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ABSTRACT: Functional selectivity in the context of serotonin 2A (5-HT2A) receptor agonists is often described as differences
psychedelic compounds have in the activation of Gq vs β-arrestin signaling in the brain and how that may relate to inducing
psychoactive and hallucinatory properties with respect to each other. However, the presence of 5-HT2A receptors throughout the
body in several cell types, including endothelial, endocrine, and immune-related tissues, suggests that functional selectivity may exist
in the periphery as well. Here, we examine functional selectivity between two 5-HT2A receptor agonists of the phenylalkylamine
class: (R)-2,5-dimethoxy-4-iodoamphetamine [(R)-DOI] and (R)-2,5-dimethoxy-4-trifluoromethylamphetamine [(R)-DOTFM].
Despite comparable in vitro activity at the 5-HT2A receptor as well as similar behavioral potency, (R)-DOTFM does not exhibit an
ability to prevent inflammation or elevated airway hyperresponsiveness (AHR) in an acute murine ovalbumin-induced asthma model
as does (R)-DOI. Furthermore, there are distinct differences between protein expression and inflammatory-related gene expression
in pulmonary tissues between the two compounds. Using (R)-DOI and (R)-DOTFM as tools, we further elucidated the anti-
inflammatory mechanisms underlying the powerful anti-inflammatory effects of certain psychedelics and identified key mechanistic
components of the anti-inflammatory effects of psychedelics, including suppression of arginase 1 expression.
KEYWORDS: psychedelic, functional selectivity, asthma, 5-HT2A, inflammation, anti-inflammatory

Serotonin 5-HT2A receptor agonists have recently emerged as an
exciting new target for therapeutic development in the treatment
of neuropsychiatric disorders like depression and substance use
disorder.2 5-HT2A receptors are the primary site of action for the
behavioral effects associated with psychedelic drugs,3 and
because of their powerful behavioral effects, the vast majority
of research concerning psychedelics has focused on their central
nervous system (CNS) modulation.4 However, the wide
prevalence of 5-HT2A receptors in peripheral tissues underscores
the need for further research into their function and therapeutic
potential in non-CNS tissues.5 Because of its high selectivity for
the 5-HT2 receptor family,

6 the agonist (R)-2,5-dimethoxy-4-
iodoamphetamine [(R)-DOI] has received the most widespread
utilization in preclinical studies of 5-HT2A receptor pharmacol-
ogy. We previously discovered that (R)-DOI has potent anti-

inflammatory activity in vitro7 and across several rodent
inflammatory systems8−11 through 5-HT2A receptor activation.
We have examined the anti-inflammatory effects of (R)-DOI the
most within the ovalbumin (OVA)-sensitization model of
allergic asthma, a system with ease of use9 and high degree of
reproducibility.12, 13 When administered intranasally at sub-
behavioral doses prior to allergen challenge, (R)-DOI reduces
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both airway hyperresponsiveness (AHR) as well as resistance,
prevents mucus overproduction that accompanies repeated
allergen challenge, and prevents the increase in the mRNA
expression of a specific subset of genes representing OVA-
induced proinflammatory biomarkers (including Il5, Il13, Mcp-
1, and Gm-csf) but not others (e.g., Il4).9 Further, intranasally
administered (R)-DOI reverses collagen deposition and airway
remodeling in addition to reducing inflammation in established
asthma (i.e., a chronic model).11 Interestingly, we previously
found that the anti-inflammatory efficacy of psychedelics in the
acute OVA allergic asthma model does not correlate with either
behavioral or canonical signaling potency or efficacy at 5-HT2A
receptors.12 The effects of certain psychedelics to prevent
inflammation and allergic asthma phenotypes are different from
those of serotonin, which are known to be proinflammatory and
increase AHR through activation of 5-HT2A receptors in models
of allergic asthma.14

Here, we sought to further elucidate mechanisms underlying
the anti-inflammatory effects of 5-HT2A receptor activation by
certain psychedelics by capitalizing on the functionally selective
properties of two specific ligands. The first is (R)-DOI, which we
described above. The second is (R)-2,5-dimethoxy-4-trifluor-
omethylamphetamine [(R)-DOTFM]. (R)-DOTFM is very
similar in structure to (R)-DOI, only differing at the 4’ position
of their phenylalkylamine core15 (Figure 1). Furthermore, both

are potent and full agonists at 5-HT2A receptors with virtually
identical pharmacological properties and potent behavioral
effects in rodents.15 However, whereas (R)-DOI is a potent anti-

inflammatory, (R)-DOTFM has no measurable anti-inflamma-
tory activity even at relatively high doses in our asthma model.12

In this work, we leverage these tools to examine physiological
and molecular outcomes to elucidate mechanisms relevant for
anti-inflammatory efficacy downstream of 5-HT2A receptor
activation with the underlying hypothesis that effectors and
pathways activated or inhibited specifically by (R)-DOI, but not
by (R)-DOTFM, in OVA-treated animals represent those
critical for anti-inflammatory effects. We demonstrate that (R)-
DOTFM fails to prevent elevated AHR in our acute murine
asthma model, fails to prevent the expression of OVA-induced
proinflammatory cytokines, and induces a different proteomic
response in the lung from that of (R)-DOI in our mouse OVA
allergic asthma model. Our results suggest that the suppression
of expression of certain proteins, such as arginase 1 (Arg1), may
contribute to reduced airway pathophysiology and the anti-
inflammatory effects of (R)-DOI. Further, our work demon-
strates that functional selectivity exists between psychedelic
compounds in vivo with respect to physiological outcomes, a
finding that should be taken into account when designing novel
5-HT2A agonists for clinical applications.

■ RESULTS AND DISCUSSION
Functional Assessment of (R)-DOI and (R)-DOTFM on

5-HT2-Mediated Signaling Pathways. For Gq-mediated
calcium flux downstream of the activation of human 5-HT2A
receptors,16 we found that both (R)-DOI and (R)-DOTFM
have virtually identical properties, both being full and potent
agonists (Figure 2A). Further, β-arrestin recruitment to 5-HT2A
receptors following the administration of (R)-DOI and (R)-
DOTFM was not significantly different between the two
compounds (Figure 2B). That (R)-DOTFM has no measurable
anti-inflammatory activity while still being a potent and full
agonist at these signaling pathways further underscores our
earlier observation that these canonical pathways do not
underlie the anti-inflammatory effects of psychedelics.12

Head-Twitch Response. (R)-DOTFM is a potent activator
of the HTR, with an ED50 of 0.60 μmol/kg (Figure 3). This is
nearly identical to the 0.66 μmol/kg ED50 of (R)-DOI in the
HTR assay as previously determined using the same protocols
and number of animals as described by Halberstadt et al.1

Figure 1. Structures of compounds. (R)-2,5-Dimethoxy-4-iodoam-
phetamine [(R)-DOI]. (R)-2,5-Dimethoxy-4-trifluoromethylamphet-
amine [(R)-DOTFM].

Figure 2. Concentration−response curves for signaling pathways in HEK cell lines stably expressing human 5-HT2A receptors. (A) Cells were
administered varying concentrations of (R)-DOI or (R)-DOTFM, and fluorescence was monitored for 5 min. Both drugs are nearly identical at this
Gq-mediated signaling pathway. (B) Cells were administered varying concentrations of (R)-DOI or (R)-DOTFM, and luminescence was monitored
for 120 min. Experiments were performed in parallel and represent three or more independent experiments; error bars indicate ± SEM.
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Intranasal Administration of (R)-DOI and (R)-DOTFM
Differentially Impacts Anti-AHR Activity Associated with
5-HT2A Receptor Activation. In the acute allergic OVA
asthma model, we determined the enhanced pause (PenH) in
wild-type BALB/c mice (Figure 4) for (R)-DOI and (R)-

DOTFM. In agreement with our previous results, intranasally
administered (R)-DOI (0.5 mg/kg) fully prevented ovalbumin-
induced elevations in AHR following methacholine challenge.
Conversely, intranasally administered (R)-DOTFM (0.5 mg/
kg) was unable to prevent ovalbumin-induced elevations in
AHR (Figure 4). Further, pretreatment with (R)-DOTFM
elicited a trend for increased hyperresponsivity greater than
OVA-alone.

Effects of Intranasally Administered (R)-DOI and (R)-
DOTFM on Proinflammatory Biomarker Gene Expres-
sion. In the standard acute OVA sensitization model of allergic
asthma, pulmonary inflammation is at its peak 48 h after the
third and final OVA exposure.13 In this experiment, similar to
our previous experiment, appropriate groups of animals were
pretreated with 0.5 mg/kg intranasal (R)-DOI or (R)-DOTFM
for 30 min prior to allergen exposure. For proinflammatory

biomarker analyses, two genes were selected: interleukin 6 (Il6)
and C-X-Cmotif chemokine ligand 10 (Cxcl10) (Figure 5). IL-6
has well-defined roles in both the immune response and
asthma;17 concordantly, CXCL10 expression is altered in several
inflammatory models following 5-HT2 activation.

10,11 OVA
increased mRNA levels of both inflammatory markers (Figure
5). Exposure to (R)-DOI or (R)-DOTFM alone did not
significantly alter the expression of Il6 and Cxcl10 (Figure 5).
Pretreatment with (R)-DOI completely attenuated elevations of
OVA-induced Il6 and Cxcl10 (Figure 5A), whereas (R)-
DOTFM pretreatment produced no significant reduction
(Figure 5B).

Quantitative Proteomics Analysis of OVA-Challenged
Whole-Lung Homogenate from Mice Treated with
Intranasal (R)-DOI or (R)-DOTFM. To gain insight into the
potential mechanism of action, these two drugs were leveraged
as tools in quantitative proteomic experiments. Our hypothesis
was that proteins with shared regulation likely represent overall
effects of 5-HT2 receptor activation, whereas those significantly
influenced by (R)-DOI but not (R)-DOTFM represent those
potentially involved in the mechanism of action for anti-
inflammatory effects. Tandem mass tag-liquid chromatogra-
phy−mass spectrometry (TMT-LC−MS/MS) analyses were
performed for proteomic profiling of whole-lung homogenate
from all treatment groups: naive mice (n = 5); OVA mice (n =
5); (R)-DOI alone mice (n = 5); (R)-DOTFM alone mice (n =
5); (R)-DOI + OVA (n = 6); and (R)-DOTFM + OVA (n = 6).
About 5000 total proteins were quantifiably detected, with about
another 800 proteins identified but not quantifiable.
As expected, the treatment with an OVA alone induced

several protein changes relevant to inflammation and asthma
(Table S1). Both (R)-DOI and (R)-DOTFM had significant
effects on protein expression in normal mice (non-OVA treated)
(Tables S2 and S3). In comparing the effects of (R)-DOI to (R)-
DOTFM in control mice for proteins differentially affected by
>2-fold, p < 0.01, there was a weak correlation (r = 0.297, p <
0.0001) (Figure 6A). In OVA-treated animals, (R)-DOI and
(R)-DOTFM had a similar weak correlation for differentially
expressed proteins (r = 0.247, p < 0.0001) (Figure 6B). These
results indicate that although (R)-DOI and (R)-DOTFM induce
somewhat of a shared proteomic response in both control and
OVA-treated animals, there is a considerable difference in the
proteomic responses between the two drugs. Specifically, we
identified several proteins that had a greater than 2-fold
expression difference (p < 0.01) between (R)-DOI and (R)-
DOTFM in OVA-treated animals (Table S4). These can be
grouped into two sets: (1) proteins significantly altered by (R)-
DOI but not (R)-DOTFM (Figure 7) and (2) proteins
significantly altered by (R)-DOTFM but not (R)-DOI (Figure
8).
The protein that was most changed by (R)-DOI compared to

(R)-DOTFM in the OVA-treated mice was the high mobility
group nucleosome binding domain 1 (HMGN1), which
increased by 378-fold in the (R)-DOI treatment vs no change
in the (R)-DOTFM treatment (Figure 7A). Interestingly,
several additional chromatin/epigenetic-related proteins were
differentially altered between (R)-DOI and (R)-DOTFM.
Another interesting protein preferentially increased by (R)-
DOI compared to (R)-DOTFM in the OVA-treated animals is
Nucks1, which is associated with chromatin accessibility,18

energy homeostasis,19 and DNA damage repair.20 Two of the
most repressed proteins by (R)-DOI compared to (R)-DOTFM
were arginase 1 (Arg1; 11-fold decrease vs no change) and

Figure 3. Head-twitch analysis of (R)-DOTFM. The effects of (R)-
DOTFM were examined in the head-twitch response (HTR) assay.
(R)-DOTFM produced a strong HTR with a potent ED50 of 0.60
μmol/kg. These values are equivalent to (R)-DOI, as previously
determined.16 Values are mean HTR counts ± SEM.

Figure 4. (R)-DOTFM fails to prevent OVA-mediated elevations in
AHR compared to (R)-DOI in BALB/c mice. Results from whole body
plethysmography on awake, freely moving mice exposed to 0.5 mg/kg
(R)-DOI or 0.5 mg/kg DOTFM (inhaled). n = 7−8 mice/treatment
group; ^p < 0.001 (R)-DOI +OVA vs naive, #p < 0.001 (R)-DOTFM+
OVA vs naive; error bars represent ± SEM; two-way ANOVA with
Bonferroni post hoc test.
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chitinase, both of which have been tightly linked to the
pathophysiology of allergen-induced asthma and proinflamma-
tory processes.21,22Figure 9 shows a volcano plot of proteins in
the (R)-DOI + OVA group compared to OVA alone and the
(R)-DOTFM + OVA group compared to OVA alone,
highlighting the marked decrease in expression produced by
(R)-DOI treatment compared to (R)-DOTFM treatment.
Cluster analysis using STRING highlighted a densely inter-
connected subset of proteins primarily consisting of an
extracellular matrix and structural proteins including lamins

and collagens (Figure 7B). A similar analysis of proteins only
significantly affected by (R)-DOTFM revealed a loosely
interconnected set of histone-related proteins (Figure 8B).
Myosin light chain kinase 2 (Myl2) was the most increased by
(R)-DOTFM, by 182-fold vs no change by (R)-DOI in the
OVA-treated animals (Figure 8A).

Validation of Arg1 Expression. In allergic asthma, Arg1
expression levels correlate with AHR, airway inflammation, and
airway remodeling.23,24 To validate quantitative proteomic
results for Arg1 expression, we performed Western blot analysis

Figure 5.Nebulized nose-only administration of (R)-DOTFM and (R)-DOI (0.5 mg/kg) differentially regulates inflammatory gene expression prior
to and uponOVA exposure. Quantitative RT-PCRmeasurement of mRNA expression levels for interleukin 6 (Il6) and C-X-Cmotif chemokine ligand
10 (Cxcl10) following drug treatment 30 min prior to OVA exposure (Drug + OVA) ((A) (R)-DOI and (B) (R)-DOTFM, respectively) is shown.
OVA alone increased the expression of both inflammatory markers, whereas nasal treatment with either drug produced no significant difference from
naive controls. Pretreatment with (R)-DOI prior to allergen exposure completely blunted the expression of both inflammatory markers. (R)-DOTFM
was unable to reduce inflammatory marker expression for either inflammatory marker. n = 6−7 mice/treatment group; error bars represent SEM; p
values for all comparisons < 0.05 are shown; one-way ANOVA with Tukey post hoc test for multiple comparisons.
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on lung homogenates. As expected, Arg1 expression was
significantly and robustly increased in the OVA-treated animals
compared to the control group (Figure 10A,B; Figure S1).

Pretreatment with (R)-DOI blocked OVA-induced Arg1
expression. In contrast, pretreatment with (R)-DOTFM

Figure 6. Correlational analysis between the effects of (R)-DOI and (R)-DOTFM. There is a weak correlation between protein changes induced in
control animals (>2-fold; p < 0.01) (A). There is a moderate correlation between protein changes in OVA-treated animals (B). The log [fold change]
induced by (R)-DOI (DOI on plot) is plotted on the X axis, and the log [fold change] induced by (R)-DOTFM (DOTFM on plot) is plotted on the Y
axis.
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significantly increased Arg1 expression above that of OVA-
alone.

GSEA. Applying GSEA to protein data sets, several sets of
proteins were found to be significantly increased and decreased
by (R)-DOI in the control animals (Figure 11). Those pathways
with proteins increased by (R)-DOI include “metabolic
pathways” (Table S5) and “peroxisome”, with significantly
decreased sets including “focal adhesion” (Table S6) and “PI3K-
Akt signaling pathway”. There were no sets significantly changed
by (R)-DOTFM in the control animals. In the OVA-treated
animals, (R)-DOI had a very different set of proteins
significantly altered that included the increased sets of “ECM-
receptor interaction” (Table S7) and “focal adhesion”, and the
decreased sets of “protein processing in endoplasmic reticulum”
(Table S8) and “phagosome”. In the OVA-treated animals, (R)-
DOTFM only significantly increased protein sets, including
“metabolic pathways” (Table S9), and none were significantly
decreased. These results together underscore that these two

drugs are eliciting quite different responses despite their similar
pharmacology.
We have previously demonstrated in a rodent acute asthma

model that 5-HT2A receptor activation mediates the anti-
inflammatory effects of psychedelics and that 5-HT2A agonist
behavioral effects do not correlate with anti-inflammatory
efficacy.12 In this study, we examined two structurally similar
phenylalkylamine psychedelics, (R)-DOI and (R)-DOTFM,
that are virtually identical with respect to physiochemical
properties, 5-HT2A receptor affinity and pharmacology, as well
as behavioral effects.15 We directly compared the two drugs in
the canonical 5-HT2A-coupled signaling pathway of Gq-
mediated calcium flux and recruitment of β-arrestin2 and
found no significant differences in either potency or efficacy
(Figure 2). We also found that (R)-DOI and (R)-DOTFM have
virtually identical activity in the HTR assay (Figure 3), a 5-HT2A
receptor-mediated behavior in mice. However, despite having
similar effects on in vitro and in vivomeasures of 5-HT2A receptor
activation, (R)-DOI is a potent anti-inflammatory compound,

Figure 7. Interaction networks: (R)-DOI. Proteins whose expression are significantly (p < 0.01) changed 2-fold or greater in the (R)-DOI + OVA
treatment group compared to OVA alone but not significantly changed in the (R)-DOTFM + OVA group compared to OVA alone. (A) Log [fold
change] plot, with those most differentially expressed labeled. (B) String db interaction map (default settings, disconnected nodes hidden, thickness of
lines represents overall strength of connections across databases).
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whereas (R)-DOTFM is devoid of anti-inflammatory activity
(Figures 4 and 5). These two drugs therefore represent ideal
tools to tease apart aspects of the mechanism of action for the
anti-inflammatory effects of psychedelics and inform future drug
discovery. Further, this work represents the first in-depth
analysis of the functional selectivity of 5-HT2 receptor agonists
outside the CNS.
In agreement with previous results, nasally administered (R)-

DOI completely prevented the development of airway hyper-
responsiveness and suppressed the expression of proinflamma-
tory biomarker mRNA in lung tissues in animals sensitized and
exposed to OVA in our allergic asthma model. At the same
concentration, nasally administered (R)-DOTFM did not
significantly attenuate either OVA-induced airways hyper-
responsiveness or mRNA expression of proinflammatory
biomarkers. The dose of drug that we used, 0.5 mg/kg, is nearly
2 orders of magnitude fold greater than the EC50 anti-
inflammatory dose of (R)-DOI in this model (0.006 mg/
kg).12 Because of the virtually identical nature of the receptor
pharmacology between (R)-DOI and (R)-DOTFM, we do not
believe that this lack of anti-inflammatory activity for (R)-
DOTFM is due to not using enough drug.
We hypothesize that functional selectivity underlies the

differences in anti-inflammatory effects with (R)-DOTFM

stabilizing the 5-HT2A receptor in a slightly different
conformation than (R)-DOI, which ultimately retains coupling
to canonical signaling effectors but lacks coupling to anti-
inflammatory relevant effectors. Further, we hypothesize that
(R)-DOI potently recruits a yet to be identified signal
transduction effector that leads to its anti-inflammatory effects
that serotonin and some agonists like (R)-DOTFM do not
recruit. We employed quantitative proteomic analysis of lung
tissues from animals treated with these drugs to reveal key
mechanistic components of the anti-inflammatory effects of (R)-
DOI. These would likely be proteins whose expression was
significantly altered more by (R)-DOI than by (R)-DOTFM in
OVA-treated animals. In the OVA-alone-treated animals
compared to control, as anticipated, the top differentially
expressed proteins are all relevant to inflammation and/or
asthma (e.g., Clca1,25 Chia,22,26 Bpifb1,27 Epx,28 and
Arg123,24,29). Somewhat surprisingly, given their conserved
structures and pharmacology, there were numerous and
substantial differences between the proteomic responses to
these drugs in both control and the OVA-treated animals. In
control animals, GSEA found that (R)-DOI treatment led to the
most significant decrease in the focal adhesion set (Table S6).
Among the decreased proteins in this set are those associated
with Rho kinase (ROCK; Rho-associated coiled-coil forming

Figure 8. Interaction networks: (R)-DOTFM. Proteins whose expression are significantly (p < 0.01) changed 2-fold or greater in the (R)-DOTFM +
OVA treatment group compared to OVA alone but not significantly changed in the (R)-DOI + OVA group compared to OVA alone. (A) Log [fold
change] plot, with those most differentially expressed labeled. (B) String db interaction map (default settings, disconnected nodes hidden, thickness of
lines represents overall strength of connections across databases).
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kinases) signaling and subsequent downstream targets such as
myosin light chain and actin, suggesting that (R)-DOI may
abrogate some of the effects of an inflammatory agent on tissues
through limiting cytoskeletal or cellular structure remodeling
that exposure to an inflammatory agent may induce. Indeed,
pharmacological inhibition or genetic deletion of ROCK
reduces airway stiffness and abolishes airway hyperresponsive-
ness. (R)-DOTFM did not affect these proteins.
To narrow candidates to those potentially involved in the anti-

inflammatory effects of (R)-DOI, we filtered differentially
expressed proteins for those where there was a 2-fold or greater
difference in the expression change induced by either drug
compared to the OVA-only treated animals (p < 0.01) and
whose difference in expression between that induced by (R)-
DOI and (R)-DOTFM was also 2-fold or greater. We further
grouped these proteins into those that (R)-DOI, but not (R)-
DOTFM, altered levels and those that (R)-DOTFM, but not
(R)-DOI, altered levels in the OVA-treated animals. One of the
most interesting proteins identified is arginase 1 (Arg1). This
enzyme is upregulated by OVA treatment and significantly
downregulated by (R)-DOI treatment (>10-fold), but not by
(R)-DOTFM, where it remains upregulated. In agreement with
the previously established role of elevated Arg1 in the
pathophysiology of asthma, Arg1 levels are significantly elevated
in the group of Arg1 treated above levels induced by OVA alone.
Arg1 catalyzes the production of L-ornithine and urea from L-

arginine, leading to cellular proliferation and collagen
production.30 In the context of asthma, its upregulation results
in inflammation, increased formation of peroxinitrites, and
airways remodeling that are associated with AHR and airway
obstruction.23 In the absence of Arg1 activity, L-arginine is
instead converted to NO via NOS, which inhibits inflammation
and contributes to the relaxation of the bronchial smooth
muscle.24 As such, inhibitors of Arg1 have been explored for
asthma therapeutics.31 In animal models of ischemic heart
disease, high Arg1 expression is associated with a macrophage
phenotype shift from the “classical activated” phenotype (M1)
to the “alternatively activated” phenotype (M2).32 Misbalance
of the M1/M2 polarization equilibrium or misregulated
macrophage polarization switching can exacerbate chronic
inflammatory pathologies.33 Accordingly, Arg1-expressing M2
macrophages produce the precursors necessary for collagen
synthesis and cell proliferation.33,34 As 5-HT2A receptor
activation impacts both elements of macrophage polarization9,35

(unpublished data) and collagen deposition,11 a proteomics
approach has allowed for the identification of Arg1 and its
suppression as a potential mechanism underlying (R)-DOI’s
antiasthma effects.
GSEA revealed that ECM-related proteins are significantly

increased by (R)-DOI relative to that of (R)-DOTFM in OVA-
treated animals. In asthma, dysregulation of airway and
basement membrane remodeling are critical processes in the

Figure 9.Arginase 1. Volcano plot of differential protein expression of the effects of each drug in OVA-treated animals (blue dots = (R)-DOI +OVA vs
OVA alone; orange dots = (R)-DOTFM + OVA vs OVA alone). Arginase 1 (ARG1) is decreased >10-fold by (R)-DOI treatment in OVA-treated
animals compared to OVA alone (blue circle), whereas (R)-DOTFM does not significantly change the expression of arginase 1, although there is a
trend for a slight increase. X axis = log [fold change]; Y axis= log [p]. Inset = word cloud generated for arginase 1 based on associations in scientific
databases.
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progression and chronicity of asthma.36,37 As such, fibrillar
collagens (i.e., collagens I and III) and network-forming
collagens (type IV) all contribute to airway structure and are
misregulated in asthma. Our work here shows that unlike (R)-
DOTFM, (R)-DOI both positively and negatively regulates
collagen associated proteins associated with the preservation of
homeostatic basement membrane conditions (e.g., Serpinh1,
Col14a1, Col15a1, Col6a1, Col6a2, and Col6a6). Importantly,
collagen fibers undergo cross-linking processes, which play
critical roles in the stiffness of the lung structure.37 A recent
study utilized vitamin B2 and ultraviolet A radiation to cross-link
collagen in bovine lungs, ultimately stiffening their structure.38

Interestingly, even without an inflammatory stimulus, cross-
linked lungs constricted more quickly and to a greater degree
than control samples. Our work suggests that themaintenance of
airway structure integrity via (R)-DOI treatment is likely a
mechanism of negating cytokine-mediated alterations to
membrane structure, which prophylactically may provide a
noninflamed microenvironment that prevents increased mis-
regulation. Similar mechanisms may underlie our previous

finding that (R)-DOI can reverse and reduce collagen deposition
and airway structural remodeling in a chronic asthma model.11

Our results represent the first in-depth study of the functional
selectivity of 5-HT2 receptor agonists in peripheral tissues.
Manipulating elements of functional selectivity to improve
therapeutic properties of compounds is a strategy currently
being employed in drug discovery with cardiovascular
medications.39 Results from our previous work investigating
the SAR of psychedelics identified 2,5-dimethoxyphenethyl-
amine (2C-H) as the pharmacophore for psychedelic anti-
inflammatory activity,12 which ultimately can be integrated with
mechanistic findings here toward drug discovery and develop-
ment efforts to develop next-generation anti-inflammatories
based on 5-HT2A receptor agonism for clinical use. Leveraging
the functional selectivity between (R)-DOI and (R)-DOTFM,
we have identified proteins and molecular processes likely
contributing to the anti-inflammatory effects of certain
psychedelics like (R)-DOI. These include reductions in the
levels of proteins associated with inflammation, such as Arg1;
increases in levels of proteins involved in maintaining physical

Figure 10.Western blot analysis of Arg1 expression. Lung homogenates were analyzed by Western blot to validate proteomic results for Arg1. (A)
Representative samples from treatment groups showing Arg1 expression and β-actin used for normalization. (B) Quantification of results showing that
OVA treatment robustly increased Arg1 expression; pretreatment with (R)-DOI reduced Arg1 expression in OVA-treated animals to baseline levels.
(R)-DOTFM, however, significantly increased Arg1 levels above that of even OVA-alone (error bars = SEM; p values shown; one-way ANOVA with
Tukey post hoc analysis).
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cellular integrity; and changes in the levels of proteins involved
in epigenetic mechanisms and chromatin structure.

■ METHODS
Drugs and Reagents. (R)-DOI hydrochloride was

synthesized by Onyx (London, UK). (R)-DOTFM hydro-
chloride was synthesized and kindly provided by Dr. Jason
Wallach (University of the Sciences, Philadelphia, PA). All drugs
for asthma studies were dissolved in 0.9% sterile saline solution
(Baxter Healthcare Corp., Deerfield, IL) immediately prior to
use at a concentration of 1.0 mg/mL.

Animals for Use in the Allergic Asthma Assay. For all
inflammatory experiments, pathogen-free wild-type BALB/c
mice were obtained from Charles River Laboratories (Wilming-
ton, MA). Animals were maintained in a pathogen-free
environment within the Division of Animal Care vivarium at
the Louisiana State University Health Sciences Center (New
Orleans, LA) in ventilated cages (Allentown Caging Equipment
Co., Inc., Allentown, NJ) with ad libitum access to food and
water on a 12 h light/dark cycle (lights on at 7:00 a.m. and off at
7:00 p.m.). All animal care and experimental procedures were
approved by the Institutional Animal Care and Use Committee
at the Louisiana State University Health Sciences Center.

OVA-Induced Acute Allergic Airway Inflammation and
Drug Exposure. Forty-eight 6−8 week old male mice weighing
between 20 and 25 g were sensitized and challenged with
chicken OVA grade V (Sigma-Aldrich, St. Louis, MO) as
previously described.9 Briefly, on days 0 and 7, mice were
sensitized by intraperitoneal injection (IP) of 0.1 mL solution
containing 20 μg OVA emulsified in 2 mL Imject Alum
[Al(OH)3/Mg(OH)2; Pierce, Rockford, IL]. On days 14−16,
30min prior to saline/OVA challenge, each animal was placed in
a nylon-coated stainless-steel wire restraint with a nose cone for
administration of nebulized drug (SoftRestraints; SciReq,
Montreal, QC, Canada), with efforts taken to minimize stress
and the amount of time in the restraint. Animals were treated
with 0.5 mg/kg of (R)-DOI, (R)-DOTFM, or sterile saline
control (nose-only inhalation) using an ultrasonic nebulizer
(Aeroneb Pro; Aerogen, Galway, Ireland). Mice were placed in

groups of no more than 20 animals into a 7 L (21 × 22 × 15 cm)
clear plexiglass induction chamber (Vet Equip, Inc., Pleasonton,
CA) and challenged for 20 min with either sterile saline (Baxter
Healthcare Corp.) or a 1% (wt/vol) OVA solution in sterile
saline. Aerosol was generated using a VixOne reusable nebulizer
(Westmed, Inc., Tucson, AZ) driven by a Pari Proneb Ultra
compressor (Pari Proneb, Midlothian, WA).

Noninvasive Whole-Body Plethysmography and
Methacholine Challenge. Forty-eight hours following the
final OVA challenge, airway function was measured in a single-
chamber WBP system (Buxco Electronics, Troy, NY, and
EMKA Technologies, Falls Church, VA) in unrestrained,
conscious mice. The enhanced pause (PenH) was used as a
proxy for AHR, as previously described.40 Animals were allowed
to acclimate by first being placed in a single chamber for 10 min;
baseline PenHwas subsequently measured for 3 min prior to the
methacholine (MeCh; Sigma-Aldrich) challenge. Mice were
exposed to the bronchoconstrictor MeCh for 1min at increasing
concentrations (0, 3.125, 6.25, 12.5, 50, and 100 mg/mL in
isotonic saline), and PenH was recorded for 3 min. Animals
displaying signs of distress were immediately removed from the
protocol. Maximal PenH obtained from the IOX2 software
(SciReq) was analyzed by using the Datanalyst software
(Datanalyst v2.6.1.14; EMKA Technologies, Paris, France).
Maximal PenH values were averaged for each dose and plotted
as percent change from vehicle control, as described.9,11

mRNA Expression Analysis of Inflammatory Bio-
markers. All animals were humanely euthanized using a small
mammalian anesthetic device (Handlebar Anesthesia Service,
Austin, TX) to first induce deep anesthesia at 4% inhaled
isoflurane (Piramal Enterprises Ltd., Telangana, India) with a
continuous oxygen flow rate of 0.5−1 L/min followed by cardiac
desanguination. Lungs were harvested 48 h after the final OVA
exposure and immediately immersed in isopentane (2-
methylbutane; Sigma-Aldrich), chilled on dry ice, and stored
at −80 °C until processing. Total RNA was extracted from the
left lobe of each animal with the TRIzol reagent (Life
Technologies; Carlsbad, CA) per the manufacturer’s instruc-
tion. RNA pellets were resuspended in nuclease-free H2O and

Figure 11.Gene Set Enrichment Analysis. GSEA found several sets significantly altered by drug treatment. (R)-DOI hadmore significant effects (FDR
< 0.05) than (R)-DOTFM and significantly altered sets by both increases and decreases in expression. (R)-DOTFM elicited no significant changes in
set expression at an FDR > 0.05 control animals (all FDRs > 0.05), and only sets significantly increased (FDR < 0.05) were identified in the OVA-
treated animals given (R)-DOTFM.
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quantified by a spectrophotometer (NanoDrop ND-1000;
NanoDrop Technologies, Inc., Wilmington, DE). RNA was
quantified at A260 and A280, with a minimum 260/280
absorbance ratio of 1.6 used for all assays to maintain purity.
Suitable RNA was processed into first-strand cDNA using the
ImProm-II cDNA synthesis kit (Promega; Madison, WI)
following the manufacturer’s instruction. Input cDNA for each
reaction was 500 ng of total RNA. Inflammatory gene expression
was examined by probe-based qRT-PCR; primers were
synthesized by Integrated DNA Technologies (Coralville, IA)
and designed to be compatible with the Universal ProbeLibrary
system using the Universal ProbeLibrary Assay Design Center
(Roche Diagnostics; Indianapolis, IN). Primer sequences used
in this study are as follows: Il6 forward 5′-ctggggatgtctgtagctcat-
3′ and reverse 5′-ggcaactggatggaagtctc-3′; Cxcl10 forward 5′-
gctgccgtcattttctgc-3′ and reverse 5′-tctcactggcccgtcatc-3′.
Probes used were from the Universal ProbeLibrary (Roche
Diagnostics, Indianapolis, IN) and are listed with the following
numbers: U50 and U18 for Il6 and Cxcl10. Gene expression
quantification was performed on a Roche LightCycler 480
Instrument II LC instrument (Roche Diagnostics). Gene
expression levels were calculated using the comparative
threshold cycle method and normalized to internal Gapdh
expression, as determined using the Mouse GAPD Gene Assay
(cat. no. 05046211001; Roche Diagnostics) in multiplex format.
GAPDH was selected as an internal control due to minimal
impacts on gene41 and protein42 expression following 5-HT2
receptor activation as found by others and our previous studies
using this gene as a reference for pulmonary analysis of gene
expression in the OVA model as its expression remains stable
between treatment groups11,.12

Calcium Flux Assay. Calcium flux downstream of 5-HT2A
receptor activation was determined using human embryonic
kidney cells (HEK293) stably expressing the human 5-HT2A
receptor (HEKH2A; Bmax: 1600 fmol/mg protein). The
generation of this cell line has been previously reported.16

Cells were maintained in DMEM (Gibco, cat. no. 10569-010)
supplemented with 10% fetal bovine serum (Gibco, cat. no.
16000-044; lot no. 2344386RP), 100 U/mL penicillin, 100 mg/
mL streptomycin, and 100 μg/mL Zeocin. Cells were seeded in
200 μL DMEM supplemented with 1% dialyzed fetal bovine
serum (Gibco, cat. no. A33820-01; lot no. 2244935P) onto
black 96-well poly-D-lysine coated plates with clear bottoms
(30,000 cells/well) and maintained overnight in a humidified
atmosphere at 37 °C and 5% CO2. The following day, the
medium was aspirated and replaced with HBSS supplemented
with 30 mM HEPES, loaded with 5 mM Fluo-2 AM HA (ION
Biosciences, LLC) and 2.5 mM water-soluble probenecid
(ThermoFisher Scientific), incubated for 1 h at 37 °C, washed
with HBSS−HEPES, and maintained in 100 μL of HBSS−
HEPES supplemented with 2.5 mM water-soluble probenecid.
The plates of dye-loaded cells were placed into a FlexStation 3
microplate reader (Molecular Devices, LLC) set at 37 °C to
monitor fluorescence (excitation, 485 nm; emission, 525 nm;
cutoff, 515 nm). Plates were read for 30 s (2 s interval) to
establish baseline fluorescence, then administered 50 μL of test
compounds diluted for a final concentration range of 1 pM to 30
μM, and read for an additional 300 s. After obtaining a calcium
flux trace for each sample, the mean baseline fluorescence (F)
was subtracted from the peak fluorescence (ΔF) in each well,
and the product was normalized by F(ΔF/F). The data were
analyzed using three-parameter nonlinear regression curve-
fitting routines in GraphPad Prism 9.2 (GraphPad Software,

Inc.) to generate EC50 values. EMAX values were determined by
normalization to the maximum 5-HT response (100%) and
minimum 5-HT response (at 10−12 M concentration; 0%) on
the same plate. Reported values are the average of each drug
concentration tested in duplicate over three independent
experiments.

Arrestin Recruitment Assay. Recruitment of the cytosolic
chaperone protein arrestin-3 (β-arrestin2) to 5-HT2A receptors
was determined using an HEK cell line containing stable
expressions of human 5-HT2A receptors (550 fmol/mg
protein) and human β-arrestin2 tagged with components of
the NanoLuc Binary Technology (NanoBiT) functional
complementation system (Promega Corporation, Madison,
WI). The cell line was a gift from Drs. Eline Pottie and
Christophe Stove (University of Ghent, Belgium), and its
generation has been described in the literature.43 Cells were
seeded in 200 μL of DMEM supplemented with 1% (v/v)
dialyzed fetal bovine serum (Gibco, cat. no. A33820-01; lot no.
2244935P) onto white 96-well poly-D-lysing coated plates with
clear bottoms (40,000 cells/well) and maintained overnight in a
humidified atmosphere at 37 °C and 5% CO2. The following
day, themediumwas aspirated, and wells were washed once with
HBSS supplemented with 30 mM HEPES (pH 7.4); then, 100
μL HBSS−HEPES buffer and 25 μL of Nano-Glo Live Cell
Reagent (diluted 1/20 in themanufacturer supplied LCS buffer)
were added to each well. Test plates were then placed into a
FlexStation 3 microplate reader (Molecular Devices, Sunnyvale,
CA) set at 37 °C to monitor luminescence. Plates were read for
15 min (2 min interval) to allow for the stabilization of
luminescent signal and establishing baseline luminescence. Test
compounds were diluted in the HBSS−HEPES buffer and
manually added to wells. Plates were then returned to
FlexStation 3 to read luminescence for an additional 120 min
(2 min interval). After obtaining raw luminescence kinetic
traces, the AUC of the 2 h run was calculated, and the data were
analyzed using a three-parameter nonlinear regression curve-
fitting function in GraphPad Prism 9.3.1 (GraphPad Software,
SanDiego, CA), where theHill coefficient is assumed to be unity
(n = 1), to generate potency and maximal response values. MAX
values were normalized to the maximum 5-HT response (100%)
and minimum 5-HT response (0%) on the same plate. Three
independent experiments were carried out, each performed in
duplicate.

Head-Twitch Response. Male C57BL/6 J mice (Jackson
Laboratory, Bar Harbor, ME) were housed in a vivarium at the
University of California San Diego (UCSD), which is an
AAALAC-approved animal facility that complies with Federal
and State requirements for the care and treatment of laboratory
animals. The mice (6−8 weeks old) were housed in a climate-
controlled room with a reversed light cycle (lights on at 19:00 h
and off at 07:00 h) up to four animals per cage. Food and water
were provided ad libitum, except during behavioral testing,
which occurred between 10:00 and 18:00 h. All experiments
were conducted according toNIH guidelines and were approved
by the UCSD animal care committee. Head movement was
recorded using a head-mounted magnet and a magnetometer
coil.44 Briefly, mice were anesthetized; a small incision was made
in the scalp, and a neodymiummagnet was attached to the dorsal
surface of the cranium using dental cement. Following a 1−2
week recovery period, behavioral experiments were conducted
in a well-lit room with at least 7 days between sessions to avoid
any carryover effects. Mice (n = 5−7/group) were treated with
vehicle or test compound and then placed in a glass cylinder
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surrounded by a magnetometer coil, and activity was recorded
for 30min. (R)-DOTFMwas administered IP dissolved in saline
using an injection volume of 5 mL/kg. Coil voltage was filtered
(5 to 10 kHz low-pass), digitized (20 kHz sampling rate), and
saved to a disk using a Powerlab/8SP with LabChart v 7.3.2
(ADInstruments, Colorado Springs, CO). To detect head
twitches, events in the recordings were converted into
scalograms using a wavelet transform, and then the images
were classified using a multistage approach combining the deep
convolutional neural network (CNN) ResNet-50 with a support
vector machine (SVM) algorithm.45 HTR counts were analyzed
using a one-way analysis of variance (ANOVA) (or a one-way
Welch ANOVA in experiments where variances are not equal).
Post hoc pairwise comparisons were performed using Dunnett’s
test. Significance was demonstrated using an α-level of 0.05.
Median effective doses (ED50 values) and 95% confidence
intervals were calculated using nonlinear regression (Prism ver.
9.0.2, GraphPad Software Inc., San Diego, CA, USA).

Lung Homogenate Preparation and Quantitative
Shotgun Proteomics. Proteomics analysis was performed as
described by Yue and Guidry.46 Animals were humanely
sacrificed with lungs removed en bloc 48 h post final OVA
exposure, transferred to a lysis buffer (1% w/v SDS [Invitrogen]
in 1× Tris-HCL pH 7.4 [Gibco, Bleiswijk]) in a gentleMACS C
Tube (Miltenyi Biotec Gmbh, Bergisch Gladbach, Germany),
and homogenized using the gentleMACS Octo Dissociator
(Miltenyi Biotec, Germany) via the program “lung_02” (37 s,
165 rpr). Single lung samples were labeled using a TMT 16-plex
Reagent set (Thermo Fisher Scientific, Waltham, MA) per the
manufacturer’s protocol. Sixteen samples were analyzed on three
fluidics chips and included naive (n = 5), OVA (n = 5), (R)-DOI
(n = 5), (R)-DOTFM (n = 5), (R)-DOI+OVA (n = 6), and (R)-
DOTFM+OVA (n = 6).
An equal amount of TMT-labeled sample was pooled in a

single tube and SepPak purified (Waters Chromatography,
Dublin, Ireland) under acidic reverse phase conditions.
Following a drying period, an offline fractionation step was
utilized to reduce the complexity of the sample. Samples were
brought up in 260 μL of 10 mM ammonium hydroxide, pH 10,
and subjected to basic pH reverse phase chromatography
(Dionex U300, Thermo Fisher). UV was monitored at 215 nm
for 100 μL injections at 0.1 mL/min under a 10 nM ammonium
hydroxide, pH 10, to 100% acetonitrile (ACN, pH 10) gradient
for 90 min. Fractions were collected in a 96-well microplate and
recombined in checkerboard fashion to create “super fractions”.
“Super fractions” were run on a Dionex U3000 nano flow

system coupled to a Thermo Fisher Orbitrap Fusion Tribrid
Mass Spectrometer. Over the course of 65 min, fractions were
first subjected to a 90min chromatographicmethod employing a
2−25%ACN in 0.1% formic acid (FA) gradient followed by a 10
min 50% ACN/FA gradient, a 5 min 90% ACN/FA step, and a
final 10 min re-equilibration into 2% ACN/FA. A PicoChip
source (New Objective, Woburn, MA) carried out all
chromatography in a “trap-and-load” format, with a C18
PepMap 100 (5 μm, 100 Å) trap column and a PicoChip
REPROSIL-Pur C18-AQ (3 μm, 120 Å, 105 mm) separation
column, at a flow rate of 3 μL/min, with electrospray achieved at
2.6 kV.
An MS3 approach employing TMT data acquisition was

utilized for data acquisition. Survey scans were performed in an
Orbitrap at a resolution of 120,000, with data-dependent MS2
scans performed in a linear ion trap using a 25% collision
induced dissociation rate. Reporter ions were fragmented using

high energy collision dissociation at 65% and detected in an
Orbitrap at a resolution of 50,000. This was repeated for a total
of three technical replicates. The Proteome Discoverer 2.2
performed the TMT data analysis. The three runs of each “super
fraction” were merged and searched using SEQUEST.
For simple analysis, data were analyzed on the basis of mean

log fold changes (logFCs) vs treatment parameter.
Bioinformatics of Protein Expression. Protein abundan-

ces were batch corrected at the fluidics chip level using
Combat.47 Proteins with missing data were excluded, as Combat
batch-correction requires complete data. LogFCs and p values
between experimental conditions were generated using
LIMMA.48 Volcano plots were then generated, and results for
differential expression were calculated as shown in the
supplementary tables.

Network Analysis. Interaction networks for specific subsets
of proteins were determined using the online STRINGDatabase
resource (https://string-db.org)49 using default Web-UI
settings. Gene Set Analysis (GSEA) was performed using the
online interface WebGestalt50 using input lists of protein names
converted to gene identifiers.

Western Blot. Homogenized mouse lung samples were
suspended in a lysis buffer containing the mammalian protein
extraction reagent (MPER), 0.1% sodium dodecyl sulfate
(SDS), and 0.1 M Halt protease and phosphatase inhibitor
cocktail. The protein content of mouse lung samples was
determined by the bicinchoninic acid (BCA) assay. Normalized
protein samples were separated on 4−12% continuous gradient
Bolt-Bis Tris Plus polyacrylamide gels, transferred to nitro-
cellulose membranes, and blocked with 5% nonfat milk for 1 h.
Blots were probed with rabbit α-Arg1 antibodies (CellSignal,
93668, 1:2000, 2.25% BSA, overnight at 4 °C), washed with
Tris-buffered saline 0.1% Tween20 (TBS-T), probed with goat
α-rabbit-HRP antibodies (Kindlebio, R1006, 1:1000, 1 h at RT),
and then washed again prior to adding the KwikQuant Ultra
HRP substrate solution (Kindlebio, R1002) for image
acquisition. Following image acquisition, blots were stripped
with the Restore PLUS Western Blot stripping buffer
(Thermoscientific, 46430, 30 min) and reblocked in 5% nonfat
milk for 30 min. Blots were reprobed with mouse α−β-actin
(Sigma, clone AC-15, 1:25,000) and goat α-mouse-HRP
(Kindlebio, R1005, 1:2000) antibodies for 30 min, washed
with TBS-T, and then developed with a 1:10 dilution of the
KwikQuant Ultra HRP substrate solution. Protein bands were
visualized by chemiluminescence on an Azure 600 with 1 × 1
pixel binning and a wide dynamic range exposure. Densitometric
analysis was conducted using ImageJ. Individual bands, or an
area of representative background, were encompassed within a
fixed defined area using the selection tool, and inverted mean
gray values for each were determined (inverted mean gray value
= 65,535 − measured mean gray value). Subsequently, the
background inverted mean gray value was subtracted from all
band measurements, and values between samples were
normalized by ratioing the background adjusted Arg1
densitometric value relative to corresponding β-actin densito-
metric values. Normalized levels of Arg1 expression were
expressed relative to the naive controls.

Statistics. PenH, gene, and protein statistical analysis was
performed using GraphPad Prism v9 (GraphPad Software, La
Jolla, CA) with post hoc analysis for multiple comparisons where
appropriate.
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