenged pale ear mice (Figure S4C,
D). However, lung exposure to MRI-1867 was significantly
diminished to 2 μM in the OP-bleo model (Figure S4E),
whereas it was 30 μM in the SC-bleo model (Figure S4F),
and comparable to control. This suggests that the use of
a subcutaneous osmotic minipump (60 U/kg/day) in pale
ear mice provides optimal delivery of bleomycin to induce
PF while retaining MRI-1867 target organ exposure.

2.6 Dual-inhibition of CB1R and iNOS
by MRI-1867 attenuated fibrosis
progression in bleomycin-induced PF in
pale ear (Hps-1ep/ep) mice

Since both the endocannabinoid/CB1R system and iNOS
could contribute to PF initiation and progression (Fig-
ure 2), we began pharmacological treatment at the fibrosis
initiation phase for antifibrotic efficacy testing (Figure 2A).
Single daily oral administration of MRI-1867 from day 8
to day 42 completely abrogated increased gene expression
of Nos2 (Figure 2E) and Cnr1 (Figure 2F), tissue level of

AEA (Figure 2G), and protein expression of CB1R (Fig-
ure 2J) and iNOS (Figure 2K) in the lungs of HpsPF mice.
This demonstrates target engagement by MRI-1867 of both
CB1R and iNOS in the lungs in bleo-induced PF. Accord-
ingly, MRI-1867 administered orally significantly attenu-
ated PF progression inHpsPFmice asmonitored biochem-
ically (Figure 2C) and histologically (Figure 2D, I).

2.7 MRI-1867 prevents
bleomycin-induced decline in pulmonary
function in pale ear mice

PFT is a widely used clinical parameter for monitoring dis-
ease progression in PF. Therefore, we conducted PFT in a
separate cohort of pale ear mice to further test the thera-
peutic potential ofMRI-1867 using clinically relevant phys-
iologic outcome measures (Figure 3). At 42 days post-bleo,
in addition to attenuating fibrosis (Figure 3A), MRI-1867
treatment significantly mitigated adverse changes in pul-
monary function parameters, including lung compliance
(pressure-volume [PV] loops) (Figure 3B), airflow (forced
expiratory volume [FEV] at 0.1 s) (Figure 3C), stiffness (tis-
sue elasticity) (Figure 3D), and airway resistance (tissue
damping) (Figure 3E).

2.8 Survival rate is significantly
increased by dual inhibition of peripheral
CB1R and iNOS in pale ear mice with
bleomycin-induced PF

Severe and progressively restrictive lung disease associated
with reduced pulmonary function is a significant cause of
mortality in HPSPF.We did not observe significantmortal-
ity with the SC-bleo model using 12- to 16-week-old mice
with average body weights of 24–28 g (Figures 2 and 3).
However, significant mortality was evident in 24- to 26-
week-old mice with average weights of 33 g (Figure S5).
Osmotic minipumps deliver a systemic dose proportional
to body weight, thus total bleomycin amount was higher
in older mice due to their higher body weight, which may
have led to increased mortality. Therefore, we used 24–
26 weeks old mice as a cohort for testing the efficacy of
MRI-1867 on survival (Figure S5A, B). MRI-1867 signifi-

(G) and 2AG (H) in lung tissue. Masson trichrome staining (I). CB1R (J) and iNOS (K) immunostainings from lung tissue sections from
control and bleomycin (60 U/kg) challenged pale ear mice. Data represent mean ± SEM from 6 control (Ctrl, pale ear mice infused with saline
instead of bleomycin), 4 HpsPF with bleomycin+vehicle at day 8 (Veh), 15 HpsPF with bleomycin+ vehicle at day 42 (Veh), and 11 HpsPF with
bleomycin+MRI-1867 (MRI-1867) at day 42. Data were analyzed by one-way ANOVA followed by Dunnett’s multiple comparisons test. *
(p < 0.05) indicates significant difference from the control group. # (p < 0.05) indicates significant difference from the HpsPF mice treated
with vehicle (Veh) at 42 day
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F IGURE 3 Dual target inhibition of CB1R and iNOS prevented decline with PF in HpsPF mice. (A) Hydroxyproline content as fibrosis
measurement. (B) Pressure-volume curve, (C) forced expiratory volume, (D) tissue elasticity, and (E) tissue damping as measures of lung
function. Data represent mean ± SEM. n = 13 mice for control (Ctrl, pale ear mice infused with saline instead of bleomycin), n = 18 HpsPF
mice for vehicle (Veh), and n = 18 HpsPF mice for MRI-1867 (MRI-1867)-treated groups. Data were analyzed by one-way ANOVA followed by
Dunnett’s multiple comparisons test. * (p < 0.05) indicates significant difference from the control group. # (p < 0.05) indicates significant
difference from the HpsPF mice treated with vehicle (Veh) at 42 day

cantly increased survival rate at 5 weeks to 87.5% compared
to 50% in the vehicle group (Figure S5B) and prevented
the decline in PFT parameters (Figure S5C) in pale ear
mice.

2.9 Increased BALF levels of
endocannabinoids reversed by CB1R
antagonism in pale ear mice with PF

The increase in AEA BALF from HPSPF patients and its
negative correlation with PFTs (Figure 1F) suggested its
pathogenic role in HPSPF (Figure 1C). AEA is one of sev-
eral endogenous agonists for CB1R. Since dual inhibition
of CB1R and iNOS prevented a decline in PFT parameters
(Figure 3), we measured endocannabinoid levels in BALF
in pale ear mice. Indeed, both AEA (Figure 4A) and 2AG
(Figure 4B) levels were elevated in BALF of bleomycin-
challenged pale ear mice. This increase in AEA and 2AG
was completely abolished by MRI-1867 treatment (Fig-
ure 4A, B). In accordancewith our findings inHPS patients

(Figure 1F), AEA levels in BALF negatively correlatedwith
FEV0.1 in HpsPF mice (Figure 4C).

2.10 Increased levels of truncated
oxidized phosphatidylcholines and TGFβ-1
in BALF are diminished by MRI-1867
treatment in pale ear mice

One of the distinct features of HPS is the presence of foamy
AMs in the lungs. There is evidence from experimental
PF studies in wild-type mice that foamy cell formation in
AM contributes to PF development by lipid dysregulation
via anAT2 cell-macrophage paracrine lipid axis.40 Notably,
truncated oxidized phosphatidylcholines (OxiPCs) have
been deemed responsible for inducing profibrogenic M2
macrophage polarization, TGF-β1 production, foamy cell
formation, and fibrogenesis.40 Additionally, we recently
showed that CB1R activation increased truncated OxiPCs
during acute lung injury and CB1R antagonism com-
pletely prevented OxiPCs generation and lung injury.41
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F IGURE 4 Bleomycin-induced elevation of endocannabinoids, truncated oxidized phospholipids, and TGFβ-1 in BALF attenuated by
MRI-1867 treatment. Levels of AEA (A) and 2AG (B) in BALF of HpsPF mice and control. Correlation with forced expiratory volume 0.1 s
(FEV0.1) as pulmonary function tests (PFTs) and endocannabinoids (C) in BALF. (D) Chemical structures of surfactant phosphatidyl cholines
PAPC and POPC and their truncated oxidized phosphatidyl cholines (POVPC, PGPC, ALDOPC, and PAzePC). Levels of POVPC (E), PGPC
(F), ALDOPC (G), PAzePC (H), and TGFβ-1 (I) in BALF of pale ear mice. Data represent mean ± SEM. n = 6 pale ear mice for control (Ctrl,
pale ear mice infused with saline instead of bleomycin), n = 8 HpsPF mice for vehicle (Veh), and n = 6 HpsPF mice for MRI-1867
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Therefore, we explored the status of OxiPCs, such as
palmitoyl oxovaleryl phosphatidyl choline (POVPC) and
palmitoyl glutaryl phosphatidyl choline (PGPC), as well as
palmitoyl oxo-nonanoyl phosphatidyl choline (ALDOPC)
and palmitoyl azelaoyl phosphatidyl choline (PAzePC),
which are, respectively, the truncated oxidized prod-
ucts of surfactant phospholipids palmitoyl arachidonyl
phosphatidyl choline (PAPC) and palmitoyl oleoyl phos-
phatidyl choline (POPC), in the BALFof pale earmicewith
bleomycin-induced PF (Figure 4D). Bleomycin increased
the levels of POVPC (Figure 4E), PGPC (Figure 4F),
ALDOPC (Figure 4G), and PAzePC (Figure 4H) in HpsPF
BALF, while MRI-1867 treatment significantly attenuated
these increases. Additionally, bleo-induced increases in
TGF-β1 in BALF were also completely attenuated by MRI-
1867 treatment (Figure 4I).

2.11 Simultaneous dual inhibition of
CB1R and iNOS is more effective in
attenuating HpsPF than the single
targeting of CB1R or iNOS alone

Since MRI-1867 provided significant antifibrotic efficacy,
we explored the distinct contributions of CB1R and iNOS
to HPSPF pathology. Bleomycin-challenged pale ear mice
were treated daily between day 8 and 42 by oral gavage
of vehicle, rimonabant (CB1R antagonist), 1400W (iNOS
inhibitor), or MRI-1867 (hybrid CB1R/iNOS inhibitor)
at 10 mg/kg/day. Only MRI-1867 treatment significantly
attenuated PF progression in HpsPF mice (Figure 5A) and
prevented declines in pulmonary function (Figure 5B–E).
CB1R antagonism or iNOS inhibition alone caused partial
improvements in bleomycin-induced fibrosis (Figure 5A)
and diminished pulmonary function (Figure 5B–E), which
did not reach statistical significance. These findings under-
score the value of a multitargeted approach for effective
antifibrotic therapy in HPSPF.

2.12 MRI-1867 treatment reversed
bleomycin-induced mitochondrial
dysfunction via CB1R and iNOS inhibition
in lungs of pale ear mice

Evidence suggests that mitochondrial dysfunction in AT2
cells is associated with increased susceptibility to PF.

CB1R overactivation was shown to affect mitochondrial
function in multiple organs, such as the liver, muscle,43
stomach,44 and kidneys45; however, its effect onmitochon-
drial biogenesis in the lungs has not been explored. We
observed that CB1R expression was increased in AT2 cells
in fibrotic lungs in pale ear mice (Figure S6A). To inves-
tigate mitochondrial dysfunction in our HpsPF model, we
measured the expression of peroxisome proliferator acti-
vated receptor gamma coactivator 1 alpha (PGC1α), reduc-
tion of which was associated with insufficient mitochon-
drial biogenesis.42 We also determined the levels of phos-
phatase and TENsion homolog (PTEN)-induced kinase 1
(PINK1), which were shown to be decreased in AT2 cells
from fibrotic lungs associated with mitochondrial dys-
function and increased activation of TGF-β1.46 Our results
show that both PGC1α and PINK1 in HpsPF mice were
significantly reduced at day 8, and remained low until
day 42 (Figure S6B, C), indicating a significant increase in
mitochondrial dysfunction. The reduction of PGC1α was
significantly reversed by either CB1R antagonist (rimona-
bant) or hybrid CB1R/iNOS inhibitor (MRI-1867), but not
by an iNOS inhibitor (1400W) (Figure S6B). On the other
hand, CB1R or iNOS inhibition alone significantly atten-
uated the effect of bleomycin in reducing PINK1 expres-
sion, whereas MRI-1867 completely normalized it, sug-
gesting the involvement of both CB1R and iNOS inhi-
bition (Figure S6C). This demonstrates that CB1R and
iNOS activation independently contribute to mitochon-
drial dysfunction in HPSPF, and that combined inhibition
of iNOS and CB1R normalizes mitochondrial biogenesis
markers. Furthermore, CB1R antagonism by either MRI-
1867 or rimonabant fully attenuated bleomycin-induced
elevation of TGFβ-1 protein in BALF from pale ear mice
(Figure S6D).

2.13 MRI-1867 treatment abrogated
bleomycin-induced increase in interleukin
11 levels in the lungs via iNOS inhibition

Recently, interleukin 11 (IL-11) was identified as a ther-
apeutic target for PF because it contributes to fibrob-
last proliferation and promotes fibrosis,47 and was shown
to be critical in the development of HPSPF in pluripo-
tent cell-derived organoids.48 Therefore,we speculated that
IL11 expression could be increased in our HpsPF model.
Indeed, we found out that bleomycin increased IL11 gene

(MRI-1867)-treated groups for endocannabinoid measurements. n = 6 HpsPF mice for control (Ctrl), n = 6 HpsPF mice for vehicle (Veh), and
n = 5 HpsPF mice for MRI-1867 (MRI-1867)-treated groups for oxidized phospholipids and TGFβ-1 measurements. Data were analyzed by
one-way ANOVA followed by Dunnett’s multiple comparisons test. * (p < 0.05) indicates significant difference from the control group. #
(p < 0.05) indicates significant difference from the HpsPF mice treated with vehicle (Veh) at 42 day
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F IGURE 5 Only MRI-1867, but not rimonabant or 1400W, reduced fibrosis and improved PFT in pulmonary fibrosis in HpsPF mice. (A)
Hydroxyproline content as fibrosis measurement. (B) Pressure-volume curve, (C) forced expiratory volume, (D) tissue elasticity, and (E) tissue
damping as measures of lung function. Data represent mean ± SEM. n = 9 mice per group. Control group (Ctrl) were pale ear mice infused
with saline instead of bleomycin. HpsPF mice (pale ear mice challenged with bleomycin) were either given vehicle (veh), MRI-1867,
rimonabant (Rim), or iNOS inhibitor (1400W). Data were analyzed by one-way ANOVA followed by Dunnett’s multiple comparisons test. *
(p < 0.05) indicates significant difference from the control group. # (p < 0.05) indicates significant difference from HpsPF mice treated with
vehicle (Veh) at 42 day

expression level in fibrotic lungs as shown by fluorescence
in situ hybridization (Figure 6A) and real-time PCR (Fig-
ure 6B). The role of iNOS and CB1R in activating IL-11 has
not been investigated previously. Surprisingly, IL-11 eleva-
tionwas completely abrogated by either the iNOS inhibitor
(1400W) or the hybrid CB1R/iNOS inhibitor (MRI-1867)
but not by the CB1R antagonist (rimonabant). This sug-
gests that iNOS activation is responsible for inducing IL-
11 expression in PF. The expression of iNOS in Col1A pos-
itive cells in fibrotic lung (Figure 6C) could also support
this hypothesis.

2.14 TGFβ-1 induced activation of iNOS
and endocannabinoid/CB1R system
regulates activation of human HPSPF
primary lung fibroblasts and iNOS
inhibition attenuates IL-11 expression and
secretion

We further explored the regulation of IL-11 by iNOS study-
ing HPSPF patient-derived primary lung fibroblasts (Fig-
ure 7) and lung fibroblasts from controls unaffected by
lung disease. TGFβ-1 induced increased gene expression of
iNOS (Figure 7B), CB1R (Figure 7C), and the endocannabi-
noid, 2AG (Figure 7D) in HPSPF lung fibroblasts, but not

in control cells (Figure 7B–D), indicating activation of
both endocannabinoid/CB1R and iNOS in effector cells of
human HPSPF. This observation aligns with our histolog-
ical finding that both CB1R and iNOS proteins are highly
expressed in human HPSPF lungs but not in control lungs
(Figure 1B). TGFβ-1 inducedACTA2 andCOLA1 expression
as expected due to fibroblast activation (Figure 7E, F). Pre-
treatment with either MRI-1867 or 1400W, but not rimona-
bant, attenuated TGFβ-1-induced ACTA2 expression, sug-
gesting that iNOS contributes to fibroblast/myofibroblast
activation (Figure 7E). In contrast, pretreatmentwithMRI-
1867 or rimonabant, but not 1400W, attenuated TGFβ-
1-induced COLA1 expression in HPSPF lung fibroblasts,
which suggests that CB1R mediates collagen expression
in these cells (Figure 7F). Furthermore, TGFβ-1 signifi-
cantly increased IL11 gene expression (Figure 7H) and its
secretion by fibroblasts (Figure 7I). Rimonabant pretreat-
ment reduced gene expression of IL-11 (Figure 7G), but
had no effect on IL-11 secretion (Figure 7I), whereas MRI-
1867 or 1400W treatments of HPSPF lung fibroblasts sig-
nificantly attenuated TGFβ-1-induced IL11 gene expression
(Figure 7G) and secretion (Figure 7I). Taken together, our
data uncover a novel antifibrotic role of iNOS inhibition via
downregulating IL-11 in lung fibroblasts and demonstrate
that inhibition of IL-11-mediated fibrosis is a mechanism
of action of MRI-1867.
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F IGURE 6 iNOS activation regulates interleukin-11 (IL-11) expression in lungs during bleomycin-induced HPSPF in pale ear mice. Gene
expression of IL-11 in lung tissue sections by RNAscope in situ hybridization (ISH) was performed on fixed lung tissue sections (A) and by
real-time PCR in lung homogenate (B) in pale ear mice. Colocalization of Nos2 and IL11 in Col1a expressing cells by RNAscope in situ
hybridization (ISH) (C). Data represent mean ± SEM. n = 4 mice for control (Ctrl, pale ear mice infused with saline instead of bleomycin),
n = 5 HpsPF mice for vehicle (Veh), n = 5 HpsPF mice for MRI-1867 (Hybrid CB1R/iNOS inhibitor)-treated group, n = 4 HpsPF mice for
rimonabant (Rim, CB1R antagonist), and n = 4 mice for 1400W (iNOS inhibitor)-treated group. Data were analyzed by one-way ANOVA
followed by Dunnett’s multiple comparisons test. * (p < 0.05) indicates significant difference from the control group. # (p < 0.05) indicates
significant difference from the HpsPF mice treated with vehicle (Veh) at 42 day



12 of 19 CINAR et al.

F IGURE 7 MRI-1867 treatment reduces fibroblast activation and IL-11 secretion via iNOS inhibition in primary lung fibroblasts derived
from HPSPF patients. (A) Schematic presentation of primary fibroblast isolation and in vitro experimental conditions. Gene expression levels
of (B) NOS2 and (C) CNR1 in control and HPSPF human lung fibroblasts, and (D) levels of endocannabinoids in the culture medium at 24 h
after incubation in the absence or presence of TGFβ-1 (100 ng/ml). Gene expressions of (E) ACTA2, (F) COL1A1, and (G) IL11 in fibroblasts,
and (H) IL-11 level in culture media at 24 h after treatment with MRI-1867, rimonabant, and 1400W in the presence of TGFβ-1 (100 ng/ml).
Data represent mean ± SEM. n = 3 per group. Data were analyzed by one-way ANOVA followed by Dunnett’s multiple comparisons test. *
(p < 0.05) indicates significant difference from the control group. # (p < 0.05) indicates significant difference from the TGFβ-1+ vehicle group
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3 DISCUSSION

Here, we presented preclinical evidence and clinical obser-
vations that dual-targeting of CB1R and iNOS using a
hybrid inhibitor is an effective antifibrotic therapeutic
strategy for HPSPF. Both in vitro and in vivo data support
the overactivity of the endocannabinoid/CB1R system and
iNOS in a murine model of HpsPF and human HPSPF.
The data also reveal a deleterious role of these two tar-
gets (CB1R and iNOS) in the pathogenesis of HPSPF. The
novel hybrid drug simultaneously targets CB1R and iNOS
to attenuate critical fibrogenic pathways in HPSPF, and its
mechanism of action involves inhibition of TGF-β1, mito-
chondrial dysfunction, and IL-11.
For rare diseases like HPSPF, the translational value

of preclinical experimental models is essential for finding
safe and effective therapies. With limited access to patient
samples, appropriate animal models facilitate our under-
standing of pathological pathways and the development
of potential treatments. First, we found the widespread
protein expression of CB1R and iNOS in human HPSPF
lung explants, which is compatible with the potential
pathogenic role of both proteins even in late stages of PF.
Additionally, elevated BALF levels of the endocannabinoid
anandamide (AEA) in HPSPF patients were negatively
correlated with PFT results, further suggesting a patho-
logical role of CB1R. However, lack of access to human
lung tissue from early disease stages limited our abil-
ity to dissect the role of these proteins in the initiation
and early progression of PF in HPS. Pale ear mice do
not develop spontaneous PF,38 which requires a fibrosis
inducer such as bleomycin. Although bleomycin-induced
PFmodel has some limitations,39 it is a widely used model
for the preclinical assessment of potential therapies for
PF.49 Fortunately, bleomycin-induced PF in pale ear mice
as a mouse model of HpsPF recapitulated overactivation
of both the endocannabinoid/CB1R system and iNOS (Fig-
ure 2) observed in HPSPF patients (Figure 1). This con-
firmed the translational value of this animal model for fur-
ther preclinical testing. Importantly, levels of iNOS, CB1R,
and AEA (Figure 2) were increased in bleomycin chal-
lenged pale ear mice with early and established fibrosis,
which suggested their potential roles in fibrosis initiation
and progression.
Both CB1R and iNOS show similarly low expression in

lungs of control wt and pale ear mice, suggesting compa-
rable baseline expression under healthy conditions. Since
pale ear mice do not develop spontaneous fibrosis, we
can not directly test whether CB1R and/or iNOS overac-
tivity contributes to fibrosis development in mice in the
absence of a fibrosis inducer. However, in the presence of
bleomycin, both iNOS and CB1R expression and function
are remarkably increased at the early fibrosis initiation

stage and then remain elevated throughout fibrosis pro-
gression (Figure 2).27 Endocannabinoids, CB1R, and iNOS
are similarly overactivated in IPF27 and HPSPF, indicating
their requisite role in PF initiation and progression.
iNOS is known to be involved in alveolar inflammation

by activating AMs and for its hyperresponsiveness in HPS,
which was the rationale for us to target iNOS in HPSPF.
Moreover, there is evidence that iNOS is significantly over-
expressed in multiple cell types during tissue injury and
fibrosis. iNOS may regulate multiple downstream patho-
logic pathways in different cells, but its cell-specific reg-
ulatory roles are not well understood. For instance, an
early proliferative response of human pulmonary fibrob-
lasts to inflammatory stimuli is associated with increased
iNOS gene expression.17 In addition, iNOS protein levels in
human lung tissue are strongly correlated with the sever-
ity of PF, whereas low expression of iNOS is associated
with reduced risk of death in PF.50 Consequently, iNOS
inhibitors showed antifibrotic efficacy in rodent models of
experimental fibrosis.51 Here, we discovered a previously
unrecognized role of iNOS in regulating IL-11 expression
and secretion by activated lung fibroblasts (Figure 7). Itwas
recently shown that IL-11 is essential for PFdevelopment in
IPF and HPSPF.47,48 Therefore, inhibiting IL-11 expression
and its signaling pathway emerged as a therapeutic goal for
HPSPF. MRI-1867 attenuated the fibrogenesis-associated
increase in IL-11 levels via iNOS inhibition in the lungs of
HpsPFmice (Figure 6) and HPSPF human lung fibroblasts
(Figure 7), which suggests that iNOS regulates IL-11. Thus,
inhibiting iNOS could be sufficient to inhibit IL-11 in PF,
and our findings validate the therapeutic potential of iNOS
inhibition in HPSPF.
The therapeutic efficacy of MRI-1867 in treating HPSPF

is further demonstrated by the compound’s ability to atten-
uate mitochondrial dysfunction. Mitochondrial dysfunc-
tion, particularly in AT2 cells, is a feature of PF suscepti-
bility, which is observed in HPS. Impairment of mitochon-
drial biogenesis with reduction of PGC1a, PINK1, and fatty
acid oxidation in AT2 cells could exacerbate lung injury
and promote PF.42,46,52 We found that MRI-1867 normal-
izes PGC1a and PINK1, markers of mitochondrial biogen-
esis in the lung (Figure S6). Overactivation of CB1R and
iNOS is associated with mitochondrial dysfunction, and
we found both proteins to be viable targets for pharma-
ceutical intervention, makingMRI-1867 a strong treatment
candidate. Increased oxidative and nitrosative stress fuel-
ing mitochondrial dysfunction in the lung42 is compatible
with a role of iNOS in mitochondrial dysfunction.53,54 Fur-
thermore, CB1R-dependent mitochondrial dysfunction of
AT2 cells may also be responsible for the observed increase
in lung levels of truncated oxi-PCs, and consequently, ini-
tiation of HPSPF. Uptake of truncated oxi-PCs by AMs is
associated with conversion to foamy cells as well as M2
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polarization and TGFβ-1 secretion, both of which are fea-
tures of PF initiation.40 Another study demonstrated that
AT2 cell-derivedmonocyte chemoattractant protein-1 con-
trols TGFβ-1 release from AMs in pale ear mice.34 Here,
both MRI-1867 and rimonabant treatment almost com-
pletely attenuated bleomycin-induced increase in TGFβ-
1 levels in BALF from pale ear mice (Figure S6D). The
truncated oxi-PCs with increased levels in PF (Figure 4)
are derived fromphosphatidylcholines that are abundantly
produced by AT2 cells as critical surfactant components.40
Moreover, mitochondria play a critical role in generat-
ing surfactant phosphatidylcholines, and we found that
CB1R blockade attenuated the increase in truncated oxi-PC
levels.41 Additionally, acute CB1R activation increased IL-
6 and TNFα in synthetic cannabinoid-induced acute lung
injury, which were completely blocked by CB1R antago-
nism. This also indicates thatCB1R activation inducesmul-
tiple proinflammatory cytokines in inflammatory lung dis-
eases. Future studies should investigate the role of AT2-
cell CB1R in truncated oxi-PC formation and regulating
cytokine signaling in PF. Overall, our current findings are
compatible with a pathogenic role of CB1R activation in
HPSPF and its contribution to increased TGFβ-1 levels
(Figure S6) in pale ear mice and activated human HPSPF
lung fibroblasts (Figure 7). Thus, CB1R is a potential ther-
apeutic target in HPSPF.
The accelerated progression and complex pathobiol-

ogy of HPSPF require a multitarget therapeutic approach.
MRI-1867 is an orally bioavailable dual-target compound
that selectively blocks peripheral CB1R due to its lim-
ited brain penetrance and also directly inhibits iNOS
activity.36,55 MRI-1867 treatment also resulted in improved
therapeutic efficacy relative to single target inhibitors
in rodent models of liver fibrosis,36 obesity-induced
dyslipidemia,56 kidney fibrosis,57 and PF.27 Therefore,
dual-inhibition of CB1R and iNOS by MRI-1867 could be a
promising therapeutic strategy providing improved antifi-
brotic efficacy in multiple forms of organ fibrosis.55,58
Taken together, these findings underscore important

similarities between human HPSPF and pale ear mouse
bleomycin-induced HpsPF that strengthen the transla-
tional potential of this model and provides justification for
developing MRI-1867 as a candidate drug to treat patients
with HPSPF.

4 MATERIALS ANDMETHODS

4.1 Chemicals

MRI-1867 (the S enantiomer S-MRI-1867) was synthe-
sized as described.36,59 Rimonabant was obtained from
the National Institute of Drug Abuse Drug Supply Pro-

gram (Research Triangle Park, NC, USA). 1400Wwas from
Tocris (Bristol, UK). Pharmaceutical grade bleomycin was
from Hospira (Lake Forest, IL, USA). All the other chemi-
cals were from Sigma–Aldrich (St. Louis, MO, USA).

4.2 Experimental drug treatment

The compounds were administered by oral gavage once
daily as indicated. The vehicle was a 1:1:18 ratio of
DMSO:Tween 80:Saline. Oral formulationswere applied at
1 mg/ml concentrations to achieve doses of 10 mg/kg.

4.3 Human subject consent

Subjects with IPF, HPS, and healthy research volunteers
provided written informed consent and enrolled in pro-
tocol 95-HG-0193 (clinicaltrials.gov NCT00001456, “Clin-
ical and Basic Investigations into Hermansky-Pudlak Syn-
drome”) or 04-HG-0211 (clinicaltrials.gov NCT00084305,
“Procurement and Analysis of Specimens from Individu-
als with Pulmonary Fibrosis”), which were approved by
the Institutional Review Board of the National Human
Genome Research Institute. Study eligibility criteria were
previously described.60 Human subject characteristics for
BALF samples are given in Table 1.

4.4 PFTs for human subjects

PFT was performed as described.61 Briefly, forced vital
capacity, total lung capacity, and diffusion capacity of
carbon monoxide measurements were made in accor-
dance with American Thoracic Society guidelines (Sen-
sorMedics, Yorba Linda, CA, USA). Values were expressed
as percentages of predicted values.

4.5 BALF and lung tissue procurement
for human subjects

BALF was isolated and lung tissue fixed in 10% formalin.
Both were procured as described.62,63

4.6 Animals

All animal procedures were conducted in accordance with
the rules and regulations of the Institutional Animal Care
and Use Committee of the National Institutes of Alcohol
Abuse and Alcoholism (NIAAA) and the National Human
Genome Research Institute (NHGRI), under the protocols
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of LPS-GK1 and G-14-3, respectively. Thirteen-week-old
male C57BL/6J mice were obtained from The Jackson Lab-
oratory (Bar Harbor, ME, USA). Pale ear mice were on a
C57Bl/6J genetic background. Mice were housed individu-
ally under a 12-h light/dark cycle and fed a standard diet,
ad libitum (Teklad NIH-31; Envigo, Huntingdon, UK).

4.7 Oropharyngeal aspiration of
bleomycin

We generated a bleomycin-induced PF model by deliv-
ering bleomycin via oropharyngeal aspiration as previ-
ously described.39 Briefly, bleomycin (Hospira) is delivered
to mice anesthetized with ketamine/xylazine through the
oropharynx at 0.3 U/kg using a sterile 100 μl pipette during
inspiration at a volume of 100 μl/50 g body weight. Ster-
ile saline was used as vehicle and applied to the control
groups. The animals are then allowed to recover from the
anesthesia.

4.8 Subcutaneous osmotic delivery of
bleomycin

We generated a bleomycin-induced PF model by deliver-
ing bleomycin (60 U/kg/7 days) via subcutaneous osmotic
delivery39 as previously described.

4.9 BALF harvesting frommice

BALF was collected from anesthetized mice by lavaging
lungs three times with 1 ml Hanks’ balanced salt solution
without calcium and magnesium (HBS-) (Sigma Aldrich).
Supernatantwas collected as BALF for further analysis and
500 μl of BALF was subjected to endocannabinoid mea-
surements.

4.10 Lung function measurements in
pale ear mice

Respiratory system mechanics measurements were per-
formed using the FlexiVent FX system (SCIREQ Inc.,Mon-
treal, Canada), which is equipped with an FX1 module
and negative pressure forced expiration extension formice.
FlexiWare v7.2 software was used to operate the system.
Forced oscillation techniques and forced expiration mea-
surements were conducted as described previously.64,65
Lung functionmeasurementswere performed at the end of
the study as a terminal procedure. Mice were anesthetized
by intraperitoneal (IP) injection of Ketamine/Xylazine,
then an 18-gauge metal cannula was inserted into the tra-

chea by small incision. Pancuronium was then admin-
istered by IP injection (0.8 mg/kg) to induce paralysis
before connecting mice to FlexiVent and starting ventila-
tion. Pressure-volume (PV) curve, airway resistance, tis-
sue damping (G), tissue elastance (H), and forced expira-
tory volume per 0.1 s (FEV 0.1) parameters weremeasured.
Mouse tissue was collected after performing lung function
tests.

4.11 Real-time PCR analyses

RNA extraction was performed using RNeasy Mini
Kits from Qiagen (Valencia, CA). One microgram of
total RNA was reverse transcribed to cDNA using Bio-
Rad iScript cDNA synthesis kit (Hercules, CA). Expres-
sion of the target gene was quantified with gene-
specific primers and PowerSYBRGreen master mix using
a StepOnePlus Real-Time PCR instrument from Applied
Biosystems. Predesigned mouse Tbp (QT00198443, Col1a
(QT00162204), Nos2 (QT00100275), Cnr1 (QT00115395),
Ppargc1a (QT00156303), Pink1 (QT00111349), and IL11
(QT00122122, QT00074088) primers were purchased from
Qiagen. The house-keeping gene TATA-Box Binding Pro-
tein (Tbp) was used as the loading control. Gene expression
values were calculated based on the ∆∆Ct method.

4.12 Cytokine measurements

Level of IL-11 in fibroblast culture media was measured
using the IL-11 human ELISA Kit (Abcam). Level of TGF-
β1 in BALFwasmeasured using TGF-β1 quantikine ELISA
kit (R&D systems).

4.13 Endocannabinoid measurement

The tissue levels of endocannabinoids were measured
by stable isotope dilution liquid chromatography/tandem
mass spectrometry (LC-MS/MS) as described.36

4.14 Tissue levels of drugs

MRI-1867 levels were measured by LC-MS/MS as
described.36

4.15 Hyp measurement

The degree of lung fibrosis was quantified biochemically
by measuring Hyp content of lung extracts using LC-
MS/MS as described.39
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4.16 Fluorescent in situ hybridization

Fluorescent in situ hybridization (FISH) was performed
using the RNAscope R© Multiplex Fluorescent Kit v2
(Advanced Cell Diagnostics [ACD], Newark, CA, USA,
Cat. 323110) as previously described39 using formalin fixed
paraffin embedded (FFPE) lung tissues frommice. Images
were collected using the Zeiss LSM700 confocal micro-
scope. The probes used from ACD were Col1a1 in chan-
nel 2 (Cat. 319371-C2), Sftpc in channel 2 (Cat. 314101-
C2), Cd68 in channel 2 (Cat. 316611-C2), Cnr1 in channel
1 (Cat. 420721), Nos2 in channel 1 (Cat. 319131), and IL11 in
channel 1 (Cat. 552461). The fluorophores used to visual-
ize the RNAscope R© ISH probes were cyanine 3 and 5 from
the TSA Cyanine 3 & 5, TMR, Fluoresein Evaluation Kit
(Perkin Elmer, Waltham, MA, USA; Cat. NEL760001KT).
Cyanine 3 and 5 were diluted in RNAscope R© LS Multi-
plex TSA Buffer (ACD, Cat. 322810). The fluorophore dilu-
tions for each RNAscope R© ISH probe were Cd68-Cyanine
5 (1:750), Sftpc-Cyanine 5 (1:15000), and Col1a1-Cyanine 5
(1:7500). The positive control probes for determining lung
tissue RNA quality were Polr2a in channel 1 and Ubc in
channel 3 from the RNAscope R© 3-Plex Positive Control
Probes (ACD, Cat. 320881). Fluorophore dilutions for posi-
tive control probes were Polr2a-Cyanine 3 (1:750) andUbc-
Cyanine 5 (1:750). The negative control probe for determin-
ing nonspecific background staining was bacterial gene
dapB in channels 1 and 3 from theRNAscope R© 3-PlexNeg-
ative Control Probe (ACD, Cat. 320871). The fluorophore
concentrations for the negative control probe were dapB-
channel 1-Cyanine 3 (1:750) and dapB-channel 3 Cyanine
5 (1:750). All washes, AMP steps, and blocking steps were
performed according to the RNAscope R© Multiplex Fluo-
rescent Reagent Kit v2 User Manual.

4.17 Histology and
immunohistochemistry

The right lung was used for histology for mice. Dur-
ing lung harvesting, first the left bronchial arm was lig-
ated, and the left lung removed for biochemical analy-
ses. The remaining right lung was then inflated by 1.5 ml
of 10% neutralized formalin solution introduced into the
trachea using a syringe. The right bronchial arm was
then ligated to keep the lung inflated before its removal.
The right lung was then fixed in 10% neutralized forma-
lin solution, embedded in paraffin and sectioned (4 μm)
onto glass slides. Immunohistochemistry was performed
as described36 by using primary antibodies against iNOS
(Abcam 15323), CB1R (anti-mouse L15).66 Immunostain-
ing intensity was quantified by using IMAGEJ software
(NIH Public Domain) by a person blind to the sample ID.

Quantification of images from one sample was averaged
for actual data presentation for each sample n = 6 per
group.

4.18 Masson’s trichrome staining

Histological staining was performed using Masson’s
Trichrome Kit (Thermo Fisher Scientific) with a slight
optimization of the supplier’s microwave staining proto-
col. Four micrometers tissue sections were stained with
the following time adjustments: DI water rinse adjusted
to 5 min after Bouin’s Fluid; Weigert’s Iron Hematoxylin
stain adjusted to 3 min; Biebrich Scarlet-Acid Fuchsin
solution adjusted to 2 min; and Aniline Blue Solution
adjusted to 25 min. All other steps were performed as
instructed.

4.19 Ashcroft scoring

Images were taken at 200X magnification from at least
eight randomly selected areas per lung tissue slides. Three
readers scored the same fields independently (0= no fibro-
sis; 8 = severe fibrosis) and were blinded to study group.

4.20 Survival analysis for mice

Survival curves were plotted by using GraphPad Prism
8 software. Survival was analyzed by using Log-rank
(Mantel–Cox) test for assessing statistical difference
between animal groups.

4.21 Primary lung fibroblasts isolation
and treatments

Explanted lung tissue sampleswere obtained frompatients
with genetically confirmed HPS-1 who underwent clin-
ically indicated lung transplantation for HPSPF. Lung
fibroblasts were cultured in growth media containing 10%
Mesenchymal Cell Growth Supplement, 2% L-Glutamine,
and 0.1% Gentamicin Sulfate in Lonza’s Mesenchymal
Stem Cell Basal Medium (Lonza, Switzerland). Control
lung fibroblasts were purchased from Lonza and main-
tained in the same growth media. When the fibroblasts
reached 80–90% confluency, cells were incubated with
either 1 μM MRI-1867, 1 μM Rimonabant, 1 μM 1400W,
or DMSO for vehicle and fibrosis-only control. One hour
later, the cells were stimulated with 10 ng/ml TGFβ-
1 (240-B-010, R&D Systems) diluted in 4 mM HCL in
1 mg/ml BSA (R&D Systems), while the vehicle and
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fibrosis-only control were incubated with equal volume
of diluent. Twenty-four hours later, culture supernatant
was collected and rapidly frozen for cytokine and endo-
cannabinoid measurement. Cells were washed three times
with PBS, trypsinized, washed, pelleted, and frozen. RNA
was collected using Maxwell R© RSC simplyRNA Cells
Kit (AS1390) on a Maxwell R© RSC Instrument (AS4500,
Promega). RNA quality and quantity were measured using
QuantiFluor R© RNA System (E3310) on a Quantus™ Flu-
orometer (E6150, Promega). One microgram of RNA was
transcribed to cDNA as above.

4.22 Statistical analysis

Statistical analysis was performed by unpaired two-tailed
Student’s t test or one-way ANOVA, as appropriate and
indicated in figure legends. p < 0.05 was considered sig-
nificant.
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