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Abstract
Background Osthole is a bioactive component reported in medicinal plants such as Angelica pubescens and Cnidium mon-
nieri, known for analgesic activity. However, the toxicity, median effective dose  (ED50), and dual modulation of nitric oxide 
and cyclooxygenase pathways along with inflammatory cytokines of osthole are yet to be determined.
Methods The animals (mice) were assessed for general behaviour and mortality in varying doses (50, 300, and 2000 mg kg−1) 
of osthole for acute toxicity over 14 days. The analgesic activity was investigated using acetic acid and formalin-induced 
hyperalgesia, and anti-inflammatory activity was explored in carrageenan-induced paw oedema.  ED50 of osthole was calcu-
lated using Design Expert software. Involvement of nitric oxide and cyclooxygenase pathways was investigated by agonist 
challenges with l-arginine and substance P, respectively. The expression of inducible nitric oxide synthase (iNOS) and 
cyclooxygenase-2 (COX-2) was determined in spinal sections by immunohistochemical analysis. Lipopolysaccharide (LPS) 
challenge was used to assess in vivo effect on inflammatory cytokines (TNFα and IL-6).
Results Acute toxicity studies revealed no behavioural abnormality or mortality on osthole treatment and unremark-
able histological findings. Osthole was found to significantly decrease acetic acid and formalin-induced hyperalgesia 
 (ED50 = 5.43 mg kg−1) and carrageenan-induced paw oedema with no toxicity symptoms. Osthole produced a marked 
decrease in iNOS and COX-2 expression as well as TNFα and IL-6. The findings corroborate to modulation of iNOS and 
COX-2 and inflammatory cytokines by osthole. This study provides promising insights and prospects for application of 
osthole in pain management.

Keywords Hyperalgesia · Neurogenic pain · Tumour necrosis factor-α (TNFα) · Interleukin-6 (IL-6) · Lipopolysaccharide 
challenge

Introduction

Pain has assumed the form of a global epidemic with numer-
ous pathogenic mechanisms responsible for it. Despite of the 
large number of patients suffering from pain syndromes, the 
availability of analgesics is insufficient especially for pain 

involving complicated pathways originating from spinal as 
well as central brain regions. These complex pathways are 
not localized rather, which involve many regions of brain 
which form the pain matrix (Farrar 2010; Bushnell et al. 
2015; Martin et al. 2017). The inefficiency of analgesics 
such as paracetamol and NSAIDS in treating spinal pain 
(Cashman 1996) and the high incidence of gastrointestinal 
adverse with the use of NSAIDS have necessitated the search 
for newer analgesics (Machado et al. 2016). Pain reduces the 
quality of life and increases the economic burden by affect-
ing the productivity of individuals (Crofford 2010), and is 
often accompanied by inflammation which is essentially the 
host defence response, involving the cell and soluble factors 
released in response to tissue injury (Wikel 2013). Studies 
have revealed the participation of prostaglandins, nitric oxide 
(NO), amino acid neurotransmitters, and pro-inflammatory 
cytokines such as tumour necrosis factor (TNFα), and 
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interleukins (ILs) in pain and inflammation (Goudet et al. 
2008; Ibana et al. 2015; Carballo-Villalobos et al. 2017). 
The classical analgesics act by inhibiting the inflammatory 
mediators generated byarachidonic acid metabolism that is 
initiated by COX, lipoxygenase, and epoxygenase (Basbaum 
et al. 2009; Smith and Murphy 2002). Furthermore, studies 
have highlighted the role of resident macrophages which on 
being stimulated by lipopolysaccharides produce NO, pros-
taglandins, and pro-inflammatory cytokines including IL-1β, 
IL-6, and TNFα (Ibana et al. 2015).

Natural products have emerged as appealing sources 
of leads for the development of new drugs (Wandji et al. 
2018). Osthole is a naturally occurring coumarin isolated 
from Peucedanum ostruthium, Cnidium monnieri, Angelica 
pubescens, etc. (Zhang et al. 2015), and has been reported 
to possess a number of pharmacological activities such as 
anti-apoptotic, in vitro anti-inflammatory, nootropic, and 
neuroprotective (Liu et al. 2005; Ji et al. 2010; Liao et al. 
2010; Li et al. 2002; Yang et al. 2014, 2010). However, com-
prehensive preclinical in vivo studies for toxicity evalua-
tion, modulation of inflammatory and neurogenic pain, and 
the pharmacological mechanisms involved in the mode of 
action of osthole are lacking. Therefore, keeping in mind 
the medicinal potential of osthole, the current investigation 
is focused on investigating the acute toxicity of osthole and 
its effect on neurogenic and inflammatory hyperalgesia. Fur-
thermore, calculation of  ED50 of osthole and modulation of 
NO and COX and inflammatory cytokines were also studied.

Materials and methods

Chemicals

Indomethacin, substance P, and osthole were procured from 
Sigma-Aldrich. Mouse cytokine (TNFα and IL-6) kits were 
supplied by Krishgen Biotech, Mumbai, India. Other rea-
gents and chemicals were of analytical grade and purchased 
from registered suppliers. Anti-iNOS antibody was pur-
chased from Santacruz Biotech.

Animals

Mice of Swiss albino strain with body weight ranging from 
30–40 g were procured from Indian Institute of Integrative 
Medicine (IIIM), Jammu, and kept in central animal house of 
GNDU maintained in air-conditioned room (25 ± 5 °C) with 
12 h light–dark cycle. Water was provided ad libitum. All 
the animal studies were duly approved by the Institutional 
Animal Ethics Committee and the procedures performed in 
accordance with ethical guidelines (226/CPSCEA2015/11). 
The schematic representation of protocol is given in Fig. 1.

Acute toxicity studies

For acute toxicity studies, female mice were used and pro-
cedure was in accordance with OECD guidelines (OECD 
2001). Briefly, four groups of animals (n = 3) were used. 
The first group was vehicle-treated control. The second, 
third, and fourth groups were treated with osthole in doses 
of 50, 300, and 2000 mg kg−1. Animals were observed for 
14 days. At the end of 14 days, the animals were sacrificed 
and histological studies performed on heart, kidney, and 
liver of the animals using hematoxylin–eosin (H&E) stain-
ing. Photomicrographs were taken with light microscope 
(Lab vision I-3000) at 200×.

Acetic acid‑induced abdominal writhing

Effect of osthole on chemical hyperalgesia was investi-
gated using acetic acid-induced writhes. Intraperitoneal 
injection of 0.6% v/v acetic acid produces pain reaction 
quantified as the number of writhes in mice (Kulkarni 
2005; Tadiwos et al. 2017). The number of abdominal con-
tractions, trunk twist responses, and extension of hind legs 
were counted as indicators of pain. Animals were observed 
for a period of 30 min.

Determination of  ED50 of osthole

For calculating median effective dose  (ED50), the experi-
ments were performed with osthole dose varied between 
2.5 to 20 mg kg−1 in a randomized set of four animals 
in each group. Percentage anti-nociceptive activity was 
recorded. The experimental data were fitted using analy-
sis of variance (ANOVA) for linear, quadratic, and cubic 
models. The best-fitted model was used for data plotting 
using regression equation. Then,  ED50 of osthole was cal-
culated from the graph.

Formalin‑induced nociception

Hyperalgesia was induced by subcutaneous injection of 
20 µL of 2% v/v formalin into the intraplantar region of the 
right hind paw. Thereafter, the animals were observed for 
the number of flinchings for a period of 60 min. Formalin 
is known to produce a biphasic response comprising of an 
early neurogenic phase that appears in the first 5 min and 
a late-inflammatory phase appearing in 25–30 min (Hun-
skaar and Hole 1987; Hajhashemi et al. 2011).



951Osthole ameliorates neurogenic and inflammatory hyperalgesia by modulation of iNOS, COX‑2,…

1 3

Fig. 1  Schematic representation of experimental protocol for analgesic, mechanistic, and anti-inflammatory studies of osthole in mice
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Mechanistic studies

Three groups of animals were taken to explore the involve-
ment of cyclooxygenase and NO. Substance P is known 
to stimulate COX-2 (Koon et al. 2006), pre-treatment was 
used to study the involvement of COX-2; l-arginine (NO 
precursor) and L-NAME (NO synthase inhibitor) pre-
treatment was used to investigate the involvement of NO.

Immunohistochemistry (IHC)

Mice were anesthetized with ketamine (50 mg kg−1, i.p) 
after 2 h of formalin administration. Blood was withdrawn 
and animals were sacrificed. Lumber region of spinal cord 
was removed and post-fixated with 4% paraformaldehyde 
in phosphate buffer for 4 h, and then immersed in 30% 
v/v sucrose solution for overnight at 4 °C. 3 µm sections 
of spinal-fixed tissue were obtained with cryomicrotome 
(Leica CM1950) and then incubated with polyclonal anti-
iNOS and COX-2 antibodies diluted 200 times with blocking 
buffer PBS for 1 h and then washed with phosphate buffer 
was done. The sections were then incubated with HRP 
anti-mouse secondary antibody (1:1000) for 1 h followed 
by repeated washings with PBS. Finally, the sections were 
developed in 3,3-diaminobenzidine (DAB) and hydrogen 
peroxide solution and then counter stained with xylene.

Carrageenan‑induced paw oedema

Carrageenan-induced paw oedema was used to investigate 
the anti-inflammatory effect of osthole. Briefly, 0.1 ml of 
(1% w/v) carrageenan was injected into the plantar surface 
of right hind paw. The paw thickness was measured at 30′, 
60′, 120′, 180′, 240′, 300′, and 360′ after carrageenan injec-
tion. Increase in paw thickness was taken as an indicator of 
inflammation (Winter et al. 1962).

Measurement of plasma cytokine level 
in LPS‑treated mice

Animals were divided into five groups. The first group was 
normal control group and received intraperitoneal injection 
of the vehicle, i.e., carboxymethyl cellulose (CMC 0.1% 
w/v); the second group was lipopolysaccharide (LPS)-
treated control group and was treated with LPS at dose 
1 mg kg−1. In third, fourth, and fifth groups, mice were pre-
treated with osthole at dose 5, 10, and 20 mg kg−1, respec-
tively, 30 min before LPS treatment. Blood samples were 
collected after 2 h of LPS treatment by retro-orbital puncture 
under anesthesia for the estimation of TNFα. For the esti-
mation of IL-6, blood samples were withdrawn after 6 h of 
LPS treatment. Samples were centrifuged at 5000 rpm at 
4 °C for 10 min; plasma was collected and frozen at −20 °C 

until further estimations. TNFα and IL-6 concentrations 
were determined using ELISA-based kits for TNFα and 
IL-6, respectively. Results were expressed as picogram per 
millilitre (pg/mL).  IC50 of osthole for TNFα and IL-6 was 
also determined.  IC50 calculations were done using osthole 
in dose range 5–20 mg kg−1 (in triplicates) using Design 
Expert. The response data in terms of % inhibition of TNFα 
and IL-6 were noted.

Statistical analysis

The data were presented as mean ± standard error mean 
(SEM). Statistical analysis was done by one-way ANOVA 
followed by post hoc analysis using Tukey’s test using Instat 
software (version 3.5). The  ED50 and  IC50 calculations were 
carried out using Design Expert software v 9.0 (Stat-Ease 
Inc, Minneapolis, USA).

Results

Acute toxicity studies

The animals did not exhibit any signs of behavioural toxicity 
in the 14 day acute toxicity study. The post-mortem analysis 
revealed that the renal sections were composed of glomeruli, 
tubules, interstitium, and blood vessels. The cardiac section 
revealed pericardium with normal underlying myocardium. 
No disarray, increase in fibrosis, or any myopathic effect 
was recorded. The sections of hepatic tissue showed hepatic 
parenchyma with intact architecture having unremarkable 
central vein, peripheral portal triad (composed normal look-
ing of bile duct, portal vein, and hepatic artery), and hepato-
cytes. However, mid ballooning and cholestasis was evident 
in the peri-venular region. Focal spotty necrosis was also 
identified occasionally. Prominence of stellate cells in the 
liver sinusoids was also appreciable (Fig. 2).

Effect of osthole treatment in acetic acid‑induced 
pain model

Intraperitoneal administration of acetic acid was found to 
induce abdominal contraction, trunk twisting, and extension 
of hind legs (writhes) in mice. Treatment with indomethacin 
and osthole at a dose of 10 mg kg−1 was found to signifi-
cantly decrease writhes by 53 and 72.2%, respectively, as 
compared to acetic acid-treated mice (Fig. 3a).

Osthole dose optimization for anti‑nociceptive 
activity

Percentage anti-nociceptive activity was 31.18% for 
2.5 mg kg−1 dose and 78.84% for 20 mg kg−1. Best-fitted 
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ANOVA model was highly significant at 99.99% (p = 0.001, 
F-value = 72.448 at DF = 2). There was a significant increase in 
anti-nociceptive activity up to 10 mg kg−1. Beyond 10 mg kg−1 
of dose, the increase in effect was minimal. Regression equa-
tion (Eq. 1) is numerically optimized to yield a 50% increase 
in anti-nociceptive activity and optimum dose was found to be 
5.43 mg kg−1 (Fig. 3b). However, for mechanistic studies, the 
dose-producing maximum response, i.e., 10 mg kg−1 was used.

(1)
%Antinociceptive = 74.004− 23.687 × dose− 18.876 × dose2

Effect of osthole treatment on formalin‑induced 
pain

Intraplantar injection of formalin was found to produce 
biphasic hyperalgesia in mice. The first phase was the neuro-
genic phase (1–5 min) and the second phase was the inflam-
matory hyperalgesia (20–30 min) as evidenced by increase 
in number of flinchings in both phases (Fig. 4a). Treat-
ment with standard drug indomethacin did not significantly 
decrease the hyperalgesia in the neurogenic phase, whereas 
in the inflammatory phase, hyperalgesia was significantly 

Fig. 2  Photomicrographs of hematoxylin–eosin stained sec-
tions of control myocardium (a), kidney (b), and liver (c); osthole 
(300 mg kg−1)-treated myocardium (d), kidney (e), and liver (f), and 

osthole (2000 mg kg−1)-treated myocardium (g), kidney (h), and liver 
(i). All pictures were taken with light microscope at ×200 magnifica-
tion
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deceased (59.8%) as compared to untreated control. Ost-
hole treatment significantly attenuated hyperalgesia in both 
neurogenic (43.44%) and inflammatory phases (76.67%) as 
compared to formalin-treated mice (Fig. 4b).

Substance P treatment for studying the involvement 
of neurokinins in the analgesic effect of osthole

Pre-treatment with substance P, a neurokinin receptor ago-
nist, and stimulator of COX-2 significantly reversed the 
effect of osthole in both phases (Fig. 4c).

L‑NAME and l‑arginine pre‑treatment for studying 
the involvement of NO in the analgesic effect 
of osthole

Pre-treatment with l-arginine, a NO precursor, reversed 
the analgesic effect of osthole as evidenced by a significant 

increase in the number of flinching in both neurogenic and 
inflammatory phases in formalin-induced pain as compared 
to osthole-treated group. However, pre-treatment with 
L-NAME, non-selective NO synthase inhibitor did not alter 
the effect of osthole in either phase in formalin-induced 
hyperalgesia (Fig. 4d).

Immunohistochemistry

Immunohistochemistry using iNOS antibodies revealed 
negligible expression of iNOS in the astrocytes of lumbar 
region in normal control mice, whereas the astrocytes in the 
lumbar region of formalin-treated mice showed enhanced 
expression of iNOS. Osthole-treated animals showed only 
marginal expression of iNOS (Fig. 4a–c). Immunohistologi-
cal staining using COX-2 antibody revealed an enhanced 
expression as indicated by increased staining intensity in 
the spinal sections of formalin-treated mice as compared to 
normal- and osthole-treated mice (Fig. 5d–f).

Effect of osthole treatment in carrageenan‑induced 
paw oedema

Intraplantar injection of carrageenan increased the paw vol-
ume steadily over a period of 360 min. The peak of oedema 
was evident at 120 min of observation. The maximum per-
cent inhibition of paw oedema was observed after 3 h of 
carrageenan injection in osthole-treated group (Fig. 6a, b).

Effect of osthole on plasma cytokines level

LPS treatment was found to significantly increase the serum 
TNFα and IL-6. Pre-treatment with osthole reduced the level 
of both TNFα and IL-6 in dose-dependent manner as com-
pared to untreated control group. The treatment with osthole 
at dose 5, 10, and 20 mg kg−1 reduced the level of TNFα 
by 51.91, 78.61, and 82.35% and IL-6 by 32.83, 58.53, and 
72.25% (Fig. 7a, b).

IC50 of osthole for TNFα and IL‑6 inhibition

Experiments on mice were run in triplicates by varying 
the doses of osthole from 5 to 20 mg kg−1. The response 
data in terms of % inhibition of IL-6 and TNFα were noted. 
ANOVA modelling of the experimental data suggested 
quadratic model for both IL-6 and TNFα. The one factor 
plot of osthole vs. % inhibition of IL-6 gave  IC50 dose of 
8.02 mg kg−1 body weight (Fig. 6d). The best-fitted regres-
sion equation to find percentage inhibition is given as Eq. 2:

(2)
%age inhibition = −5.441 + 8.91 × Dose − 0.251 × Dose2.

Fig. 3  a Effect of osthole on acetic acid-induced writhing in mice, 
b  ED50 of osthole. All values are expressed as mean ± SEM. Statis-
tical differences were determined by one-way analysis of variance 
(ANOVA) followed by Tukey’s test ap < 0.05 vs. acetic acid-treated 
control, bp < 0.05 vs. indomethacin
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The one factor plot of osthole vs. % inhibition of TNFα is 
given in (Fig. 7c).  IC50 of osthole for TNFα is 4.68 mg kg−1. 
The best-fitted regression equation to find percentage inhibi-
tion is give as Eq. 3:

Discussion

Formalin-induced pain is characterized by a biphasic 
response. The first phase is neurogenic pain which appears 
immediately after formalin injection, whereas the second 

(3)
%age inhibition = + 14.442 + 8.918 × Dose − 0.279 × Dose2.

phase is the inflammatory phase which appears later. Classi-
cal analgesics such as NSAIDS inhibit only the second phase 
of hyperalgesia and are ineffective in the neurogenic phase, 
whereas the opioid analgesics inhibit both the phases, but 
more prominent effect is evident in the neurogenic hyperal-
gesia (McNamara et al. 2007). Osthole was found to atten-
uate both the neurogenic as well as inflammatory phases 
of formalin-induced hyperalgesia. In acetic acid-induced 
hyperalgesia model, osthole treatment was found to mark-
edly decrease the acetic acid-induced writhes. Algesia pro-
duced by acetic acid is known to be caused by the involve-
ment of many complex aetiopathogenic factors such as 

Fig. 4  a Effect of osthole on formalin-induced hyperalgesia, b effect 
of osthole on neurogenic and inflammatory phases in formalin-
induced hyperalgesia in mice, c effect of substance P on analgesic 
effect of osthole in formalin-induced hyperalgesia, and d effect of 
L-NAME and l-arginine on analgesic effect of osthole in formalin-

induced hyperalgesia. All values are expressed as mean ± SEM. Sta-
tistical differences were determined by one-way analysis of variance 
(ANOVA) followed by Tukey’s test ap < 0.05 vs. formalin control, 
bp < 0.05 vs. indomethacin, cp < 0.05 vs. osthole, dp < 0.05 vs. l-argi-
nine
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neuropeptides, leukotrienes, histamine, serotonin, and other 
biogenic amines (Andrade et al. 2007; Duarte et al. 1988). 
Therefore, to explore the mechanism of osthole-induced 
analgesia, formalin-induced hyperalgesia was used, since it 
provided the effect on neurogenic and inflammatory pain.

The cross talk between NO and COX is well documented 
in several studies (Bhat et al. 2008). NO is known to upregu-
late COX-2 in cancer cells (Cha et al. 2017). Studies have 
also revealed that NOS and COX inhibitors have synergistic 
analgesic effect in formalin-induced nociceptive behaviour 
(Lam et al. 1996). Furthermore, excess NO production is 
documented to enhance the production of reactive oxygen 
species including peroxynitrile and superoxide (Janes et al. 
2012). It has been demonstrated that inhibition of NO syn-
thase by administration of  Nω-nitro-l-arginine methyl ester 
(L-NAME) attenuated the behavioural symptoms of neu-
ropathic pain in experimentally induced nerve constriction 
injury in rats (Bonassoli et al. 2013; Yoon et al. 1998).

The mechanistic studies revealed that pre-treatment 
with substance P, which is known to increase the expres-
sion of COX-2, and l-arginine, a NO precursor(Yoon et al. 
1998), was found to reverse the analgesic effect of ost-
hole significantly in both neurogenic and inflammatory 
phases of pain. However, pre-treatment with L-NAME, 
an inhibitor of NO synthase, did not alter the analgesic 
effect of osthole. The stimulation of nociceptive neurons 
through cyclooxygenase (COX) pathway is a major media-
tor of pain and inflammation. Understandably, the COX 
enzyme is a target of most of the analgesic drugs (Cash-
man 1996). Our study revealed that osthole inhibits COX 
enzyme as confirmed by the reversal of analgesic effect of 
osthole by substance P which is a well-known stimulator 
of COX (Hajhashemi et al. 2011) and in immunohistologi-
cal studies. The interaction of osthole with cyclooxygenase 
enzyme has been documented in other systems, as well. 
Studies have revealed that osthole treatment decreases the 

Fig. 5  Photomicrographs of lumbar L4 and L5 regions of spine stained with iNOS antibody of normal (a), formalin control (b), osthole-treated 
(c) mice; lumbar sections of spine stained with COX-2 antibody of normal (d), formalin control (e), and osthole-treated (f) mice
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expression of epidermal growth factor receptor tyrosine 
kinase (EGFR-TPK), aminopeptidase N, and matrix metal-
loproteinase 2 which further decreases the expression of 
COX-2 in bladder cancer (Liu et al. 2016). Osthole is also 

documented to inhibit COX-2 expression in LPS activated 
macrophages and to produce reno-protection in a mouse 
model of accelerated focal segmental glomerulosclerosis 
(Yang et al. 2014a).

Fig. 6  Effect of osthole on 
carrageenan–induced paw 
edema (a) and % maximal 
possible effect (b). All values 
are expressed as mean ± SEM. 
Statistical differences were 
determined by one-way analysis 
of variance (ANOVA) followed 
by Tukey’s test ap < 0.05 vs. car-
rageenan control
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To further strengthen the experimental findings, expres-
sion of nitric oxide synthase (NOS) was investigated and 
the results revealed that formalin treatment increased the 
expression of NOS, whereas in osthole-treated group, the 
expression of NOS was significantly less. Literature findings 
suggest that formalin upregulates the expression of NOS 
and also increases the levels of NO in the serum (Anbar and 
Gratt 1997; Lam et al. 1996). NO is one of the major media-
tors of pain at central as well as peripheral level through 
modulation of complex pain mediators (Anbar and Gratt 
1997; Cury et al. 2011). Formalin administration in a rat 
paw is reported to upregulate the expression of NOS and 
increase the NO level in serum (Lam et al. 1996; Yamato 
et al. 2013). Literature suggests that only minimal amounts 

of NO are generated by nNOS and eNOS, both of which 
are constitutive in nature. Activation of iNOS generates a 
large amount of NO, especially in the diseased states (Ritter 
et al. 2011). Co-administration of low doses of l-arginine, a 
precursor of NO, with formalin is known to exaggerate the 
hyperalgesic effect of the later (Kawabata et al. 1994).

It has also been postulated that inducible NOS is involved 
in the increased production of chemokines such as tumour 
necrosis factor α (TNFα) as well as interleukins including 
IL-6 (Yamato et al. 2013). To verify this pathway, further 
experiments were carried out by injecting LPS in mice peri-
toneal cavity. The findings of our experiments suggested that 
osthole treatment markedly decreased the levels of TNFα 
and IL-6.
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Fig. 7  Effect of osthole on plasma levels of TNFα (a) and IL-6 (b) in 
mice. All values are expressed as mean ± SEM. Statistical differences 
were determined by one-way analysis of variance (ANOVA) followed 

by Tukey’s test ap < 0.05 vs. control group and bp < 0.05 vs. LPS-
treated group. Graph indicates second-order fitted regression equation 
for  IC50 inhibition of TNFα (c) and IL-6 (d) by varying osthole doses
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In conclusion, the results of the present studies indicate 
that the anti-nociceptive and analgesic effect of osthole 
involves an interplay of several mediators including modu-
lation of NO and COX. Furthermore, osthole reduced the 
release of inflammatory cytokines TNFα and IL-6 during 
LPS-induced inflammation. Remarkably, osthole is an inter-
esting molecule that acts at pleiotropic target sites and may 
provide an interesting lead in developing novel analgesic and 
anti-inflammatory agents.
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