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Abstract

Background—The objective of this study was to evaluate creatine as an anti-nociceptive
compound in an animal model of thermal and inflammatory pain. Creatine has the structural
potential to interact with acid-sensing ion channels (ASIC), which have been involved in pain
sensation modulation. The hypothesis evaluated in this study was that creatine will interact with
ASICs leading to decreased nociception.

Methods—Male and female C57BL/6J mice were fed with either a control diet or the control diet
supplemented with creatine (6.25g/kg diet). After one week on the diet, the mice were tested for
thermal hyperalgesia and inflammatory pain response.

Results—The latency to withdraw the tail during the thermal hyperalgesia test was unaffected by
sex or diet. During the formalin test, males and females responded differently to the stimulus, and
the female mice supplemented with creatine seemed to recover faster than the controls. To
determine whether ASICs mediate the action of creatine, GMQ, an ASIC3 agonist, was injected in
one paw and pain response was quantified. Females responded more strongly to GMQ injections,
and all mice fed creatine had a decreased response to GMQ.

Conclusions—These preliminary data suggest a potential effect of creatine on inflammation-
based nociception that may be mediated via ASIC3. While preliminary, this study warrants further
research on the potential of creatine as an analgesic and can serve as a stepping stone for the
development of ASIC-based therapeutics.
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Introduction

Millions suffer from acute and chronic pain, and the costs have reached over $600 billion
each year due to treatments and loss of productivity according to the Institute of Medicine of
the National Sciences [1]. While treatments, such as use of opioids, are available, there
remains many issues associated with their use, such as addiction [2]. Therefore alternatives
are sought after to replace conventional therapies for pain. One such avenue is the study of
acid-sensing ion channels (ASICs) [3, 4]: channels that have been associated with pain
sensation, mechanosensitivity and synaptic plasticity [5, 6].

These channels are trimeric, proton-gated transmembrane channels that belong to the
epithelial sodium channel/degenerin family [6], are sensitive to changes in extracellular pH
[7, 8], and exists in 6 known isoforms [9, 10]. In recent studies, nonproton ligands have been
determined to modulate the activity of ASICs: amiloride blocks ASICs in a non-selective
manner [11]; GMQ (2-guanidine-4-methylquinazoline) can activate ASIC3 /n vitro[12] and
leads to a stimulating response when binding to the nonproton ligand binding site [5]; and
Anthopleura Elegantissimatoxin 2 (APETX2), a sea anemone-derived toxin, has ASIC3-
specific blocking effects [13].

ASICs are expressed in peripheral nociceptive neurons and in brain areas associated with
pain processing [5, 6, 9], especially homomeric ASIC3, which is highly expressed in sensory
neurons in the periphery and in the dorsal root ganglion in the spinal cord [9, 14].
Furthermore, conditions causing pain are often associated with tissue acidosis and
inflammation [15]. In a human model of acid-induced pain, local amiloride administration
reduced the magnitude of pain perception [16]. Inflammation induced by complete Freund’s
adjuvant (CFA) leads to increased mRNA levels of ASICs, including ASIC 3 [17], and
inflammatory mediators such as nerve growth factor increased sensory neuron excitability
and ASIC3 gene transcription [18]. Inflammation-activated signals also activate ASIC3 on
nociceptors and initiate pain signaling cascade [5].

As previously mentioned, ASIC3 ligands can alter electrophysiological aspects of ASICs
and have been used to demonstrate the implication of ASICs in /n vivo nociceptive
sensitivity [5, 11, 19, 20]. Local intramuscular and spinal injections of APETx2 prevented
mechanical hypersensitivity but did not reduce it once the hyperalgesia was established
using an acid-induced pain model [19]. In the same study, inflammatory pain produced by
CFA was reduced by APETX2 injection. In a study evaluating the nociceptive effects of the
ASIC3 agonist GMQ, wild-type mice injected with GMQ in their hind paw displayed an
increase in paw licking time compared to the transgenic mice lacking ASIC3 (asic37) [12].
The increase of the nociceptive paw licking behavior in response to GMQ provided evidence
of the involvement in pain and activation of ASIC3 channels /n vivo.

Ligands involved in pain modulation of ASIC3, amiloride and GMQ, both have a guanidium
group, a common feature for ligands interacting with ASIC3 [12]. A widely available
compound, creatine, possesses a modified guanidium group which might confer creatine the
ability to interact with ASIC3 and modulate pain sensitivity (along with unpublished
electrophysiology results suggesting a possible ASIC modulation by creatine). Creatine is an
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endogenous organic acid known for its role in cellular metabolism that is used as a buffer to
replenish ATP levels [21]. As a dietary supplement, creatine is widely used for enhancing
exercise performance [22]. However, its oral consumption has been associated with other
reported and proposed health benefits, including neuroprotective effects against ischemic
damage and antioxidative protection [21, 23]. Recent human studies demonstrated that
creatine supplementation improved quality of life, sleep and reduced pain associated with
fibromyalgia following 8 weeks of treatment along with the patient’s regular medications
[24, 25]. On the other hand, a 16-week creatine diet treatment produced no changes in pain
perception in another group of fibromyalgia patients [26]. Evidence from human studies is
not consistent, which may be due to different loading dose, creatine supplementation
duration and different types of pain measured. Based on these observations, the current study
was aimed to determine whether creatine supplementation can reduce nociceptive sensitivity
in a mouse model of thermal and inflammatory pain, and whether the effects of creatine
could potentially be mediated via ASIC3.

Materials and methods

Animals

Diets

Ninety-five 2-3 months old male and female C57BL/6J mice were obtained from Jackson
Laboratories, and acclimated at the UNT Health Science Center vivarium prior to any
manipulations. Procedures pertaining to animal handling and maintenance adhered to the
NIH guidelines and were approved by the UNT Health Science Center Institutional Animal
Care and Use Committee. Each mouse was injected subcutaneously between the shoulder
blades with an identification chip (2 x 13 mm biologically inert, Biomark) using a monoject
syringe. The mice were separated into two experiments: Squad 1: sixty mice that were used
for thermal hyperalgesia and formalin test after one week on treatment; Squad 2: thirty-five
mice that were used for GMQ test after 10 days on treatment. All mice were monitored for
body weights throughout the study. Food intake was measured daily for five days, starting
three days into diet supplementation.

Mice were randomly assigned to one of the two experimental groups: control group was fed
a control diet (Purina LabDiet® cat #: 1813505) or creatine group was fed the control diet
supplemented with 6.25 g of creatine/kg diet (Purina TestDiet®; cat #: 1816777-201) (Table
1). Creatine monohydrate =98% was purchased from Sigma Aldrich (cat #C3630) and added
to the diet by Purina. Animals had ad libitum access to food and water, and were group
housed by sex and diet assignment (3-5 animals per cage). Animals were placed under a 12
hour light/dark cycle and all housing and procedures were approved by the UNT Health
Science Center Institutional Animal Care and Use Committee. The mice were kept on the
diet for one week prior to and throughout testing. Three days after the start of the diet, food
intake was measured daily for four days.

Thermal hyperalgesia

The tail immersion test was used to examine thermal hyperalgesia, which models acute pain.
Mice were allowed 10 minutes to acclimate to the testing room. Mice were lightly restrained
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and the distal portion of the tail was immersed in a water bath at 52°C for a maximum
latency of 10 seconds. The latency to flex the tail during immersion was recorded. Mice
received 3 trials with 1 minute between each. The average latency over the 3 trials was
measured and analyzed.

Inflammatory pain

Mice were allowed 10 minutes to acclimate to the testing room and more specifically to the
chamber. Each mouse was lightly restrained and injected subcutaneously in their right hind
paw with 30 pl of 4% formalin solution, using a 1000 pl U-100 microfine syringe with a
27G needle. Immediately after injection, each mouse was placed in the test chamber
(plexiglass box 11 x 8.5 x 15 cm) with mesh flooring elevated 45 cm from the table,
supported by PVC tubes and a mirror placed at a 45° angle under the mesh for observation
of nociceptive behaviors) and observed for 60 minutes. Behaviors were recorded for 60
minutes. The time spent licking the injected paw was averaged over 10 minute periods and
analyzed.

GMQ injections

As with the formalin test, the mice were allowed 10 minutes to acclimate to the testing
room. Each mouse was lightly restrained and injected subcutaneously in their left hind paw
with 30 pl of ImM GMQ solution, using a 1000 pul U-100 microfine syringe with a 27G
needle. After injection, each mouse was placed in the test chamber (plexiglass box 11 x 8.5
x 15 cm) with mesh flooring elevated 45 cm from the table, supported by PVC tubes and a
mirror placed at a 45° angle under the mesh for observation of nociceptive behaviors) and
observed for 46 minutes. The time spent licking the injected paw was averaged and analyzed
(only the mice with over 10s of licking where used in the results: 5/35 mice did not reach
this criterion).

Statistical analysis

Results

The effects of diet and sex on body weights, food intake and nociceptive response to
formalin were assessed using three-way analysis of variance (ANOVA) with weeks, days or
time-bin as the repeated measure. The effects of diet and sex on thermal hyperalgesia and
response to GMQ injection were tested using two-way ANOVA with sex and diet as
between-group factors. Planned individual comparisons between different sex groups and
diet groups were performed using a single degree-of-freedom F test involving the error term
from the overall ANOVA. The alpha level was set at 0.05 for all analyses and Systat 13
statistical package was used to conduct the analyses.

Weekly body weight

Body weights were measured weekly from the time of arrival until the last behavioral test
and are presented in Figure 1. Overall, male mice weighed more than females and gained
weight during the study while the body weight of females remained stable over the study.
There was no difference between the control and creatine-fed female mice. These
observations were supported by a repeated measure ANOVA yielding an interaction between

Pharmacol Rep. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Izurieta-Munoz et al. Page 5

Week, Sex and Diet (p=0.014), a main effect of Sex (p < 0.001) but no main effect of Diet
or an interaction between Sex and Diet (all ps> 0.959).

Food Intake

The amount of food consumed by the mice was measured daily for one week and the results
are presented in Figure 1B. Overall, male mice consumed more food than females,
regardless of which diet they were assigned to. Mice on the creatine diet ate less food than
the mice on the control diet at the beginning of food intake measurements, but no differences
were found on the last day (one week after starting the diet). A repeated measure ANOVA
produced significant main effects of Sex and Diet (all ps < 0.03) and an interaction between
Day and Diet (p= 0.018), but did not result in any other interactions (all ps> 0.263).

Tail immersion test

The latency of a mouse to flick its tail out of hot water was averaged across three trials and
presented in Figure 2. There was no difference in latency between any of the experimental
groups. This observation was supported by an ANOVA yielding no main effect of sex, diet
or an interaction of sex and diet (all ps> 0.393).

Formalin test

The duration of paw licking behavior was recorded for 60 minutes and averaged in 10
minute time bins. The results are reported as the percentage of time spent licking and
presented in Figure 3. Female mice spent more time licking their paws than male mice,
which was most apparent during the first 10min and the last 30 min of observation
corresponding to the acute and inflammatory phases, respectively, of the formalin test. The
male mice fed creatine had similar response compared to controls, while the female fed
creatine had lower paw licking times during the last 20-30 minutes. A three-way ANOVA
with time as repeated measure revealed a main effect of Sex (p = 0.013), but did not reveal
main effect of Diet (p = 0.078) or an interaction between Sex and Diet (o = 0.55).

GMQ test

The amount of time spent licking the paw injected with GMQ was recorded and presented in
Figure 4. Overall, males licked their GMQ-injected paw ~ 34% less than females regardless
of treatment. Creatine-fed mice also licked their GMQ-injected paws ~ 35% less than
controls, regardless of sex. These observations were supported by significant main effects of
Sex and Diet (all ps< 0.036) and no interaction between Sex and Diet (p= 0.544).

Discussion

The major findings from this study were that short-term creatine supplementation: (1) did
not affect the response of male and female C57BL/6J mice to a thermal stimulus, (2)
decreased nociceptive licking behavior in response to formalin injection in females only, (3)
decreased sensitivity to GMQ injections in both sexes. The data also imply that there are sex
differences in response to inflammatory pain and GMQ sensitivity.

Pharmacol Rep. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Izurieta-Munoz et al.

Page 6

Male mice were heavier than the females and gained weight over the duration of the study (3
weeks), while the weight of the female mice remained stable. These differences are
consistent with reports by Jackson Laboratories [27]. Supplementation with creatine did not
affect the body weight of the mice, which is in contradiction with previous published reports
in both humans and mice. Duarte et a/. reported that male mice that were given a dose of
creatine equivalent to 20 g per day (for humans) for six days, gained 4% more body weight
than their control diet counterparts [28]. The dose given was five times the one in our study
(equivalent to 5 g per day for humans) and could account for the lack of an effect on body
weights in the current study. Allah et al., reported that female albino mice that were on a
creatine-supplemented diet (1% and 3% creatine) also gained weight when they were
supplemented for 10 weeks [29]. These reports and our data indicate that dose and duration
are decisive factors in whether body weight will be affected. Creatine also did not influence
food intake in males and females, however a difference in intake between control groups
indicates differing growing curves and this observation matches with the weight gain that
was observed.

The data for the tail immersion test showed no significant interaction between nociceptive
sensitivity and diet or sex. The tail immersion test is designed to provoke a quick reflex
reaction [30] which does not involve inflammatory mediators. The temperature of the water
at 52°C was considered to be a high intensity pain stimulus [31, 32] directed at stimulating
thermal and nociceptive receptors on the mouse tail. While the role of ASIC3 in pain has
mostly been linked to inflammatory condition, in which acidification of tissues and
inflammatory intermediates modulate the channel [33], some reports have indicated a
potential role in thermal sensitivity as well. Chen et a/. used male ASIC3 knockout (asic3™")
and wild-type mice to observe the nociceptive differences using an automated tail-flick
apparatus (radiant heat) to test for thermal hyperalgesia on the tail and found that both
groups responded similarly to the test [32]. Another study reported that male ASIC3
knockout mice had a reduced tail withdraw latency in the tail immersion test compared to
their wild-type counterparts [31]. In our study, thermal sensitivity was not affected by
creatine intake implying that perhaps creatine does not affect this pain modality or that the
dose used was too low to elicit an effect. Creatine may have the capability to interact with
other ASICs besides ASIC3 and influence other types of pain modalities, therefore the mice
were also subjected to inflammatory pain stimulation.

In the formalin test, females seem to spend more time licking than males in response to the
injection. Interestingly, the effect of sex/gender on pain perception is still being debated both
in animals and humans. Many argue that epidemiological research showed that women
report pain more often than men in a clinical setting [34, 35], although the magnitude and
mechanism underlying this disparity remains unclear. Mogil suggested that women may
seek medical attention more than men, or may be more susceptible to chronic pain illnesses,
or that they actually have a lower tolerance for pain than men [36]. Several studies in rodents
support such sex differences, however confusion persists regarding which sex might be most
sensitive especially to acute and thermal nociception [37]. In a study done with 1 week old
mice, males showed longer latencies to withdraw in a thermal paw-withdraw test, while the
females displayed an increased latency to withdraw on the tail immersion test [38]. In young
adult rodents, females have been found to be more sensitive to formalin-induced nociception
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[39, 40]. The discrepancy in findings regarding which sex might be most sensitive, also
depends on the noxious stimulus as well as the strain used in the studies (potential genetic
differences might explain the different sex-dependent responses) [37]. Therefore sex/gender
might be an important factor to consider when considering the effects of potential anti-
nociceptive compounds like creatine. In our study, the female mice supplemented with
creatine showed a more rapid recovery in the second phase of the formalin test than the
female controls, while there was no difference in the males. Staniland and McMahon
showed no difference in the duration of nociceptive behaviors between the wild-type and
ASIC3 knockout (asic3~/~) male mice [31]. It is interesting to note that creatine
supplementation affected the second phase of the formalin test which corresponds to the
inflammatory response phase. Considering that ASIC3 is activated by acidosis and
inflammatory factors, it is sensible to assume that creatine could have an effect on this
phase. While most studies have focused on one sex, our data indicate that even though minor
differences are seen in response to inflammation, the response to potential anti-nociceptive
compounds might differ between males and females. Additional studies should consider
both sexes/genders for their experiments as analgesic treatment may need to be developed
differently based on sex/gender.

Our data have provided some evidence that creatine may have the potential to lower pain
sensitivity associated with inflammation, and that it could be achieved via ASIC3
antagonism based on its structural similarity to other ligands. However, one cannot rule out
the potential role of other receptors that have been involved in nociception. The transient
receptor potential V1 channel (TRPV1) has been known to participate in nociception due to
inflammation [31] [41]. A study on rats showed that injecting a TRPV1 antagonist prevented
and reversed hyperalgesia and secondary allodynia after formalin injection [41]. ASIC3 is
not the only channel that mediates inflammatory pain in the body, so it is possible that other
receptors activate and could diminish the observed effect of creatine.

To further determine whether creatine might act via ASIC3, our last experiment used paw-
injection of an ASIC3 agonist, GMQ. It has been shown that GMQ injections will increase
nociceptive paw licking and that the response is higher in wild-type than the ASIC3
knockout mice [12]. Overall female mice spent more time licking than males, consistent
with observations during the formalin test, and the mice fed creatine regardless of sex
exhibited lower nociceptive behaviors than the mice on the control diet. These data suggest
that ASIC3 could be involved in the mechanisms of creatine anti-nociceptive effects.

While only minor effects were found, creatine intake did reduce pain sensitivity when
caused by inflammation or ASIC3 activation by GMQ. As the role of creatine as an
antinociception compound begins to be established, a dose and duration study will be
necessary to identify a maximal effect of creatine. Furthermore, as pain related issues occur
in middle-age and old individuals more frequently, a consequent study should investigate
how creatine might affect pain sensitivity in older age groups. Creatine is a safe, relatively
inexpensive compound that is readily available and could be used alone or in combination
with other treatments to alleviate pain symptoms. Further studies will be needed to
determine the mechanism of action of creatine via ASICs, which could lead to the
generation of compounds that reduce pain effectively while minimizing the side effects.
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Highlights
. Sex differences in inflammatory pain response in young mice.
. Preliminary data suggest an antinociception action of creatine.
. Creatine supplementation decreased nociceptive behaviors related to
inflammation
. ASIC3 may be involved in mediating the effects of creatine on pain sensitivity
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Figure 1. Effects of creatine supplementation on body weight (A) and food intake (B) of male and
female C57BL/6J mice

Each value represents the mean + SEM, n=14-15 for body weight and n=4-5 for food
intake. * p < 0.05, compared with sex-matched controls, # p < 0.05 compared to treatment-
matched females.
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Figure 2. Effects of short-term creatine supplementation on nociceptive response of young male
and female C57BL/6 mice in a tail immersion test

Each value represents the mean + SEM, n=15.
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Figure 3. Effects of short-term creatine supplementation on nociceptive response of young male
and female C57BL/6 mice in a formalin test

Each value represents the mean = SEM, n=14-15.
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Figure 4. Effects of short-term creatine supplementation on nociceptive response of young male
and female C57BL/6 mice in response to GMQ injection

Each value represents the mean + SEM, n=6-9.
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Table 1
Composition of control and creatine diets
Control  Creatine

Creatine, g/kg N.D.* 6.25
Protein, g/kg 183.00 174.00
Fat (ether extract), g/kg 51.00 46.00
Fat (acid hydrolysis), g/kg 60.00 55.00
Fiber (max), g/kg 45.00 44.00
Gross energy, kcal/g 34.30 34.00
Ash, g/kg 62.00 63.00
Nitrogen-free extract (by difference), g/lkg  560.00 573.00

*
N.D.: not determined, less than 0.05 g/kg diet based on expected recovery.

Vitamins(mg/kg): Choline chloride, 2000-1988; Niacin, 86-83; Pantothenic acid, 31-30; Pyridoxine, 10-9.93; Riboflavin, 9; Thiamine

Page 16

hydrochloride, 26-24; Folic acid, 2; Biotin, 0.3; Carotene, 1.9-1.5; Vitamin K as menadione,22.2-14.9; Vitamin B12, 51-75; Vitamin A, 8; Vitamin

D3, 4; Vitamin E, 45.

Minerals (mg/kg): Calcium, 1210-1150; Phosphorus, 9300-9200; Phosphorus (non-phytate), 6680-6800, Sodium,; Chlorine, 4500-4800; Potassium,
6000-6100; Magnesium, 2200; Sulfur, 3300-3000; Iron, 369; Manganese, 154-147; Zinc, 84-90; Copper, 10; lodine, 2.15-2.12; Cobalt, 0.79-1.09;
Selenium, 0.33-0.34; Fluorine, 35.7-7.9; Chromium, 1.94-0.56
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