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Background: In a 5-year follow-up study in a hospital in southern China, it was shown
that intervertebral foramen (IVF) injection of ozone at the involved segmental levels could
significantly alleviate paroxysmal spontaneous pain and mechanical allodynia in patients with
chronic, intractable postherpetic neuralgia (PHN) and improve the quality of life. However, so
far no proof-of-concept studies in animals have been available.

Objective: This study was designed to investigate whether IVF ozone has an analgesic effect
on animal models of neuropathic and inflammatory pain.

Study Design: Experimental trial in rats.
Setting: Institute for Biomedical Sciences of Pain.

Methods: By IVF injection, a volume of 50 pl containing 30 pg/mL ozone-oxygen mixture
or 50 pl air was carried out on male Sprague-Dawley rats of naive, inflammatory pain states
produced by injections of either bee venom or complete Freud's adjuvant, and neuropathic
pain state produced by spared nerve injury, respectively. The effects of IVF ozone on pain-
related behaviors were evaluated for 2 weeks or one month. Then combined use of gabapentin
(100 mg/1 kg body weight) with IVF ozone was evaluated in rats with neuropathic pain by
intraperitoneal administration 5 days after the ozone treatment. Finally, the analgesic effects
of another 4 drugs, AMD3100 (a CXCR4 antagonist), A-803467 (a selective Nav1.8 blocker),
rapamycin (the mTOR inhibitor), and MGCDO0103 (a selective histone deacetylase inhibitor)
were evaluated for long term through IVF injection, respectively.

Results: (1) IVF injection of ozone at L4-5 was only effective in suppression of mechanical
allodynia in rats with neuropathic pain but not with inflammatory pain; (2) the analgesic effects
of IVF ozone lasted much longer (> 14 days) than other selective molecular target drugs (< 48
hours) inhibiting or antagonizing at Nav1.8 (A-803467), CXCR4 (AMD3100), mTOR (rapamycin),
and histone deacetylase (MGCDO0103); (3) combined use of systemic gabapentin and IVF ozone
produced a synergistic analgesic effect in rats with neuropathic pain.

Limitations: Evaluation of the possible analgesic effects of the intraplantar injection of ozone
was not performed.

Conclusions: In the present study, we provided a line of evidence for the first time that
IVF injection of ozone selectively relieved neuropathic pain but not inflammatory pain, and
enhanced the analgesic effect of gabapentin.

Key words: Chronic pain, neuropathic pain, inflammatory pain, ozone therapy, interventional
therapy, gabapentin, spared nerve injury, bee venom, complete Freud's adjuvant
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europathic pain is newly defined as pain

arising as a direct consequence of a lesion or

disease affecting the somatosensory system
(1). Neuropathic pain presents unique diagnostic and
therapeutic challenges, affecting 3.0% to 8.0% of the
population (2-5). However, available treatments, either
of pharmacological or nonpharmacological (including
interventional) therapies provides only insufficient
symptomatic relief (6-8). Being recommended as
first-line drugs, gabapentinoids, the Federal Drug
Administration (FDA)-approved anticonvulsants, have
been frequently used to manage neuropathic pain in
clinics for many years. However, ineffectiveness and
tolerance have also been noted with long-term use
of the drugs. Nonetheless, so far, the phenomenon of
gabapentinoid insensitivity has been greatly neglected
and underestimated. Recently, Moore and colleagues
(9) found that about 35% of participants achieved
about 50% of pain relief with gabapentin, while
over half of those treated with it had no worthwhile
pain relief, suggesting a problem of tolerance or
insensitivity for gabapentinoid analgesia. In animal
studies, although short-term administration did not
reveal gabapentinoid insensitivity, long-term use of
the drugs definitely produced such a phenomenon
(10-12). For example, it has been found that repeated
treatment with gabapentin in a rat model of central
post-stroke pain for at least 4 weeks resulted in a
distinct decrease in analgesic effectiveness (13). The
weak and negative effects of gabapentinoids have
also been indicated in some peripheral neuropathic
pain models (14,15). Because it has been demonstrated
that the a.25-1 subunit of the voltage-gated calcium
channel, the selective binding site of gabapentinoids,
was up-regulated in the early stage of central post-
stroke pain but followed by dramatic down-regulation,
an off-target effect was proposed to be associated
with gabapentinoid insensitivity in animals (16-19). To
provide neuropathic pain treatment, new therapeutic
approaches that can enhance analgesic effectiveness or
decrease the daily dose of gabapentinoids are critically
needed and require proof-of-concept preclinical
studies.

Interventional therapies have long been used for
management of chronic pain. However, in a recent re-
view article published by the neuropathic pain special
interest group (NeuPSIG) of the International Associa-
tion for the Study of Pain (IASP), it was stated that none
of the existing interventional therapeutic approaches
could be strongly recommended for management of

chronic neuropathic pain due to the paucity of high-
quality clinical trials (6). Nevertheless, in a 5-year follow-
up study in a hospital in southern China, intervertebral
foramen (IVF) injection of ozone at the involved seg-
mental levels has been shown to significantly alleviate
paroxysmal spontaneous pain and mechanical allodynia
in patients with chronic intractable postherpetic neu-
ralgia (PHN) and improve the quality of life (20). More
interestingly, after IVF ozone, the daily dose of gaba-
pentin or pregabalin could also be reduced to a toler-
able level (20). Ozone therapy started in the beginning
of the nineteenth century (21-24). Because pure ozone
does not exist under natural or artificial conditions, it
is usually referred to as oxygen-ozone mixture that can
be generated by an ozone generator. Ozone therapy
has been most commonly used for the treatment of in-
tervertebral disc herniation (25) and some conditions in
the field of stomatology (26). More recently, some phy-
sicians also tried to use ozone therapy to treat lower
back pain and knee osteoarthritis through intraforami-
nal or intraarticular injection (27,28).

To get insight into the underlying mechanisms of
ozone therapy in the treatment of neuropathic pain,
the aims of the current study were (1) establishment of
an intervertebral foramen route for delivery of ozone
or other drugs in rats; (2) assessment of the analgesic
effects of IVF ozone in animals of naive, neuropathic
and/or inflammatory pain conditions; (3) assessment of
the analgesic effects of combined use of IVF ozone and
intraperitoneal (i.p.) injection of gabapentin in animal
model of neuropathic pain.

MEeTHODS

Animals

The experiments were performed on male Sprague-
Dawley rats weighing 160 — 250 g. The animals were
provided by the Laboratory Animal Center of the Fourth
Military Medical University (FMMU). The use of animals
was reviewed and approved by the Animal Care and Use
Committee of the FMMU. All experiments on animals
were performed in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Labora-
tory Animals (NIH Publication No. 80-23, revised 1996),
and followed the ethical guidelines for pain research in
conscious animals of IASP. Rats were housed in a climate-
controlled room (22 - 26 °C) under a light/dark cycle of
12 hour/12 hour with access to food and water ad libi-
tum. The light was on at 08:00 and all somatic functional
evaluations were carried out between 09:00 and 18:30.
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The rats were acclimated to test boxes for at least 30 min-
utes each day before the first testing. The number of ani-
mals used and their suffering was minimized.

Experimental Design and Preparation of Pain
Models

Experimental Design

In the present study, 3 models were used: a spared
nerve injury (SNI) model was used as a chronic neuro-
pathic pain model (29); while a bee venom (BV) model
(30,31) and complete Freund’s adjuvant (CFA) model
(32) were used as acute and chronic inflammatory pain
models, respectively. The rats were randomly divided
into 6 groups: (1) rats with SNI not receiving any thera-
peutic treatment (n = 15), receiving single IVF injection
of ozone (n = 15) or air (n = 15); (2) naive rats receiv-
ing a single IVF injection of ozone (n = 8) or air (n = 8);
(3) rats with intraplantar (ipl) BV injection not receiving
any therapeutic treatment (n = 9), receiving a single IVF
injection of ozone (n = 9) or air (n = 9); (4) rats with ipl
CFA injection not receiving any therapeutic treatment
(n =9), receiving a single IVF injection of ozone (n = 9)
or air (n = 9); (5) rats with SNI receiving vehicle (n = 8)
or IVF injection of drugs including AMD3100, a CXCR4
antagonist (n = 8) (33,34); A803467, a selective Nav1.8
blocker (n = 8) (33); rapamycin, the mTOR inhibitor
(n = 8) (35); and MGCDO0103, a selective class | histone
deacetylase inhibitor (n = 8) (36); which have been dem-
onstrated to be effective in suppression of pathological
pain, respectively and served as positive controls in the
current study; (6) rats with SNI receiving combined use
of a single IVF injection of ozone plus i.p. injection of
gabapentin (n = 8), with a single IVF injection of ozone
plus i.p. injection of saline (n = 8), i.p. saline (n = 8), or
i.p. gabapentin (n = 8) being used as controls.

In rats with SNI, IVF injection of ozone was admin-
istered 2 weeks after the surgical preparation when
pain hypersensitivity reached its peak and was stable. In
this set of experiments, the mechanical pain sensitivity
was measured before and after model preparation, fol-
lowed by 28 days of measurements (post-IVF injection
day 1, 3,5,7, 10, 14, 21, and 28).

In rats with acute inflammatory pain, IVF injection
of ozone was given one day prior to ipl BV treatment.
Immediately after BV treatment, persistent spontane-
ous nociceptive behavior (number of paw flinches) was
scored for 60 minutes, followed by measurement of
paw withdrawal mechanical threshold (PWMT) and paw

withdrawal thermal latency (PWTL) 2 — 4 hours after ipl
BV injection.

In rats with chronic inflammatory pain, IVF injec-
tion of ozone was given 3 days after ipl CFA treatment
when pain hypersensitivity had been well established.
The mechanical and thermal pain sensitivity were eval-
uated before and after CFA treatment followed by 2
weeks of measurements (post-IVF injection day 1, 3, 5,
7, 10, and 14).

In rats with SNI receiving both IVF injection of
ozone and i.p. administration of gabapentin, i.p. treat-
ment of gabapentin was administered at post-IVF
ozone day 5 when the analgesic effect of ozone had
reached its peak and was stable. The synergistic effect
of ozone and gabapentin was evaluated for 5 hours
(post-i.p. gabapentin hour 0.5, 1, 1.5, 2, 3, and 5).

Pain Models

The BV model is a well-established animal model
of acute inflammatory pain (30,31). The model was es-
tablished by injecting a volume of 50 pl BV solution
containing 0.2 mg BV (Sigma) dissolved in 50 pl physi-
ological saline, into the center of the plantar surface of
left hind paw of rats with slight restraint (31).

The CFA model is also a well-established animal
model of chronic inflammatory pain (37). A volume of
100 pl CFA (Sigma, each mL of solution contains 1 mg
of heat-killed and dried Mycobacterium tuberculosis,
0.85 mL paraffin oil, and 0.15 mL of mannide mono-
oleate) was injected into the center of the plantar sur-
face of one hindpaw of rats, with slight restraint (32).

The SNI model of neuropathic pain was prepared
as described previously (29). In brief, under 6% chlo-
ral hydrate (300 mg/kg, i.p.) anesthesia, the left sciatic
nerve and its 3 terminal branches—the sural, common
peroneal, and tibial nerves were exposed. The common
peroneal and tibial nerves were tight-ligated with 5.0
silk thread followed by removal of 2 — 4 mm of nerve
stump, leaving the sural nerve intact. Then, the muscle
and skin were closed layer by layer.

Quantitative Score of Pain-related Behaviors
in Awake Animals

Persistent Spontaneous Nociceptive Behavior
According to previous works in our laboratory, a
30 x 30 x 30 cm transparent plastic box was placed on
a supporting frame of 30 cm high above the experi-
mental table. The rat was placed in the test box for at
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least 30 minutes before administration of any chemi-
cal agents. After the acclimation period, an ipl injection
of BV was made as described above. Quantitative score
of persistent spontaneous nociception was obtained
by counting the number of paw flinches occurring at
each 5-minute interval for one hour following ipl BV
injection.

Mechanical Pain Sensitivity

For determination of the threshold of paw with-
drawal after a mechanical stimulus, the rats were
placed on an elevated wire grid covered with a trans-
parent plastic chamber (20 x 20 x 25 ¢cm). A series of
increasing force von Frey monofilaments (0.8, 2.0, 4.0,
6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0, 25.0, 30.0, 45.0,
and 60 g) were used to bilaterally stimulate the plantar
surface of the rat's hind paws. The PWMT was taken as
the lowest forces that induce at least 5 brisk withdrawal
responses in 10 repetitive stimuli. The interval between
each stimulus is no less than 5 seconds. The interval be-
tween stimuli of left and right hind paw is no less than
5 minutes.

Thermal Pain Sensitivity

The thermal pain sensitivity was determined by
measuring the withdrawal latency of the hind paws in
response to radiant heat. Rats were placed in a plas-
tic chamber on the surface of a 2 mm thick glass plate
and the sensitivity to heat stimuli by a TC-1 radiant heat
stimulator (new generation of RTY-3 made in Xi'an Bo-
bang Technologies of Chemical Industry Co. Ltd., China,
10 V) was measured. The heat stimuli were applied to
both the injection site and the corresponding area of
the contralateral paw, and the latency was determined
as the duration from the beginning of heat stimuli to
the occurrence of a marked withdrawal reflex. Five
stimuli were repeated for each site, and the latter 3
values were averaged as mean PWTL. A cut-off of 30
seconds was chosen to prevent tissue damage. The in-
ter-stimulus interval for each heat test was more than
15 minutes at the same region and 10 minutes at the
different paws.

Intervertebral Foramen Route of Drug
Delivery

Procedures for Intervertebral Foramen Route of
Drug Delivery

The design of IVF route of drug delivery was based
upon methods and experimental procedures in rats

published previously (38,39) and modified as in Fig. 1.
In brief, after shaving the fur over the lower back, the
animals were anesthetized by 6% chloral hydrate (i.p.)
and placed over a small cylinder to elevate the lumbar
region. For L5-foramen, the point of skin puncture was
defined at a crossing point ‘b’ of a para-posterior mid-
line of the vertebral column (see a dashed line 1.5 cm
laterally to the vertical solid line in Fig. 1A) and a sub-
horizontal line (see a dashed line 0.5 cm caudal to the
solid inter-iliac crest line in Fig. 1A). For L4-foramen, the
puncture point was crossing point ‘a’ about 1 cm rostral
to crossing point ‘b’ (Fig. 1A). To facilitate the penetra-
tion of the injecting needle through the skin, an initial
puncture with a larger needle (1.2 x 38 mm, 18G) was
made. In sequence, the injecting needle (0.3 x 21 mm,
30G) is inserted at an angle of 45° both to the horizon-
tal and sagittal plane to approach the L5-foramen (Fig.
1B) through the punctured skin, towards the interver-
tebral foramen between the L5 and L6 vertebrae (or
inter L4-5 foramen), until the tip touched the lateral
region of the vertebrae. To localize the inter L5-6 or
inter L4-5 intervertebral foramen, delicate movements
of the needle were made until the bone resistance was
diminished and a paw flinch reflex was observed. The
paw flinch reflex was used as a sign that the needle tip
entered the intervertebral foramen.

Drugs and Agents

An accurate concentration of ozone (ug/mL: pg
of O, per mL of O,) was obtained from clinical grade
oxygen using a medical ozone generator (Medozon
Compact, Germany). Because 10 — 30 pg/mL ozone-
oxygen has been commonly used as safe and effective
therapeutic concentrations for treatment of patients
(40), and one report indicated that concentrations over
40 pg/mL would be toxic in vitro (41), a dose of 30 pg/
mL ozone-oxygen in 50 pl volume was chosen for IVF
injections. To confirm the localization of this delivery
route, intraganglionar injection of Dil (2.5%) was ad-
ministered in 5 rats through IVF route, the presence of
Dil was confirmed in each rat by exposure of the lum-
bar dorsal root ganglia (DRG) 15 minutes after injec-
tion. The results showed the existence of Dil-labeling
only in L4 and L5 DRGs (Fig. 1C). Gabapentin was a gift
from Enhwa Pharmaceutical Group (Xuzhou, Jiangsu
Province, P. R. China) and 100 mg per 1 kg body weight
was used through the whole experiment. IVF injection
of AMD3100, a CXCR4 antagonist (Sigma, 100 ug/10 pl
dissolved in 0.9% sterile saline); A803467, a selective
Nav1.8 blocker (Abcam, 30 pug/10 pl dissolved in DMSO);

E676

www.painphysicianjournal.com



Intervertebral Foramen Injection of Ozone for Neuropathic Pain

lemg seas

4mm

Fig. 1. IVF injection of ozone. (A), crossing point ‘a’ and ‘b’ are the insertion positions of the L4-5 and L5-6 intervertebral
foramens, respectively. The L5-6 foramen is accessed by introducing the needle to crossing point ‘b’ of a para-posterior midline
of the vertebral column (dashed line 1.5 cm laterally to the vertical solid line) and a sub-horizontal line (dashed line 0.5 cm
caudal to the solid inter-iliac crest line), then toward the space between the lateral processes of the L5 and L6 lumbar vertebrae.
For L4-5 foramen, the puncture point was crossing point ‘a’ which was about 1 cm rostral to crossing point ‘b’. (B), the injecting
needle is inserted at an angle of 45° both to the horizontal and sagittal plane to approach the L5-6 foramen and L4-5 foramens.
Red solid circle, namely, the point ‘b’ in 1A, is the insertion position of the L5-6 intervertebral foramen. The origin of the axis
is the position of L5 dorsal root ganglion (DRG), where the drug is injected. Dashed line, inter-iliac crest line. Scale bar, 4 mm.
(C), the sites of IV injection of ozone at the L4 and L5 DRGs were localized by I'VF injection of 2.5% Dil injections. Scale

bar, 2 mm.
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rapamycin, the mTOR inhibitor (Chengdu YATU bio-
technology CO., 2.5 pg/10 pl dissolved in DMSO); and
MGCDO0103, a selective histone deacetylase inhibitor
(Selleck Chemicals, 50 pg/10 pl dissolved in DMSO), re-
spectively, served as positive control of IVF injection of
ozone.
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Fig. 2. Effects of IV'F injection of ozone in rats with
chronic neuropathic pain. (A), 28 days time course
observation for the percent changes in ipsilateral PWMT
in rats with SNI, SNI treated with 1VF injection of air
(SNI+Air), and SNI treated with 1VF injection of ozone
(SNI+O0zone). (B), 28 days of time course observation
for the changes in contralateral PWMT in rats with SN1,
SNI+Air, and SNI+0zone. **P < 0.01, *P < 0.05,
Ozone vs. Air. PWM'T, paw withdrawal mechanical
threshold. n = 15 for each group.

Statistical Analysis

Statistical analyses were carried out using SPSS
v19.0 (SPSS, Chicago, IL, USA). All data were expressed
as mean = SEM. To explore enhanced effect of ozone on
the analgesic effect of gabapentin, the percent maxi-
mum possible effect (% MPE) in 2 situations (ozone pre-
treated or not) was calculated: % MPE = (PWMTh post-ep
— PWMT, o q5) / (PWMTine — PWMT, o) x 100%. A
2-way analysis of variance for repeated measures was
used to evaluate the overall effect of the treatment
compared with other groups followed by Dunnett’s test
or a post hoc Student’s t-test when appropriate. Value
of P < 0.05 was considered significant.

REesuLTs

Effects of IVF Injection of Ozone in Rats with
Chronic Neuropathic Pain

As shown in Fig. 2A, single IVF injection of ozone-
oxygen on the side of the nerve injury 14 days after
establishment of the SNI model resulted in long-term
relief of mechanical allodynia relative to IVF injection
of air or non-treatment control. Time course of 28 days
of observations showed that the significant therapeu-
tic analgesic effect occurred on the post-IVF ozone day
one, followed by gradual increase in effectiveness on
the following day 3 and reached peak on day 5 (Fig.
2A). The analgesic effect of IVF ozone began to decline
on day 7 and disappeared on day 14 (Fig. 2A). Unilat-
eral IVF injection of ozone between L4-5 and L5-6 lev-
els didn't affect PWMT on the contralateral side of the
hindpaw (Fig. 2B).

To further confirm whether IVF injection of ozone
would change the basic pain sensitivity, the same dose
of ozone was adminsitered in naive rats. Time couse of
14 days of observations showed no change in either
PWMT or PWTL on either side of rat’s hindpaws follow-
ing unilateral IVF injection of ozone or air (Fig. 3).

Effects of IVF Injection of Ozone in Rats with
Acute and Chronic Inflammatory Pain
Following ipsilateral IVF injection of ozone, no an-
algesic effects were found in either the acute inflam-
matory pain model induced by ipl BV (Fig. 4A-D) or
chronic inflammatory pain model induced by ipl CFA
(Fig. 4E-F). Moreover, ipsilateral IVF injection of ozone
did not relieve either spontaneous pain behaviors (Fig.
4A-B) or mechanical and thermal pain hypersensitivity
in either of the 2 inflammatory pain models (Fig. 4C-F).
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Fig. 3. Effects of IV'F injection of ozone on the basic pain sensitivity. (A )-(B), 14 days time course observation for the percent
changes in ipsilateral (A) and contralateral (B) PWMT in naive rats. (C)-(D), 14 days time course observation for the
percent changes in ipsilateral (C) and contralateral (D) PWTL in naive rats. PWM'T, paw withdrawal mechanical threshold;

Analgesic Effects of IVF Delivery of Some
Molecular Target Drugs in Rats with
Neuropathic Pain

IVF deliveries of 4 drugs antagonizing at SDF1-
CXCR4 signaling with AMD3100 (n = 8), blocking
Nav1.8 subunit of voltage-gated sodium channels
with A803467 (n = 8), inhibiting mTOR with rapamy-
cin (n = 8), and inhibiting class | histone deacetylase
with MGCDO0103 (n = 8), respectively, were shown to
produce significant analgesic effects in rats with SNI
(Fig. 5). However, compared to the longer (14 days)
effect of IVF injection of ozone (Fig. 2A), the anal-
gesic effects of the above 4 drugs were much more
short-lasting in duration (less than 48 hours utmost)

(Fig. 5). AMD3100 had the longest analgesic effect
among the 4 drugs which began to produce analgesia
at 2 hours, peaked at 6 hours, and vanished within 48
hours after IVF administration. A803467 was the one
with the shortest analgesic effect among the 4 drugs
which began to produce analgesia at 2 hours, peaked
at 4 hours, and vanished within 8 hours after IVF ad-
ministration. Rapamycin also produced short-lasting
analgesia for less than 8 hours after IVF administra-
tion, displaying a peak at 4 hours and vanished within
8 hours. MGCD0103 had a long delay in effectiveness
which began to produce analgesia at about 8 hours,
peaked at 24 hours, and vanished at about 96 hours
after IVF administration.
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Fig. 4. Effects of I1VF injection of ozone in rats with acute and chronic inflammatory pain. (A)-(B), showing one hour time
course observation of the effect of I VI ozone on persistent spontaneous nociception (A) and the mean total numbers of paw
flinches averaged from one hour period following ipl bee venom (BV) injection (B). (C)-(D ), exhibiting the effects of 1VIF
ozone on the BV-induced mechanical and thermal hypersensitivity. (E)-(F'), exhibiting the effects of IVF ozone on the complete
Freund’s adjuvant (CFA )-induced mechanical and thermal hypersensitivity. PWM'T, paw withdrawal mechanical threshold;
PWTL, paw withdrawal thermal latency. n = 9 for each group.
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Synergistic Effect of IVF Ozone with
Systemic Gabapentin in Rats with
Neuropathic Pain

Similar to most of previous reports, i.p. ad-
ministration of gabapentin alone (SNI+GBP, n
= 8) only produced mild to moderate (20% to
40%) relief of mechanical pain hypersensitivity
in rats with SNI relative to saline control (n = 8)
(Fig. 6A-B). The analgesic effect of gabapentin
alone could be detected on both sides of the
tested hindpaws, which began to appear at
about 0.5 to 1 hour and reached peak at 2 hours
and vanished within 5 hours after i.p. adminis-
tration (Fig. 6A-B). However, i.p. administration
of gabapentin 5 days after IVF delivery of ozone
(peak time for analgesia) produced a synergis-
tic analgesic effect in rats with SNI, showing
more than 80% relief of mechanical pain hy-
persensitivity (Fig. 6A). In contrast, i.p. saline 5
days after IVF delivery of ozone only produced
at most 48% of the relief of mechanical pain
hypersensitivity in rats with SNI, although the
level of analgesia remained unchanged during
the whole time course of observation (Fig. 6A).
Moreover, analysis of the results from SNI rats
receiving gabapentin alone and gabapentin
plus ozone showed that there was no statisti-
cally significant difference in analgesic effects
on the contralateral side, suggesting that syner-
gistic analgesic effect of gabapentin and ozone
could only occur at the side of IVF delivery of
the gas (Fig. 6B). Areas under percent maximum
possible effect (% MPE) curves showed that
combined use of both IVF ozone and systemic
gabapentin resulted in at least 2- to 4-fold of
the improvement produced by i.p. gabapentin
alone (Fig. 6C). The relative value of areas un-
der curves was 231.20 + 65.35 vs. 57.48 + 15.30.

Discussion

IVF Injection of Ozone Relieves
Mechanical Allodynia and Enhances
Analgesic Effect of Gabapentin in
Animal Model of Neuropathic Pain

In the current study, we provided a new
line of experimental evidence showing that IVF
delivery of ozone can selectively relieve neu-
ropathic pain but not acute or chronic inflam-
matory pain in rats. Compared to other drugs
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- 24 —v— SNI+AB03467
E i kil —&— SNI+Rapamycin
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Fig. 5. Effects of IV'F delivery of 4 molecular target drugs in rats
with neuropathic pain. Ninety-six hour time course observation of
the effects of AMD3100, a selective CXCR4 antagonist; A803467,
a selective Navl .8 blocker; rapamycin, a selective mTOR inhibitor;
and MGCDO0103, a selective class I histone deacetylase. P < 0.01,
*P < 0.05, AMD3100 vs. vehicle; **P < 0.01, *P < 0.05, A803467
vs. vehicle; "P < 0.01, 7P < 0.05, rapamycin vs. vehicle; " P <
0.05, MGCDO0103 vs. vehicle. PW M, paw withdrawal mechanical
threshold; SNI, spared nerve injury. n = 8 for each group.

targeting a single molecular site, the analgesic effect of IVF in-
jection of ozone was long-lasting and sustained for at least 14
days after a single treatment. The analgesia produced by IVF
ozone was thought to be a local effect rather than systemic ef-
fect because no analgesia was found on the contralateral side.
No analgesic effects were found in naive rats either. Further-
more, the stable presence of IVF ozone-produced analgesia
could be achieved 2 weeks after well establishment of neuro-
pathic pain condition. It is therefore suggested that IVF ozone
treatment may have a strong therapeutic effect in relieving
neuropathic pain as seen in a 5-year follow-up study of IVF ad-
ministration of ozone for the treatment of elderly patients with
intractable chronic PHN (20).

In the present study, we also provided another line of ex-
perimental evidence showing that synergistic analgesic effect
could be obtained in neuropathic painful rats by combined use
of IVF ozone and i.p. gabapentin. Moreover, combined use of
IVF ozone and i.p. gabapentin can achieve at least 2- to 3-fold
improvement over a single treatment of the 2 therapies. The
synergistic analgesic effect produced by the combined use of
IVF ozone and i.p. gabapentin observed in rats was also true
for PHN patients who received only one or two treatments with
IVF ozone followed by daily use of oral gabapentin (20). The
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Fig. 6. Effect of combinational use of IVF' ozone with
systemic gabapentin in rats with neuropathic pain. (A)-
(B), 5 hour time course observation of the percent changes
in ipsilateral (A) or contralateral (B) PWMT in rats
with spared nerve injury (SNI) following intraperitoneal
(i.p.) injection of saline (SNI+Saline) and gabapentin
(SNI+GBP), respectively; or combinational use of

IVF ozone and i.p. saline (SNI+0Ozone+Saline) or of
1V'F ozone and i.p. GBP (SNI+0Ozone+GBP); (C),

a comparison of the area under the curves of percent
maximal possible effect (MPE) between single i.p. GBP
(SNI+GBP) and combinational use of IVF ozone and
i.p. GBP (SNI1+0z0ne+GBP). "P < 0.01, "P < 0.05,
GBP vs. Saline; #P < 0.01, *P < 0.05, SNI+0Ozone+GBP
vs. SNI+Air+GBP. "P < 0.05, pretreatment with ozone
vs. no pretreatment. PWM'T, paw withdrawal mechanical
threshold. n = 8 for each group.

total amount of daily dose of gabapentin (or prega-
balin) could be decreased to 600 — 900 mg from 1200
mg - 1800 mg (20). Collectively, this proof-of-concept
study highly supports the clinical use of IVF ozone in the
management of neuropathic pain in general and PHN
in particular, and calls for a multiple center assessment
of the therapeutic effect of the approach.

IVF Route of Ozone Delivery Is Appropriate
for Treatment of Neuropathic Pain but Not
Inflammatory Pain Conditions

In the current study, it is interesting to find that IVF
ozone-induced analgesia was likely to be present only
under neuropathic pain conditions caused by SNI but
not inflammatory pain conditions caused by ipl injec-

tion of BV and CFA. So far, the underlying mechanisms
of IVF ozone-induced analgesia under neuropathic pain
conditions remain unclear and are worthy of being fur-
ther studied in both basic and clinical settings.
However, in some clinical studies, ozone therapy
has been demonstrated to be effective in the treatment
of some inflammatory pain conditions, such as knee os-
teoarthritis, low back pain, and diabetic foot (24,28,42-
46). One animal study also suggests a possible analgesic
effect on inflammatory pain in a model of capsaicin-
induced edema (47). The discrepancy in results between
these previous clinical and basic investigations and our
current study is probably due to different routes for
the delivery of ozone. In the previous studies, ozone
was mostly injected into the sites where inflammatory
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responses were occurring, while in our current study
ozone was injected through an IVF route from which
the loci of inflammatory responses caused by subcuta-
neous injection of BV or CFA was far away. Thus, the
results from the present study only demonstrate that
the IVF route for ozone delivery is likely to be selec-
tively effective in treatment of neuropathic pain but
not inflammatory pain. This result also implicates that
local administration of ozone at the site of tissue injury
and inflammatory responses might be effective in the
treatment of inflammatory pain which requires further
testing in different animal models.

Synergistic Analgesic Effect of Combined Use
of IVF Ozone and Systemic Gabapentin for
Treatment of Neuropathic Pain

It is more intriguing to find that combined use of
IVF ozone and systemic gabapentin can produce a syn-
ergistic analgesic effect in rats with neuropathic pain.
The similar synergistic analgesic effect has also been
noted in a clinical setting for treatment of PHN by IVF
ozone and oral gabapentin or pregabalin (20). In a
5-year follow-up study, the total amount of daily use of
gabapentin was reduced from 1200 — 1800 mg to 600
- 900 mg after administration of one or two doses of
CT-guided IVF ozone (unpublished data) (20). So far, the
finding of synergistic analgesia caused by a combined
use of IVF ozone and systemic gabapentin for the treat-
ment of neuropathic pain is novel and there is no study
available to explain such a therapeutic effect.

The SNI model represents an animal model of per-
sistent peripheral neuropathic pain (14,29). Its most
notable feature is long-term (at least 9 weeks) me-
chanical pain hypersensitivity which can mimic the clini-
cal symptom of mechanical allodynia (29). It has been
shown that both peripheral (DRG) and spinal levels can
be changed by this type of peripheral nerve injury that
involves changes in both expression and transcriptional
levels of a variety of molecular signaling pathways in-
cluding cytokines, chemokines, lipid mediators, NaV1.8,
voltage-gated Ca? channel subunit 0.25-1, and opioid
receptors, etc. (13,16,19,48,49). Among these molecular
targets, a25-1 has been demonstrated to be the bind-
ing sites of gabapentin (16-18). It has been demonstrat-
ed that up-regulated expression of spinal 0.25-1 at the
central terminals of DRG nociceptor cells can be caused
by neuropathic pain conditions (16,17,19). It has been
thus proposed that the binding of gabapentin with

a28-1 would block the trafficking of more a.25-1 sub-
units from cytosol to presynaptic membrane, leading to
inhibition of neurotransmitter release (16,17,19). How
ozone synergizes the therapeutic effect of gabapen-
tin is not known; the possible effects of ozone on the
function and structure of 023-1 at both transcriptional
and translational levels should be carefully examined in
near future.

What Are the Possible Underlying
Mechanisms of IVF Ozone-induced Analgesia
under Neuropathic Pain Conditions?

It has been traditionally proposed that ozone
therapy has anti-inflammatory action through reac-
tivation of the innate antioxidant system, resisting
against the oxidative stress (45). The biological effects
of ozone are believed to be indirectly elicited by reac-
tive oxygen species (ROS) and lipid oxidative products
(LOPs) that are produced immediately after ozone is
dissolved in biological water (physiological saline,
plasma, lymph, urine, interstitial fluid) (40). ROS (H,O,
and hydroxyl radicals, etc.) and LOPs have been shown
to induce activation of nuclear transcriptional fac-
tors, such as nuclear factor-erythroid 2-related factor
2 (Nrf2) (45) to alleviate pain (50,51). However, due to
the paucity of experimental studies (52), the biological
and pharmacological effects of ozone on the nervous
system are not known. Pharmacologically, for exam-
ple, whether ozone has direct or indirect actions on
transmembrane proteins (receptors and ion channels),
intracellular cascades, and nuclear transcriptions is yet
unclear. Biologically, it is also interesting to examine
whether ozone has repairing and restoring functions
in the nervous system. Getting insight into the biologi-
cal and pharmacological actions of ozone in the ner-
vous system would shed new light on the therapy of
neuropathic pain.
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