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Purpose: Local anesthetics (LAs) are an important alternative for postoperative analgesia; however, the short duration of LAs limits
their use. Thus, we previously developed LL-1, a mixture of QX-OH and levobupivacaine (LB) that produces regional anesthesia for
more than 10 h in rats. The aim of this study is to investigate the long-acting mechanism of LL-1 in vivo and in vitro.
Methods: Regional anesthetic effects and local toxicity of the LL-1, QX-OH and LB treatment groups were investigated in a sciatic
nerve block rat model. Whole-cell patch-clamping recordings were used to measure the inhibition Nav currents (INa) in ND7/23 cells.
Results: The onset of LL-1 (35mM QX-OH+10mM LB) and 10 mM LB was 10 min, which was much faster than 35 mM QX-OH (27
[18, 60] min, t[12] = −4.535, p = 0.001). The duration of LL-1 (35mM QX-OH+10 mM LB) was significantly longer than 35 mM QX-
OH or 10 mM LB alone (F[3, 35] = 191.336, p < 0.0001). No differences in local tissue toxicity were found between LL-1 and LB. In
patch-clamping recordings, 5 mM QX-OH produced ~20% inhibition of INa currents. LB at 40 μM inhibited INa by 65.51%±3.63%,
while QX-OH 2 mM+LB 40 μM inhibited INa by 77.37%±3.36% (t[14] = 2.358, p = 0.025), and QX-OH 5 mM+LB 40 μM inhibited
INa by 83.88%±1.57% (t[13] = 4.191, p = 0.0003). Furthermore, INa inhibition by QX-OH+LB was more persistent than that of LB
alone during washout.
Conclusion: LL-1 can produce an additive and stable inhibition of Nagv currents, which can contribute to the long-lasting regional
anesthetic action.
Keywords: long-lasting local anesthetics, QX-OH, levobupivacaine, voltage-gated sodium channel, Nav

Introduction
Local anesthetics (LAs) are an important alternative for postoperative analgesia, due to the limitations due to adverse
effects associated with opioid use such as respiratory depression, nausea, vomiting, and constipation that can reduce
patient satisfaction and safety.1 However, the duration of currently used LAs is insufficient to meet the demand for
postoperative pain management.2–4 As a result, it is necessary to develop novel LAs with long-acting properties and
tolerable toxicity.

To improve the postoperative analgesia, we developed QX-OH, a hydroxyethyl derivative of QX-314, by substituting
a hydroxyl group (-OH) for one of the hydrogen groups (-H) in QX-314.5,6 In rats, it has previously been reported that
QX-OH produces longer-lasting analgesia with less local tissue damage than QX-314 in the sciatic nerve block model.7

QX-OH, conversely, has a half-hour onset period, which limits its clinical use.7 In the rat sciatic nerve block model,
combining QX-OH with levobupivacaine (LB) (named LL-1) may elicit sensory block lasting 9 hours after knee surgery
and with regional anesthesia lasting 17 hours, with an onset of less than 10 minutes.8–10 The mechanism by which LL-1
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provides a long-lasting localized anesthetic effect, as well as the pharmacological interaction between QX-OH and LB,
remains unexplained.

The voltage-gated sodium channel (Nav) is a critical ion channel required for initiation and propagation of the action
potential.11 Almost all of the local anesthetics used in clinical practice are Nav channel blockers.12–16 However, it is
unknown whether QX-OH can inhibit Nav channels alone or in combination with LB.

The purpose of this study was to examine the interaction of QX-OH and LB on INa inhibition and to compare the
regional anesthetic effects and local toxicity of LL-1 with QX-OH and LB at relative concentrations in a standard sciatic
nerve block model in rats.

Materials and Methods
Animals
Adult male and female Sprague-Dawley rats weighing between 250 and 300 g, aged between 2 and 3 months, were
purchased from Chengdu Dossy Biological Technology Co., Ltd. (Chengdu, China). The animals were housed in a
standard laboratory animal husbandry with a 12-hour light/dark cycle and free access to food and water. All experimental
procedures in this study meet the guidelines of the Care and Use of Laboratory Animals by the US National Institutes of
Health (NIH Publications No. 80-23, revised 1996). The Committee of Animal Care of the West China Hospital (Sichuan
University, Chengdu, China) (Ethical Approval Number, 2015014A) approved all experimental protocols.

ND7/23 Cells Expressing Rat Sodium Channels
ND7/23 is a hybrid cell line of rat DRG and mouse N18Tg2 neuroblastoma, which is widely used for pharmacological
measurement of the INa.17 ND7/23 cells (Binhui Biology Co., Shanghai, China) were cultured in DMEM (GIBCO-
Invitrogen, Karlsruhe, Germany) containing 10% FBS and 1% penicillin/streptomycin (GIBCO-Invitrogen) in an 37°C
and 5% carbon dioxide environment.18 Electrophysiological recordings were performed 48 hours post-plating.

Electrophysiological Recordings
Whole-cell patch-clamp recordings were performed at room temperature (~24–25°C) using an Axopatch 200B amplifier
(Axon Instruments Inc, Foster City, CA, USA). Recording glass electrodes (B150-86-7.5, Sutter Instrument, Novato, CA,
USA) were pulled to a resistance of 4–5 MΩ by a Micropipette Puller (P-97, Sutter Instrument). The internal solution
contained (mM): CsF 120, NaCl 10, HEPES 10, EGTA 10, TEA-Cl 10, CaCl2 1, MgCl2 1, Mg-ATP 3, and GTP 0.3, at
pH 7.3 adjusted with CsOH, and was filtered using a 0.2-µm pore membrane filter before pouring into the glass
electrodes. The external solution contained (mM): NaCl 140, HEPES 10, KCl 3, MgCl2 1, CaCl2 2, TEA-Cl 20,
D-glucose 5, at pH 7.38 adjusted with NaOH. The study solutions were applied using an in-house constructed gravity-
driven application system. The tip of the perfusion cannula was placed near the target cell within 200 μm. Membrane
current signals were filtered at 10 Hz and sampled at 20 kHz. INa was recorded by depolarization to −10 mV from holding
potential of −70 mV in voltage-clamp mode.

Chemicals
QX-OH was synthesized in our laboratory based on the protocols of a registered patent (Invention Patent, China,
ZL201410688865.1)8 (Figure 1). QX-314, levobupivacaine (LB), and lidocaine were purchased from Sigma-Aldrich
Canada Ltd (Oakville, ON, Canada). QX-OH was diluted to working concentrations by ultrapure water (Milli-Q®

integral water purification system, Merck Millipore, Germany) in animal experiments and by the external solution in
patch-clamping recordings immediately before experiments.

Sciatic Nerve Block Model
Rats were randomly assigned to four groups (n = 8/each group) and received LL-1 (a combination of 35 mM QX-OH and
10 mM levobupivacaine), 35 mM QX-OH, and 10 mM levobupivacaine (equivalent to ~0.3%) at a volume of 200 μL,
respectively. Under 2% isoflurane general anesthesia, rats were shaved, disinfected, and injected with study solutions
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vertically into the bone layer below the midpoint between the largest trochanter and the ischial tuberosity of the left leg.19

Neurobehavioral evaluation was performed 10, 18, 24, and 30 min, and 1, 2, 4, 6, 8, 10, 12, 18, and 24 hours after
injection.

The sensory block was assessed using a hotplate (Model RB-200 Hotplate Analgesia Meter; Chengdu Technology &
Market Co., Ltd., China). Setting the temperature at ~55°C, the hotplate was used to inflict thermal noxious stimulation on
rats and the cut-off time of thermal stimulation was set at 12s to avoid burns.20 The time from the onset of thermal
stimulation to the withdrawal response of the rat was defined as the paw withdrawal latency (PWL). The baseline PWL of
rats was measured on 3 consecutive days before the experiments and calculated as the mean value of the 3 days. Then, PWL
was calculated as the percentage maximal possible effect (%MPE) according to the following equation: (%MPE) = (test
PWL − baseline)/(cutoff time − baseline) *100%.21 The %MPE of above 50% was defined as an effective sensory block,
and the complete sensory block was defined as %MPE reaching 100%. The onset time of the sensory block was defined as
the time from injection to the first time when %MPE was more than 50% (10 min was the minimal time required for
recovery from isoflurane anesthesia). The offset time was defined as the first time when %MPE again decreased to lower
than 50%. The duration from onset to offset of sensory block was defined as the duration of sensory block.

The motor function of the injected leg was assessed by the postural extensor thrust test.7 An electronic scale was used
to measure the muscle strength of the injected hind limb in an upright posture and the force that the paw generated
against the platform of the scale was the strength of the limb. Before the experiments, we measured the muscle strength
for 3 consecutive days and calculated the mean value as the baseline. After injection of study solutions, the effective
motor block was defined as the strength of the limb decreased by more than 50% compared to baseline. The onset of
motor block was defined as the time from the injection to the time of the first detectable effective block (10 min was the
minimal time required for recovery from isoflurane anesthesia). The offset was defined as the time when the strength of
the limb again increased to more than 50%. The duration from the onset to offset of motor block was defined as the
duration of motor block.

Histological Analysis
Samples of sciatic nerves and adjacent muscle that were exposed to study solutions were selected on the 7th and 14th
days after recovery of the sciatic nerve block. Eight rats in each group were randomly euthanatized on the 7th or 14th
day, respectively. Pathological section, hematoxylin-and-eosin (HE) staining, and fast blue staining were performed
according to standard steps.22 Two skilled technicians blinded to the treatment of rats evaluated the degree of the
inflammation, fibrosis, degeneration within epineurium, the inflammation, hemorrhage, fibrosis outside epineurium, and
the inflammation of muscle using the Light Microscopy Imager A2 (Carl Zeiss, Germany). Stained tissues were scored
according to the following scale: 0, indicated normal; 1 indicated ~0–25% of the area involved; 2 indicated ~25–50% of
the area involved; 3 indicated ~50–75% of the area involved; and 4 indicated ~75–100% of the area involved.7,23

Statistical Analysis
Data were plotted and analyzed using SPSS software version 24.0 (IBM Corp., Armonk, NY, USA), Origin (OriginLab
Corporation, MA, USA), and GraphPad Prism (GraphPad Software, San Diego, California, USA). The normal distribu-
tion of data was confirmed using the Shapiro–Wilk test. Continuous data were reported as mean ± SEM or median

Figure 1 Chemical structure of QX-OH. This figure illustrated the chemical structure of QX-OH.
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(Interquartile range) as appropriate. Categorical data were analyzed using the Chi-square test or Fisher’s exact test. A
P-value of <0.05 was recognized as statistically significant. Differences were analyzed using the Student’s t-test and
Mann–Whitney U-test with post-hoc Bonferroni analysis.

Results
LL-1 Blocked Na+ Currents in ND7/23 Cells
QX-OH Alone Produced a Small Inhibition of the INa
To evaluate the main components of LL-1, we performed inhibition comparisons between QX-OH and its prototype QX-
314 on INa, lidocaine was used as the positive control, and the extracellular solution was set as the blank control
(Figure 2A). After an extracellular perfusion for 10 min, lidocaine at a concentration of 5 mM produced a significant
inhibition of INa by 88.08% ± 3.79%, QX-OH at 5 mM inhibited INa by 19.28% ± 3.63%, 5 mM QX-314 inhibited INa by
9.48% ± 2.05%, and in the control group with an only extracellular solution produced inhibition of INa by 7.05% ±
7.32%. The inhibition of INa was statistically significant for 5 mM QX-OH, 5 mM QX-314, 5 mM lidocaine, and the
blank control group (F (3, 28)=192.36, p < 0.0001, one-way ANOVAwith Bonferroni post hoc test). The inhibition of INa
by 5 mM QX-OH was lower than that obtained with lidocaine 5 mM (t (10)=17.638, p< 0.001; two independent sample
t-test). No significant differences were detected in the inhibition of INa at 5 mM QX-OH and 5mM QX-314 (t (10)=
−1.962, p=0.07; two independent sample t-test), or for 5 mM QX-314, or the control group (t (11)=0.239, p=0.814; two
independent sample t-test) (Figure 2B). The Figure 2C showed the currents down trend in four groups after perfusion
with drugs.

Figure 2 Effects of the extracellular solutions (Control), 5 mM lidocaine, 5 mM QX-314, and 5 mM QX-OH on Nav channels in ND7/23 cells. The Nav currents were
recorded in ND7/23 cells. The Nav currents were depolarized from −90 mV to −10 mV. (A) Nav currents traces in the presence of extracellular fluid (Control), 5 mM
lidocaine, 5 mM QX-314, and 5 mM QX-OH were recorded. (B) Time course plot of the sodium current ratio in the application of extracellular fluid, lidocaine, QX-314,
and QX-OH under the same repeating protocol (n = 6–11/per group). The normalized currents are the ratio of current amplitudes of each pulse observed in each solution
as applied to the stable current amplitudes of pre-solution application. (C) Bar diagrams evidencing the inhibition rates of sodium currents induced by the application of
extracellular fluid (Control), 5 mM lidocaine, 5 mM QX-314, and 5 mM QX-OH for about 5 minutes. Data are presented as mean ± SD. ****p < 0.0001; ns: p > 0.05 by post-
hoc of Least-Significant Difference Test (LSD).
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Combined QX-OH and LB Produced an Additive and Persistent Inhibition of INa
To evaluate the interaction of QX-OH and LB on inhibition of the INa, the IC50 (median inhibitory concentration) of LB
was also determined by fitting the averaged dose-response curve with the Hill equation, which yielded an IC50 of 66.85 ±
1.77 μM with a Hill coefficient of −1.529 for the INa (n = 5–8) (Figure 3A and B). However, we determined that QX-OH
could only provide a small inhibition of the INa at 5 mM, while at 2 mM the INa, changed modestly, thus we could not
evaluate the IC50 of the QX-OH directly.

Next, we evaluated different combinations of LB+QX-OH to determine any combinatory effects. LB at a concentra-
tion of 40 μM (slightly lower than IC50) was used for combination exposures. The initial concentration of QX-OH used
in the combination was set at 140 μM based on the ratio of QX-OH and LB in LL-1 (3.5:1) in vivo. In addition, two other
higher concentrations of QX-OH (2 mM and 5 mM) were also tested. In total, four groups were evaluated: 40 μM LB
alone; 40 μM LB+140 μM QX-OH; 40 μM LB+2 mM QX-OH; and 40 μM LB+ 5 mM QX-OH.

To compare the effects of different mixing ratios of bupivacaine and QX-OH, we performed inhibition comparisons
among LB 40 μM alone, LB 40 μM+QX-OH 140 μM, LB 40 μM+QX-OH 2 mM and LB 40 μM+QX-OH 5 mM
(Figure 3D). The inhibition of the INa was significantly different among the four groups (F (3, 52)=8.248, p = 0.0001,
one-way ANOVA with the Bonferroni post hoc test) (Figure 3C). The inhibition of the INa by LB 40 μM+QX-OH 140
μM (64.38%±3.50%) was similar to the effect produced by LB 40 μM alone (65.51%±3.63%, t[12]=−0.223, p = 0.825;
two independent sample t-test) (Figure 3C). LB 40 μM+QX-OH 2 mM produced a larger inhibition of INa (77.37%

Figure 3 Combination of QX-OH and LB produces additive and constant inhibition of INa. Representative current traces of a series of LB-induced block of sodium currents.
(A) The dose-response curve of LB-induced block of sodium currents. The black curve represents the Hill fit. (B) Bar diagrams showing the inhibition of sodium currents
induced by the application of 40 μM LB combinedly with 5 mM QX-OH, 40 μM LB combinedly with 2 mM QX-OH, 40 μM LB combinedly with 140 μM QX-OH, and 40 μM
LB alone for ~5 minutes (C). (D) Representative sodium current traces. The sodium currents in the presence of 40 μM LB combined with 5 mM QX-OH, 40 μM LB
combined with 2 mM QX-OH, 40 μM LB combined with 140 μM QX-OH, and 40 μM LB alone are recorded. (E) The time course plot of sodium current ratio changes
induced by 40 μM LB combined with 5 mM QX-OH (Orange), 40 μM LB combined with 2 mM QX-OH (green), and 40 μM LB alone (blue) during drug delivery and
washout. The normalized currents are the ratio of current amplitudes of each pulse in during drug delivery and washout compared to the stable current amplitudes of pre-
solution application. Data are presented as mean ± SD. ***p < 0.001; **p <0.01;*p < 0.05; ns: p > 0.05 by post-hoc of Least-Significant Difference Test (LSD).
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±3.36%) than LB 40 μM alone (t[14]=2.358, p = 0.025; two independent sample t-test) (Figure 3C). Exposure to LB 40
μM+QX-OH 5 mM produced a larger inhibition of the INa (83.88%±1.57%) than exposure to LB 40 μM alone (t[13]
=4.191, p = 0.0003; two independent sample t-test) (Figure 3C). The inhibition of the INa was similar between the LB 40
μM+QX-OH 5 mM and LB 40 μM+QX-OH 2 mM treatment groups (t[13]=1.703, p = 0.100; two independent sample
t-test) (Figure 3C). Because QX-OH exposure at 5 mM inhibited the INa by ~20%, QX-OH and LB might produce an
additive inhibition on the INa.

After washout, the INa in the 40 μM LB group was significantly higher than that of 40 μM LB+2 mM QX-OH (t[13]
=3.017, p = 0.006; two independent sample t-test) (Figure 3E), while the INa was markedly inhibited in LB 40 μM+QX-
OH 5 mM treatment group compared with exposure to LB 40 μM alone (t[15]= −7.174, p < 0.0001; two independent
sample t-test) (Figure 3E). All the cells were alive without rundown during washout throughout and the recording could
continue for a long time during the washout. Therefore, the co-application of QX-OH and LB produced a steady block of
the INa.

LL-1 Produced a Fast-Onset and Long-Lasting Sciatic Nerve Block in vivo
The onset time of sensory and motor block by LL-1 and 10 mM LB were immediate after recovery from general
anesthesia by isoflurane, which was recorded as 10 min for all the rats (Figure 4A). While the onset time of nerve block
induced by exposure to 35 mM QX-OH (27 [18, 60] min, t[12]= −4.535, p = 0.001; two independent sample t-test),
Figure 4D] was significantly delayed compared with exposure to LL-1.

The offset of sensory and motor block showed no significant difference among four groups (Figure 4B–E). There was
a significant difference among the four groups in the duration of the sensory block (F (3, 35)=191.336, p < 0.0001, one-
way ANOVAwith Bonferroni post hoc test, Figure 4C). Exposure to LL-1 produced a sensory block with a total duration
of 11 (11.8, 12.8) h, which was longer than that following exposure to QX-OH [7.7 (6.5, 9) h, t (12)= 11.419, p < 0.0001;
two independent sample t-test], QX-314 [11.6 (9.7, 11.6) h, t (7)= 3.453, p = 0.009; two independent sample t-test] or LB

Figure 4 The onset, offset, and duration of sciatic nerve block after administration of LL-1 (combination of 35 mM QX-OH and 10 mM LB), 35 mM QX-OH, or 10 mM LB.
The onset of the sensory block (A) and motor block (B) in the sciatic nerve block; The time to recovery from nerve blockade: offset of sensory block (C) and motor block
(D); The duration of sensory block (E) and motor block (F). Error bars represent the median (Interquartile range). **P < 0.01, ***p < 0.001, ****p< 0.0001 by Mann–
Whitney U-test with post hoc Bonferroni analysis.
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[2.8 (2.8, 2.8), t (12)= 11.419, p < 0.0001; two independent sample t-test] (Figure 3C). For the motor block, the total
duration of the four groups was significantly different (F[3, 35]=63.052, p < 0.0001, one-way ANOVA with Bonferroni
post hoc test, Figure 4F). LL-1 produced a motor block with a total duration of 11 (11.8, 12.8) h, which was longer than
that observed following exposure to QX-OH [6.7 (5.5, 9.7) h, t (12)= 6.393, p = 0.00015; two independent sample t-test],
QX-314 [11.6 (9.7, 11.6) h, t (7)= 3.584, p = 0.002; two independent sample t-test] or to LB [2.8 (2.8, 2.8) hour, t (12)
=29.989, p < 0.0001; two independent sample t-test] (Figure 4F).

Local Tissue Toxicity of LL-1 Was Similar to LB Alone
The tissue morphology indicated indistinguishable inflammation among rats who received LL-1 (Figure 5A, E, I and M),
QX-OH (Figure 5B, F, J and N), LB (Figure 5C, G, K and O), and saline (Figure 5D, H, L and P). The inflammation
scores of the sciatic nerve and skeletal muscle were 1 (0, 1) in the LL-1 group, which were not significantly different
compared to the LB group (0 [0, 1], t[8] = −0.966, p = 0.35; two independent sample t-test), but was slightly higher than
that observed in the saline group (0[0,0], t[8] = −3.416, p = 0.011; two independent sample t-test) on the 7th day; and in
the LL-1 group 0.5 (0, 1), compared within the LB group (0 [0, 0.75], t[8] = −1, p = 0.334; two independent sample
t-test) on the 14th day after recovery of nerve block. The inflammation scores of the sciatic nerve and skeletal muscle
were higher than that in the saline group on 14th day (0[0,0], t[8] = −2.646, p = 0.033; two independent sample t-test)
(Figure 5R and T). The pathological scores of nerve fiber degeneration were higher in the LL-1 group than that in the LB
group on the 7th day after nerve block (t[8[= −4.583, p = 0.003; two independent sample t-test, Figure 5Q), which is
higher than that in the saline group (0[0,0], t[8]= −4.583, p = 0.003; two independent sample t-test) while no differences
were found on the 14th day between the two groups (t[8] = −0.607, p = 0.554; two independent sample t-test), and there
was no significant difference compared with the saline group on the 14th day (0[0,0], t[8]= −1.528, p = 0.170; two
independent sample t-test). For other pathological scores including fibrosis and hemorrhage, no difference was found (p >
0.05 by Kruskal–Wallis test) (Figure 5Q–T).

Discussion
Our present study indicates that LL-1 can produce a long-acting and fast-onset regional anesthetic effects with tissue
toxicity similar to that of LB alone. The combination of QX-OH and LB induces a steady and additive inhibition of
sodium currents, which may contribute to the fast-onset and long-acting nerve block of LL-1.

In our previous studies, we investigated the toxicity, pharmacokinetics, and pharmacodynamics of LL-1 in knee
surgery and the sciatic nerve block rat model.7,8,10 LL-1 can provide sensory block with duration ~9 hour after knee
surgery8 and regional anesthesia with duration ~17 hour in the sciatic nerve block rat models,6 while the toxicity of QX-
OH in local tissue was similar with a relevant concentration of LB.7,24 However, it is still unknown why a combination of
QX-OH and LB can provide longer analgesia than either QX-OH or LB alone. To explore the possible mechanisms for
the long-lasting nerve block of LL-1, we investigated the effects of LL-1 on voltage-gated sodium channels, which are
the principal molecular target of local anesthetics.

The maximum reduction in INa showed an additive interaction for QX-OH and LB. The application of LB at a
concentration of ~IC50 induced a concentration-dependent inhibition of sodium currents by 65.51% ± 3.63%. The
application of QX-OH alone at a concentration of 5 mM reduced the INa by 19.28% ± 11.47%. When QX-OH was
added to LB at the above-mentioned concentrations, the INa was reduced by 83.88% ± 1.57%. This result is below that
reported in our previous study, we found that the neuron uptake of QX-OH was greater in LL-1 than QX-OH alone and
the uptake of bupivacaine was similar the treatment group exposed to LL-1 with bupivacaine, which indicated an additive
effect between QX-OH and LB.25 Thus, QX-OH and LB may produce an additive interaction on the inhibition of sodium
currents.

In addition, the residual sodium currents quickly recovered after washout of 40 μM LB, while these currents remained
unchanged after washout of 40 μM LB+5 mM QX-OH. These results indicated that the inhibition of the INa induced by
the combination of QX-OH and LB was more sustained than that observed by LB alone, which could at least partly
account for the long-lasting regional anesthetic effects observed following exposure to LL-1.
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Figure 5 Representative images and pathological scores of histological sections at 7 and 14 days after sciatic nerve block. The pathological sections of four groups with HE
and fast blue staining: HE: LL-1 at 7 days (A) and 14 days (E); 35 mM QX-OH at 7 days (B) and 14 days (F); 10 mM levobupivacaine at 7 days (C) and 14 days (G); Saline at 7
days (D) and 14 days (H). Fast blue staining: LL-1 at 7 days (I) and 14 days (M); 35 mM QX-OH at 7 days (J) and 14 days (N); 10 mM levobupivacaine at 7 days (K) and 14
days (O); Saline at 7 days (L) and 14 days (P). Intra-capsular pathological scores: 7 days (Q) and 14 days (R) after injection; Extra-capsular pathological scores: 7 days (S) and
14 days (T) after injection. Data are presented as median and the range in each group.
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LL-1 shows a similar low degree of nerve inflammation compared to LB exposure at the corresponding concentration.
The maximum of the inflammation scores following LL-1 exposure was one point, which revealed that QX-OH did not
enhance the local tissue toxicity of LB, while LL-1 presented low local toxicity and a good safety profile. Co-injection of
LAs with additives is a relatively better method when compared with continuous infusion of LAs or a controlled-release
local anesthetic formulation, which both present a high risk of local tissue incompatibility, mechanical injury, and
infections.23 The combination of QX-314 and bupivacaine has an acceptable safety profile.7 Moreover, QX-OH presents
considerably lower local toxicity than QX-314 at the same concentration.7 Therefore, the combination of QX-OH and LB
shows a higher possibility and value in clinical translation. In addition, in our experiment, we did not observe any
behavioral manifestations of central nervous system or cardiac toxicities for LL-1.

Some new sodium channel blockers have been recently described. Selective Nav1.7 inhibitors are a research direction
in the field of analgesia, Ahuja et al first described GX-936, a arylsulfonamide antagonists, and its related inhibitors could
bind to the activated state of voltage-sensor domain IV and opposed VSD4 deactivation.26 Bankar et al made an
additional improvement on the arylsulfonamides, and developed a Nav 1.7 blocker with analgesic activity in inflamma-
tory and neuropathic pain models having a 10-fold decrease in EC50.

27 Cannabidiol26–28 is another type of analgesia; it
non-selectively inhibits Nav channels from the inactivated state by preventing channel opening. Compared to these Nav
channel blockers, LL-1 did not exert a direct effect on the IC50 and showed extremely prolonged block time. The
different effects of LL-1 were mainly attributed to the special properties of its component QX-OH. QX-OH can only
inhibit the Nav at concentrations over 5 mM, and the inhibition rate is only about 20%. If the concentration is reduced,
the inhibition rate of QX-OH is similar to that of the control group alone. Only when QX-OH was combined with LB at a
certain ratio, can LL-1 increase its potency and persistently inhibit Nav.

There are still limitations to our study. First, we speculated that there may be a synergetic or additive effect between
QX-OH and LB both in nerve block and inhibition of Nav. However, analysis of synergetic effects using isobologram
analysis could not be performed because QX-OH only minimally inhibits Nav even at the 5 mM concentration, thus we
could not calculate the IC50 of QX-OH. Second, in the histological analysis, we use semi-quantitative assessment to
evaluate the neuronal-specific damage, as HE and Fast blue staining are inadequate to precisely assess all the
pathological features; histological analysis such as Masson’s Trichrome stain and immunohistochemical staining may
be needed in the subsequent studies.

Conclusions
LL-1 (QX-OH+LB) can produce a fast-onset and long-lasting regional anesthetic effects with low local tissue toxicity in
rat sciatic nerve block models. QX-OH and LB induce additive and constant inhibition of sodium currents. The fast-
onset, remarkably long-lasting anesthetic effects, and low local tissue toxicity indicate the great potential for the clinical
application of the QX-OH and LB combination.
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