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Abstract: Rocuronium is an aminosteroid nondepolarizing neuromuscular blocker that is widely used
for anesthesia and intensive care. In this study, we investigated the effect of rocuronium on human
platelet functions in vitro. The effects of rocuronium on platelet aggregation, P-selectin expression,
and cyclic adenosine monophosphate (cAMP) levels in platelets were measured using an aggregometer,
an enzyme immunoassay, and flow cytometry, respectively. Rocuronium inhibited ADP-induced
platelet aggregation, P-selectin expression and suppression of cAMP production. These effects were
not antagonized by equimolar sugammadex, a synthetic γ-cyclodextrin derivative that antagonizes
rocuronium-induced muscle relaxation by encapsulating the rocuronium molecule. Morpholine,
which constitutes a part of the rocuronium molecule but is not encapsulated by sugammadex,
inhibited ADP-induced platelet aggregation. Vecuronium, which has a molecular structure similar to
that of rocuronium but does not possess a morpholine ring, had no significant effect on ADP-induced
platelet aggregation. These results indicate that rocuronium has a suppressive effect on platelet
functions in vitro that is not reversed by sugammadex and suggest that this effect is mediated by
blockade of the P2Y12 receptor signaling pathway via the morpholine ring of rocuronium.

Keywords: rocuronium; sugammadex; morpholine; platelet; P2Y12 receptor; cyclodextrin

1. Introduction

Platelets are anucleate cells that play a central role in thrombus formation in blood. Therefore,
information on the effects of perioperative drugs, including anesthetics, on platelet function is important for
patient care. We have described the effects on platelets of various anesthetics used during the perioperative
period [1–7], but the effects on human platelets of many drugs used perioperatively remain to be clarified.
Rocuronium ((+)-(17β-acetoxy-3α-hydroxy-2β-morpholino-5α-androstan-16β-yl)-1-allyl-1-pyrrolidinium
bromide), an aminosteroid nondepolarizing neuromuscular blocker, is widely used for anesthesia and
intensive care [8], but its effect on human platelet functions has not been examined.

Sugammadex, a cyclic oligosaccharide γ-cyclodextrin derivative, approved by the European
Medicines Agency in 2008 and by the U.S. Food and Drug Administration in 2016 [9], encapsulates
rocuronium to form a 1:1 complex in plasma and inhibits the binding of rocuronium with the nicotinic
acetylcholine receptor expressed in the neuromuscular junction and reverses the neuromuscular
blockade by rocuronium [10]. Sugammadex shows a similar effect against vecuronium, another widely
used aminosteroid nondepolarizing neuromuscular blocker. The molecular structure of vecuronium
resembles that of rocuronium but does not have a morpholine ring. The structures of rocuronium,
vecuronium, the rocuronium/sugammadex complex, and morpholine are shown in Figure 1 [10].
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Figure 1. Structures of (A) rocuronium bromide; (B) vecuronium bromide; (C) 
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Injury to blood vessels activates platelets locally via exposure of endothelial collagen. The 
activated platelets release dense granules that include adenosine diphosphate (ADP), which 
activates other platelets by autocrine or paracrine interactions. ADP binding to a platelet′s P2Y12 
receptor inhibits adenylate cyclase and decreases the cyclic adenosine monophosphate (cAMP) level, 
which induces platelet activation by suppressing cAMP-dependent phosphorylation of the inositol 
triphosphate receptor and potentiating calcium release from the endoplasmic reticulum [11]. In this 
study, we investigated the effects of rocuronium on platelet functions activated by ADP and 
analyzed the mechanism of action. 

2. Results 

2.1. Platelet Aggregation 

Rocuronium at 500 μM suppressed platelet aggregation induced by 5 μM ADP (Figure 2A). In 
contrast, vecuronium (5–5000 μM) had no significant effect (Figure 2B). Sugammadex, which 
encapsulates rocuronium, did not affect ADP-induced platelet aggregation itself (Figure 2C) and did 
not significantly affect the suppressive effect of rocuronium (Figure 2A). The structural difference 
between rocuronium and vecuronium is the presence of a morpholine ring, which is not 
encapsulated by sugammadex (Figure 1C). Therefore, we next tested the effect of morpholine on 
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induced by 5 μM ADP in a dose-dependent manner. 

Figure 1. Structures of (A) rocuronium bromide; (B) vecuronium bromide; (C) rocuronium-sugammadex
complex, based on a previous report [10]; (D) and morpholine.

Injury to blood vessels activates platelets locally via exposure of endothelial collagen. The activated
platelets release dense granules that include adenosine diphosphate (ADP), which activates other
platelets by autocrine or paracrine interactions. ADP binding to a platelet’s P2Y12 receptor inhibits
adenylate cyclase and decreases the cyclic adenosine monophosphate (cAMP) level, which induces
platelet activation by suppressing cAMP-dependent phosphorylation of the inositol triphosphate receptor
and potentiating calcium release from the endoplasmic reticulum [11]. In this study, we investigated the
effects of rocuronium on platelet functions activated by ADP and analyzed the mechanism of action.

2. Results

2.1. Platelet Aggregation

Rocuronium at 500 µM suppressed platelet aggregation induced by 5 µM ADP (Figure 2A).
In contrast, vecuronium (5–5000 µM) had no significant effect (Figure 2B). Sugammadex,
which encapsulates rocuronium, did not affect ADP-induced platelet aggregation itself (Figure 2C) and
did not significantly affect the suppressive effect of rocuronium (Figure 2A). The structural difference
between rocuronium and vecuronium is the presence of a morpholine ring, which is not encapsulated
by sugammadex (Figure 1C). Therefore, we next tested the effect of morpholine on platelet aggregation.
Figure 2D shows that morpholine over 1 mM suppressed platelet aggregation induced by 5 µM ADP
in a dose-dependent manner.

2.2. Flow Cytometry Analysis of P-Selectin Expression on ADP-Stimulated Platelets

Rocuronium at 500 µM suppressed P-selectin expression on the surface of ADP-stimulated
platelets. This effect was not abolished by equimolar sugammadex (Figure 3).
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Figure 2. Effects of rocuronium, vecuronium, sugammadex, and morpholine on human platelet 
aggregation induced by 5 μM adenosine diphosphate (ADP). (A) Rocuronium (ROC) in the absence 
and presence of equimolar sugammadex (SGX) (5–500 μM). * p < 0.05 vs. ROC (−), SGX (−). (B) 
Vecuronium (VEC; 5–5000 μM). (C) Sugammadex (SGX; 5–500 μM). (D) Morpholine (MOR; 10 
μM–10 mM). * p < 0.05 vs. MOR (−). Data are expressed as the mean ± SD. Rocuronium and 
morpholine suppressed ADP-induced platelet aggregation, whereas vecuronium and sugammadex 
did not show significant effects. The suppressive effect of rocuronium was not abolished by 
equimolar sugammadex. 
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Figure 3. Effects of rocuronium (ROC; 0.5–500 μM) on surface P-selectin expression in platelets 
stimulated with 10 μM ADP in the presence and absence of equimolar sugammadex (SGX; 0.5–500 
μM). Data are expressed as the mean ± SD of the ratio to the positive control (ROC (−), SGX (−), ADP 
(+)). * p < 0.05 vs. positive control. NS, not significant. Rocuronium suppressed P-selectin expression 
on the surface of ADP-stimulated platelets, and this was not significantly affected by equimolar 
sugammadex. 

Figure 2. Effects of rocuronium, vecuronium, sugammadex, and morpholine on human platelet
aggregation induced by 5 µM adenosine diphosphate (ADP). (A) Rocuronium (ROC) in the absence and
presence of equimolar sugammadex (SGX) (5–500 µM). * p < 0.05 vs. ROC (−), SGX (−). (B) Vecuronium
(VEC; 5–5000 µM). (C) Sugammadex (SGX; 5–500 µM). (D) Morpholine (MOR; 10 µM–10 mM). * p < 0.05
vs. MOR (−). Data are expressed as the mean ± SD. Rocuronium and morpholine suppressed
ADP-induced platelet aggregation, whereas vecuronium and sugammadex did not show significant
effects. The suppressive effect of rocuronium was not abolished by equimolar sugammadex.
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Figure 3. Effects of rocuronium (ROC; 0.5–500 µM) on surface P-selectin expression in platelets
stimulated with 10 µM ADP in the presence and absence of equimolar sugammadex (SGX; 0.5–500 µM).
Data are expressed as the mean ± SD of the ratio to the positive control (ROC (−), SGX (−), ADP (+)).
* p < 0.05 vs. positive control. NS, not significant. Rocuronium suppressed P-selectin expression on the
surface of ADP-stimulated platelets, and this was not significantly affected by equimolar sugammadex.
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2.3. cAMP Formation

Rocuronium at 500 µM increased cAMP production in ADP-stimulated platelets, and sugammadex
had no influence on this effect. Sugammadex alone had no significant effect on cAMP formation
(Figure 4).
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monophosphate (cAMP) formation in platelets stimulated with 5 µM ADP. Data are expressed as the
mean ± SD. * p < 0.05 vs. ROC (−), SGX (−). Rocuronium reduced the suppression of cAMP production
in ADP-stimulated platelets, which was not significantly affected by sugammadex. Sugammadex alone
had no significant effect on cAMP formation.

3. Discussion

The main finding of this study was that rocuronium suppressed platelet functions, but the effect
of rocuronium was not antagonized by sugammadex, an agent that reverses rocuronium-induced
neuromuscular blockade. The suppressive action of rocuronium on platelets was suggested to be due
to an increase in cAMP production caused by the inhibition of the P2Y12 receptor pathway by the
morpholine ring in rocuronium, which was not encapsulated by sugammadex (Figure 5).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 5 of 10 
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The P2Y12 receptor, a member of the P2Y family of purinergic G protein-coupled receptors,
is mainly expressed on platelets [12]. When the P2Y12 receptor is activated by ADP, adenylate cyclase
is inhibited by an inhibitory G protein and cAMP production from adenosine triphosphate decreases.
The decline in cellular cAMP content reduces the phosphorylation level of the inositol trisphosphate
receptor and causes platelet activation by calcium release from the endoplasmic reticulum [13],
resulting in persistent platelet aggregation and secretion of granules, including P-selectin. In this study,
rocuronium inhibited ADP-induced platelet aggregation and P-selectin expression and increased the
platelet cAMP level in the presence of ADP, suggesting that rocuronium inhibits the P2Y12 receptor
pathway and suppresses ADP-induced platelet activation. To further examine whether the inhibitory
effect of rocuronium on platelet function is due to its antagonistic effect on the P2Y12 receptor, we should
examine whether the effect of rocuronium is affected by the presence of P2Y12 receptor inhibitors,
such as cangrelor or the active metabolite of prasugrel.

P-selectin (CD62P), a membrane protein present in the secretory granules (α granules) of platelets,
is an adhesion molecule on the cell surface which is expressed in response to degranulation associated with
cell activation, and is widely used as a marker for platelet activation and adhesive activity [14]. P-selectin
stabilizes human platelet aggregates in the early phase in vitro and contributes to the enlargement and
stabilization of arterial thrombi [15–17]. Our results suggest that a high concentration of rocuronium
inhibits the adhesion of platelets, in which P-selectin participates, as well as platelet aggregation.

Morpholine is a heterocyclic amine with a structure in which the 1- and 4-carbon atoms in
cyclohexane are replaced by nitrogen and oxygen, respectively (Figure 1D). Morpholine derivatives
have diverse pharmacological actions, including antitumor, anti-inflammatory, and anti-parasitic
effects [18–23]. Ahn et al. [24] identified six morpholine derivatives that suppressed platelet functions
from 6211 substances using a light transmission aggregation test, and demonstrated that a morpholine
derivative (6-[(4-dimethylamino-phenyl)-morpholin-4-yl-methyl]-benzo [1,3] dioxol-5-ol) acts directly
and reversibly on a region of the P2Y12 receptor distinct from the binding site of a P2Y12 receptor
antagonist, ticagrelor. However, it was not examined whether this morpholine derivative inhibited
platelet functions through the interaction of its morpholine ring with the P2Y12 receptor. Our study shows
that the inhibitory effects of rocuronium on ADP-induced platelet aggregation and P-selectin expression
were not antagonized by equimolar sugammadex, which may suggest that rocuronium suppresses
platelet functions via its morpholine ring, because this ring is not encapsulated by sugammadex [8,10].
This conclusion is consistent with the finding that ADP-induced platelet aggregation was not inhibited by
vecuronium, which does not have a morpholine ring. Furthermore, the suppressive effect of morpholine
itself on ADP-induced platelet aggregation also supports this conclusion. It might be possible that other
morpholine derivatives, such as levofloxacin, linezolid, and gefitinib, suppress platelet functions via
their morpholine ring [18].

The influence of aminosteroid neuromuscular blockers, such as rocuronium and vecuronium
on intraoperative hemorrhages, has not been reported. The blood rocuronium level rose to 50 µM
immediately after injection of the clinical dosage for tracheal intubation (0.9 mg/kg), and the blood
level was maintained above 5 µM for about 30 min [25]. The blood rocuronium level is significantly
higher during surgery in patients with hepatic and renal dysfunctions compared to patients with
normal hepatic and renal functions [26], because rocuronium is mainly excreted into bile in the liver,
and partially excreted in urine [27,28]. In elderly patients, the blood rocuronium level might be higher
than in young patients when the same dose of rocuronium is administered because elimination of
rocuronium slows with age [29]. Thus, the blood rocuronium level in some clinical situations may be
higher than the typical level in healthy people. However, it is unlikely that rocuronium concentrations
would reach 500 µM in standard clinical use. In clinical practice, rocuronium concentrations above
500 µM are only likely to be reached in the case of an error in administration. The most likely situation
would be when adult doses are given to pediatric patients. In these situations, rocuronium may
suppress platelet functions and induce perioperative bleeding.
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Cyclodextrins are cyclic oligosaccharides assembled from D-(+) glucose subunits connected by
α-(1,4) glycosidic bonds to form torus-like macro rings. Cyclodextrin derivatives are used in food,
pharmaceuticals, drug delivery, and the chemical industry, as well as in agriculture and environmental
engineering [9,30], mainly as inert excipients to improve the stability and solubility of molecules.
Some cyclodextrin derivatives, such as sugammadex, can inhibit the effect of an encapsulated drug,
and drugs encapsulated by cyclodextrin derivatives generally show no pharmacological activity.
Although it has not been examined whether rocuronium encapsulated by sugammadex retains its
neuromuscular blocking effect [10,31], to the best of our knowledge, this study is the first to show that
a drug encapsulated by a cyclodextrin derivative can retain a pharmacological effect.

There are several limitations of this study. First, although the results suggest that rocuronium has
an inhibitory effect on the P2Y12 receptor signal transduction pathway, it remains to be clarified which
molecule in the signal transduction pathway is directly affected by rocuronium. Because rocuronium has a
steroid skeleton, it may pass through the cell membrane and directly activate adenylate cyclase. Moreover,
in addition to the P2Y12 receptor, the P2Y1 receptor on platelets can be activated by ADP, which then
activates phospholipase C via Gq, causing an increase in intracellular calcium ions, platelet shape-change,
and transient platelet aggregation [11]. We have focused on the P2Y12 receptor pathway as the point
of action of rocuronium, but we cannot exclude the possibility that rocuronium can also affect the P2Y1
pathway. We measured cAMP as a component of the P2Y12 pathway, but the cAMP level is also regulated
by mechanisms other than the P2Y12 receptor pathway, including the α2-adrenoceptor pathway, and their
influences cannot be ruled out [32]. The effects of rocuronium on platelets when they are stimulated by
activators other than ADP also need to be studied. Furthermore, we should evaluate the other parameters
(e.g., mobilization of intracellular calcium, phosphorylation of vasodilator-stimulated phosphoproteins,
and activity of specific kinases) in future studies. Second, because platelet-rich plasma (PRP), not whole
blood, was used in the aggregation tests and P-selectin expression measurements, the influence of any
interaction between the platelets and the other blood cells on the effect of rocuronium could not be
evaluated. As a next step, we need to confirm the inhibitory effect of rocuronium on platelet function
using in vivo models. Third, we should have investigated whether a substance with the structure of
rocuronium without the morpholine ring has an antiplatelet effect. However, because such a substance
is not currently available on the market, and because it would be time-consuming to synthesize one by
ourselves, we alternatively used vecuronium, which has a similar structure to rocuronium but without the
morpholine ring. Within these limitations, this study shows that rocuronium has a suppressive effect on
platelet functions in vitro, and that this effect is mediated by the blockade of the P2Y12 receptor signaling
pathway via the morpholine ring of rocuronium.

4. Materials and Methods

4.1. Platelet Preparation

This study was approved by the ethics committee of Kyoto University Hospital (R0978;
21 March 2017). Prior written informed consent was obtained from the subjects. Venous blood
was obtained by venipuncture of the forearm veins of 15 healthy volunteers who had not taken any
medication for at least two weeks before the blood sampling. The blood was mixed with a 10% volume
of 3.8% trisodium citrate. The number of platelets was counted using an automated hematology
analyzer (KX-21N Sysmex America, Mundelein, IL, USA). The blood sample was centrifuged at 160× g
for 10 min at room temperature and the supernatant was collected as platelet-rich plasma (PRP).
The remaining lower portion of the first centrifuged blood sample was further centrifuged at 1600× g
for 30 min at room temperature, and the clear supernatant was used as platelet-poor plasma (PPP).
The platelet count was adjusted to 3 × 105/µL by dilution with PPP (adjusted PRP). Washed platelets for
the cAMP assay were prepared from PRP. A 10% volume of 100 mM ethylenediaminetetraacetic acid
(EDTA) was added to adjusted PRP. After 15 min centrifugation at 900× g, the platelet pellet was gently
suspended in a wash buffer (pH 7.39) containing 2 mM NaH2PO4, 8 mM Na2HPO4, 10 mM EDTA,
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5 mM KCl, and 135 mM NaCl at 4 ◦C. The platelet pellet was centrifuged again at 900× g for 15 min
at 4 ◦C and finally suspended as washed platelets in an assay buffer (pH 7.96) containing 10 mM
N-2-hydroxyethylpiperazine-N′-2′-ethanesulfonic acid (HEPES), 0.5 mM Na2HPO4, 6 mM glucose,
5 mM KCl, and 145 mM NaCl. The platelet count in the final suspension was adjusted to 106/µL with
the same buffer.

4.2. Chemicals and Drugs

Rocuronium bromide, vecuronium bromide, and morpholine were purchased from Nacalai Tesque
(Kyoto, Japan). Sugammadex sodium was purchased from MSD (Tokyo, Japan). ADP was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Peridinin–chlorophyll–protein (PerCP)-labeled anti-CD61
antibody, phycoerythrin (PE)-labeled anti-CD62P (P-selectin) antibody, and PE-labeled IgG as controls
were obtained from Becton Dickinson (San Diego, CA, USA). All other chemicals were of analytical
grade. We confirmed that all of the buffers or solvents used for dilution in our experiments had no
effects on the results.

4.3. Measurement of ADP-Induced Platelet Aggregation

Aggregation induced by ADP was measured with an aggregometer (MCM Hema Tracer 212;
MC Medical, Tokyo, Japan). Adjusted PRP (3 × 105/µL, 200 µL) was pipetted into a cylindrical cuvette
containing rocuronium, vecuronium, or morpholine in the presence or absence of sugammadex and
incubated at 37 ◦C for 3 min. Then, the sample was stirred at 37 ◦C with a magnetic bar at 1000 rpm.
A 5 µL volume of 200 µM ADP (final concentration: 5 µM) was added to the cylindrical cuvette,
and ADP-induced aggregation was measured for 7 min as a change in light transmission from that of
PPP, which was taken to be 100%.

4.4. Flow Cytometry Analysis of P-Selectin Expression on ADP-Stimulated Platelets

Flow cytometry was performed as we have described previously [6]. Adjusted PRP was diluted
10-fold with phosphate-buffered saline (PBS) (pH 7.42) containing 139 mM NaCl, 8.1 mM NaHPO4,
1.5 mM KH2PO4, and 2.7 mM KCl. For ADP-stimulated platelet analysis, an aliquot of adjusted PRP
was incubated with rocuronium in the presence or absence of sugammadex at room temperature for
3 min. ADP (final concentration: 10 µM) was then added and incubated for 30 min. The samples
were fixed with ice-cold 1% formaldehyde for 60 min on ice and washed twice with ice-cold PBS
by centrifugation at 900× g for 15 min at 4 ◦C. The pellet was suspended in 100 µL PBS at 4 ◦C.
Then, 20 µL of the platelet suspension was coincubated with PerCP-labeled anti-CD61 antibody and
PE-labeled anti-CD62P (P-selectin) antibody in a final volume of 100 µL adjusted with PBS for 60 min at
room temperature in the dark. PE-labeled IgG was used to estimate nonspecific binding. The reaction
was stopped by adding ice-cold PBS. Samples were analyzed using a fluorescence-activated cell
sorting (FACS) Calibur instrument (Becton Dickinson, San Jose, CA, USA). For each sample, data from
10,000 platelets were collected. Platelets were identified by forward and side scatter intensity and by
CD61 expression. P-selectin levels on activated platelet surface membranes were recorded as the mean
fluorescent intensity (MFI) of PE.

4.5. cAMP Assay

Washed platelets were used in the cAMP assays to exclude possible effects of other blood cells on
the results. A platelet suspension (100 µL) was incubated at 37 ◦C for 3 min in a cylindrical cuvette in
the presence or absence of 500 µM rocuronium with or without 500 µM sugammadex, and then stirred
with a magnetic bar at 1000 rpm at 37 ◦C for 7 min with stimulation by 5 µM ADP. The reaction was
terminated by adding a 10% volume of 0.1 M ice-cold HCl. The cAMP measurements were performed
using commercial enzyme immunoassay kits (Cyclic AMP EIA Kit No. 581,001 Cayman Chemical,
Ann Arbor, MI, USA), according to the manufacturer’s protocol.



Int. J. Mol. Sci. 2020, 21, 6399 8 of 10

4.6. Statistical Analysis

All data are expressed as the mean ± standard deviation (SD) of three to six separate experiments.
Group variances were tested by a Brown-Forsythe test, and were statistically equal. All data were
compared by one-way ANOVA, followed by a Dunnett test. All analyses were performed using Prism
5.0 software (GraphPad Inc., La Jolla, CA, USA) with p < 0.05 considered significant.

5. Conclusions

This study shows that rocuronium has a suppressive effect on platelet functions in vitro. This effect
is mediated by the blockade of the P2Y12 receptor signaling pathway via the morpholine ring
of rocuronium.
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Abbreviations

ADP Adenosine diphosphate
cAMP Cyclic adenosine monophosphate
EDTA Ethylenediaminetetraacetic acid
FACS Fluorescence-activated cell sorting
HEPES N-2-hydroxyethylpiperazine-N′-2′-ethanesulfonic acid
MFI Mean fluorescent intensity
MOR Morpholine
PBS Phosphate-buffered saline
PE Phycoerythrin
PerCP Peridinin Chlorophyll Protein
PPP Platelet-poor plasma
PRP Platelet-rich plasma
ROC Rocuronium
SGX Sugammadex
VEC Vecuronium
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