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Abstract Danggui-Shaoyao-San (DSS) is a traditional
Chinese medicine, which has long been used for pain treat-
ment and has been demonstrated to possess anti-oxidative,
cognitive enhancement, and anti-depressant effects. In the
present study, the effects of aqueous extracts of DSS on spon-
taneous pain behaviors and long-term hyperalgesia were ex-
amined to investigate the anti-nociceptive effects and underly-
ing mechanisms. Single pretreatment of DSS dose-dependently
reduced spontaneous flinches/licking time in the second, rather
than the first, phase after subcutaneous injection of 5 % forma-
lin into one hindpaw, in doses of 2.4 and 9.6 g/kg. DSS also
dose-dependently inhibited FOS and cyclooxygenase-2
(COX-2) expression in both superficial and deep layers within
the spinal dorsal horn. Further, DSS reduced hypoalgesia in the

injected paw from 1 to 3 days and produced anti-hyperalgesic
actions in both the injected paw after 3 days and non-injected
paw. These data suggest involvement of enhancement of de-
scending pain inhibition by suppression of 5-HTT levels in the
spinal dorsal horn and reduction of peripheral long-term inflam-
mation, including paw edema and ulcers. These findings sug-
gest that DSS may be a useful therapeutic agent for short- and
long-term inflammation induced pain, through both
anti-inflammatory and suppression of central sensitization
mechanisms.
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Introduction

Pain is a significant clinical problem worldwide [1]. Clinical
pain has multiple origins, symptoms, and signs, associated
with tissue or nerve injury resulting in persist spontaneous
pain, thermal and mechanical hyperalgesia, or allodynia
evoked by different modalities of stimuli [2, 3]. Pain is also
a cardinal feature of peripheral inflammation. However,
undertreatment of pain is common. The formalin test, an ex-
perimental animal model producing both acute spontaneous
pain and persistent mechanical and thermal allodynia and hy-
persensitivity, is produced by subcutaneous (s.c.) injection of
formalin into a hindpaw [4]. Long-term peripheral inflammation
and central sensitization are involved in the formalin-induced
pain, which includes the descending pain modulating system.
These associations would allow for more precise clarity as to
anti-nociceptive properties mediated by peripheral and/or
central-mediated analgesia and inter-model differences.
Therefore, the potential role of any novel therapeutic analgesic
agent through screening its effects in such an animal model can
assist basic and clinical scientists as they seek out new treatment
options in different pain states [5].

Danggui-Shaoyao-San (DSS), also called Toki-shakuyaku-san
or TJ-23, is a widely used formula of traditional Chinese
medicine (TCM) derived from BJin Kui Yao Lue^, written
by Zhong-Jing Zhang in the Eastern Han Dynasty. DSS con-
sists of six Chinese herbs: Radix Paeoniae Alba, Radix
Angelica sinensis, Rhizoma Chuanxiong, Poria cocos,
Rhizoma Atractylodis macrocephalae, and Rhizoma
Alismatis, with a ratio of 16:3:8:4:4:8 [6]. DSS has been used
as a blood-activating and stasis-eliminating drug to treat
gynecological disorders, such as dysmenorrhea, amenorrhea,
and infertility for thousands of years [7, 8]. Recent studies
have shown that it also possesses the potential as a therapeutic
agent in treating neurocognitive pathogenesis, including
depression, senile dementia, memory loss, and other cognitive
disorders. Thus, the formula is used as a traditional remedy for
Alzheimer’s disease in Japan [9–11]. Previously, our labora-
tory demonstrated that DSS increased the content of mono-
amine neuromodulators, such as norepinephrine (NE), dopa-
mine (DA), and 5-hydroxytryptamine (5-HT) in the brains of
aged mice and modulated their metabolism [6]. Otherwise,
DSS suppresses inflammatory factor production [12], pos-
sesses anti-oxidant activity, and anti-apoptosis [13, 14].
Recent study suggests that DSS potentially alleviate pain in
a tooth movement animal model, accompanied with neuronal
and microglial inhibition within the ipsilateral trigeminal spi-
nal nucleus caudalis [15]. However, the dose-dependent anal-
gesic effects of DSS and peripheral and central mechanisms
within the spinal cord remain uncertain.

Therefore, in the present study, we intended to investigate
whether DSS produces analgesia in the formalin pain model
via an amelioration of peripheral tissue injury and/or

inflammation. Since monoamine neuromodulators, especially
5-HT, participates in descending pain inhibition, we hypothe-
sized that potentially, DSS may decrease the levels of seroto-
nin transporter (5-HTT) leading to increased content of 5-HT
in the spinal dorsal horn, an integral membrane protein that
transports serotonin from synaptic spaces into presynaptic
neurons. Hence, the present investigation utilized a formalin
model to evaluate possible analgesic effects of oral DSS admin-
istration and the potential peripheral and central mechanisms.

Materials and Methods

Animals

Male C57BL/6 mice (8–10 weeks) were housed in a
temperature-controlled environment on a 12-h light/dark cycle
with access to food and water ad libitum. All experimental
procedures received prior approval from the Animal Use and
Care Committee for Research and Education of the Fourth
Military Medical University (Xi’an, China) and the ethical
guidelines to investigate experimental pain in conscious
animals.

DSS Preparation

Six herbs were purchased from Nanjing Medicinal Materials
Company, Jiangsu Province, China, and identified by Dr.
Bo-Yang Yu in the Department of Chinese Compound
Prescription of China Pharmaceutical University. Aqueous
extract of DSS was prepared following previous investiga-
tions [6]. In brief, six medicinal components were mixed in
proportion and were macerated for 1 h with eight times (v/w)
distilled water, then decocted for 1 h, after which the filtrate
was collected and the residue was decocted again for 1 h with
six times (v/w) distilled water. The filtrates were mixed and
condensed and then dried by a vacuum dryer at 60 °C. The
yield of dried powder was 29.0 % according to the original
herbs. The doses of DSS were presented as the original crude
drugs and the powder was suspended in distilled water.
High-performance liquid chromatography (HPLC) fingerprint
of DSS was detected according to our previous report [16], in
which gallic acid, paeoniflorin, ferulic acid, senkyunolide I,
tetra-galloy-glucose (TGG), penta-O-galloy-D-glucose
(PGG), and alisol B were well identified.

Experimental Design

Experiment 1 evaluated the analgesic effects of intragastric
administration of DSS on formalin-induced spontaneous pain,
as well as spinal neuronal activation and underling mecha-
nisms. After a 5-day acclimation period, mice were randomly
divided into four groups: (1) Veh group, (2) DSS 0.6 g/kg
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group, (3) DSS 2.4 g/kg group, (4) DSS 9.6 g/kg group. The
mice in the four groups were delivered intragastric adminis-
trations with vehicle (1 ml/kg, saline), 0.6, 2.4, and 9.6 g/kg
DSS, followed by subcutaneous injection with 25 μl of 5 %
formalin 1 h later.

Experiment 2 observed analgesic effects of DSS on
formalin-induced long-term mechanical hyperalgesia as well
as underlying central mechanisms and anti-inflammatory ef-
fects of DSS on the injected paws. The dose of DSS applied in
this series was based on analysis of analgesic dosage effects of
DSS on formalin-induced spontaneous pain. The mice were
randomly assigned to one of the following groups: (1) Veh
groups, (2) DSS group. All Veh and DSS group animals were
administrated with Vehicle (1 ml/kg, saline) and DSS via a
gastric tube from pre-injection 1 h to post-injection on day 10.

Assessment of Spontaneous Pain-Related Behaviors

The formalin test was used to induce mice flinching or licking
the injected hindpaw, as described in our previous study [17].
All behavioral observations were performed in a
low-illuminated sound-proof room. A sound-attenuated and
transparent plexiglas test box (25 × 25 × 40 cm) with a trans-
parent glass floor was placed on a supporting frame of 30 cm
high above reverse video cameras to record video for offline
behavioral analysis of spontaneous pain behaviors induced by
administration of the formalin. After the mice acclimated to
the testing chamber for about 30 min, 25 μl of the 5 % forma-
lin solution (dissolved in saline) was s.c. injected into the
plantar surface of the right hindpaw, using a microsyringe
(Hamilton Co., NV, USA) attached to a 30-G needle. The
observer was trained to provide a similar rating measurement
for each behavior during the tests of different animals.
Pain-related spontaneous responses were determined by
counting the number of paw flinches or licking duration of
the injected hindpaw occurring during 5 min intervals for 1 h
following formalin injection with a stopwatch.

Immunohistochemistry Staining

After deep anesthesia was induced using pentobarbital
(100 mg/kg, i.p.), and perfusion with 30 ml of 0.9 % saline
followed by 100 ml of 0.1 M phosphate buffer (PB, pH 7.4)
containing 4 % paraformaldehyde, the fifth lumbar spinal
cord segments (L5) were removed and post-fixed in the same
agent for 2 h and then immersed into 30 % sucrose in 0.1 M
PB (pH 7.4) for 48 h at 4 °C. Transverse spinal sections
(contralateral side was labeled by piercing on the ventral
horn) were cut into 25 μm thickness on a cryostat (Leica
CM1800, Heidelberg, Germany) at −20 °C, and sections
were collected serially into 6 dishes containing 0.01 M
phosphate-buffered saline (PBS, pH 7.4).

Immunohistochemistry staining for FOS or COX-2 was
performed with an avidin-biotin-peroxidase complex (ABC)
method. The sections in the first dish were rinsed in 0.01 M
PBS three times (10 min each) and blocked with 10% donkey
serum in 0.01M PBS containing 0.3 % Triton X-100 for 0.5 h
at room temperature (RT, 20-25 °C), then used for immuno-
histochemical staining. The sections were incubated overnight
at RT with mouse anti-FOS antiserum (1:500; ab11959;
Abcam, Cambridge, MA, USA) or rabbit anti-COX-2 antise-
rum (1:200; ab15191; Abcam) in 0.01 M PBS containing 5 %
normal donkey serum, 0.03 % Triton X-100, 0.05 % NaN3
and 0.25 % carrageenan (PBS-NDS, pH 7.4), followed by
incubation with biotinylated donkey anti-mouse IgG (1:500;
AP192B; Millipore, Billerica, MA, USA) or biotinylated don-
key anti-rabbit IgG (1:500; AP182B; Millipore) diluted in
PBS-NDS for 5 h. Finally, sections were incubated with
ABC-Elite kit (1:100; Vector Laboratories, Burlingame, CA,
USA) at RT for 2 h, and then, sections were further incubated
in a solution containing 0.05 M Tris-HCl, 0.13 % diamino-
benzidine, and 0.005 % hydrogen peroxide for 20 to 30 min in
order to complete the diaminobenzidine reaction. Sections
were washed completely with 0.01M PBS between each step.
Finally, all sections were mounted onto gelatin-coated glass
slides, air dried, dehydrated in a graded series of diluted eth-
anol, cleared in xylene, and coverslipped.

Measurement of Behavior to Mechanical Stimuli

Mice were habituated to the testing environment for 3 days
before baseline testing and then were placed under inverted
plastic boxes (7 × 7 × 10 cm) on an elevated mesh floor and
allowed to habituate for 30 min before the threshold testing. A
logarithmic series of 8 calibrated Semmes-Weinstein monofil-
aments (von-Frey hairs; Stoelting, Kiel, WI, USA) were ap-
plied to the lateral edge on the plantar surface of the injected
paw, as well as on the plantar surface of the contralateral paw
to determine the stimulus intensity threshold stiffness required
to elicit a paw withdrawal response. Log stiffness of the hairs
was determined by log10 (milligrams × 10). A von-Frey fila-
ment was applied 10 times (3 s for each stimulus) to each
testing area. The bending force of the von-Frey filament able
to evoke a 50 % occurrence of paw withdrawal reflex was
expressed as the paw withdrawal threshold (PWT). The stim-
ulus was stopped if the threshold exceeded 10.0 g (cutoff
value). Assessments were made before formalin injection as
a baseline value. The behavioral tests were performed on 1, 3,
7, and 10 days after the 5 % formalin injection. The threshold
was defined as the minimum pressure required eliciting a
withdrawal reflex. The percent change in PWT was deter-
mined for the injected paw relative to the contralateral paw,
according to the formula: (ipsilateral PWT − contralateral
PWT)/contralateral PWT. This index was used as a measure
of mechanical hyperalgesia associated with the injected
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hindpaw relative to the contralateral hindpaw. Positive values
indicated a state of hypoalgesia, whereas negative values in-
dicated a state of hyperalgesia associated with the injected
hindpaw. All the tests were performed in a double-blind
manner.

Measurements of Paw Edema and Areas of Ulcers

Edema and ulceration were produced by subcutaneous injec-
tion of formalin into the mice’s hindpaw at the site of injection
[4]. Paw edema was assessed by measuring the foot sickness
in the dorsal-plantar axis with a caliper. An index of paw
edema was calculated as the mean difference of paw
thickness (paw thickness of injected side − paw thickness of
non-injected side)/paw thickness of non-injected side.

After measuring the thickness of paw, a photo containing
the dorsal or plantar surface of hindpaw coupling with a ruler
(minimum scale 1 mm) was taken using a camera. Then, one
analyst determined the incidence of ulcers, areas of ulcers, and
percentage of ulcers healing by using picture software ImageJ
(National Institutes of Health, Bethesda, MD, USA). Based on
the distance of 1 mm on the ruler, the scale (pixels/mm) can be
set by the Bset scale^ function in the ImageJ. Then, Bpolygon
selections^ was used to outline the areas of ulcers, and the
results would be calculated through Bmeasure^ function.

Western Blot

Mice were sacrificed after inducing deep anesthesia using
pentobarbital (100 mg/kg, i.p.), and the L5 dorsal horns were
quickly removed. The spinal dorsal horn was then dissected
using the “open book”method [18]. Briefly, the L5 spinal cord
segment was dissected according to the termination of the L4
and L5 dorsal roots. Then, the spinal segment was cut into a
left and right half from the midline. Finally, the left half was
further split into the dorsal and ventral horns at the level of the
central canal. The dorsal horns were homogenized with a
hand-held pestle in sodium dodecyl sulfate (SDS) sample
buffer (10 ml/mg tissue), which contained a cocktail of pro-
teinase and phosphatase inhibitors. The electrophoresis sam-
ples were heated at 100 °C for 5 min and loaded onto 10 %
SDS-polyacrylamide gels with standard Laemmli solutions
(Bio-Rad Laboratories, CA, USA). The proteins were
electroblotted onto a polyvinylidene difluoride membrane
(PVDF, Immobilon-P, Millipore, Billerica, MA, USA). The
membrane was placed in a blocking solution, which contained
Tris-buffered saline with 0.02 % Tween (TBS-T) and 5 %
non-fat dry milk, for 1 h, and incubated overnight under gentle
agitation with primary antibody rabbit anti-COX-2 (1:500),
rabbit anti-5-HT transporter (1:1000; PC177L; Millipore),
and mouse anti-β-actin (1:2000; A1978; Sigma, St Louis,
MO, USA), respectively. Bound primary antibodies were de-
tected with a horseradish peroxidase (HRP)-conjugated

anti-rabbit or anti-mouse secondary antibody (1:5000;
Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA).
Between each step, the immunoblots were rinsed with TBS-T.

All reactions were detected by the enhanced chemilumines-
cence (ECL) detection method (Amersham). The densities of
protein blots were analyzed by using Labworks Software
(Ultra-Violet Products, UK). The densities of COX-2,
5-HTT, and β-actin immunoreactive bands were quantified
with background subtraction. Squares of identical sizes were
drawn around each band to measure density, and the back-
ground near that band was subtracted. Since β-actin levels
did not change significantly after inflammation and nerve
injury [19], β-actin levels were used as loading controls, and
COX-2 and 5-HTT levels were normalized against β-actin
levels.

Statistical Analysis

All results were expressed as mean value ± standard deviation
(SD). In the spontaneous behavior test, the area under curve of
individual animals for flinching or licking responses were
group pooled and used a One-way ANOVA with Dunnett’s
post hoc test, which was performed using SPSS® version 16.0
software (SPSS Inc., Chicago, IL, USA). The DSS dosages
were transformed into a logarithm dose with GraphPad Prism
version 5.01 for Windows (Graph Pad Software, San Diego
California USA, www.graphpad.com). The non-line fit was
performed as to build a dose-response curve. Based on the
dose-response curve, the 90 % effective doses (ED90) of
DSS on analgesia were calculated. Differences in changes of
values in Western blot over time of each group were tested
using Two-way ANOVA, followed by the least significant
difference test. Data from the von-Frey test were presented
as mean ± SD and were analyzed as the interpolated 50 %
threshold (absolute threshold) in the log base 10 of stimulus
intensity (monofilament stiffness in milligrams × 10). Two-
way ANOVA (with Bonferroni confidence interval adjust-
ment) was used and conducted for analysis.

Results

Effects of Intragastrical DSS on Spontaneous
Pain-Related Behaviors Induced by s.c. Formalin
Injection

Injection of 5 % formalin s.c. into the plantar surface of the
hindpaw produced biphasic pain-related behaviors, consisting
of flinching and licking/biting of the injected paw. The first
transient phase lasted for the first 10 min post-injection and
was followed by the second prolonged phase from 15 to
60 min. There was no difference in the time course of the
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spontaneous pain-related behaviors between groups with and
without i.g. DSS pretreatment (Fig. 1a, b).

Since an obvious biphasic flinch response can be induced
by s.c. formalin injection, effects of DSS on the first and
second phase flinches were calculated based on the area under
the curve (AUC). In comparison with i.g. saline, i.g. pretreat-
ment with DSS significantly reduced the AUC of the second
phase but not the first phase (Fig. 1c). By comparing the AUC
of flinch behavior, there were no group differences in the first
phase flinches (Fig. 1a, c; one-way ANOVA, Kruskal-Wallis
test, P = 0.3453). The analgesic effects of DSS on the second
phase flinches presented a significant group difference
(Fig. 1a, c; one-way ANOVA, Kruskal-Wallis test, P =
0.0008). Dunnett’s post hoc test also revealed difference be-
tween DSS 2.4 g/kg (P < 0.05) or DSS 9.6 g/kg (P < 0.001)
and vehicle groups. There were no significant differences be-
tween DSS 0.6 g/kg and vehicle groups (P > 0.05). The effect
of DSS on the second phase flinches was calculated based on

the log (dose) vs. response curve (Fig. 1e). The ED90 of DSS
on the second phase flinches was 4.1 g/kg.

Since an obvious biphasic licking response with an upper
second peak can be induced by s.c. formalin injection, the
AUC was also calculated to analyze the analgesic effects of
DSS. There were also no group differences in first phase lick-
ings (Fig. 1b, d; one-way ANOVA, Kruskal-Wallis test, P =
0.8278). The analgesic effects of DSS on the second phase
lickings presented significant group differences (Fig. 1b, d;
one-way ANOVA, Kruskal-Wallis test, P < 0.0001).
Dunnett’s post hoc test also revealed differences between
DSS 2.4 g/kg (P < 0.001) or DSS 9.6 g/kg (P < 0.0001) and
vehicle groups. There were no significant differences between
DSS 0.6 g/kg and vehicle groups (P > 0.05). The effects of
DSS on the second phase lickings were calculated based on
the log (dose) vs. response curve (Fig. 1f). The ED90 of DSS
on the second phase lickings was 4.9 g/kg. Considering the
difference of ED90 for second phase flinches and lickings,

Fig. 1 Effects of i.g. pretreatment DSS (0.6, 2.4, 9.6 g/kg) or vehicle on
formalin-induced spontaneous flinches and licking time of the injected
hindpaw. Spontaneous flinches and licking time per 5 min during 60 min
after s.c. formalin injection from different groups were shown in (a) and

(b), respectively. The AUCs for different groups were calculated to
perform statistical analysis on the first and second phases in (c) and (d).
The log (dose)-response curves for DSS’s analgesic effects were shown in
(e) and (f). n = 8, each group. *P < 0.05, **P < 0.01, ***P < 0.001
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DSS 4.9 g/kg was chosen as the dose of the following con-
secutive treatment.

Effects of i.g. DSS on Spinal Neuronal Activation
and COX-2 Expression Induced by s.c. Formalin Injection

FOS protein has been widely used as a useful marker of
neuronal activity that can be used to map functionally
related neural pathways involved in specific behaviors
including acute and chronic pain [20]. It has been con-
firmed that spinal neurons were activated after injecting
formalin into the hindpaw, which was indicated by nuclei
expression of FOS protein [17, 21, 22]. The number of
FOS-ir neurons was used to evaluate the degree of the
spinal neuronal activation. Therefore, i.g. DSS pretreat-
ments were investigated to ascertain whether it inhibits
neuronal activation indicated by decreasing the expression
of FOS, correlating with analgesic effects on spontaneous
behaviors.

Consistent with the known topographic projection of
hindpaw afferents to the spinal cord, FOS-immunoreactive
(ir) neurons were most densely observed within the medial
half of the ipsilateral spinal dorsal horn, including superficial
layers (lamina I-II) and deep layers (lamina III-VI) at 2 h after
formalin injection (Fig. 2a). However, there were few FOS-ir
neurons distributed in the contralateral spinal dorsal horn (no
formalin injection) (Fig. 2b). Compared with the i.g. saline

group, the i.g. DSS significantly decreased the total num-
ber of FOS-ir posit ive neurons per section in a
dose-dependent manner (Fig. 2f; one-way ANOVA,
P < 0.0001). The total number of FOS-ir positive neurons
per section in the i.g. saline group, i.g. DSS 0.6, 2.4, and
9.6 g/kg group were 69.6 ± 11.5, 57 ± 9.4, 43 ± 9.0, and
30 ± 7.3, respectively. Dunnett’s post hoc test also re-
vealed significant differences between DSS 0.6 g/kg
(P < 0.05) or DSS 2.4 g/kg (P < 0.001) or DSS 9.6 g/kg
(P < 0.0001) and vehicle group. Laminar specific counts
also revealed that i.g. DSS treatment evoked a statistically
significant reduction of FOS-ir positive cells in superficial
layers (one-way ANOVA, P < 0.0001) and deep layers
(one-way ANOVA, P < 0.0001).

In the control mice, a relatively low COX-2 immunore-
activity was detected, and there were no significant differ-
ences between the two sides. Following formalin injection,
increased COX-2 immunoreactivity was detected on the
ipsilateral dorsal horn in contrast to the contralateral side
(Fig. 3a, b). The DSS effects on COX-2 immunoreactivity
were dose-dependent. Following i.g. DSS treatment, the
level of COX-2 immunoreactivity was significantly de-
creased on the superficial layers (Fig. 3f; one-way
ANOVA, P < 0.0001) and deep layers (one-way ANOVA,
P < 0.0001) of the side ipsilateral to the formalin injection,
in comparison to the control group with i.g. normal saline
treatment. The expression levels of COX-2 in these groups

Fig. 2 Effects of i.g. pretreatment DSS (0.6, 2.4, 9.6 g/kg) or vehicle on the
s.c. injection of formalin-induced FOS protein expression in the spinal cord.
Representative photomicrographs demonstrate immunohistochemical
staining for FOS in the ipsilateral spinal cord of vehicle (a), 0.6 g/kg (c),
2.4 g/kg (d), 9.6 g/kg (e) DSS treated group and the contralateral spinal

cord of the vehicle group (b). There was almost no labeling in the lateral
dorsal horn (asterisk). Scale bar = 100μm. The numbers of FOS-ir cells per
section were calculated and compared in these different groups (f). n = 8
sections from 4 animals, each group. *P < 0.05, ***P < 0.001
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were also evaluated by Western blot (Fig. 3g). The DSS
also dose-dependently decreased the expression levels of
COX-2 in the ipisilateral spinal dorsal horn (Fig. 3h;
one-way ANOVA, P < 0.0001). These results demonstrated
that increased COX-2 expression in the dorsal horn could be
partially inhibited by DSS treatment although COX-2 did not
return to the control level. In the contralateral side of the dorsal
horn, there were no significant differences between the
groups.

Effects of i.g. DSS on Mechanical Hyposensitivity,
or Hypersensitivity and Spinal 5-HTT Levels Induced
by s.c. Formalin Injection

There were no significant differences between the right
hindpaw and left hindpaw on baseline paw withdrawal thresh-
olds (PWTs) to mechanical stimulus on the plantar surface.
After formalin was injected into the plantar surface of the right
hindpaw, PWTs on the plantar surface of the injected paws

Fig. 3 Effects of i.g. pretreatment DSS (0.6, 2.4, 9.6 g/kg) or vehicle on
the s.c. injection of formalin-induced COX-2 expression in the spinal cord.
Representative photomicrographs demonstrating immunohistochemical
staining for COX-2 in the ipsilateral spinal cord of vehicle (a), 0.6 g/kg
(c), 2.4 g/kg (d), 9.6 g/kg (e) DSS treated group and the contralateral spinal
cord of the vehicle group (b). Scale bar = 100 μm. The relative COX-2
immunoreactivities per section were calculated and compared in these
different groups (f). n = 8 sections from 4 animals, each group.
***P < 0.001. Western blot showed the COX-2 expression in the

ipsilateral spinal cord of vehicle, 0.6, 2.4, 9.6 g/kg DSS treated group
and the contralateral spinal cord of the vehicle group (a). The bar
graphs demonstrated the mean levels of 5-HTT normalized to β-actin
(b). The relative COX-2 levels were expressed as percentages of the
contralateral spinal cord of the vehicle group. n = 3, each group. A
number sign was used, when ipsilateral and contralateral spinal cord of
vehicle group were compared; an asterisk was used, when DSS treated
groups were compared with ipsilateral spinal cord of vehicle group.
###P < 0.001, *P < 0.05, ***P < 0.001
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increased relative to baseline pre-injection values at 1 day
(P < 0.001). This hypoalgesic state of the injected hindpaw
was evident at 3 days (P = 0.009). Then, PWTs on the plantar
surface of the injected paws decreased and presented
hyperalgesia after 3 days. So, injection of formalin produced
both hypoalgesia and hyperalgesia on the ipsilateral paws.
Consecutive i.g. DSS treatment reduced not only hypoalgesia
but also hyperalgesia (Fig. 4a; two-way ANOVA, P < 0.05).
With regard to differences from the injected paws,
hyperalgesic responses to mechanical stimuli were detected
on the non-injected paws from 1 to 10 days after formalin
injection. The analgesic effects of i.g. DSS on the contralateral
paws were also observed (Fig. 4a; two-way ANOVA,
P < 0.05). The hypoalgesic state was also observed on 1 day
(P = 0.002) and 3 days (P = 0.014) by comparison of the
injected paws to non-injected paws (Fig. 4b). Therefore, there
was a protective effect of DSS on this formalin-induced
hypoalgesic state (two-way ANOVA, P < 0.05).

The loss of descending analgesia was considered as a crit-
ical contribution to the hypersensitivity of both the injected
hindpaw and non-injected hindpaw. Since 5-HTT is the prin-
ciple means for actively clearing of 5-HT from the extracellu-
lar space, we evaluated the expression levels of 5-HTT in both

the ipsilateral and contralateral dorsal horn to formalin injec-
tion, and this was evaluated by Western blot. The expression
levels of 5-HTT increased after formalin injection from 1 to
10 days, both on the ipsilateral side (P < 0.001) and the con-
tralateral side (P < 0.001). Consecutive i.g. DSS treatment re-
duced the elevated 5-HTT levels, both on the ipsilateral side
(Fig. 5a; two-way ANOVA, P < 0.05) and the contralateral
side (Fig. 5b; two-way ANOVA, P < 0.05).

Effects of i.g. DSS on Edema Thickness and Areas
of Ulcers Induced by s.c. Formalin Injection

Paw edema on the injected side was present at 2 h after s.c.
formalin injection (Fig. 4d). There were no significant differ-
ences between the right and left hindpaw on the baseline of the
thickness of paws. The magnitude of paw edema was calcu-
lated by increased percentage of ipsilateral paws relative to the
contralateral paws. The magnitude of paw edema increased
rapidly over the first hour, peaked on the 3 days (72.6 ±
13.0 %) and elevated at 10 days (54.7 ± 6.2 %) after formalin
injection. The paw returned to a pre-injection appearance, ap-
proximately 4 weeks after injection. Paw edema was not ob-
served on the contralateral paws. Consecutive i.g. DSS

Fig. 4 Effects of consecutive i.g.
pretreatment DSS or saline on
formalin-induced mechanical
hyposensitivity, or
hypersensitivity, and edema
thickness. Injection of formalin-
induced mechanical
hypersensitivity in the
contralateral hindpaw and
mechanical both hyposensitivity
and hypersensitivity in the
ipsilateral hindpaw from 1 to
10 days after injection (a). The
differences in PWTs between the
injected and uninjected paw were
shown in (b). The percentages of
increase in paw thickness were
calculated in (c). The
representative photographs
showed the dorsal and plantar
surface of the hindpaw before
formalin injection and after
formalin injection 2 h and 1 day
(d). The minimum scale value is
1 mm in the stainless stain rule.
n = 8 for the saline group, n = 12
for the DSS group. *P < 0.05,
**P < 0.01, ***P < 0.001
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treatment significantly reduced the percentage of ipsilateral
paws edema (Fig. 4c; two-way ANOVA, P < 0.05).

Formalin injection also produced ulcers on the plantar sur-
face of the injected paw on 3 days after injection. Most ulcers
developed most severely with significant inflammatory exu-
dates at 7 days, with many ulcers gradually healing by 10 days
(Fig. 6a). The incidence of ulcers, areas of the ulcers, and
incidence of ulcers healing were different among mice.
Consecutive i.g. DSS treatment reduced the incidence of
paw ulcers at 3 days (75 vs. 44.44 %) and 7 days (87.5 vs.
77.78 %), decreased the areas of ulcers at 3 days (P = 0.019),
7 days (P < 0.001), and 10 days (P = 0.0095) and increased the
incidence of ulcers healing at 10 day (14.29 vs. 42.86 %),
compared with i.g. saline (Fig. 6b, c).

Discussion

Our study systemically investigated the potential anti-nociceptive
effects of DSS, a traditional Chinese formula containing six
herbs, on diverse Bphenotypes^ of nociception and hypersensi-
tivity relevant to formalin-induced inflammatory pain.
Pretreatment with i.g. DSS dose-dependently suppressed sponta-
neous flinching and licking responses in the second instead of the
first phase. The total number of FOS-ir cells in the spinal dorsal
horn, including superficial and deep layers, was also
dose-dependently reduced after formalin injection at 2 h. These
analgesic properties of DSS may result from suppression of
COX-2 expression in the spinal cord in addition to the neuronal
inhibition. Further, consecutive i.g. DSS protected tissue and

Fig. 5 Effects of consecutive i.g. pretreatment DSS or saline on the
formalin-induced 5-HTT expression in the spinal dorsal horn of
ipsilateral and contralateral hindpaws. Western blot showed the time-
dependent changes of 5-HTT expression in the ipsilateral (a) and
contralateral (b) dorsal horn after formalin injection. The bottom bar
graphs demonstrated the mean levels of 5-HTT normalized to β-actin.

The relative 5-HTT levels after formalin injection were expressed as
percentages of the naïve-saline group. n = 3, each group. A number sign
was used, when saline groups were compared with naïve-saline group; an
asteriskwas used, when DSS groupswere comparedwith saline groups at
the same time point. ###P < 0.001, *P < 0.05, ***P < 0.001

Fig. 6 Effects of consecutive i.g.
pretreatment DSS or saline on the
formalin-induced incidence of
ulcers, percentages of ulcers
healing, and areas of ulcers. The
representative photographs
showed the plantar surface of the
hindpaw after formalin injection
3, 7, and 10 days (a). The
minimum scale value is 1 mm in
the stainless stain rule. The
incidence of ulcers and
percentages of ulcers healing
were calculated in (b). The areas
of ulcers in the two groups were
compared in (c). n = 8 for the
saline group, n = 12 for the DSS
group. *P < 0.05, **P < 0.01,
***P < 0.001
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nerve endings from formalin-induced inflammation, resulting in
reduction of hypoalgesia in the injected paw from 1 to 3 days.
Possible mechanisms related to the anti-hyperalgesic or
anti-allodynic effects seen in both the injected and non-injected
paws might be enhancing descending pain inhibition, by sup-
pressing 5-HTT levels in the spinal dorsal horn and reducing
peripheral long-term inflammation, including paw edema and
ulcers. These results indicate that DSS may be a useful therapeu-
tic agent for short- and long-term inflammatory pain, through
both anti-inflammation and suppression of central sensitization
mechanisms.

Effects of i.g. DSS on Short-Term Inflammatory Pain
and Possible Mechanisms Following s.c. Formalin
Injection

In order to confirm the analgesic effects of DSS on
formalin-induced spontaneous pain, flinching and licking be-
haviors were doubly examined and indicate that DSS pretreat-
ment decreases the pain responses in the second phase greater
than those in the first phase. Previous studies have demonstrat-
ed the analgesic effects of paeoniflorin, which is one of the
active chemical compounds identified from the DSS, in sev-
eral pain models including formalin-induced pain model, [5,
23–25]. It has been shown that intracerebroventricular pre-
treatment with paeoniflorin suppressed licking responses in
both the first and second phases of the formalin test [24].
They concluded that this anti-nociception from paeoniflorin
on the first phase was mediated by activating central κ opioid
receptor. However, it has been clarified that the first phase is
related to chemical activation of nociceptive primary afferent
fibers via direct activation of transient receptor potential an-
kyrin 1 (TRPA1) receptors [26, 27], while the second phase
response is the consequence of central sensitization which
largely involves primary sensory neurons [28], spinal cord
neurons [17, 29], or descending modulation [30–32], in addi-
tion to direct activation of TRPA1.

Another approach to investigate the analgesic properties of
DSS involves the FOS expression. FOS expression has been
widely utilized as an index of analgesia, demonstrating
anti-nociceptive actions for many analgesics [17, 21, 22].
Injection of formalin significantly increased neuronal activa-
tion, indicated by the nuclei expression of FOS, and such
neuronal activation reaches a peak at 2 h after formalin injec-
tion [17, 33]. Consistent with previous studies showing that
primary afferents which innervate distal extremities terminate
in the medial superficial dorsal horn and that input from prox-
imal extremities is represented more laterally, our results also
showed that FOS-ir neurons were concentrated in the medial
part of the spinal dorsal horn [21, 22, 34, 35]. FOS expression
in the deep layers was much more sensitive to DSS adminis-
tration than that in the superficial layers, and a similar phe-
nomenon has already been reported in previous studies [21,

29, 36, 37]. The two phases of the formalin test contribute
equally to FOS expression in the superficial dorsal horn but
differentially to the neuronal activation in the deep layers [29].
The second phase is associated with a predominant increase of
FOS expression in the deep layers. Blockade of the second
phase could produce a greater suppression of FOS expression
in deep layers. Besides, many FOS-ir neurons in the superfi-
cial dorsal horn may be inhibitory interneurons [38–40].

Non-steroidal anti-inflammatory drugs (NSAIDs) are com-
monly used medications targeting different types of pain, es-
pecially inflammatory pain. NSAIDs exhibit anti-pyretic,
anti-inflammatory, and analgesic activities attributed to inhi-
bition of prostaglandins biosynthesis [41, 42]. Prostaglandins
are produced after induction of COX-2, which is an inducible
enzyme and contributes to both inflammation and pain hyper-
sensitivity. Marked increases in COX-2 expression occur not
only locally at the site of inflammation [43] but also in neu-
rons, glia, and endothelial cells in the spinal cord and brain
[43, 44]. COX-2 is increased in neurons after peripheral in-
flammation, where it aids in developing a central component
of inflammatory pain hypersensitivity by increasing neuronal
excitation and reducing inhibition. After induction of paw
inflammation with zymosan, COX-2 immunoreactivity in-
creases dramatically in dorsal horn neurons of lamina I-VI
and X, paralleled by a significant increase in prostaglandin
E2 release from spinal cord [45]. Similarly, spinal COX-2
mRNA and protein are raised significantly after peripheral
inflammatory stimuli [46, 47]. Importantly, there was no
change in formalin-induced spontaneous pain behavior during
the first phase and significant differences in the second phase
between nCOX-2−/− mice and their control littermates [47].
Moreover, constitutive spinal COX-2 is an important contrib-
utor to immediate hyperalgesia induced by peripheral inflam-
mation, intrathecal SP, and NMDA [48]. It has been demon-
strated that DSS can inhibit COX-2 by inhibiting COX-2 ac-
tivity and reducing COX-2 expression, not only at the level of
transcription but also at the translation level [12]. Thus, the
inhibitory expressions of COX-2 by DSS contribute to sup-
pression of spontaneous pain behaviors and FOS expression.

Effects of i.g. DSS on Long-Term Inflammatory Pain
and Possible Mechanisms Following s.c. Formalin
Injection

It is interesting that the injected hindpaw presented
hypoalgesia from 1 to 3 days after formalin injection presum-
ably because nerve endings and local nociceptive receptors
were damaged by formalin leading to desensitization.
Hyperalgesic responses to mechanical stimuli were observed
on the injected paw after 3 days and the contralateral paw.
Although the mechanisms that mediate the ipsilateral
hyperalgesic responses have not been clearly established,
there have been several supporting studies. Spinal microglial
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activation and peripheral inflammationmight contribute to the
long-lasting, persistent pain states [4, 49, 50]. Meanwhile, the
time course of hyperalgesic responses from 1 day to 4 weeks
matches the time course of spinal microglial activation.
However, this microglial activation was not observed in an-
other study [51]. Peripheral and spinal Ca2+-activated chloride
channels, chloride-bicarbonate anion exchanger 3, TRPV1,
and ASIC3 might also participate in the long-term mechanical
hyperalgesia induced by formalin [52–54]. In addition to the
above mechanisms, progressive tactile hypersensitivity that
repetitive touch stimuli results in a progressively increased
spontaneous activity, touch, pinch, and Aβ afferent-evoked
responses of hamstring flexor motor neurons may also explain
the development of hyperalgesia [55].

At present, little is known related to the mechanism under-
lying the phenomenon of bilateral hyperalgesia after unilateral
tissue inflammation or nerve injury. Because the contralateral
hyperalgesia does not appear to be caused by direct inflam-
mation, central sensitization is likely a contributor to the
long-lasting hyperalgesia. It has been suggested that this
might involve the release of immune substances and proin-
flammatory cytokines from glia [56, 57] and the bilateral sig-
naling via commissural interneurons [58] which might induce
this mirror-image pain. It also may be reflective of adaptive
changes in the inhibitory and/or excitatory descending
pathways in response to inflammation-facilitated spinal
nociception. Our previous studies have shown that descending
5-HT and 5-HT receptors in the spinal cord play critical roles
in the inflammatory pain [59, 60]. Others also showed that
5-HT2A/2B/2C receptors, 5-HT3 receptors, and 5-HT4/6/7 recep-
tors participate in the development and maintenance of
formalin-induced bilateral long-term hyperalgesia [61–63].

Our observations on spinal expression of 5-HTT appear to
support this hypothesis since the adaptive changes were
located bilaterally to inflammation, which means that these
changes could also be related to the onset of the bilateral
hyperalgesia. 5-HTT is an integral membrane protein which
transports serotonin from synaptic spaces into presynaptic
neurons and thus plays an essential role in determining the
duration and intensity of 5-HT communication with its recep-
tors [64, 65]. 5-HTT is highly expressed in the spinal cord, and
its distribution parallels the innervations by serotoninergic fi-
bers [66]. This protein is the therapeutic target of many
anti-depressant medications, including those of selective sero-
tonin reuptake inhibitors (SSRIs), which also possess analge-
sic properties [31]. In human studies, 5-HTT gene polymor-
phisms have been associated with heat pain perception in
adults with chronic pain [67]. Mice with 5-HTT deficiency
have attenuated thermal hyperalgesia in pain models of chron-
ic constriction injury of the sciatic nerve and hindpaw inflam-
mation induced by complete Freund’s adjuvant [68, 69]. It has
also been demonstrated that 5-HTT−/− genotype protects
mice from mechanical allodynia and heat hyperalgesia in

vincristine neuropathy [70]. No difference in thermal
nociception has been found between 5-HTT−/− and wild type
mice, suggesting that the loss of 5-HTT does not lead to al-
tered thermal pain sensation [71]. The development of me-
chanical hyperalgesia depends on the central sensitization
which appears to be related to the loss of descending inhibi-
tion [72], though an increase in descending facilitation at the
spinal cord level through 5-HT pathway is another plausible
explanation [73]. Therefore, it is not clear whether an increase
in the expression of spinal 5-HTT may contribute to mechan-
ical hypersensitivity, or conversely, it may be a compensatory
mechanism to reduce 5-HT level in synaptic spaces.

DSS can increase the contents of NE, DA, and 5-HT, as to
modulate metabolism of monoamine neurotransmitters [6]. It
has also been demonstrated that DSS decreases activity of
acetylcholinesterase as to enhance cholinergic-mediated path-
ways [74]. Antagonists of 5-HT receptors reverse the effect of
ferulic acid, and the combination of SSRIs and ferulic acid
also produces a synergic anti-depressant-like effect, which is
one of the most important properties of DSS [75]. In addition,
paeoniflorin stimulates the release of 5-HT and NE from syn-
aptosomes [76].

Effects of i.g. DSS on Peripheral Inflammation Induced
by s.c. Formalin Injection

Formalin-induced paw inflammation developed quickly and
reached its peak in several hours, then began to decrease from
8 h to 1 day after injection. Formalin injection subcutaneously
into the hindpaw produced significant inflammation charac-
terized by accumulation of neutrophils and macrophages ob-
served at 6 h and day 3. These findings are representative of
acute and chronic inflammation, characterized by fibrosis and
infiltration of mononuclear cells [77]. Inflammatory cells
were strongly stained with COX-2. The suppression of
COX-2 from DSS might be linked to this peripheral
anti-inflammatory effect. Treatment of PC12 cells with DSS
has been shown to inhibit H2O2-induced apoptosis by the
regulation of Bcl-2 family members, as well as suppression
of cytochrome c release and caspase cascade activation [14].
This protective effect of DSS might be a reason for the de-
creasing incidence of ulcers and increasing incidence of ulcer
healing.

In summary, the present study provided initial evidence dem-
onstrating that systemic application of DSS dose-dependently
inhibits pain behaviors in the second phase in the formalin mod-
el, likely attributed to the suppression of FOS and COX-2
expression in the spinal dorsal horn. Furthermore, consecutive
application of DSS reduced both hypoalgesia and hyperalgesia,
which might represent the involvement of suppression of 5-HTT
levels in the spinal dorsal horn and reduction of peripheral
inflammation, including paw edema and ulcers. These new
findings related to the anti-nociceptive and anti-inflammatory
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actions of DSSmay open new therapeutic investigations into the
development of novel strategies in the treatment of clinical pain.
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