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Abstract: Local anesthetics have the advantage of complete analgesia with fewer side 
effects compared to systemic analgesics. However, their clinical use is limited due to their 
short duration of action. Thus, local anesthetics with fast onset, long duration of action, 
selective nociceptive block, and low local and systemic toxicity are highly desirable. In the 
past electrophysiological studies, quaternary lidocaine derivatives (QLDs) showed these 
characteristics. Here, we review electrophysiological properties of QLDs and their pharma-
codynamic characteristics to shed light on potential problems. 
Keywords: lidocaine, local anesthetics, derivatives, QX-314

Introduction
During the past century, local anesthesia has been commonly applied in clinical 
practice and lidocaine (LIDO) was the first amino-amide local anesthetic. Seventy 
years after its discovery, LIDO remains the most common local anesthetic world-
wide. However, its short duration of action limits its application in many situations. 
In 1963, bupivacaine (BUP), a long-acting anesthetic (2–3-fold longer duration of 
action than LIDO), was first introduced for clinical application. However, in 
subsequent research and clinical reports, BUP was confirmed to be serious cardiac 
toxicity with a difficult resuscitation, which led to the development of levobupiva-
caine (LBUP) and ropivacaine (ROP). The duration of action of LBUP and ROP 
exceeds that of LIDO, but they do not still meet various clinical expectations.

Presently used local anesthetics block voltage-gated sodium channels in all motor 
and sensory fibers. A selective blockade of sensory, but not of other axons, is desired. 
Therefore, novel local anesthetics are expected to be long-lasting and to exert selective 
sensory blockade. In the 1970s, quaternary lidocaine derivatives (QLDs) first started to 
attract research attention. At present, the predominant QLDs include QX-222 
(2-[(2,6-dimethylphenyl) amino]-N,N,N-trimethyl-2-oxoethaniminium chloride; 
Molecular weight: 256.77 g/mol), QX-572 (N,N-dimethyl-2-(phenylamino)- 
N-[2-(phenylamino)-2-oxoethyl)-2-oxoethanaminium chloride; Molecular weight: 
347.84 g/mol), QX-314 (N-(2,6 dimethylphenylcarbamoylmethyl) triethylammonium 
bromide; Molecular weight: 343.30 g/mol), and QX-OH (2-(2,6-dimethylphenyla-
mino)-N,N-diethyl-N-(2-hydroxyethyl)-2-oxoethanaminium bromide; Molecular 
weight: 359.30 g/mol) (Figure 1). In the past century, QLDs were frequently used in 
electrophysiological studies. In the early 21st century, research on QLDs focused on 
aspects such as long-lasting and selective effects, local and systemic toxicities, and on 
the mechanisms underlying local anesthesia. Several decades of research helped 
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identify distinct advantages of QLDs compared with clini-
cally used local anesthetics at present. For better understand-
ing of QLDs, we summarize past research findings and the 
current state of research. More importantly, we revisit the 
shortcomings of QLDs and future challenges.

Past
LIDO has been applied as a local anesthetic and class 
I antiarrhythmic drug since it was developed. Similarly 
to LIDO, QLDs were used as antiarrhythmic drugs or 
a tool for research on electrophysiological effects in the 
initial stage. In the 1960s, QX-572 was reported to have 
the abilities to treat ventricular tachyarrhythmia with long- 
lasting effects.1–5 Regarding electrophysiology, various 
concentrations (12.5–50 mg/L) of QX-572 significantly 
increased the diastolic threshold and absolute refractory 
period, and it decreased conduction velocity and amplitude 
of contraction in isolated animal papillary muscles.2 By 
contrast, Ryden et al found that conduction of the atrio-
ventricular node was shortened. The effective refractory 
period decreased in the atrium, atrioventricular, and ven-
tricle conduction systems after administration of 8 mg/kg 

QX-572.6 The reason for this difference is multifaceted. 
Firstly, there are differences in many aspects of the experi-
mental design, such as the subject and the QX-572 dosage. 
After slow injection with 8 mg/kg QX-572, the heart was 
exposed to a concentration of approximately 10 mg/L for 
at least 15 min.7 However, on isolated heart muscle pre-
parations, no effect on normal electrical activity was 
observed at this concentration (10 mg/L). At concentra-
tions exceeding 20 mg/L, QX-572 reduced the maximum 
rising velocity and decreased action potential amplitude 
and duration.8 Secondly, in addition to the direct effects of 
QX-527, cardiac electrophysiology is also affected by 
sympathetic and parasympathetic activity.

QX-572 was predominantly considered an antiarrhyth-
mic drug for electrophysiological research on myocardial 
cells or on the heart. However, electrophysiological effects 
on nerve cells were the main focus of research for QX-222 
and QX-314. In myelinated nerves, sodium currents were 
inhibited by QLDs with a manner dependent upon the 
voltage and frequency of depolarizing pulses.9 The fre-
quency-dependent block and the voltage-dependent bind-
ing reaction between QX-314 and sodium channels were 

Figure 1 Molecular structure of LIDO, QX-222, QX-314, QX-OH, and QX-572. 
Abbreviation: LIDO, lidocaine.
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modulated by sodium inactivation mechanism.10 External 
QLDs hardly weakened membrane current. However, 
sodium currents were inhibited by 90% when QLDs 
were present in the axoplasm (<0.5 mM).9 Thus, the 
results gave us an explanation that QLDs enter opened 
sodium channels from the axoplasmic side and then 
block the channels.

LIDO and its quaternary derivatives have different 
effects and characteristics between sodium channel sub-
types. Quaternary membrane-impermeant derivatives of 
LIDO are difficult to block skeletal muscle and nerve 
channels when applied externally,9,11 whereas QX-314 
blocks cardiac channels when applied from either side of 
the membrane.12 Therefore, it is possible that QLDs have 
a faster time of onset in cardiomyocytes than in nerve and 
skeletal muscle cells. QX-572 works rapidly on isolated 
heart muscle preparations,8 which supported the above 
interpretation to some extent. However, the exact molecu-
lar mechanisms remain to be clarified. The sodium channel 
selectivity filter interacts with the hydrophilic part of the 
drugs, which plays an important role in extracellular 
access to and escape from their binding site.13,14 The 
sodium channel α-subunit consists of four homologous 
domains (I–IV), each containing six transmembrane seg-
ments (S1–S6).15 Some studies found that in skeletal mus-
cle and brain channels, access and escape of QLDs was 
limited because of their aromatic residues on the IP-loop, 
and Cys and Val on IVS6. However, QLDs can access the 
internal binding site from the outside and escape from the 
cytoplasm to the outside in the heart channel.16 This iso-
form difference was explained by an isoform-specific resi-
due (Cys in the heart, Phe in the brain and Tyr in the 
skeletal muscle) in the P-loop of domain I (IP-loop). 
Evidence suggests that a more hydrophilic residue pro-
motes QLDs access. This was similar to the efficacy of 
the QLDs block of Thr in heart > Cys in skeletal muscle > 
Val in brain for the IVS6 isoform-specific residues.16 

Apart from differences in sodium channels between car-
diac and non-cardiac tissues, other pathways remain to be 
studied, such as the protein pathway, because charged 
molecules can permeate slowly through proteins. The 
way through which QLDs enter cells and bind targets is 
an important factor regarding differences in pharmacoki-
netics and pharmacodynamics.

In squid giant axons, two phases (a fast phase and a slow 
phase) occurred during recovery from the use-dependent 
block of sodium channels when LIDO, QX-222 and QX- 
314 were internally applied to perfused axons. The time 

constant of the fast phase was several milliseconds. 
However, the constants of the slow phase were different 
between drugs (for example, at −80 mV): LIDO, 270.0 ms; 
QX-222, 4.4 s; and QX-314, 17.0 s.17 In the fast phase, the 
recovery time constant was decreased when the membrane 
was hyperpolarized, whereas that for the slow phase was 
increased for QLDs or unchanged for LIDO. For slow 
recovery, the voltage dependence of the time constants is 
consistent with the m-gate trapping hypothesis. When the 
channel is opened, the cationic form of drug molecule 
escapes the channel through the hydrophilic pathway. 
However, LIDO may escape through the closed channel 
quickly via the hydrophobic pathway after losing its 
proton.17 Therefore, recovery from QX-314 and QX-222 is 
considerably slower than that from LIDO (approximately 
10–40 fold). Recovery from the QX-314 block is approxi-
mately 4–5 fold slower than that from QX-222. This differ-
ence is attributable to many reasons, which are 
predominantly physical and chemical properties such as 
molecular weight as small molecule can escape the channel 
faster.18 In addition, the overall recovery rate is closely 
associated with the lifetime of the cationic molecule, 
which is determined by its deprotonation rate constant.

Therefore, research findings of QLDs before the 21st 
century can be summarized as follows: (1) QLDs have the 
property of being permanently positive charge; (2) the main 
target of QLDs is the sodium ion channel which is voltage- and 
frequency-dependent; (3) in nerve cells and skeletal muscle 
cells, it is difficult for QLDs to enter cells from the outside to 
block the sodium ion channel or to cross the membrane from 
the inside. For cardiomyocytes, QLDs can enter the internal 
binding site from the outside and escape from the cytoplasm; 
(4) compared with QX-572 and QX-222, QX-314 has a longer 
time of action regarding sodium channel blockade.

Present
After decades of research, the clinical value of QLDs has 
been recognized. The local anaesthesia effect of QLDs has 
become a research hotspot, especially QX-314 because of its 
advantages in duration. Therefore, in this context, QX-314 
occupies the research hotspot among LIDO derivatives.

QLDs Produce Long-Lasting Local 
Anesthesia
Long-acting and selective sensory block by local anes-
thetics is urgently required. In 2007, an article published 
in the journal Nature started the research boom. In this 

Drug Design, Development and Therapy 2021:15                                                                       submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
197

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


article, the authors found that (1) QX-314 alone had no 
effect on sodium channels when applied to the extracellu-
lar region of sensory neurons, but in presence of the 
TRPV1 agonist, QX-314 can block sodium channels; (2) 
QX-314 and capsaicin produced long-lasting analgesic 
effects when co-injected into the sciatic nerve, and there 
was no motor or tactile disturbance.19 Therefore, subse-
quent studies mainly focused on TRPV1, long-acting and 
selective sensory block. In Table 1, we summarize phar-
macodynamic data of QLDs used in the normal animal 
models over the past two decades.

TRP channels belong to a class of protein channels 
widely distributed in the central and peripheral nervous 
systems. The TRP channel comprises six transmembrane 
proteins. The N- and C-terminus are located in the intra-
cellular region, and the fifth and sixth transmembrane 
domains together form the channel pore region.20 These 
channels are regulated by temperature, pH, osmotic pres-
sure, endogenous receptors, and exogenous receptors. At 
present, the TRP channel family can be divided into seven 
subfamilies, including TRPA, TRPC, TRPM, TRPML, 
TRPN, TRPP, and TRPV.20,21 Most TRP channels can 
mediate non-selective cationic inflow. Among TRP chan-
nels, the most important channel mediating the role of QX- 
314 is TRPV1, which is a non-selective channel for mono- 
and divalent cations. It is mainly expressed in primary 
sensory neurons, various brain nuclei, and in other non- 
neurological tissues.22 In afferent neurons, TRPV1 is dis-
tributed in the cell body, axon, and terminals. At the 
cellular level, TRPV1 is located on the plasma membrane, 
and its pores are large enough for QX-314 to enter the 
cell.19

Capsaicin (8-methyl-N-vanillyl-6-nonenamide), 
a secondary metabolite of chili peppers, can selectively 
activate TRPV1. Therefore, numerous studies began to 
assess and confirmed the local anesthetic effects of co- 
application of capsaicin and QX-314 in different animal 
models. The combination of QX-314 with capsaicin sig-
nificantly shortened the onset time of QX-314.23 However, 
capsazepine, a transient receptor potential vanilloid recep-
tor antagonist, decreases the efficacy of QX-314. 
Therefore, it was confirmed that capsaicin can accelerate 
the action of QX-314.23,24

Although it has been proven that capsaicin can promote 
the entry of QX-314 into sensory neurons, its application 
is limited due to its irritant effects and tissue toxicity.25 

Thus, other agonists of TRPV1 channels as alternatives to 
capsaicin have been investigated. The current local 

anesthetic is the first choice, mainly because of the follow-
ing points: (1) many existing local anesthetics can excite 
the TRPV1 channel;26 (2) the combination of local anes-
thetics and QX-314 can significantly shorten the onset 
time. When 0.2% QX-314 was injected with (0.5–2.0%) 
LIDO to the sciatic nerve in rats, the nociceptive blockade 
lasted for 1.5–10 hours, while the motor blockade contin-
ued for 1.5–2 hours.27 Therefore, co-application of LIDO 
and its quaternary derivative QX-314 produces a long- 
lasting, predominantly nociceptor-selective block, likely 
by facilitating QX-314 entry through TRPV1 channels. 
Considering the duration of action and the time of selec-
tive blockade, Roberson et al found that a combination of 
2.0% LIDO and 0.5% QX-314 was optimal concentration 
ratio, which could produce 9 h sensory blockade with only 
2h motion blockade.28 When 0.5% QX-314 was injected 
with 0.5% BUP in rat sciatic nerve injection model, the 
block duration persisted for longer than 12 h, whereas 
motor function deficits persisted for 6 h.29 Yin et al exam-
ined block time and local tissue toxicity and identified an 
optimal concentration ratio of 0.9% QX-314 plus 0.5% 
BUP.30

In addition to TRPV1 agonists, alternative methods of 
increasing the effect of QX-314 have been investigated. 
Chemical permeation enhancers can enhance transdermal 
penetration of drugs and increase drug flux across biolo-
gical barrier. When 25 mM QX-314 was injected with 
octyltrimethylammonium bromide, a cationic surfactant, 
sensory blockade could reach 7 h, resulting in a marked 
predominance of sensory over motor blockade. QX-314 
with anionic sodium octyl sulfate resulted in sensory block 
for approximately 15 h. Whereas co-injection of QX-314 
and neutral polyoxyethylene (20) sorbitan monolaurate 
produced sciatic nerve block (SNB) only up to 5 h.31 

Liposomes have been widely used for drug delivery with 
the aim of achieving slow release and prolonged effects, 
and their effectiveness and safety have been shown. When 
25 mM QX-314 was injected with anionic liposomes, the 
duration of sensory and motor block was prolonged up to 
25.7 ± 8.3 h and 41.4 ± 6.1 h, respectively, while cationic 
and neutral liposomes showed little effect.32 In conclusion, 
anionic liposomes and surfactants have a stronger effect of 
increasing QX-314. The reason may be that when coexist-
ing with a negatively charged auxiliary agent, QX-314 can 
be easily attached through electrostatic interactions, 
thereby accelerating and increasing the compound’s trans-
mission through cell membrane.
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Table 1 Pharmacodynamic Data of QLDs in Normal Animal Models

Year Species Methods Drug Sensory Block Motor Block

Volume 
(mL)

Concentration Onset 
Time 
(min)

Duration 
(h)

Onset 
Time 
(min)

Duration 
(h)

200719 Rats SNB 0.10 0.20% QX-314 + 0.05% 

capsaicin

15.0–30.0 1.5 No effect

Intraplantar 

injection

0.01 2.00% QX-314 + 0.10% 

capsaicin

60.0 3.0–4.0 -

200776 Guinea 

Pigs

Intradermal 

assay

0.50 10 mM QX-314 34.0 ± 11.0 2.9 ± 1.7 -

0.50 30 mM QX-314 12.0 ± 5.0 5.4 ± 1.9

0.50 70 mM QX-314 18.0 ± 13.0 10.8 ± 2.9

Mouse Tail nerve 

block

0.02 10 mM QX-314 28.0 ± 25.0 2.0 ± 0.0 -

0.02 30 mM QX-314 35.0 ± 17.0 3.8 ± 1.7

0.02 70 mM QX-314 20.0 ± 9.0 9.0 ± 2.5

SNB 0.05 10 mM QX-314 - 10.0 2.0

0.05 30 mM QX-314 4.0 ± 2.0 1.5 ± 1.2

0.05 70 mM QX-314 6.0 ± 6.0 4.7 ± 1.9

200927 Rats SNB 0.20 0.20% QX-314 + 0.50–2.00% 

LIDO

- 1.5–10.0 - 1.5–2.0

0.20 0.20% QX-314 + 2.00% LIDO + 

0.05% capsaicin

- - - 2.0

200923 Mouse Tail nerve 

block

0.02 2.50% QX-314 23.0 

(15.0–30.0)

5.0 

(4.8–6.3)

-

0.02 2.50% QX-314 + 0.10% 

capsaicin

4.0 (3.0–8.0) 6.0 

(4.8–7.3)

201031 Rats SNB 0.30 25 mM QX-314 - 3.3 - 1.1

0.30 25 mM QX-314 + 30 mM OTAB - 7.0 -

201128 Rats SNB 0.20 0.50% QX-314 + 1.00% LIDO - 6.0 - 4.0

0.20 0.50% QX-314 + 2.00% LIDO - 9.0 - 2.0

201237 Rats SNB 0.30 25 mM QX-222 No effect No effect -

0.30 45 mM QX-222 No effect No effect

0.30 75 mM QX-222 No effect No effect

0.30 100 mM QX-222 - 1.05

0.30 25 mM QX-314 - 2.2

0.30 45 mM QX-314 - 8.7

0.30 75 mM QX-314 - 17.3

0.30 100 mM QX-314 - 32.8

(Continued)

Drug Design, Development and Therapy 2021:15                                                                       submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
199

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Table 1 (Continued). 

Year Species Methods Drug Sensory Block Motor Block

Volume 
(mL)

Concentration Onset 
Time 
(min)

Duration 
(h)

Onset 
Time 
(min)

Duration 
(h)

201324 Rats Intraplantar 

injection

0.01 2.00% QX-314 + 0.10% 

capsaicin

60.0 5.0 -

201429 Rats SNB 0.20 0.50% QX-314 + 0.50% BUP - > 12.0 - 6.0

201477 Rats SNB 0.15 1.00% QX-314 3.5 ± 1.7 1.3 ± 0.1 - 1.1 ± 0.1

0.15 1.00% QX-314 + 0.05% 
capsaicin

- 2.6 ± 0.2 - 1.4 ± 0.1

0.15 1.00% QX-314 + 44°C 1.9 ± 0.8 1.4 ± 0.1 - 0.9 ± 0.1

0.15 1.00% QX-314 + 2.00% EI + 44° 
C

- 2.2 ± 0.2 - 1.0 ± 0.1

Tail nerve 
block

0.10 1.00% QX-314 1.0 ± 0.0 3.0 ± 0.3 -

0.10 1.00% QX-314 mL + 0.05% 

capsaicin

6.8 ± 1.8 17.2 ± 1.8

0.10 1.00% QX-314 + 44°C 19.5 ± 2.5 7.7 ± 0.6

0.10 1.00% QX-314 + 42°C 23.8 ± 2.7 4.9 ± 0.8

0.10 1.00% QX-314 + 2.00% EI + 42° 
C

2.9 ± 0.3 18.7 ± 1.8

201452 Rats IVRA 0.50 0.50% QX-314 - 2.5 ± 0.7 -

201632 Rats SNB 0.20 25 mM QX-314 - 2.9 ± 1.1 - 2.5 ± 0.8

0.20 25 mM QX-314 + 40 mM 

anionic liposome

- 25.7 ± 8.3 - 41.4 ± 6.1

201730 Rats SNB 0.20 0.20–1.50% QX-314 + 

0.03–0.50% BUP

- 5.8–23.8 - 5.8–23.8

0.20 Optimal formulation: 0.90% 

QX-314 + 0.50% BUP

- 10.1 ± 0.8 - 10.1 ± 0.8

201738 Rats SNB 0.20 25 mM QX-314 - 3.0 - 4.0

0.20 35 mM QX-314 - 6.0 - 5.0

0.20 45 mM QX-314 - 11.0 - 10.0

0.20 25 mM QX-OH - 5.5 - 4.0

0.20 35 mM QX-OH - 8.0 - 7.0

0.20 45 mM QX-OH - 18.0 - 12.0

201839 Rats SNB 0.20 35 mM QX-OH + 10 mM LBUP - 9.8 -

0.20 45 mM liposome BUP - 4.8

(Continued)
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Recent studies further expanded the use of QX-314. In 
dry eye disease, TRPV1 played an important role in mediat-
ing enhanced nocifensive behavior.33 Pruritogen-mediated 
entry of QX-314 selectively inhibited conjunctival itching 
sensory fibers.34 When infected with methicillin-resistant 
Staphylococcus aureus (MRSA), three types of pore- 
forming toxins (hemolysin, phenol-soluble modulator and 
interleukin HlgAB) directly induced neuronal firing and pro-
duced spontaneous pain. QX-314 could block acute and 
chronic pain caused by MRSA infection through pores 
formed by neurons.35 Similar to LIDO, systemic application 
of QX-314 could also effectively relieve bone cancer pain 
through selective inhibition of TRPV1-expressing nerve 
fibers.36 Therefore, we believe that QX-314 will have 
a wide range of clinical applications.

Apart from QX-314, there are relatively few reports on 
the local anesthesia effects of QX-222 and QX-572 as they 
have no obvious advantage over QX-314. When QX-222 
at a concentration of 100 mM was used for SNB in rats, 
sensory blockade only lasted for 1.05 h, which was con-
siderably shorter than the effect of the corresponding con-
centration of QX-314 (Table 1).37 In recent years, a novel 
type of QX-314 derivative has emerged, termed QX-OH, 
which was expected to be optimized in terms of toxicity 
and effectiveness. In a rat SNB model, different concen-
trations of QX-OH significantly prolonged predominant 
sensory block time compared to the corresponding con-
centration of QX-314 (Table 1), but they had the same 
onset time of approximately 30–60 min.38 For blocking 
motor functions, QX-OH also showed a longer duration 
than QX-314. A combination of 35 mM QX-OH and 
10 mM LBUP significantly shortened the onset time and 
extended the sensory block time without prolonging motor 
block time compared with the application of 35 mM 

QX-OH alone (Table 1).39,40 Therefore, QX-OH resembles 
QX-314 regarding slow onset but long-lasting nerve block 
effects. QX-OH, as an analogue of QX-314, may have 
a similar mechanism and characteristics with QX-314. 
According to the studies cited above, QX-OH is slightly 
more effective than QX-314, which may be due to changes 
in other physical and chemical properties as the novel 
compound also remains permanent positive charge. 
Additional hydroxyl group makes QX-OH less lipophilic 
than QX-314.38 Reduced lipid solubility makes it more 
difficult for the drug to escape after it enters the cell, 
thereby achieving a longer block time. However, the 
onset time will not improve through this modification but 
may even be decelerated.

Local Toxicity Induced by QLDs
In 2010, Schwarz et al reported severe consequences of 
lumbar intrathecal QX-314 in mice. Two microliters 5 mM 
and 10 mM QX-314 caused marked irritation in six 
(100%) and five (83%) of six mice, respectively. Death 
occurred in one mice at 5 mM (17%) and in two at 10 mM 
(33%).41 QX-314 is a derivative of LIDO, and theoreti-
cally its neurotoxicity should be similar to that of LIDO. 
Severe neurotoxicity induced by LIDO mainly manifests 
as irreversible blockade and does not manifest as acute 
irritable or nocifensive behavior. Therefore, the mechan-
ism by which QX-314 cause acute irritation cannot be 
explained by the corresponding effects of LIDO neuro-
toxicity. Further studies found that intrathecal injection of 
0.2% QX-314 alone or concurrent injection with capsaicin 
caused abnormal behaviors in rats, including agitation, 
vigorous vocalization, running, circling, rolling, and 
jumping.42 However, no overt lesions or signs of increased 
neuroinflammation were detected in spinal cord sections, 

Table 1 (Continued). 

Year Species Methods Drug Sensory Block Motor Block

Volume 
(mL)

Concentration Onset 
Time 
(min)

Duration 
(h)

Onset 
Time 
(min)

Duration 
(h)

201940 Rats Subcutaneous 

infiltration

0.10 35 mM QX-OH 25.0 ± 8.2 9.8 ± 0.9 -

0.10 35 mM QX-OH + 10 mM LBUP 10.0 ± 0.0 17.5 ± 2.5

SNB 0.20 35 mM QX-OH 50.0 ± 6.3 6.0 ± 1.8 46.7 ± 16.1 6.0 ± 1.7

0.20 35 mM QX-OH + 10 mM LBUP 10.0 ± 0.0 17.3 ± 2.6 12.5 ± 2.5 7.9 ± 2.8

Abbreviations: OTAB, octyltrimethylammonium bromide; LIDO, lidocaine; BUP, bupivacaine; LBUP, levobupivacaine; EI, emulsified isoflurane; SNB: sciatic nerve block; 
IVRA, intravenous regional anesthesia.
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indicating that behavioral changes were not caused by 
overt lesions of the spinal cord. Thus, the specific reasons 
for these effects remain unclear. But it tells us that QX-314 
may not be suitable for intrathecal injection.

With respect to local tissue toxicity, QLDs show con-
centration-dependent nerve and muscle toxicity. The 
damage to muscle cells appeared to include nuclear inter-
nalization, degeneration, regeneration, and inflammatory 
responses.37 Tissue damage and inflammation caused by 
QX-314 are more severe than those caused by QX-222 at 
the same concentrations. Studies showed that the tissue 
response caused by 25 mM QX-314 was similar to that 
caused by 0.5% BUP and was clinically acceptable.32 

When QX-314 was used in combination with BUP and 
the concentration of QX-314 was lower than 1.2%, the 
degree of local tissue reaction was similar to that of 0.5% 
BUP.30 Regarding QX-OH at 25 mM, the tissue damage 
and inflammation scores were not significantly different 
from those caused by QX-314 at the same concentration.38 

However, at concentrations of 35 or 45 mM, local toxicity 
of QX-OH was more slighter than that of QX-314. Local 
toxicity caused by 45 mM QX-OH was more severe than 
that of 23 mM BUP. Therefore, we conclude that local 
tissue toxicity of QLDs is concentration-dependent, and 
local toxicity of QX-314 is more severe than that of QX- 
222 and QX-OH.38,43 According to current research, QX- 
314 and QX-OH are relatively safe at concentrations of 35 
mM and below. In terms of the mechanisms underlying 
local toxicity, QLDs differ from LIDO. QX-314 causes 
local tissue toxicity, mainly through activation of TRPV1 
to mediate calcium influx.44,45 LIDO, like other local 
anesthetics, exerts local toxicity mainly through the 
destruction of outer cell membranes, activation of cas-
pases, and destruction of mitochondrial membranes.46,47 

Although LIDO can activate TRPV1, its cytotoxicity is not 
correlated with intracellular calcium levels.48 Therefore, 
the strong cytotoxicity of LIDO may not be mediated by 
TRP channels. In addition, unlike LIDO, which is easily 
cleared from the cell by diffusion, QLDs remain in the cell 
for longer periods of time due to their non-permeability to 
the membrane, thus enhancing the time of cytotoxic 
effects. Thus, mechanistic studies also require pharmaco-
kinetic support at the global and cellular levels.

Systemic Toxicity Induced by QLDs
Systemic toxicity of local anesthetics mainly occurs in the 
central nervous system and cardiovascular system. With 
respect to the effects of QX-314 on respiratory rhythm 

generation in brainstem-spinal cord preparations, the 
extracellular application of QX-314 (200 μM) decreased 
the C4 burst rate, amplitude and slope during the initial 
rising phase, and the effects slowly developed with a half- 
decay time of approximately 20 min. However, the com-
bination of capsaicin (10 or 100 μM) and QX-314 (100 
μM) showed no additional effect.49 The reason may be that 
capsaicin exerts a biphasic response to respiratory rhythm 
(a transient decrease followed by an increase in the C4 
rate).50 In addition, QX-314 also exerts biphasic effects on 
the TRPV1 channels, inhibiting the capsaicin-evoked 
TRPV1 currents at lower (μM) concentrations and activat-
ing TRPV1 channels at higher (mM) concentrations.51 

Therefore, the micromolar concentration of QX-314 may 
antagonize the effects of capsaicin to open TRPV1 
channels.

As noted above, when QLDs are applied alone, they 
may not easily pass through the peripheral nerve cell 
membrane, but they can enter and exit myocardial cells, 
which may explain cardiotoxic effects of QX-314. 
Intravenous injection with 5 or 10 mg/kg QX-314 caused 
no significant central nervous system symptoms and 
changes in heart rate in rats. However, at a dosage of 
20 mg/kg, four out of ten rats developed tonic-clonic 
seizures and exhibited a significant decrease in heart 
rate, and six out of ten rats died.52 After intravenous 
injection of mice with QX-314, the ED50 for central 
nervous system and cardiac toxicity were 10.7 mg/kg 
and 10.6 mg/kg, respectively, which were significantly 
lower than the respective ED50 of LIDO (19.5 mg/kg 
and 21.2 mg/kg, respectively).53 In other words, systemic 
toxicity of QX-314 was significantly higher than that of 
LIDO. However, the underlying mechanisms remain 
unclear. We suspect that pharmacokinetic differences 
between QX-314 and LIDO may in part explain these 
effects, such as the inherent property of QX-314 to diffuse 
more slowly owing to its lipophobic nature. Secondly, 
cardiotoxicity of local anesthetics is associated with 
increased membrane fluidity.54 This effect can be seen 
in differences between enantiomers of local 
anesthetics.55 Therefore, further research is needed to 
clarify whether variations in the molecular structure of 
LIDO have caused QX-314 to have a stereospecificity in 
pharmacology with LIDO.56 Although QX-OH is slightly 
more hydrophilic than QX-314, the ED50 of QX-OH for 
cardiac toxicity is not significantly increased compared to 
that of QX-314 (10.4 vs 10.0 mg/kg). However, both 
ED50 were significantly higher than the ED50 of BUP 
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(2.97 mg/kg).57 Therefore, we believe that potential sys-
temic toxicity will not impede future clinical applications 
of QLDs.

Future
In summary, QLDs, and particularly QX-314 series com-
pounds, exert considerable effects regarding the blockade 
of peripheral nerves. Despite decades of development, 
further researches are still required for the mechanism of 
action, selective pain block and optimization of local 
anesthesia effect.

Mechanism of Action of QLDs
Research on the mechanism of QLDs is important to better 
understand their characteristics. Local anesthetics fre-
quently enter cells in the form of bases and subsequently 
block sodium channels in the form of cations inside the 
cell. Therefore, it is difficult for QLDs to penetrate 
through the nerve cell membrane because of their perma-
nent positive charge, which has been confirmed in pre-
vious electrophysiological studies. In this context, the 
importance of the TRPV1 channel in the role of local 
anesthesia in QLDs was discovered. QX-314 directly 
pass through the “standard” pores formed by the TRPV1 
channel without requiring expansion or activation of addi-
tional downstream channels.58 Surprisingly, QX-314 can 
exert biphasic effects on TRPV1 channels, which activate 
TRPV1 channels at higher (mM) concentrations and inhi-
bit capsaicin-induced TRPV1 currents at lower (μM) 
concentrations.51,59 However, nerve block is always estab-
lished at a higher (mM) concentration, at which TRPV1 is 
also activated. TRPV1 is mainly expressed in unmyeli-
nated afferent nerve fibers (small-diameter C-fiber), 
which is also the main target for the action of QLDs. 
However, what about myelinated A fibers? Some studies 
showed that extracellular application of QX-314 and cap-
saicin only reduces the action potential of C fibers and the 
sodium ion current of C fiber neurons, but does not affect 
A fibers.60–62 Other studies showed that TRPV1 is still 
expressed on Aδ-fiber neurons.63,64 Aδ-fiber (but not Aα, 
β-fiber) components of compound action potential have 
been shown to be significantly reduced by capsaicin.65,66 

TRPV1-positive A-fibers also play an important role in the 
induction of ectopic long-term pain enhancement.67 

Therefore, QLDs can still inhibit the transmission of noci-
ception to thermal stimulation by blocking the TRPV1 
channel on the Aδ-fiber.

TRPV1 is the main channel for QLDs to exert their 
effects. In contrast to studies on TRPV1, fewer studies 
focused on the relationship between TRPA1 and QLDs. 
Initial studies reported that in rat models, TRPA1 and 
TRPM8 did not play a role for the transport of QX- 
314.24 However, it was reported in later studies that in 
human embryonic kidney 293 (HEK-293) cells, QX-314 
can activate and penetrate the TRPA1 channel, thereby 
blocking sodium channels.29,44 The reason for the different 
results is likely that some functional and pharmacological 
properties of TRPA1 and TRPV1 have species-specific 
differences between human and rodent subtypes.68–70 

Therefore, whether TRPA1 participates in the role of 
QLDs requires further in vivo and in vitro studies. With 
respect to TRPM8, it has been confirmed that activated 
TRPM8 can mediate cellular penetration of QX-314, 
thereby blocking the voltage-gated sodium channel.71 In 
in vivo studies, QX-314 exerted selective cold pain sup-
pression through TRPM8.72 Taken together, the relation-
ship between other TRP channels and QLDs has rarely 
been investigated; thus, further research on this aspect is 
needed.

In recent years, some studies have been conducted on 
the independence of QX-314 on TRP channels, but few 
studies have been published so far. At TRPV1-negative 
primary afferents, QX-314 also increased the excitatory 
postsynaptic current latency.73 Similarly, in TRPA1- or 
TRPV1/TRPA1-double-knockout models, the compound 
action potential of the mice sciatic nerve was also 
extended by QX-314, indicating a TRP-channel indepen-
dent entry pathway.29 Activation of TLR5 also leads to 
QX-314 entering neurons, thereby selectively inhibiting 
Aβ-fiber conduction in naive and chemotherapy-treated 
mice without affecting conduction in Aα- and Aδ- 
fibers.61,74 In addition, the P2X receptor is concerned 
because it can penetrate ions of larger molecular mass. 
QX-314 can inhibit ATP-induced currents in P2X recep-
tors in a concentration-dependent manner.75 The mechan-
ism of action of QX-314 may be associated with P2X 
receptors; thus, further research is needed for confirma-
tion. It is crucial to study the channels and mechanisms of 
QLDs during local anesthesia, because these channels may 
become targets for improving the pharmacological char-
acteristics of QLDs.

Selective Nociceptive Blockade by QLDs
Initial research showed that QX-314 produced a complete 
selective nociceptive block.19 However, many subsequent 
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studies confirmed that QLDs can also produce motor block 
with or without capsaicin, but the duration of motor block 
was significantly shorter than that of sensory 
block.32,38,76–79 Thus, QLDs are not complete sensory 
selective block, but partial sensory selective block. This 
block characteristic is similar to the sensorimotor separa-
tion produced by ROP. Therefore, the drug concentration 
plays a decisive role. According to Table 1, when the 
concentration of QX-314 exceeds 1.0%, selective sensory 
block is not obvious. When the concentration is reduced to 
0.5% or 0.2%, it can produce a more obvious predomi-
nantly sensory-selective block. This concentration- 
dependency of QLDs again suggests that their function 
may not entirely depend on the TRP channels as they are 
primarily expressed in sensory neurons.22,80,81 Studies 
have found that application of QX-314 alone at high con-
centrations can increase its ability to enter the cell through 
the cell membrane.58 Therefore, in this case, it not only 
acts on sensory neurons through TRP channels or non- 
TRP channels, but also through certain unknown channels 
to block motor neurons.

Optimizing Local Anesthesia Effects of 
QLDs
At present, there are mainly the following ways to enhance 
the efficacy of local anesthetics: (1) combined application 
of different local anesthetics; (2) the application of aux-
iliary drugs, such as epinephrine, dexmedetomidine, hor-
mones and so on; (3) controlled release technology, such 
as using liposomes and nanomaterials loaded with local 
anesthetics. Except for capsaicin, there are few reports on 
the use of other adjuvants in combination with QLDs. The 
clinical dosage of dexmedetomidine can enhance SNB by 
QX-314.82 Sustained-release technology has significant 
effects on the prolongation of local anesthesia from 
QLDs, which has great prospects in the future.83 With 
respect to combination of QLDs and other local anes-
thetics, the theoretical basis for the combination of com-
monly used local anesthetics and QLDs is that local 
anesthetics can activate the TRP channel, thereby short-
ening the onset time and prolonging the effect. However, 
3 mM BUP and 10 mM LIDO caused QX-314 to accu-
mulate in cells that did not express TRPV1 or TRPA1 
channels, including non-neuronal cells.29 So far, the spe-
cific intake mechanism is unclear, and there is a lack of 
pharmacokinetic data on QX-314, which would be helpful 
for explaining some of its characteristics.

QX-OH is a derivative of QX-314 and should thus 
have pharmacokinetic properties similar to those of QX- 
314. Zhang et al investigated metabolic kinetic parameters 
of drugs in local tissues and plasma when 0.2 mL 35 mM 
QX-OH alone or combined with 10 mM LBUP were used 
for rat SNB. When QX-OH was applied alone, QX-OH 
absorption was considerably fast. After administration, the 
concentration of QX-OH peaked at 0.7 h in plasma, at 0.5 
h in muscle tissue, and at 0.7 h in sciatic nerve. However, 
only 0.46–0.54% of QX-OH would be absorbed into the 
blood circulation. The elimination rate of QX-OH from the 
sciatic nerve was slower than elimination from muscle 
tissue and plasma. The half-lives in plasma, muscle tissue 
and in sciatic nerve were 2.75 h, 3.52 h, and 4.28 h, 
respectively.84 Similar to QX-OH was administered 
alone, the half-lives of QX-OH when combined with 
LBUP in plasma, muscle tissue, and sciatic nerve were 
2.64 h, 3.20 h, and 3.79 h, respectively.85 Thus, the long 
half-life in nerve tissue and cationic properties of QX-OH 
can provide theoretical support for its slow-acting and 
long-lasting pharmacodynamic characteristics. When QX- 
OH was combined with LBUP, the rate of QX-OH absorp-
tion into the blood was still as fast as when used alone. 
The peak concentration of QX-OH in blood plasma 
occurred significantly sooner than that of BUP (0.71 ± 
0.06 h vs 4.11 ± 0.39 h). In other words, LBUP does not 
accelerate or decelerate the absorption of QX-OH into the 
blood. Interestingly, when combined with QX-OH, the 
peak time of LBUP in plasma increased by 4-fold com-
pared with LBUP alone (4.11 ± 0.39 h vs 1.07 ± 0.16 h), 
which indicated that QX-OH delayed absorption of LBUP 
from the injection site into the circulation.85 This may be 
a potential mechanism extending the blocking time. 
Numerous factors can affect the rate of drug absorption 
into the blood, such as physical and chemical properties of 
the drug, local blood flow, and drug interactions. In the 
case of certain drugs, interactions between local blood 
flow and drugs can be the main influencing factor. 
Theoretically, LBUP tends to exert relaxing effects on 
peripheral blood vessels at concentrations commonly 
used under clinical settings, and it therefore increases 
local tissue blood flow.86 However, LBUP does not accel-
erate QX-OH absorption into the blood. The specific rea-
son for this is unclear. In contrast, QX-OH significantly 
reduced the rate of absorption of LBUP into the blood. At 
present, no studies are available on the effect of QLDs on 
peripheral blood vessels, however, which should be inves-
tigated. Moreover, QLDs differ from traditional local 
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anesthetics because of the positive charge they carry, and 
whether they interact with the charge of LBUP remains to 
be investigated. In the cellular drug uptake assay, LBUP 
can also promote the entry of QX-OH into cells, increasing 
the intake of intracellular drugs, whereas the intake of 
LBUP is not affected.

In general, the extended action time of combination of 
QLDs and LBUP can be explained by the positive charge 
characteristics of QLDs, longer elimination half-life of 
QLDs in nervous tissue, delayed absorption of BUP by 
QLDs, and increased cellular intake of QLDs induced by 
LBUP.

Conclusions
Initial electrophysiological studies showed that QX-314 
has more characteristics as a long-acting local anesthetic, 
and subsequent studies confirmed this insight. However, 
some shortcomings prevent this compound from being an 
ideal long-acting local anesthetic, such as slow onset, 
incomplete sensory selective block, and intraspinal toxi-
city. QX-OH has not sufficiently improved these deficien-
cies. Therefore, on the basis of QLDs, we still need to find 
targets to further improve its action characteristics from 
drug structure, drug development, and mechanism of 
action.
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