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Abstract: Background/Objectives: Carvacrol is a naturally occurring phenolic monoterpene that is
one of the major constituents of the essential oils of oregano (Origanum vulgare), thyme (Thymus
vulgaris) and other herbs. Carvacrol has anti-inflammatory and antinociceptive effects. At the
systemic level, carvacrol is able to activate and inhibit several second messengers and ion channels.
However, there is no evidence on the peripheral antinociception of carvacrol and its probable
mechanism of action. The aim of this study was to investigate whether the local antinociception of
carvacrol involves the opioid receptor-nitric oxide (NO)-GMP-K* channel pathway. Methods:
Formalin (1%) was injected into the dorsal surface of the right hind paw of Wistar rats. Rats received
a subcutaneous injection into the dorsal surface of the paw of vehicle or carvacrol (100-300 ug/paw).
To determine whether the local antinociception induced by carvacrol was mediated by the opioid
receptor-NO-cGMP-K* channel pathway and a biguanide-dependent mechanism, the effect of
pretreatment (10 min before formalin injection) with the corresponding vehicles, naltrexone, L-
NAME, 1 H-(1,2,4)-oxadiazolo (4,2-a) quinoxalin-1-one (ODQ), K* channel blockers, and metformin
on the antinociceptive effects induced by local carvacrol (300 ug/paw) were evaluated. Results:
Carvacrol produced antinociception during both phases of the formalin test. Naltrexone, L-NAME,
ODQ, glibenclamide and glipizide (both ATP-sensitive K* channel blockers), tetraethylammonium
and 4-aminopyridine (both voltage-gated K* channel blockers), apamin and charybdotoxin (both
Ca?-activated K* channel blockers), and metformin reversed the carvacrol-induced peripheral
antinociception. Conclusions: Local peripheral administration of carvacrol was able to produce
significant antinociception and activate the opioid receptor-NO-cGMP-K* channel pathway. In
addition, carvacrol activated a metformin-dependent mechanism at the peripheral level.

Keywords: carvacrol; antinociception; nitric oxide; cGMP; K* channels

1. Introduction

Carvacrol, or isothymol (IUPAC name: 2-methyl-5-propan-2-ylphenol), is a naturally occurring
phenolic monoterpene derivative of cymene [1]. A colorless to pale yellow liquid with a characteristic
pungent odor, carvacrol is widely used as a flavoring and food additive and is classified as non-toxic
for human consumption [1,2]. Carvacrol is one of the major constituents of the essential oils of
oregano (Origanum vulgare), thyme (Thymus vulgaris), pepperwort (Lepidium flavum), and other herbs
[1,2]. Studies have shown that carvacrol has hepatoprotective, antioxidant, neuroprotective,
antidiabetic, anti-inflammatory, and antinociceptive effects [1-4]. The involvement of nitric oxide
(NO), cGMP, ATP-sensitive K+ channel and voltage-gated- K+ channels has been implicated in some
biological effects of carvacrol [5-8]. Other in situ and in vitro studies demonstrated the ability of
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carvacrol to activate TRPA1 and TRPV3 channels and to inhibit TRPM7, TRPV1, nicotinic, Ca?* and
voltage-gated Na* channels [9-16].

In the antinociceptive activity, carvacrol was able to reduce the nociception produced in several
tests [17-20]. As far as opioid receptors are concerned, there is both positive and negative evidence
regarding their activation by carvacrol in models of nociception [18,20,21]. Carvacrol has also been
suggested to activate the opioid receptor-NO-cGMP-K* channel pathway at the systemic level [20].
These previous studies on antinociception have investigated the mechanisms of action of carvacrol
at the systemic level and in isolated models. However, potential mechanisms of action of carvacrol at
the peripheral level, such as the opioid receptor-NO-cGMP-K* channel pathway [20,22-31], have not
been investigated. Potassium (K*) and calcium (Ca?") channels are the ultimate targets for reducing
neuronal or cell excitability [32]. The K* channels can be modulated by the NO-cGMP pathway as
well as by other second messengers and drugs [32,33]. Therefore, our study was conducted to
investigate the possible activation of opioid receptors, the NO-cGMP pathway, K* channels, and a
biguanide-dependent mechanism in the peripheral antinociceptive effects of carvacrol in the rat
formalin test.

2. Materials and Methods

2.1. Animals

Male Wistar rats aged 7-9 weeks from our own breeding facilities were used in this study. Each
rat was used in only one experiment and was killed in a CO2 chamber at the end of the experiments.
The Institutional Animal Care and Use Committee (CINVESTAYV, IPN, Ciudad de México, Mexico)
approved the study protocol with registration number 0169-15, after which the animals were treated
according to the Guiding Principle on Ethical Standards for Investigation in Animals [34].

2.2. Drugs

Carvacrol, naltrexone (opioid receptor blocker), metformin (hypoglycemic biguanide), NG-L-
nitro-arginine methyl ester (L-NAME)(a NO synthase inhibitor), 1 H-(1,2,4)-oxadiazolo (4,2-a)
quinoxalin-1-one (ODQ)(a NO-sensitive soluble guanylyl cyclase inhibitor), glibenclamide and
glipizide (both ATP-sensitive K* channel blockers; Ki:6.1-2), tetraethylammonium chloride (TEA) and
4-aminopyridine (4-AP) (both voltage-gated K+ channel blockers; Kv), apamin (a small conductance
Ca?*-activated K* channel blocker; Kca2.1-3), and charybdotoxin (a big conductance Ca?*-activated K*
channel blocker; Kcal.1), were purchased from Sigma-Aldrich (Toluca, Mexico). Carvacrol was
diluted in a 2% Tween solution. Glibenclamide, glipizide and ODQ were dissolved in a 20% DMSO
solution. L-NAME, TEA, 4-AP, apamin, charybdotoxin, naloxone, and metformin were dissolved in
saline solution.

2.3. Measurement of Nociceptive Activity

The rat paw 1% formalin test was used to assess nociceptive and antinociceptive effects [26-28].
Nociceptive behavior was induced by the subcutaneous injection of 50 uL of 1% formalin into the
dorsal region of the right hind paw, and then the nociceptive behavior was quantified as the number
of one-minute flinches of the treated paw every 5 min up to 60 min after injection. The flinching
behavior of the formalin-injected paw is biphasic [26-28].

2.4. Study Design

To determine the peripheral antinociceptive effect of carvacrol, rats in several independent
groups were administered either the corresponding vehicle or increased doses of carvacrol (30-300
ug/paw) subcutaneously in the right hind paw of the rat 20 minutes before administration of 50 uL
of 1% formalin in the same paw. To demonstrate that the effect of carvacrol was localized to the
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injection site, a dose of 300 pg/paw of carvacrol was administered to the contralateral (left) paw 20
minutes before formalin was administered to the right paw and the response was assessed.

In order to determine the possible involvement of opioid receptors, a biguanide-dependent
mechanism, and NO and cGMP production in the peripheral carvacrol-induced antinociceptive
effects, independent groups of rats were treated with the corresponding vehicles or naltrexone (50
ug /paw), metformin (400 pg/paw), L-NAME (100 ug/paw), or ODQ (100 pg/paw). Blockers were
administered 10 min after the administration of carvacrol (300 pg/paw). Ten minutes after the
administration of the blockers, the formalin solution was administered, and then the responses were
scored as described above. To determine whether carvacrol-induced antinociception is mediated by
activation of K* channels, independent groups of rats were first treated with carvacrol (300 ug/paw).
After carvacrol and 10 min before formalin, animals were treated with the corresponding vehicles or
glibenclamide (100 pg/paw), glipizide (100 pg/paw), apamin (2 pg/paw), charybdotoxin (2 ug/paw),
4-AP (100 pg/paw), and TEA (100 pg/paw). Then, responses were evaluated. Doses and drug
administration schedule for peripheral administration were selected based on previous reports
[20,22,23,26-31] and on pilot experiments in our laboratory. Rats in all experimental groups were
evaluated for possible side effects.

2.5. Data Analysis and Statistics

All experimental results are presented as the means + S.E.M. for five animals per group. Curves
were constructed by plotting the number of flinches versus time. The area under the curve of the
number of flinches verses time (AUC) was calculated using the trapezoidal rule. Both phases of the
test are reported. The results were analyzed by one-way analysis of variance using SPSS version 20
for Windows. Tukey’s test was then used to compare differences between the different groups.
Differences were considered statistically significant when p <0.05.

3. Results

3.1. Antinociceptive Activity Produced by Carvacrol

Local peripheral injection of 1% formalin produced paw-flinching behavior representative of
nociception. Local peripheral administration of carvacrol to the right hind paw significantly reduced
the number of formalin-induced flinches, demonstrating a significant antinociceptive effect (p < 0.05;
Figures la and 1b). The antinociceptive effect of carvacrol was dose-dependent. Carvacrol
administration to the left (contralateral) paw did not significantly alter the nociception produced by
formalin injection into the right paw (p > 0.05; Figures 1a and 1b). Carvacrol-induced antinociception
was statistically significant in both phases of the 1% formalin test in rats (p < 0.05; Figures 1a and 1b).
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Figure 1. Local peripheral antinociception of carvacrol during: (a) phase one and (b) phase two of the formalin
test. Rats were pretreated with s.c. injection of vehicle (VEH) or carvacrol into either the right (ipsilateral, IL) or
left (contralateral, CL) paw before formalin injection. Data are expressed as the area under the curve of number

of flinches versus time (AUC) for both phases. Each point represents to the mean + S.E.M. of 5 animals.
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*Significantly different from the vehicle group (P < 0.05) as determined by a one-way analysis of variance

(ANOVA) followed by Dunnett’s test.

3.2. Effect of Naltrexone, Metformin, and NO-cGMP Pathway Inhibitors on Carvacrol Antinociception

Naltrexone modified carvacrol-induced antinociception in both phases of the formalin test,
demonstrating the involvement of opioid receptors (p <0.05; Figures 2a and 2b). Local administration
of metformin significantly reduced the carvacrol-induced antinociception on the phase two (p < 0.05;
Figure 2b) but not on phase one (p > 0.05; Figure 2a) of the formalin test. When given with carvacrol
vehicle, naltrexone and metformin did not significantly modify formalin-induced nociceptive
responses (p > 0.05; Figures 1a and 1b).

Local peripheral administration of L-NAME and ODQ after carvacrol administration significantly
reduced their antinociceptive effects during both phases of the formalin test (p < 0.05; Figures 3a and
3b). These results demonstrate the production of NO and cGMP in the antinociception produced by
carvacrol at the peripheral level. When administered with carvacrol vehicle, L-NAME and ODQ did
not significantly alter formalin-induced nociceptive responses (p > 0.05; Figures 3a and 3b).
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Figure 2. Local peripheral effect of naltrexone and metformin on the carvacrol-induced antinociceptive activity
during (a) phase one and (b) phase two of the formalin test. Rats received a local injection of carvacrol (-20 min) or
vehicle and then naltrexone or metformin (-10 min) into the right paw. Data are expressed as the area under the
curve of number of flinches versus time (AUC) for both phases. Each point represents to the mean + S.E.M. of 5
animals. *Significantly different from the vehicle group (P < 0.05) and #significantly different from the carvacrol
group (P <0.05) as determined by a one-way analysis of variance (ANOVA) followed by Dunnett’s test.
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Figure 3. Local peripheral effect of L-NAME and ODQ on the carvacrol-induced antinociceptive activity during
(a) phase one and (b) phase two of the formalin test. Rats received a local injection of carvacrol (-20 min) or
vehicle and then L-NAME or ODQ (-10 min) into the right paw. Data are expressed as the area under the curve
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of number of flinches versus time (AUC) for both phases. Each point represents to the mean + S.E.M. of 5 animals.
*Significantly different from the vehicle group (P <0.05) and #significantly different from the carvacrol group (P
<0.05) as determined by a one-way analysis of variance (ANOVA) followed by Dunnett’s test.

3.3. Effect of the Administration of K* Channel Blockers on the Antinociception of Carvacrol

Subcutaneous administration of glipizide and glibenclamide significantly reduced carvacrol-
induced antinociceptive effects in both phases of the test, demonstrating activation of ATP-sensitive
K* channels by carvacrol (p < 0.05; Figures 4a and 4b). Local peripheral injection of 4-AP and TEA
significantly reduced carvacrol-induced antinociceptive effects during both phases of the formalin
test, indicating activation of voltage-gated K* channels by carvacrol (p < 0.05; Figures 5a and 5b).
Subcutaneous peripheral administration of apamin and charybdotoxin significantly decreased the
antinociceptive effects induced by carvacrol during both phases of the test, suggesting the activation
of Ca*-activated K* channel by carvacrol (p < 0.05; Figures 6a and 6b). K* channel blockers
administered with the carvacrol vehicle did not significantly alter formalin-induced nociceptive

behavior (p > 0.05: Figures 4-6).
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Figure 4. Local peripheral effect of glibenclamide and glipizide on the carvacrol-induced antinociceptive activity
during (a) phase one and (b) phase two of the formalin test. Rats received a local injection of carvacrol (-20 min) or
vehicle and then glibenclamide or glipizide (-10 min) into the right paw. Data are expressed as the area under the
curve of number of flinches versus time (AUC) for both phases. Each point represents to the mean + S.EM. of 5
animals. *Significantly different from the vehicle group (P < 0.05) and #significantly different from the carvacrol
group (P <0.05) as determined by a one-way analysis of variance (ANOVA) followed by Dunnett’s test.
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Figure 5. Local peripheral effect of 4-AP and TEA on the carvacrol-induced antinociceptive activity during (a)
phase one and (b) phase two of the formalin test. Rats received a local injection of carvacrol (-20 min) or vehicle

and then 4-AP or TEA (-10 min) into the right paw. Data are expressed as the area under the curve of number of
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flinches versus time (AUC) for both phases. Each point represents to the mean + S.E.M. of 5 animals.
*Significantly different from the vehicle group (P < 0.05) and #significantly different from the carvacrol group (P
<0.05) as determined by a one-way analysis of variance (ANOVA) followed by Dunnett’s test.
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Figure 6. Local peripheral effect of apamin and charybdotoxin on the carvacrol-induced antinociceptive activity
during (a) phase one and (b) phase two of the formalin test. Rats received a local injection of carvacrol (-20 min) or
vehicle and then apamin or charybdotoxin (-10 min) into the right paw. Data are expressed as the area under the
curve of number of flinches versus time (AUC) for both phases. Each point represents to the mean + S.E.M. of 5
animals. *Significantly different from the vehicle group (P < 0.05) and #significantly different from the carvacrol
group (P <0.05) as determined by a one-way analysis of variance (ANOVA) followed by Dunnett’s test.

4. Discussion

There are currently a number of different herbal preparations used as complementary or
alternative medicines. These herbal preparations contain a variety of chemical substances that
produce a pharmacological effect (either therapeutic or undesirable). Carvacrol is a phenol with
multiple biological activities, including antinociceptive and anti-inflammatory effects [4,17-20]. In
the present study, local peripheral administration of carvacrol was able to significantly reduce the
phase one (non-inflammatory phase) and the phase two (inflammatory phase) of the formalin test.
These effects were localized to the injection site, as carvacrol administration in the contralateral paw
was ineffective. There is evidence for activation of TRPA1 located in the primary afferent neurons
during the phase 1 of the formalin test. During the phase 2, the activation of TRPA1 channels and the
production of prostaglandins and interleukins are involved in a combination of peripheral
depolarization and inflammatory sensitization in the spinal cord dorsal horn tissue [35,36]. Carvacrol
has been shown to be a blocker of cation channels and an activator of TRPV3 channels [9-16].
Similarly, carvacrol was able to activate and subsequently desensitize TRPA1 channels in HEK293
cells [9]. In this sense, the probable inactivation of TRPA1 and voltage-gated cation channels
produced by carvacrol in its antinociceptive effects determined in the present study cannot be
excluded [10,14,16]. As noted above, carvacrol inhibits inflammatory pain in several experimental
models, including the second phase of the formalin test. However, a previous study found that
carvacrol was unable to block the arachidonic inflammatory cascade (involving the production of
prostaglandins, leukotrienes, or epoxyeicosatrienoic acid derivatives) in isolated rat aortic rings [7].
Therefore, further studies in other experimental models are needed to determine the ability of
carvacrol to inhibit pro-inflammatory mediators such as prostaglandins, cytokines, chemokines,
proteases, neuropeptides, and growth factors.

Opioid drugs and some phytoconstituents are able to reduce both phases of the formalin test
[29,30,36]. On the other hand, nonsteroidal anti-inflammatory drugs (NSAIDs) suppress only the
second phase [26,31,36,37]. In the present study, local peripheral injection of naltrexone significantly
reversed carvacrol-induced antinociception. This result is consistent with the ability of naloxone to
block the systemic antinociception induced by the Ziziphora clinopodioides (carvacrol in 65.2%) and
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Thymus persicus (carvacrol in 32%) essential oils in the formalin test [20,21]. In contrast, opioid
receptors are not involved in the systemic antinociceptive effect induced by carvacrol on both phases
of the formalin test in mice [18]. It is likely that these discrepancies are due to the different species
used and the different routes and times of administration of the drugs.

Nitric oxide (NO) is a gas that is synthesized in tissues by the enzyme NO synthase (NOS), which
uses the semi-essential amino acid L-arginine to form citrulline and NO in a 1:1 ratio. The released
NO travels to target cells and activates the enzyme soluble guanylate cyclase (sGC) to synthesize
c¢cGMP from guanosine triphosphate (GTP). cGMP acts as a second messenger, either directly or
through protein kinase (PKG) activation, to open potassium channels and modulate calcium
channels. The action of cGMP is terminated by its inactivation by means of a phosphodiesterase
enzyme [38—40]. The production of NO and ¢cGMP is involved in immunity, inflammation, platelet
aggregation, nociception, smooth muscle relaxation, and other pathological and physiological
processes [38—40]. In some models of nociception, the production of NO and cGMP is involved in the
antinociceptive effects of several drugs, including NSAIDs, phytoconstituents, opioids, and
neuromodulators [20,22-29]. Local peripheral administration of L-NAME, a NO synthesis inhibitor
and ODQ, a NO-sensitive soluble guanylyl cyclase inhibitor [38-40], significantly reversed the
antinociceptive effect of carvacrol in the present study. These results are consistent with the
production of NO and ¢cGMP in the gastroprotection produced by carvacrol in rats and in the
antinociception produced by of Lippia origanoides (carvacrol in 53.9%) and Thymus persicus aerial parts
(carvacrol in 32.2%) essential oils [5,8,20]. In contrast, neither L-NAME nor ODQ blocked the
endothelium-dependent relaxation of carvacrol on rat aorta [7]. In the latter case, the discrepancy is
mainly due to the difference in the experimental model used. To our knowledge, this is the first report
on the ability of locally administered carvacrol to activate the NO-cGMP pathway to produce
peripheral antinociception.

Potassium channels are integral membrane proteins that regulate the transport of K+ ions across
the membrane. In excitable cells, such as neurons, K* channel activity always reduces excitability by
moving the membrane potential away from the firing threshold (hyperpolarization) [32]. There are
four different types of K* channels according to their structure and functional properties [32]. K*
channels can be modulated by membrane depolarization, intracellular calcium, and second
messengers such as NO and cGMP and many drugs [32,33]. Abundant evidence has demonstrated
the involvement of some K* channels in systemic or local antinociception induced by various types
of analgesic and non-analgesic drugs [22,24-31,41]. In the present study, local peripheral injection of
glibenclamide and glipizide was able to block the effect of carvacrol, suggesting that carvacrol is able
to activate, in addition to the NO-cGMP pathway, the ATP-sensitive K* channels to produce its
peripheral antinociceptive effect. These results with sulfonylureas are consistent with the
involvement of the ATP-sensitive K* channel in the gastroprotection produced by carvacrol, the
prevention of apoptosis on rat testis by carvacrol, and the antinociception of the essential oil of
Thymus persicus aerial parts (carvacrol in 32%) in the formalin test [5,6,20]. In other experimental
groups of our study, the voltage-gated K* channel inhibitors 4-AP and TEA and the Ca*-activated K*
channel blockers apamin and charybdotoxin blocked the effects of carvacrol, suggesting the
activation of these channels in its antinociception in the periphery. These results are consistent with
the carvacrol-induced relaxation of isolated rat aortic rings by activation of voltage-gated K+ channels
and the relaxant effects of Lippia origanoides essential oil (containing 53.9% carvacrol) in tracheal tissue
by activation of voltage-gated and Ca*-activated K* channels [7,8].

Liver tissue is the primary site of action for the hypoglycemic drug metformin. Metformin is a
first-line treatment for type 2 diabetes. Metformin has been shown to be involved in nociceptive and
antinociceptive responses in some experimental models. In the present study, metformin was able to
reverse the antinociceptive effect produced by carvacrol. This latter result is consistent with the ability
of metformin to block the antinociceptive effects produced by citral, pamabrom, diclofenac,
indomethacin, and metamizole [30,31,37,42]. Therefore, preclinical and clinical studies to evaluate the
potential for metformin to interact with terpenoids or NSAIDs are recommended.


https://doi.org/10.20944/preprints202504.0900.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 April 2025 d0i:10.20944/preprints202504.0900.v1

8 of 11

5. Conclusions

Local peripheral administration of carvacrol was able to produce significant antinociception in
both phases of the 1% rat formalin test. The mechanism of action of the peripheral antinociceptive
activity of carvacrol involves activation of the opioid receptor-NO-cGMP pathway and K* channels.
A metformin-dependent mechanism is also involved in carvacrol-induced antinociception.
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The following abbreviations are used in this manuscript:

ANOVA Analysis of variance
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TUPAC International Union of Pure and Applied Chemistry
L-NAME NG-L-nitro-arginine methyl ester

MDPI Multidisciplinary Digital Publishing Institute

NO Nitric Oxide

NOS Nitric Oxide synthase

NSAIDs Nonsteroidal anti-inflammatory drugs

ODQ 1 H-(1,2,4)-oxadiazolo (4,2-a) quinoxalin-1-one
PKG Protein kinase

SEM Standard error of the mean

sGC Soluble guanylate cyclase

TEA Tetraethylammonium chloride

VEH Vehicle

4-AP 4-aminopyridine
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