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Introduction
Remodeling of the infrarenal aorta that results in abdominal aor-
tic aneurysms (AAA) affects millions of individuals and carries an 
extraordinarily high out-of-hospital mortality rate if this patho-
logical process progresses to aortic rupture (1). Most individuals 
with AAA are asymptomatic but harbor common risk factors, 
including male sex, tobacco use, advanced age, and atheroscle-
rosis. Factors accelerating AAA growth involve mechanical forces 
on the blood vessel wall and enzymatic degradation of the extra-
cellular matrix (ECM) (2).

Platelet aggregates and thrombi are found in aneurysmal arte-
rial segments of patients with infrarenal AAA, raising the possibility 
that platelets play a role in the etiology of AAA (3–6). Unlike healthy 
platelets, circulating platelets in humans and in murine models of 
cardiovascular disease are enriched in activated MMPs and if secret-
ed, MMPs may increase the vulnerability of arteries to aneurysm 
development and rupture (7–9). In a murine model of AAA, platelet 
antagonists were shown to inhibit AAA rupture coincident with inhi-
bition of aortic MMP activity (4). The mechanism for this protective 
effect of platelet antagonists was not determined. Supporting this 
observation, we recently interrogated an administrative database of 
several million patients, revealing that long-term antiplatelet med-
ication use was a highly significant factor that confers protection 
from AAA development, dissection, and rupture (10).

As blood transitions from steady laminar flow (S-flow) to dis-
turbed flow (D-flow) in aneurysmal arteries, circulating platelets 
may become mechanically activated (11). Mechanical platelet 
activation in patients with aneurysmal arteries was postulated 
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platelet P2Y12 receptor antagonist ticagrelor did not alter AAA 
growth, indicating a more mechanistic approach to understand-
ing platelet activation in AAA is required (14).

Presently available therapeutic agents to abrogate platelet reac-
tivity focus on cell surface receptors initiating biochemical second 
messenger–mediated signaling cascades. There are no therapeutic 
agents to inhibit biomechanical platelet activation. This investiga-

using computational fluid dynamic modeling. Agonist-medi-
ated platelet activation has never been proven in humans with 
infrarenal AAA or in relevant animal models of AAA (6). Sub-
jecting blood to mechanical forces promotes the development 
of luminal thrombus. Luminal thrombus was suggested to accel-
erate aneurysmal growth of arteries (12, 13). In a recent random-
ized clinical trial in patients with small AAA, treatment with the 

Figure 1. Platelet reactivity is enhanced in 
patients with AAA. (A) Washed platelets 
from patients with AAA (n = 18) compared 
with healthy individuals (n = 10). Platelet 
activation before and after stimulation with 
a thromboxane receptor agonist (U46619) or a 
PAR1 agonist (TRAP-6) for 15 minutes. Platelet 
activation was quantified by FACS as the MFI 
and is represented as the median (horizontal 
line) in a box-and-whisker plot for each group, 
performed in quadruplicate and summed for 
each patient at each concentration of agonist. 
*P < 0.05 and **P < 0.01 versus healthy 
control; group differences were analyzed by 
Kruskal-Wallis test followed by Dunn’s post 
test correction. (B) Human platelet RNA was 
extracted from healthy individuals (n = 7) and 
compared with that of patients with AAA (n 
= 6) by mRNA-Seq. Volcano plot shows genes 
upregulated (red) and downregulated (green) in 
patients with AAA. Dashed line is the thresh-
old of discrimination. Heatmap with upstream 
olfactory receptor 2L13 (OR2L13) and down-
stream anoctamin, which was higher in AAA 
platelets compared with heathy conditions. (C) 
RNA isolated from washed platelets followed 
by CD45-mediated immunodepletion of WBCs; 
then qRT-PCR normalized to the platelet GPIIb 
gene (ITGA2B). Data from 4 individual healthy 
males, each run in quadruplicate, are indicated 
by violin plots for the 3 olfactory receptors 
present in every individual tested. (D) Lysate 
from healthy human platelets or human brain 
(positive control) separated by SDS-PAGE 
before probing with an anti-OR2L13 antibody. 
(E) Platelets from healthy humans on a fibrin-
ogen matrix assessed for OR2L13 immunofluo-
rescence by confocal microscopy. A FITC-tagged 
OR2L13 antibody (green) and rhodamine-
tagged phalloidin (red) for filamentous actin. 
DIC, differential interference contrast. Scale 
bars: 10 μm.
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confirmed to express full-length OR2L13 protein by immunoblot-
ting, and OR2L13 membrane expression was observed by confo-
cal microscopy (Figure 1, D and E). By co-staining platelet alpha 
granule and dense granule markers with OR2L13, coexpression 
of OR2L13 primarily with P selectin suggested alpha granule stor-
age and trafficking to the plasma membrane (Figure 2A). Because 
OR2L13 was the only olfactory receptor for which expression in 
platelets changed in AAA, we focused on understanding OR2L13 
signal transduction. Protein expression of OR2L13 and anoctamin 
7 was increased in platelets from patients with AAA compared 
with healthy controls (Figure 2B and Supplemental Figure 5C). 
Sex-dependent differences in platelet function were previously 
reported (7, 17, 18). However, we found platelet olfactory receptors 
were expressed similarly in healthy men and women (not shown). 
Membrane OR2L13 expression was increased in platelets from 
patients with AAA, and AAA platelet spreading (surface area) on 
a fibrinogen matrix was also greater, further confirming enhanced 
platelet reactivity in AAA through the glycoprotein IIb/IIa (GPIIb/
IIIa) receptor (Figure 2C).

OR2L13 is biomechanically sensitive. Patients with AAA have 
an aorta with an irregular shape, exposing circulating platelets to 
D-flow, as noted by color spectral Doppler imaging (Figure 3A). An 
ex vivo flow-and-cone system was used to recapitulate exposure of 
platelets to S-flow and D-flow (ref. 19 and Figure 3B). D-flow was 
an especially potent stimulus for biomechanical platelet activation 
(Figure 3C), with OR2L13 converging in a central granulomere and 
on the membrane surface of permeabilized platelets (Figure 3D). 
A marked increase in platelet membrane OR2L13 distribution 
was confirmed after nonpermeabilized platelets were exposed to 
D-flow but not S-flow (Figure 3E, flow cytometry), suggesting the 
nature of biomechanical platelet activation is a trigger for OR2L13 
translocation. Since platelets can synthesize and degrade pro-
teins in response to environmental stressors (20, 21), we assessed 
OR2L13 protein expression after S-flow and D-flow exposure and 
found it to be similar to static conditions (not shown).

OR2L13 ligands and platelet function. After olfactory receptor liga-
tion by an external agonist, Golf activates adenylyl cyclase to hydrolyze 
cAMP from ATP. We developed a HEK293 reporter cell line to rapid-
ly evaluate potential OR2L13 odorant ligands based on postreceptor 
cAMP production. Human OR2L13 cDNA was cloned in a bicistronic 
vector with a gene encoding the chaperone protein receptor transport 
protein 1 subunit (RTP1s) to allow for efficient membrane localization 
(22). Lentivirus was stably transduced OR2L13 and RTP1s in HEK293 
cells with a cAMP response element in the 5′ position in-frame with 
luciferase as a biological reporter (Figure 4, A and B). Using cells 
expressing only the empty vector as a control, multiple potential 
olfactory receptor ligands were evaluated. The terpene derivative 
(–) carvone reproducibly activated OR2L13, generating endogenous 
cAMP in a dose-dependent manner compared with forskolin as a 
positive control for endogenous adenylyl cyclase activation (Figure 
4C and Supplemental Figure 6).

Olfactory receptors and downstream anoctamin proteins 
are generally expressed in afferent olfactory neurons (23). 
Olfactory receptors are GPCRs positively linked to adeny-
lyl cyclase to increase cAMP (24), triggering anoctamin 7 as 
a downstream calcium-sensitive chloride channel (25). If this 
signal transduction pathway is conserved in platelets, OR2L13 

tion sought to characterize platelets from patients with infrarenal 
AAA to identify mechanisms by which platelets may be involved in 
the etiology of AAA through exposure to external forces in aneurys-
mal arteries. Our investigation revealed a therapeutic target made 
available on the surface of biomechanically activated platelets 
belonging to the olfactory receptor family of GPCRs. This olfactory 
receptor was evaluated as a mediator of biochemical signaling in 
platelets that may regulate AAA progression, thus highlighting a 
new platelet target for treating vascular disorders.

Results
Platelets from patients with AAA are highly reactive and enriched in 
activated MMPs. To determine whether platelets are more active 
in patients with AAA, we isolated washed platelets from patients 
or from healthy individuals and stimulated them with surface 
receptor agonists. Despite daily antiplatelet therapy for the major-
ity of patients with AAA (Supplemental Figure 1; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI152373DS1), platelet reactivity through both the thromboxane 
receptor and PAR1 was increased (Figure 1A). Platelet hyperreac-
tivity was not observed by stimulating the P2Y12 receptor (Supple-
mental Figure 2). Platelet surface PAR1 and thromboxane recep-
tor density were not significantly different in patients with AAA 
compared with healthy control platelets (Supplemental Figure 3). 
These findings suggest that circulating platelets in patients with 
AAA are phenotypically different.

Olfactory signaling proteins are increased in platelets from patients 
with AAA. In order to determine platelet signaling pathways that 
may be altered in AAA, we isolated platelet RNA from healthy indi-
viduals and from patients with AAA and then performed RNA-Seq 
(Supplemental Figure 4). Differential expression of multiple tran-
scripts was found between AAA and healthy control platelets, with 
the top 2 upregulated transcripts encoding OR2L13 and anoctamin 
7, which are components of olfactory receptor signal transduction 
(Figure 1B). More than 400 olfactory genes exist in the human 
genome (15). A functional role for platelet olfactory receptors has 
not been previously reported. We validated this primary obser-
vation in platelets using several complementary techniques. By 
employing RNA-Seq in human CD34+, cord-blood derived, cul-
tured megakaryocytes (platelet precursors), we examined which 
olfactory genes are endogenously expressed. We identified 15 
nontruncated olfactory receptor transcripts (including OR2L13) in 
human megakaryocytes (Supplemental Figure 5A). We validated 
the expression of only a subset of olfactory receptor transcripts in 
twice-washed, CD45-depleted platelets from healthy adults by 
quantitative reverse transcriptase PCR (qRT-PCR) (Figure 1C and 
Supplemental Figure 5B). Several olfactory receptor pseudogenes 
with unclear function were also detected. Just 3 mature olfacto-
ry receptors were detected in adult platelets from every healthy 
individual tested: OR2L13, OR2W3, and OR2B6 (Figure 1C). 
Transcripts found only in some adult platelets are shown in Sup-
plemental Figure 5B. NRDC (nardilysin convertase), a required 
enzyme recently reported for platelet budding from megakaryo-
cytes under D-flow conditions (16), was upregulated in platelets 
from patients with AAA by RNA-Seq and found to be present in 
healthy platelets by qRT-PCR (Supplemental Figure 5B). Using 
human brain lysate as a positive control, healthy platelets were 
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generated cAMP in a receptor-independent manner (Figure 
5B). Consistent with the predicted signal transduction pathway 
in olfactory neurons, platelet OR2L13 activation by (–) carvone 
promoted platelet Cl– efflux and brief Ca2+ transients, presum-

activation should generate cAMP in platelets coincident with 
changes in platelet Cl– and Ca2+ flux (schematic, Figure 5A). 
We indeed found (–) carvone generated cAMP in platelets and 
inhibited platelet aggregation compared with forskolin, which 

Figure 2. Platelet olfactory receptor expression increases in AAA. (A) Alpha granules were identified by a rhodamine-tagged P selectin antibody (red). 
Dense granules were detected by staining phosphate groups in adenosine diphosphate (ADP, blue) by confocal microscopy. Spearman’s ρ was determined 
by computer-generated colocalization overlay of OR2L13 and P selectin (0.71 ± 0.04) or ADP (0.25 ± 0.07) and is represented as the mean ± SEM. n = 7–8 
individuals. P < 0.0001, by 2-tailed Student’s t test. Scale bars: 10 μm. (B) Immunoblotting platelets for OR2L13 expression, which was increased in AAA 
compared with healthy conditions, is represented as the mean ± SEM. n = 4 in each group. P = 0.035, by 2-tailed Student’s t test. (C) OR2L13 localization 
and surface area by confocal microscopy and flow cytometry. Confocal microscopy was used to visualize platelet surface area by spreading on a fibrinogen 
matrix, with quantification as the mean surface area ± SEM. n = 7–10. Mann-Whitney U test. Scale bars: 5 μm. Platelet surface OR2L13 was quantified by 
FACS as the MFI ± SEM. n = 4–6. Mann-Whitney U test.
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i.p. injection. Platelets were then isolated from mice and throm-
bin-stimulated ex vivo. Thrombin-induced platelet degranulation 
ex vivo was inhibited in platelets from (–) carvone–treated mice 
(Figure 7C). Tail bleeding times in mice treated with (–) carvone 
were also prolonged (Figure 7D) without affecting the circulating 
platelet number (Supplemental Figure 7). This effect was consis-
tent with adequate absorption and distribution of (–) carvone to 
attenuate platelet activation and thrombosis in vivo.

Platelets are mechanically activated in AAA, which directs 
OR2L13 to the membrane. We recently reported that aspirin limits 
AAA growth in a large clinical population (10). Mice were inject-
ed 3 times weekly with an anti–TGF-β antibody to induce aneu-
rysmal growth and promote luminal thrombus formation. (26). 
Topical elastase was applied to the infrarenal aorta of mice to 
degrade elastin with the lysyl oxidase inhibitor β−aminopropio-
nitrile (BAPN) administered ad libitum in the drinking water to 
prevent elastin cross-linking repair (26). To investigate a mech-
anism for this clinical observation, we explored the function of 
OR2L13 in a murine model of fast-growing AAA that developed 
luminal thrombus, similar to human infrarenal AAA in which 

ably as downstream components of platelet postreceptor signal 
transduction (Figure 5, C and D). Carvone exists as levo (–) and 
dextro (+) enantiomers. We found the (–) enantiomer of car-
vone to have a more potent antiplatelet effect (Figure 6, A and 
B) and (–) carvone blunted ADP-induced platelet aggregation 
dose dependently (Figure 6, C–E).

We next evaluated biomechanical platelet activation by S-flow 
and D-flow. Human platelets exposed to D-flow became activat-
ed and OR2L13 localized to the membrane surface. We incubated 
healthy platelets with (–) carvone or control buffer before subject-
ing them to S-flow or D-flow, observing (–) carvone attenuated only 
D-flow–induced platelet activation (Figure 7A). Utilizing another 
model of biomechanical platelet activation, vehicle- or (–) carvone–
treated human blood was passed through a collagen-coated micro-
fluidic perfusion chamber to determine the rate of thrombus forma-
tion at high shear. Thrombosis in whole blood was attenuated by (–) 
carvone (Figure 7B and Supplemental Video 1, A and B).

To ascertain whether exogenous (–) carvone in mice affect-
ed platelet reactivity and thrombosis in vivo, FVB/Tac mice were 
administered (–) carvone at a dose of 100 mg/kg/day for 3 days by 

Figure 3. Biomechanical stimulation of platelets increases activation. (A) Color flow Doppler imaging of a large infrarenal AAA demonstrates an alter-
nating direction of blood flow (disturbed flow, D-flow). (B) An in vitro flow-and-cone system was used to subject healthy platelets to steady laminar flow 
(S-flow) or D-flow for 120 minutes. (C) Platelet activation following S-flow and D-flow was quantified by surface P selectin expression or fibrinogen binding 
by FACS as the MFI ± SEM. n = 4. P < 0.001 versus static flow, by 1-way ANOVA followed by Bonferroni’s correction. (D) Healthy human platelets were 
subjected to static flow, S-flow, or D-flow for 120 minutes. Immobilization of platelets after S-flow and D-flow on a fibrinogen matrix and visualization by 
confocal microscopy. Platelets were stained with an FITC-tagged antibody for OR2L13 (green) and rhodamine-tagged phalloidin for actin (red). Scale bar: 
5 μm. (E) In a separate set of experiments, platelet membrane OR2L13 was quantified after S-flow and D-flow by FACS as the MFI ± SEM. n = 4. P < 0.001 
versus static flow, by 1-way ANOVA followed by Bonferroni’s correction.
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D-flow was observed in aneurysmal aortic regions (Supplemental 
Videos 2 and 3, ref. 26, and Supplemental Figures 8 and 9). We 
confirmed this model of AAA exhibited D-flow in the aneurysmal 
segment and occasional luminal thrombus formation (Figure 8A). 
After 6 weeks, the aortic diameter increased 300% above base-
line, consistent with severe AAA. Coincident with AAA growth, 
enhanced agonist-mediated platelet reactivity was observed, as 
well as increased surface OR2L13 expression in isolated plate-

lets. Mice with AAA demonstrated enhanced platelet reactivity in 
which a D-flow environment pathologically appeared compared 
with sham-operated mice with S-flow, reaching a plateau at 3 
weeks and then dissipating at 4 weeks coincident with increasing 
platelet surface OR2L13 expression (Figure 8, B–D). Furthermore, 
platelets isolated from patients with AAA were markedly sensi-
tized to biomechanical activation ex vivo by D-flow compared 
with healthy platelets in an S-flow environment (Figure 8E).

Figure 4. Characterization of OR2L13 agonists. (A) Human OR2L13 was subcloned in frame with HA (GFP in a secondary cassette, green) and 
coexpressed with receptor transport protein 1s (RTP1s) (mCherry in a secondary cassette, red) stably in HEK293/cAMP cells. Microscopy and 
Western blotting confirmed OR2L13-HA expression. Original magnification, ×20. TCL, total cell lysate. OR2L13 ligands stimulated (Golf), and adenyl 
cyclase produced cAMP. (B) A cAMP response element (CRE) expressing HEK293 cells with stable integration of OR2L13-HA was utilized to screen 
for ligands. (C) Alpha screen of olfactory ligands in OR2L13 transduced/nontransduced cells with more than 1.0 ratio (red dashed line) for OR2L13 
activation; (–) carvone activated OR2L13 to generate cAMP (performed in duplicate, horizontal line indicates the mean). Results of a confirmatory 
experiment with vehicle versus (–) carvone are shown as the mean ± SEM. n = 4 (right). *P = 0.079, **P = 0.0001, and ***P < 0.0001 versus vehicle, 
by 1-way ANOVA followed by Bonferroni’s correction.
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OR2L13 agonists inhibit platelet activation and AAA growth. We 
previously reported that platelet MMP activity is increased in myo-
cardial infarction (7, 8). Given that patients with AAA show less aortic 
growth and rupture when taking aspirin and growth and rupture are 
linked to MMP activity (10), we hypothesized that circulating plate-
lets in patients with AAA may synthesize and secrete MMPs. Plate-
let MMP9 activity was enhanced and the tissue inhibitor of MMP9 
(TIMP1) was reduced in AAA compared with healthy conditions 
(Figure 9A). Platelet MMP9 content was unchanged in healthy com-
pared with AAA platelets (not shown). Aortic tissue as well as luminal 
thrombus from patients with infrarenal AAA compared with nonan-
eurysmal cadaveric aorta had increased expression and activity of 
MMP9. This observation suggests that platelets, which are a com-
ponent of luminal thrombus, may contribute to aortic remodeling 
through MMPs (Supplemental Figure 10). In our murine aneurysm 
model (26), (–) carvone treatment attenuated AAA growth similarly 
to aspirin, further suggesting antiplatelet therapeutics restrict aortic 

growth (Figure 9B and Supplemental Figure 11). Consistent with the 
hypothesis that platelet-derived mediators regulate AAA growth, 
mice administered daily (–) carvone showed suppressed AAA growth 
coincident with decreased MMP2 activity in the aorta (Figure 9C). 
The inhibitory effect of (–) carvone on aortic growth and MMP acti-
vation was similar to — but slightly more potent than — what was 
observed in aspirin-treated animals and suggests a platelet-mediat-
ed effect in regulating AAA progression (Figure 9C).

We examined platelets to determine the expression of the 
murine OR2L13 homologue olfr168 in various strains of mice and 
found the FVB/Tac strain expressed OR2L13 at the greatest lev-
el compared with C57BL6/J mice that expressed little OR2L13 
(Supplemental Figure 12, A–C). Using CRISPR/Cas9, we made an 
upstream edit in a unique sequence within the open reading frame 
of murine olfr168 resulting in gene deletion (Figure 10, A and B). 
Immunoblotting-washed murine platelet lysate confirmed the 
absence of OR2L13 (olfr168–/–) (Figure 10C). Electron microscop-

Figure 5. A conserved olfactory receptor signal transduction pathway in healthy platelets. (A) Proposed platelet OR2L13 signal transduction. Levo-car-
vone (L-carvone) binds to OR2L13 on platelets to generate cAMP through adenylyl cyclase activation, and cAMP changes the cytosolic concentration of 
calcium (Ca2+) directly and chloride conductance (Cl–), while inhibiting platelet reactivity through known, well-described mechanisms involving protein 
kinase A (PKA). (B) (–) Carvone (300 μM) or forskolin (10 μM) incubation with human platelets for 5 minutes generates cAMP. Forskolin was used as a 
positive control for adenylyl cyclase activity and ATP hydrolysis to cAMP. n = 7. *P = 0.0059 and **P = 0.0089 versus vehicle, by Kruskal-Wallis test followed 
by Dunn’s post test. (C) Carvone stimulation (300 μM) of healthy platelets promoted chloride efflux. Data are shown as the mean ± SEM (n = 4, MQAE flu-
orescence). *P = 0.0134, (–) carvone versus control, by 2-tailed Student’s t test. (D) Carvone stimulation (300 μM) of healthy platelets promoted local brief 
calcium transients 20%–80% above baseline, which was sustained compared with 0.5 U/mL thrombin that attenuated over time (n = 5 human platelets, 
Fura-2 fluorescence). MQAE, -[ethoxycarbonylmethyl]-6-methoxy-quinoliniumbromide. Arrowhead, drug addition.
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el, the magnitude of D-flow observed in aneurysmal arterial seg-
ments, the rate of aortic growth, and incidence of aortic rupture all 
increased in mice with olfr168 deficiency (Figure 11, A–C). Finally, 
olfr168–/– mice had augmented aortic MMP2 activity compared with 
WT mice (Figure 11D) and isolated platelets from either WT mice 

ic visualization of platelets showed enhanced granule content in 
olfr168–/– mice coincident with enhanced platelet reactivity ex vivo 
compared with WT littermates (Figure 10, D and E). This further 
suggests olfr168 may be an endogenous negative regulator of plate-
let function. Comparing WT with olfr168–/– mice in the AAA mod-

Figure 6. A OR2L13 agonist potently inhibits platelet aggregation. (A) Platelets were isolated from healthy individuals and preincubated with (–) carvone or (+) 
carvone (300 μM) for 30 minutes. Platelets were stimulated with ADP (0.1 μM), and light transmission aggregometry was performed to assess platelet activa-
tion. Representative tracings for each agonist are shown. (B) Carvone (300 μM) or forskolin (10 μM) incubation individually or together for 30 minutes followed 
by platelet stimulation with ADP (0.1 μM). Light transmission aggregometry was performed to assess platelet activation. Representative aggregometry tracings 
are shown. V, vehicle; C, (–) carvone, f, forskolin. n = 3. Differences between groups were assessed by 1-way ANOVA followed by Bonferroni’s correction; *P < 
0.0001, **P = 0.0003, and ***P < 0.0001 versus vehicle. (C) Summary data from light transmission aggregometry for each agonist are presented as the mean 
± SEM. n = 3. *P = 0.08 versus vehicle and **P = 0.0013 versus vehicle, by 1-way ANOVA followed by Bonferroni’s correction. (D) Platelets were isolated from 
healthy individuals and preincubated with (–) carvone (0–500 μM) for 30 minutes, followed by stimulation with ADP (0.1 μM). Light transmission aggregometry 
was performed to assess platelet activation. Representative tracings for each agonist are shown. (E) Summary data for each concentration of (–) carvone are 
presented as the mean ± SEM in the presence of ADP stimulation (0.1 μM). The downward red arrow is ADP in the presence of vehicle to which all data points 
were compared. n = 3 in each group. *P < 0.05 versus vehicle, by 1-way ANOVA followed by Bonferroni’s correction. The broken blue line indicates the log IC50 
concentration of (–) carvone.
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discovery was made in aortic aneurysmal disease where platelet 
OR2L13 appears to be upregulated in response to biomechanical 
activation and, specifically, by external D-flow exposure. Olfacto-
ry receptors are GPCRs that activate adenylyl cyclase to hydrolyze 
cAMP from ATP, a well-known second messenger that suppresses 
platelet reactivity (27). We identified the terpene (–) carvone, an 
active ingredient in spearmint, as a potent platelet OR2L13 agonist 
that generates cAMP endogenously in platelets. The same OR2L13 
agonist suppresses thrombosis and platelet reactivity both ex vivo 
and in vivo. OR2L13 activators are therefore foundational to a new 
class of antiplatelet agents for thrombotic diseases.

In aneurysmal regions of the mouse and human aorta, 
D-flow and luminal thrombus are common observations and 
may accelerate AAA growth (28–30). We showed a similar finger-
print of MMP9 activity in platelets, aortic thrombus, and aorta in 
humans with advanced AAA. We found that patients with AAA 

treated with the olfr168 agonist (–) carvone or from olfr168–/– mice 
had decreased and increased MMP2 activity compared with control 
mice, respectively (Figure 11E and Supplemental Figure 13). Defi-
ciency of olfr168 did not affect platelet count, WBC count, or hemo-
globin concentration at baseline or after AAA induction (Supple-
mental Figure 14). Together, these data imply that activated platelet 
OR2L13 is a protective mechanism to prevent excessive platelet 
reactivity in AAA and simultaneously silences platelet MMP2 activi-
ty. This may in part provide a mechanistic explanation for antiplate-
let agents restricting AAA growth and rupture (4, 10).

Discussion
To the best of our knowledge, this is the first study to show a 
mechanistic link between platelet reactivity and AAA progression 
in vivo, identifying functional olfactory receptors as signal trans-
duction modules in platelets to serve as druggable targets. This 

Figure 7. Biomechanical platelet activation is inhibited by OR2L13 agonists. (A) In vitro exposure of healthy platelets to steady laminar flow (S-flow) or 
disturbed flow (D-flow) for 60 minutes after a 30-minute pretreatment with vehicle or (–) carvone (300 μM). Platelet activation was quantified by surface 
P selectin expression as the MFI ± SEM. n = 3 in each group; 2-way ANOVA. (B) Calcein green–loaded healthy human blood flowing through a collagen I–
coated microfluidics chamber at 40 dyn/cm2 and imaged by confocal microscopy for adherent thrombus (green puncta) at 3 minutes. Data are presented as 
the mean thrombus area of random fields ± SEM following 30 minutes of vehicle (0.25% DMSO) or (–) carvone treatment (300 μM). n = 6–7 in each group. 
Differences between groups were assessed by 2-tailed Student’s t test; *P < 0.0001 versus vehicle. (C) WT FVB/Tac mice were given 100 mg/kg/day (–) 
carvone i.p. for 3 days. Platelets were isolated and stimulated in the presence of thrombin. Platelet activation was quantified by FACS as the MFI ± SEM. n 
= 4. *P = 0.061, **P = 0.007, and ***P < 0.0001 versus vehicle, by 1-way ANOVA followed by Bonferroni’s correction. (D) Time to hemostasis in mice treated 
with (–) carvone following surgical amputation of tail tip in seconds ± SEM. n = 6–9 in each group. *P = 0.0046 versus vehicle, by Mann-Whitney U test.
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Figure 8. Platelets are biomechani-
cally activated in mice and humans 
with AAA. (A) WT male C57BL/6J mice 
treated with topical aortic elastase or 
heat-inactivated elastase (sham) with 
BAPN in drinking water developed sta-
ble AAA with luminal thrombus (yellow 
arrow). Top: B-mode ultrasound, mid-
dle: color spectral Doppler interrogation 
of the aneurysmal region shows D-flow 
(Doppler [red alternating to blue]) 
bottom: dissecting video microscopy 
at the end of the protocol with marked 
aneurysm (white arrow) below the renal 
artery. Time point is 6 weeks after AAA. 
(B) Aortic diameter by ultrasound is 
shown as the mean ± SEM (diameter 
indicated below the graph). n = 5. *P 
= 0.114 and **P = 0.0046, by repeat-
ed-measures 1-way ANOVA followed by 
Bonferroni’s correction. (C) Platelet sur-
face OR2L13 expression for transloca-
tion from baseline and after 4 weeks of 
AAA induction as the MFI ± SEM. n = 4. 
*P = 0.0251, by 1-way ANOVA followed 
by Bonferroni’s correction. (D) Platelet 
surface P selectin for platelet activation 
after dose-dependent thrombin stimu-
lation in sham-operated or AAA mice in 
weeks 1–4 after AAA induction. n = 4 in 
each group. Differences between groups 
were determined by 2-way ANOVA; *P 
< 0.01 and **P < 0.001. (E) An in vitro 
flow-and-cone system was used to 
subject healthy platelets to static flow 
(0) or disturbed flow (D-flow) for 0–90 
minutes. Platelet activation as the 
mean surface P selectin ± SEM, n = 3 in 
each group, by 1-way ANOVA followed 
by Bonferroni’s correction.
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bling the human condition, we did not see this in every case, which 
makes this connection challenging to incorporate into the final 
mechanistic explanation. Nonetheless, utilizing human AAA aortic 
tissue and a murine model, these findings suggest platelet-derived 
MMPs may contribute to the pathogenesis of AAA.

Olfactory receptor signaling in nonolfactory tissue is a relative-
ly new discovery but appears to regulate physiological processes, 
including blood pressure, fat metabolism, and airway hyperrespon-
siveness (34–36). Hereditary anosmia (the inability to smell using 
functional olfactory receptors) coexists in patients with dysfunctional 
platelet activity — an observation made many years ago that was nev-
er explored (37). In addition, during the SARS-CoV-2 pandemic from 
2019 to 2021, anosmia, presumably through inactivation of olfactory 
receptors, was observed as a common initial symptom of infection, 
and platelet activation as well as thrombosis are clear sequelae of this 
disease (38–40). These clinical observations raise the possibility that 
platelet olfactory receptors are mechanistic explanations for dysreg-

had markedly reduced platelet TIMP1 expression. TIMP1 is an 
inhibitor of MMP9 (31). Much like OR2L13 in this study, TIMP1 is 
stored in platelet alpha granules and secreted upon platelet acti-
vation (32). Platelet proteomic analysis previously demonstrated 
that TIMP1 expression inside platelets dramatically changes with 
aspirin pretreatment (33).

In a murine model of AAA, aspirin or the platelet OR2L13 ago-
nist (–) carvone treatment suppressed platelet and aortic MMP2 
activity, which restricted AAA growth. Similarly, OR2L13-deficient 
mice had increased platelet granular content and reactivity and 
augmented platelet and aortic MMP activity — observations that 
coincide with enhanced AAA growth and early rupture. Global 
olfr168–/– mice were used as proof of principle that OR2L13 protects 
against platelet activation, platelet and aortic MMP activation, 
and aortic rupture in AAA, but an intrinsic limitation is a lack of 
availability of mice with platelet-specific olfr168 deletion. Although 
some mice with AAA form thrombi in the aneurysmal aorta resem-

Figure 9. Platelet OR2L13 agonists suppress platelet reactivity and AAA growth. (A) Nonreducing SDS-PAGE of human platelet lysates for MMP activity 
was examined by in-gel zymography, and protein content was examined by immunoblotting. MMP9 content was similar, although activated MMP was 
enriched in platelets from patients with AAA compared with those from healthy individuals (n = 4–5). Data were quantified as the mean ± SEM and 
normalized to GAPDH (n = 4–10). Differences between groups were determined by 2-tailed Student’s t test. TIMP, tissue inhibitor of MMP. Protein size 
is indicated in kDa. (B) Aortic diameter by ultrasound following aspirin (30 mg/L, drinking water) therapy or daily i.p. injection of 100 mg/kg (–) carvone 
compared with vehicle starting on day 7 protected FVB/NTac mice from fast AAA growth (n = 4–20). *P = 0.0002 and **P < 0.0001 versus vehicle, by 1-way 
ANOVA followed by Bonferroni’s correction. (C) Aortic lysate at week 4 following AAA was assessed for MMP activity (zymography). Actin and total protein 
were used as loading controls. Data are representative of 9 WT mice (n = 3 in each group) at 4 weeks. *P = 0.012 and **P = 0.0002 versus vehicle, by 2-way 
ANOVA. Yellow asterisk indicates a purified and activated MMP2 standard (S). Protein size is indicated in kDa.
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We showed that OR2L13 colocalized with P selectin in plate-
lets, suggesting alpha granule mobilization may be responsible 
for trafficking OR2L13 to the plasma membrane when platelets 
are activated by D-flow and further emphasizing that OR2L13 
has a protective role, attempting to attenuate activation of plate-
lets persistently exposed to mechanical stimuli. We demonstrat-
ed using an OR2L13 ligand screen in vitro that (–) carvone is 

ulated platelet function in certain diseases. Of the several hundred 
olfactory receptors in the human genome, we determined only a few 
were expressed in the platelet precursor megakaryocyte, and even 
fewer at the protein level in mature adult platelets. Healthy plate-
lets express reasonable quantities of OR2L13, OR2W2, and OR2B6. 
OR2L13 was the only platelet olfactory receptor to change expression 
in AAA and so became a natural target for our investigation.

Figure 10. CRISPR/Cas9 disruption of the Olfr168 locus augments platelet reactivity. (A) Sequencing primer design spanning the OR2L13 (FVB/Tac 
murine olfr168) intron/exon boundaries. Genotyped pups after RNP injection showed the edit (arrow) following PCR with #1/#4 primers and deletion 
following PCR with #1/#2 primers (right gel, last lane). (B) Sanger sequencing showed an edit in the upstream region of the olfr168 locus (box). Amplified 
product size is indicated in kb. Het, heterozygote. KO was olfr168–/–. (C) Immunoblotting platelet lysate for the protein product of the FVB/Tac (WT) and 
null (KO) murine alleles for the olfr168 gene using an anti-OR2L13 antibody. (D) Electron micrographic images of individual WT and olfr168–/– mouse plate-
lets with increased thrombotic granule content apparent in olfr168–/– mouse platelets (arrowheads). Scale bars: 0.5 μm (magnified images). (E) Isolated 
olfr168–/– platelets showed increased reactivity when stimulated with thrombin ex vivo. Platelet activation is shown as the mean surface P selectin ± SEM. 
n = 4 in each group. *P < 0.0001, by 1-way ANOVA followed by Bonferroni’s correction.
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In patients with AAA, we demonstrated that P2Y12 receptor 
activation, which decreased platelet cAMP, was slightly inhibit-
ed, unlike PAR1 and the platelet thromboxane receptors, which 
showed enhanced activity in AAA. Patients with AAA have 
increased platelet OR2L13 expression, a receptor pathway that 
increases cAMP, suggesting development of a protective mech-
anism involving enhanced adenylyl cyclase activity and cAMP 
production in circulating platelets of patients with AAA. Several 
platelet surface GPCRs positively couple to adenylyl cyclase to 
generate cAMP (46). OR2L13 agonists could be alternative anti-
platelet agents for patients with cardiovascular disease in whom 
P2Y12 receptor antagonists are ineffective (47, 48). In a recent 
clinical trial in patients with small infrarenal aortic aneurysms, a 
P2Y12 receptor antagonist did not impair aneurysmal growth when 

an OR2L13 agonist capable of increasing platelet cAMP, which 
inhibits platelets, thrombosis, and AAA progression in vivo. 
The fact that OR2L13 activation increases cAMP production, 
chloride efflux, and transient calcium mobilization in platelets, 
similar to its native expression in olfactory afferent neurons, 
suggests a conserved signal transduction pathway (41–43). 
Over a decade ago, our group demonstrated platelets possess 
other functional signal transduction pathways common to neu-
rons, including the NMDA receptor and the alpha-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor 
(44). Recently, muscarinic acetylcholine receptors were found 
to regulate platelet reactivity and thrombosis (45). These previ-
ous studies and the current observations suggest that circulating 
platelets resemble neuronal synapses.

Figure 11. Olfr168-deficient mice have enhanced platelet and aortic MMP2 
activation with accelerated aortic aneurysm growth and rupture. (A) 
B-mode ultrasound of infrarenal AAA at week 4 after elastase induction and 
color spectral Doppler showing marked D-flow in AAA. Bottom: Color spectral 
Doppler of aortic aneurysmal segments showing disturbed blood in olfr168 
–/– mice. (B) AAA growth by ultrasound for WT or olfr168–/– FVB/Tac mice (n 
= 5–17). *P = 0.0037 WT versus olfr168–/–, by Kruskal-Wallis test followed by 
Dunn’s post test. (C) Kaplan-Meier survival curves for AAA rupture in WT or 
olfr168–/– FVB/Tac mice (n = 10 in each group). Differences between groups 
were evaluated with the log-rank (Mantel-Cox) test; P = 0.042 between 
groups. (D) Aortic lysate following AAA was assessed for MMP activity 
(zymography) in FVB/Tac mice at 4 weeks (n = 8 in each group). *P = 0.028 
versus Olfr168–/–, by Mann-Whitney U test. MMP2 and total protein (stain) 
were used as loading controls. (E) Platelet lysate following AAA was assessed 
for MMP2 activity (zymography) in FVB/Tac mice at 4 weeks (n = 4 in each 
group). *P = 0.023 versus Olfr168–/–, by 2-tailed Student’s t test.
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conducted using an HC Plan Apo 20X/0.7NA lens mounted to a Leica 
DMI6000 inverted microscope and a dark chamber and a Hamamat-
su ImagEM cooled, charge-coupled device camera. Platelets loaded 
with calcein green were used to determine thrombus size as percent-
age thrombus area at the end of 3 minutes using Image Pro plus soft-
ware (Media Cybernetics). Platelet exposure to S-flow (smooth sur-
face) and D-flow (radial grooves) in vitro was made possible using a 
flow cone and plate system custom-manufactured by the University 
of Rochester department of engineering as described previously (19). 
The cone was rotated to provide S-flow shear at 15 dyn/cm2. D-flow 
shear cannot be accurately determined, though the same rotational 
speed was used with S-flow and D-flow always run alongside no-flow 
(static) conditions for internal consistency. After exposure to S-flow 
or D-flow, platelets were imaged by confocal microscopy, surface 
marker proteins were determined quantitatively by flow cytometry, 
and platelet proteins were assessed by Western blotting.

Experimental animals. Mouse colony: 8-week-old male WT C57/
BL6 (The Jackson Laboratory) and FVB/NTac (Taconic Biosciences) 
mice were used in this study given that AAA is a disease affecting most-
ly males. The murine ortholog OR2L13 gene (olfr168) deletion mice 
were created in the University of Rochester functional genomic core 
using a CRISPR/Cas9 editing strategy with injection of the following 
guide RNA strands (Synthego Corporation): CAAGTGATTTCAT-
TCTCTTA and GGGCCATGACAAGAGTCCTT. Genotyping using 
primers spanning the predicted gene edit location were utilized and 
pups were further confirmed by Western blotting of isolated platelets 
using an OR2L13 antibody.

AAA surgery. We adapted the method demonstrated by Hu et al. 
to induce AAA with intraluminal thrombus (ILT), which is as close to 
the human phenotype of infrarenal AAA as possible (26). The exper-
imental elements for AAA induction and intervention are shown in 
pictorial format (Supplemental Figure 9). BAPN at 2 g/L was given 
in the mouse drinking water 2 days before the surgical procedure to 
inhibit lysyl oxidase, which would otherwise repair the damage to the 
aorta caused by topical elastase. To augment aneurysm growth and 
induce ILT as described (26), anti−TGF-β blocking antibody (250 μg/
mouse) was i.p. injected 3 times weekly starting the day of surgery. 
Each mouse (20−30 g in weight) was given 1 mL s.c. physiologic saline 
before surgical incision to account for insensible volume losses with 
gut externalization. Surgical procedures were conducted on a surgical 
heating pad at 37°C. Mice were anesthetized with isoflurane anes-
thesia (3% by nosecone) using oxygen as the carrier. Buprenorphine 
(0.05 mg/kg) was given 30 minutes prior to skin incision. The area 
of incision was cleaned with 70% ethanol and betadine 3 times, and 
then infiltrated gently with local anesthesia (bupivacaine 5 mg/kg, 
s.c., immediately prior to incision). A midline abdominal incision was 
made through the skin. The rectus sheath was divided at the linea alba. 
The intestines were exteriorized with a Q-tip to the left of the mouse 
onto gauze soaked with saline above and below to prevent drying. 
Whatman paper 6 mm × 9 mm slices were placed on top of the aorta 
below the bifurcation of the renal arteries. A volume of 10 μL porcine 
pancreatic elastase was dropped onto Whatman paper, which was left 
in place for 5 minutes. For sham surgical animals, the procedure was 
identical, but heat-inactivated elastase was used (55°C, 10 minutes). 
Excess elastase was removed by adding 0.5 mL physiologic saline to 
the abdominal cavity followed by an aspiration step. The mesentery 
was repositioned in the abdominal cavity. Next, 6-0 Vicryl interrupted 

administered in a randomized, blinded manner (14). The P2Y12 
receptor, therefore, may play a smaller role in platelet-mediat-
ed AAA growth, as suggested by our data. Alternatively, medical 
intervention for small aortic aneurysms or the time of treatment 
during AAA development in the prior report may generate an 
insufficient magnitude of D-flow to activate platelets.

We discovered that platelets from patients with AAA were 
biomechanically activated in spite of aspirin therapy but can be 
suppressed by the OR2L13 agonist (–) carvone. Parenteral admin-
istration of (–) carvone in mice inhibited the increase in platelet 
reactivity and suppressed AAA growth in vivo. Detailed pharma-
cokinetic and pharmacodynamic studies will be required to assess 
the bioavailability of carvone, which is found in spearmint extract 
and therefore could be administered orally. Since olfactory recep-
tor agonists are often volatile odors, the possibility of engineering 
an antiplatelet agent for aerosolized delivery exists.

In summary, this investigation identified functional platelet 
olfactory receptors and showed that surface OR2L13 stimulation 
suppressed platelet reactivity in humans and in mice. When plate-
let OR2L13 was activated during AAA development by an exoge-
nous, activating ligand, the biological consequence was suppres-
sion of platelet and aortic MMP activity, limiting aortic aneurysm 
progression. Conversely, OR2L13 deficiency augmented platelet 
and aortic MMP activity, promoting aneurysmal growth and aortic 
rupture. Future work will be directed toward understanding bidi-
rectional communication between the aorta and platelets to better 
understand additional mechanisms by which platelets contribute 
to aortic remodeling.

Methods
For detailed information on common and routine experimental proce-
dures, refer to the Supplemental Methods.

Odorant screen. The control and RTP1s/OR2L13 reporter cells 
were used to perform odorant screening. Briefly, 10,000 reporter 
cells (control or RTP1s/OR2L13 expressing) were plated per well of 
a 384-well cell culture plate in 10 μL complete growth media with-
out phenol red. Immediately after cell plating, 10 L of 0 to 500 μM 
as an alpha screen odorant mix was added to each well in duplicate 
and gently vortexed. The screen was then repeated with odorant mol-
ecules individually in a dose-dependent manner. Forskolin (1 μM) 
and DMSO were added to 1 column of every assay plate to serve as a 
control. After the odorant mix addition, compounds from the Spec-
trum Collection (MS Discovery) were added to each well at approx-
imately 1 μM concentration and incubated overnight at 37°C in 5% 
CO2. The next day, 20 μL of One-Step Luciferase assay system (BPS 
Bioscience) was added to each plate, and luciferase activity was read 
on a Gen5 plate reader. The ratio or OR2L13 cell line/vector cell line 
was used to indicate a positive response by way of a cAMP response 
element reporter readout ratio of more than 1.0; then a dose-response 
curve was constructed for lead compounds.

Ex vivo exposure of platelets to mechanical stress. Healthy human 
blood was loaded with the fluorophore calcein green at room tem-
perature (10 μM, pH 7.4 for 20 minutes), and incubated with odorant 
ligands for 30 minutes. Using a Cellix Microfluidics System, blood 
was perfused over a collagen I–precoated Vena8 Fluoro+ biochip (15 
μL at 150 μg/mL, humidified box overnight at 4°C, then washed with 
PBS) at 40 dyn/cm2 using a Mirus Nanopump. Image collection was 
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sis of platelets from healthy individuals and from patients with AAA 
as well as blood biomarkers and aortic tissue from recently deceased 
individuals from nonvascular causes and from patients undergoing 
open aortic reconstruction. The study participants provided written 
informed consent. Cleveland Clinic IRB approval was obtained for 
the isolation of platelets from patients with AAA. All animal protocols 
were approved by the University Committee on Animal Resources at 
the University of Rochester and Cleveland Clinic IACUC.
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sutures were used to close the peritoneum, and 6−0 nylon was used 
to close the skin using interrupted sutures. During recovery, a heat-
ed pad was placed under the mouse cage on one half only to assist in 
comfort while allowing the mouse the opportunity to move to a cool-
er area if desired. Hyperalgesia was assessed immediately after the 
procedure, and then twice daily for 48 hours, and maintenance dose 
buprenorphine (0.05 mg/kg) was given 8 hours after surgery and then 
maintained at this dose for 48 hours after surgery. For the interven-
tional study, FVB/Tac mice were injected with vehicle (DMSO) or (–) 
carvone starting on day 7 at the dose of 100 mg/kg/day i.p. or given 
vehicle (water) or aspirin 30 mg/L ad libitum in drinking water start-
ing on day 7. Blood draws were taken at time intervals no less than 1 
week by the retro-orbital route into heparinized Tyrode’s solution as 
we described previously (8, 20).

Ultrasonography. Sonographic interrogation using pulsed-wave 
Doppler allowed identification of the aorta. Color flow Doppler 
interrogation was utilized to determine the presence of D-flow in 
aneurysmal segments and S-flow in the aorta of sham-operated 
animals. After carefully scanning the aorta of mice under general 
isoflurane anesthesia for the widest section of the aorta in the short 
axis, color Doppler was used to identify the aorta and distinguish it 
from the vena cava. Pulsed-wave Doppler interrogated the vessel to 
ensure the signal was arterial, and then M-mode was used through 
the widest section of the short axis of the aorta for enhanced tem-
poral resolution. Aortic dimension at the maximum lumen diameter 
were taken at each time point as we described previously (4). The 
aortic edge-to-edge intima was measured using the Vevo2100 echo-
cardiography system (VisualSonics).

Statistics. Data are presented as the mean ± SEM unless otherwise 
stated. Normality and equal variance were first evaluated by the Sha-
piro-Wilk test. For normally distributed data between 2 comparative 
groups, a 2-tailed Student’s t test was used. For nonparametric data, the 
Mann-Whitney U test was used. For Gaussian-distributed data in 3 or more 
groups, 1-way ANOVA followed by Bonferroni’s multiple-comparison test 
was used, otherwise the Kruskal-Wallis test followed by Dunn’s post test 
was used. Significance was accepted as a P value of less than 0.05. Analy-
ses were conducted using GraphPad Prism 7 (GraphPad Software).

Study approval. This study complies with the Declaration of Hel-
sinki and was approved by the University of Rochester for the analy-
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