[image: image1]Duhaldea pterocaula (Franch.) Anderb. Attenuates Nociception and Inflammation via GABAA Receptors

		ORIGINAL RESEARCH
published: 02 November 2021
doi: 10.3389/fphar.2021.753128


[image: image2]
Duhaldea pterocaula (Franch.) Anderb. Attenuates Nociception and Inflammation via GABAA Receptors
Chunli Huang1†, Changsheng Dong2†, Yanan Zhu1, Yang Yu1, Huizi Jin1* and Yan Zhang1*
1School of Pharmacy, Shanghai Jiao Tong University, Shanghai, China
2Cancer Institute of Traditional Chinese Medicine, Longhua Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, China
Edited by:
Jinwei Zhang, University of Exeter, United Kingdom
Reviewed by:
Maria Eva Gonzalez-Trujano, National Institute of Psychiatry Ramon de la Fuente Muñiz (INPRFM), Mexico
Partha Palit, Assam University, India
* Correspondence: Yan Zhang, zhangyan_sjtu@sjtu.edu.cn; Huizi Jin, kimhz@sjtu.edu.cn
†These authors have contributed equally to this work
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 05 August 2021
Accepted: 19 October 2021
Published: 02 November 2021
Citation: Huang C, Dong C, Zhu Y, Yu Y, Jin H and Zhang Y (2021) Duhaldea pterocaula (Franch.) Anderb. Attenuates Nociception and Inflammation via GABAA Receptors. Front. Pharmacol. 12:753128. doi: 10.3389/fphar.2021.753128

Duhaldea pterocaula (Franch.) Anderb, also known as Inula pterocaula Franch (I. pterocaula), is a folk medicine of the Yi nationality in China. The Inula plants display various biological activities, including anti-nociceptive and anti-inflammatory properties. I. pterocaula has been traditionally used for the treatment of bronchitis, vasculitis, and dizziness. However, very few studies have been reported on the pharmacology of I. pterocaula. The present study aims to characterize the anti-nociceptive and anti-inflammatory properties of I. pterocaula and explore the underlying mechanism. I. pterocaula was extracted by 95% ethanol and further portioned with petroleum ether, ethyl acetate (EA) and n-butanol, sequentially, to obtain corresponding factions with different polarities. The EA fraction (IPEA) was found to be one of the most effective fractions. It demonstrated potent analgesic effects in both acute and inflammatory pain mouse models, and caused no anti-nociceptive tolerance. Furthermore, IPEA improved the tolerance of mice to morphine. IPEA also showed potent anti-inflammatory effects on LPS-induced septic mice. BIC, a GABAAR antagonist, reversed the effects of IPEA in pain and inflammation models. Collectively, GABAARs play a key role in the pharmacological effects of IPEA. I. pterocaula may be useful as a complementary or alternative therapeutic agent for the treatment of pain and inflammation.
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INTRODUCTION
Pain is a complex biological response and usually accompanies inflammation and injury. Acute pain is often evoked by acute inflammation and plays an important role to protect the injured tissue. Chronic pain is maladaptive and associated with inflammation (Oh et al., 2001; Basbaum et al., 2009; Dawes et al., 2011; Ji et al., 2018). Inflammatory mediators, such as nitric oxide and pro-inflammatory cytokines (eg., TNF-α, interleukin 1β), are able to activate or sensitize nociceptors and thus elicit chronic pain (Oh et al., 2001; Basbaum et al., 2009; Gold and Gebhart, 2010). Pain management is currently limited, especially in chronic pain (Loeser and Melzack, 1999). The opiate drugs and nonsterioidal anti-inflammatory drugs (NSAIDs) are common and effective against moderate to severe pain (Bowsher, 1993; Derry et al., 2015). However, these drugs cause severe side effects, including analgesia tolerance (Dodrill et al., 2011). Therefore, there is an urgent need for new analgesic alternatives.
GABAA receptors (GABAARs) are Cl-selective ligand-gated ion channels which are formed from 19 subunits (Olsen, 2018; Zhu et al., 2018). GABAARs are the natural target of gamma-aminobutyric acid (GABA), a main inhibitory neurotransmitter of the mammalian central nervous system (Farrant and Nusser, 2005; Zhu et al., 2018). In general, GABA is produced by l-glutamic acid under the catalysis of glutamate decarboxylase (GAD). Synthesized GABA is stored in synaptic vesicles and released into the synaptic cleft upon nerve impulse to act on its two distinct classes of receptors, including GABAARs and GABABRs. GABA binds to GABAARs at the α-β interface, enabling an influx of chloride ions through the central pore, causing receptor hyperpolarization, thus inhibiting neurotransmission (Lüddens and Korpi, 1995; Zhu et al., 2018). The genetic approach and pharmacological intervention have been employed to study the GABA/GABAARs neurotransmission system (Fischer, 2017; Ge et al., 2019; Neumann et al., 2021). Many drugs target GABAARs, thus affect GABAergic functions. These drugs are of clinical importance, and are widely used in the treatment of anxiety disorder, epilepsy, insomnia, spasticity, and aggressive behavior (Rudolph and Knoflach, 2011). Although there are no significant clinical analgesic and anti-inflammatory drugs with a GABAergic mechanism of action, recent studies showed that central and periphery GABAARs play a major role in nociception and inflammation. Considerable evidence supported that facilitating GABAergic inhibition was able to reverse pathological pain states in mice and also pointed to the associations between GABAAR and inflammatory disorders in brain and peripheral organs; GABA was able to decrease the pro-inflammatory mediator production and ameliorate inflammatory symptom (Knabl et al., 2008; Munro et al., 2009; Bhat et al., 2010; Seifi et al., 2018; Neumann et al., 2021).
Duhaldea pterocaula (Franch.) Anderb., also known as Inula pterocaula Franch (I. pterocaula), belongs to Inula L. genus, Asteraceae. It is mainly distributed in southern and western Sichuan Province, as well as in the northern and northwestern Yunnan Province in China. I. pterocauusla is a folk medicine of the Yi nationality. The fresh or dried whole plant of this species is routinely used in traditional medicine. Approximately 100 species of Inula plants across Asia, Europe, and Africa, exhibit diverse biological activities, such as anti-nociception and anti-inflammation (Amin et al., 2013). Some of the documented traditional uses of I. pterocaula include bronchitis, vasculitis and dizziness treatment (Committee, 1979; Jia and Li, 2005). However, scientific pharmacological studies on I. pterocaula remain under-exploited. Our previous study has identified and characterized some anti-inflammatory components from I. pterocaula (Zhu et al., 2019). We’ve also evaluated the in vitro anti-inflammatory effects of I. pterocaula extracts of different polarities, and found that the ethyl acetate extract of I. pterocaula (IPEA) was the most effective fraction (Huang et al., 2021).
Therefore, these clues drew our interest and promoted us to explore the potential anti-nociceptive effect of I. pterocaula. In our ongoing projects to search novel analgesics from natural products, we’ve shown interest in different pharmacological targets related to pain modulation (Long et al., 2014; Zhang et al., 2014; Zhang et al., 2014; Wang et al., 2016). I. pterocaula was one of the natural products that we screened to target GABAergic transmission.
MATERIALS AND METHODS
Materials
Parthenolide (PAR), complete Freund’s adjuvant (CFA), lipopolysaccharides (LPS) and naloxone were purchased from Sigma-Aldrich (St. Louis, MO) (+)-Bicuculline (BIC) was purchased from Topscience (Shanghai, China). 3-mercaptoethanol (3-MP) was purchased from Meryer (Shanghai, China). Morphine was obtained from Northeast Pharmaceutical Group (Shenyang, China). NO detection kit was obtained from Beyotime Institute of Biotechnology (Jiangsu, China). The ReverTra Ace qPCR RT kit was purchased from TOYOBO Co., Ltd (Osaka, Japan). IL-6 ELISA kit and IL-1β ELISA kit were obtained from Thermofisher Co., Ltd (MA, United States) and TNF-α ELISA kit was purchased from Neobioscience (Shenzhen, China). Antibodies were purchased as following: Anti-ERK, JNK, p38, iNOS, p65, AKT, and phosphor-ERK, -JNK, -p38, -p65, -AKT were purchased from Cell Signaling Technology (Danvers, MA, United States). Anti-β-actin was purchased from Bioss (Beijing, China). Anti-GABAA Receptor alpha 2 (anti-GABAARα2) was purchased from Abcam (Cambridge, United Kingdom). GAPDH was obtained from Proteintech (Wuhan, China). IRDye®800CW secondary antibodies were purchased from LI-COR (Lincoln, NE, United States).
Plant Extraction
The plant of I. pterocaula was collected from Kunming, Yunnan Province of China and authenticated by Kunming Zhifen Biotechnology Co., Ltd. A voucher specimen (No. 20181YJYEJ) was deposited at School of Pharmacy, Shanghai Jiao Tong University. I. pterocaula was extracted as previously described (Zhu et al., 2019). In brief, the dried whole plants of I. pterocaula (11 kg) were cut into small pieces and reflux extracted with 95% ethanol (each time 80 L, three times) and then evaporated under negative pressure to give crude extract (1,335 g). The extract was further partitioned with petroleum ether (PE), ethyl acetate (EA) and n-butanol (n-BuOH) (each time 3 L, three times) to obtain three fractions, including PE fraction (382 g), EA fraction (220 g, IPEA) and n-BuOH fraction (246 g), respectively. An aliquot of IPEA fraction was further used in this pharmacological study. IPEA was dissolved in the vehicle which was the mixture of hydrogenated castor oil, ethyl alcohol and saline (10:5:85).
Cell Culture
The mouse macrophage cell line (RAW 264.7) was purchased from China Cell Line Bank (Beijing, China). The cells were grown in RPMI-1640 supplemented with 10% heat-inactivated FBS at 37°C under a humidified atmosphere of 5% CO2.
Animals
Male C57BL/6 mice (6–8 weeks old) were purchased from Shanghai Lingchang Biological Technology Co., Ltd. (Shanghai, China) and GemPharmatech (Jiangsu, China). The animals were housed in the Laboratory Animal Center of Shanghai Jiao Tong University (SJTU, Shanghai, China), at controlled room temperature of 22–24°C and a relative humidity of 55 ± 10% with a 12 h light/dark cycle. The animals were acclimatized for at least 1 week prior to the experiments. The animals are free access to water and food. The animal studies were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of SJTU. The animal facilities and protocols were approved by the Animal Ethic Committee of SJTU (approved number “A2017071”). The performers who conducted the behavioral testing were blinded to drug administration groups.
Bioassay for NO Production
The accumulation of nitrite was calculated by the production of nitric oxide (NO), which was measured by Griess assay as our previous work (Wu et al., 2017). In brief, RAW 264.7 macrophage cells were seeded in a 96-well plate at a density of 3×104 cells/well and pretreated with IPEA (10 μg/ml) for 1 h before LPS stimulation (100 ng/ml). After 24 h, an equal volume (50 μl) of the supernatant was mixed with Griess reagent on a 96-well plate. The mixture was allowed to react for 10 min, and the release of NO was measured at 540 nm on a microplate reader.
Quantitative Real-Time PCR
Real-Time PCR (RT-PCR) was performed to quantify the transcription of IL-6, IL-1β, TNF-α, GABAARα2 and Gad 2. The following primers were used:
The primers for the mouse reference gene GAPDH (5′- AGG​TCG​GTG​TGA​ACG​GAT​TTG-3’; 3′- TGT​AGA​CCA​TGT​AGT​TGA​GGT​CA-5′). The Quantitative RT-PCR was operated according to the following conditions: 94°C for 3 min, 40 cycles of denaturation at 95°C for 10 s, annealing at 58°C for 30 s, and extension at 72°C for 20 s, followed by a final extension at 72°C for 10 min. The quantified fold changes in messenger RNA (mRNA) in each sample were normalized to GAPDH expression and calculated using the 2exp (−ΔΔCt) method.
Measurements of IL-6, IL-1β and TNF-α by ELISA
RAW 264.7 macrophages were seeded in a 24-well plate at a density of 1.0 × 105 cells/well. After 14 h, cells were treated with IPEA for 1 h and followed by LPS stimulation (100 ng/ml). After 4 h, the supernatants of cultured medium were collected. Liver tissue samples of mice were processed with a tissue homogenizer. The supernatant was obtained by centrifuging at 4 °C, 4,000 rpm for 20 min. Blood samples were collected by centrifuging at 4°C, 4,000 rpm for 10 min. IL-6, IL-1β, and TNF-α in the supernatants were determined by ELISA kits according to the manufacturer’s instructions.
Western Blot
Cells were seeded into a 12-well plate at a density of 2.0×105 cells/well. After 14 h, cells were pretreated with IPEA for 1 h, and then stimulated with LPS (100 ng/ml) for 24 h for iNOS, or 30 min for ERK and P38, respectively. The mice spinal cord samples were treated with tissue homogenizer and quantified by BCA Protein Assay Kit. An equal amount of protein was prepared by SDS-PAGE sample loading buffer and heated at 99°C for 10 min and separated on 10% SDS-PAGE and transferred onto a nitrocellulose membrane (Whatman Protran, Dassel, Germany). At room temperature, the membrane was blocked with 5% non-fat milk for 1 h, and then incubated with specific primary antibody overnight at 4°C. The next day, the membrane was washed three times with TBST, and then incubated with IRDye®800CW secondary antibody. The 800 nm channel on Odyssey® CLX Infrared Imaging System was used to scan the membrane. The NIH ImageJ software was used to quantify the immunoreactive bands.
Mouse Studies
Hot Plate Assay
Hot plate assay was conducted to study the central anti-nociceptive effect of IPEA in mice using hot plate analgesia meter. The method was originally described by Woolfe et al. (Woolfe and Macdonald, 1994). Briefly, mice were placed on a metal surface held at a constant temperature (55°C). The time taken to initiate nociceptive behaviors was recorded. A maximum of 20 s was set as cutoff time to prevent tissue damage.
All the mice were allowed to acclimate for 3 days before the hot plate test, and the baseline was measured before drug treatment. Mice were randomly divided into five groups (n = 7–8/group); Group 1: vehicle (100 μl, i. p.), Group 2: morphine (10 mg/kg, 100 μl, i. p.), and Group 3–5: IPEA (10, 20, and 40 mg/kg, 100 μl, i. p.), respectively. The hot plate latency was recorded at 30, 60, 90, 120, 180, and 240 min after drug injections. For some experiments, BIC (1 mg/kg, i. p.) or 3-MP (10 mg/kg, i. p.) was injected 30 min before IPEA treatment, and naloxone (1 mg/kg, i. p.) was injected 5 min before IPEA treatment. In the tolerance test, mice were injected with IPEA (20 mg/kg, i. p.) for seven consecutive days, and the hot plate latency was recorded on days 1, 3, 5, and 7. In the case of co-administration of IPEA with morphine to examine the effect on morphine analgesic tolerance, mice were pretreated with intraperitoneal IPEA for 30 min and then administered with 5 mg/kg morphine for eight consecutive days. Subsequent hot plate tests were carried out 30 min after morphine injection on days 1, 3, 5, 7, and 8.
CFA-Induced Inflammatory Pain
CFA-induced inflammatory pain is a reliable model of persistent inflammatory hyperalgesia that was initially developed by Larson et al. (Larson et al., 1986). Usually, 20 μl CFA is injected into the plantar surface of the right hind paw to induce inflammation.
Mice were randomly divided into five groups (n = 6/group); Group 1: control group, Group 2: CFA group and Group 3–5: IPEA (10, 20, and 40 mg/kg) treatment group. For some experiments, BIC (1 mg/kg, i. p.) was injected 30 min before IPEA treatment. In the acute phase of inflammation, IPEA was administered 4 and 24 h after intraplantar injection of CFA and behavioral parameters were measured at different time points of 1, 2, 3, and 4 h after IPEA injection. In the chronic phase of inflammation, IPEA was administered daily for consecutive 14 days and behavioral parameters were measured 1 h after IPEA treatment on day 3, 7, and 14.
Thermal hyperalgesia was evaluated by using a modified Hargreaves-type hot box as originally described by Hargreaves at al. with some modification (Hargreaves, 1988). In brief, prior to the test the glass surface of hot box was maintained at 30°C and mice were kept in individual boxes for 60 min to habituate the environment. A radiant light source under the glass surface was aligned to the hind paw plantar surface of experimental mice at different time points. A cutoff time of 20 s was set to avoid tissue damage.
Mechanical hyperalgesia was assessed by von Frey filaments (IITC Life Science Inc., CA, United States) as originally described by Chaplan et al. with modification (Chaplan et al., 1994). The calibrated von Frey filament stimulation (ranging from 0.008 to 4 g) was applied to both hind paws. Paw withdrawal thresholds (PTW) were calibrated with a modified up-down method of Dixon (Dixon, 1980). A cutoff pressure of 4 g was set to prevent tissue damage.
Rotarod Assay
The rotarod assay was carried out as previously described with some modification (Dunham and Miya, 1957). Mice were trained to remain on the rotarod apparatus before the test session for four trials per day for three consecutive days. The speed was ranging from 5 to 40 rpm and then remained constant. The latency to fall off the rotarod within 300 s were recorded. The hot plate assay was immediately followed and the same groups of mice were used.
LPS-Induced Sepsis
Mice were received a single intraperitoneal injection of 10 mg/kg LPS to induce sepsis. IPEA (20 and 40 mg/kg) were treated 1 h prior to LPS injection. Dexamethason (DEX, 5 mg/kg) was used as a positive control. In some experiments, BIC was used and administered (1 mg/kg, i. p.) 30 min before IPEA injection.
At the end of the experimental period, blood and liver samples were collected and stored immediately at −80°C for further analysis.
Data Analysis
All statistical calculations were performed using GraphPad Prism8.3 (GraphPad, Avenida, CA, United States). Results are expressed as the mean ± SEM. Two-way ANOVA followed by Dunnett post hoc test was used to analyze the data for nociceptive and inflammatory in vivo tests; One-way ANOVA followed by Tukey test was used to analyze the data for biochemical tests. p < 0.05 was considered significance.
RESULTS
The Effect of IPEA in an Acute Pain Model
The acute anti-nociceptive activity of IPEA was measured in the hot plate assay, which recorded responses to a thermal stimulus. As shown in Figure 1A, IPEA was found to induce anti-nociception in a dose-dependent manner. Compared to morphine, IPEA showed a longer lasting anti-nociceptive effect at higher doses (20, 40 mg/kg) for at least 4 h.
[image: Figure 1]FIGURE 1 | Anti-nociceptive effects of IPEA in acute pain model. (A) Left: time course of PWL with different doses of IPEA treatment in the hot plate assay. Two-way ANOVA revealed significant drug effects (F4, 31 = 68.02, p < 0.0001) and time effects (F4.093,126.9 = 91.44, p < 0.0001) followed by Dunnett post hoc test. Right: dose-response effect of IPEA on PWL 30 min after administration. One-way ANOVA revealed significant drug effects (F4, 31 = 93.45, p < 0.0001) (B) Lack of antinociceptive tolerance of IPEA (20 mg/kg). Repeated i. p. injections of 20 mg/kg for seven consecutive days, and PWL was measured 1 h after drugs injection. Morphine was 5 mg/kg. Two-way ANOVA revealed significant drug effects (F2, 14 = 31.02, p < 0.0001) and time effect (F4.015,56.02 = 37.69, p < 0.0001) followed by Dunnett post hoc test (C) Effect of IPEA in rotarod assay. One-way ANOVA was used. Data were presented as the mean ± SEM (n = 7-8 mice per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs Control group.
The anti-nociceptive tolerance of IPEA was assessed. Mice were subjected to daily administration of IPEA over a 7-day period and were monitored for their responses in the hot plate assay. In contrast to morphine, the effect of IPEA remained effective over the observation period (Figure 1B), indicating that IPEA may lack tolerance.
In order to rule out the possibility that sedation could mask the assessment of pain, IPEA was tested for its potential sedative properties by using rotarod assay. As illustrated in Figure 1C, IPEA did not significantly affect rotarod, suggesting that IPEA did not induce sedation at analgesic doses (10, 20, 40 mg/kg).
The Effect of IPEA on CFA-Induced Mechanical Allodynia
CFA has been used as a reliable model of persistent inflammatory pain. The mechanical allodynia and thermal hyperalgesia develop approximately 24 h after injection and remain for up to 2 weeks. Prior to implementation of CFA, PWT did not differ between the groups. As shown in Figure 2A, compared with saline control group, the PWT of CFA group was significantly decreased at 4 h, day 1, 3 and 7, indicating that CFA successfully induced mechanical allodynia. The PWT of CFA group rebound on day 14, indicative of the recovery of CFA-induced injury. With daily i. p. injection of IPEA for 14 consecutive days, IPEA significantly increased the PWT at 4 h and days 1, 3, 7, 14 in a dose-dependent manner when compared with the CFA group.
[image: Figure 2]FIGURE 2 | Intraperitoneal injection of IPEA attenuates CFA-induced inflammatory pain of mice. (A,C) The time-course of IPEA on CFA-induced chronic inflammatory pain. Mice were daily administered with IPEA (i.p., 10 mg/kg, 20 mg/kg, and 40 mg/kg) after CFA injection. PWT or PWL of IPEA was measured 1 h after IPEA treatment on day 0 (prior to intraplantar injection), 4 h, day 1, day 3, day 7, day 14 after intraplantar injection of CFA. Two-way ANOVA revealed significant drug effects (Figure 2A: F5, 30 = 43.02, p < 0.0001; Figure 2C: F4,149 = 30.43) and time effects (Figure 2A: F4.266,128.0 = 28.16, p < 0.0001; Figure 2C: F3.781, 112.7 = 43.91, p < 0.0001) followed by Dunnett post hoc test (B and D) The time-course of IPEA on CFA-induced acute inflammatory pain. Morphine was 5 mg/kg. Two-way ANOVA revealed significant drug effects (Figure 2B: F5, 30 = 40.53, p < 0.0001; Figure 2D: F4, 25 = 83.65, p < 0.0001) and time effect (Figure 2B: F3.247,97.40 = 118.1, p < 0.0001; Figure 2D: F3.150, 78.75 = 43.23, p < 0.0001) followed by Dunnett post hoc test. Data were presented as the mean ± SEM (n = 6 mice per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs CFA group; #p < 0.05, ###p < 0.001, ####p < 0.0001 vs control group.
The effect of IPEA was also investigated at different time points on day 1. As shown in Figure 2B the analgesic effect of IPEA was time-dependent and lasted for at least 4 h.
The Effect of IPEA on CFA-Induced Thermal Hot Hyperalgesia
Intraplantar injection of CFA also resulted in thermal hot hyperalgesia, illustrated by an obvious decrease in the paw withdrawal latency (PWL) during hot plate assay that persisted at least 3 days (Figure 2C). IPEA treatment alleviated CFA-induced thermal hot hyperalgesia from 4 h until day 3 in a dose-dependent manner (Figure 2C).
The effect of IPEA on CFA-induced thermal hot hyperalgesia was also investigated at different time points on day 1. As shown in Figure 2D, the analgesic effect of IPEA was time-dependent and lasted for 3 h.
Co-administration of IPEA Improved Morphine Analgesic Tolerance
As shown in Figure 3, the anti-nociception of morphine (5 mg/kg) was observed on day 1 in the hot plate assay. The PWL of morphine was decreased in a time-dependent manner, indicating that tolerance was developed. IPEA at 5 mg/kg did not produce analgesia as shown in Figure 3. However, daily co-administration of 5 mg/kg IPEA with morphine partially restored morphine anti-nociception on day 5, 7, and 8.
[image: Figure 3]FIGURE 3 | Co-administration of IPEA with morphine improves morphine tolerance. Mice were pretreated with intraperitoneal IPEA (5 mg/kg) for 30 min, followed by 5 mg/kg morphine administration for eight consecutive days. PWL were measured 30 min after morphine injection on day 1, 3, 5, 7 and 8. Two-way ANOVA revealed significant drug effects (F3, 37 = 58.37, p < 0.0001) and time effects (F3.362, 123.1 = 53.92, p < 0.0001) followed by Dunnett post hoc test. Data were presented as the mean ± SEM (n = 8–12 mice per group. #p < 0.05, ##p < 0.01, ####p < 0.0001 vs control.
GABAAR Antagonist Antagonized the Anti-nociceptive Effect of IPEA
IPEA (20 mg/kg) increased the hot plate latency in the acute pain model as seen in Figure 4A. However, BIC, a selective GABAAR antagonist significantly reversed IPEA anti-nociception. In contrast, naloxone, a selective opioid receptor antagonist, was unable to affect the effect of IPEA (Figure 4A).
[image: Figure 4]FIGURE 4 | The mechanism of IPEA action in mediating analgesic effects. (A) IPEA mediated analgesia through GABAAR in an acute pain mouse model. Mice were pretreated with BIC (1 mg/kg, i. p.) for 30 min or naloxone (NAL, 1 mg/kg, opioid receptor antagonist) for 5 min, followed by 20 mg/kg IPEA administration. PWL was measured 1 h after IPEA treatment in the hot plate assay. Unpaired t test was used. ***p < 0.001, comparison as indicated. ns, not significant (B,C) IPEA mediated analgesia through GABAA receptor in a CFA-induced inflammatory pain mouse model. PWL and PWT were determined 1 h after IPEA treatment. Mice were pre-treated with BIC (1 mg/kg, i. p.) for 30 min, followed by 20 mg/kg IPEA administration. Two-way ANOVA revealed significant drug effects ((B): F5, 30 = 39.42, p < 0.0001; (C): F5, 30 = 97.55, p < 0.0001) and time effects ((B): F1.692, 50.77 = 323.6; (C): F1.889, 56.66 = 153.0, p < 0.0001) followed by Dunnett post hoc test. **p < 0.01, ***p < 0.001, ****p < 0.0001 vs CFA group; #p < 0.05, ###p < 0.001, ####p < 0.0001, comparison as indicated. (D) Mice were pretreated with 3-MP (10 mg/kg) for 30 min, followed by 20 mg/kg IPEA. PWL of mice was measured at different time points in the hot plate assay. Two-way ANOVA revealed significant drug effects (F3, 28 = 64.01, p < 0.0001) and time effects (F2.568, 71.90 = 17.07, p < 0.0001) followed by Dunnett post hoc test. ***p < 0.001, ****p < 0.0001 vs saline control group; #p < 0.05, ####p < 0.0001, comparison as indicated. (E) The expression levels of GABAARα2 in the spinal cord of CFA-induced inflammatory pain mice. Mice were pretreated with IPEA (20 mg/kg) for 1 h and the spinal cord was collected 24 h after CFA treatment. Unpaired t test was used. The expression levels of GABAARα2 in the spinal cord were determined by western blot. *p < 0.05, #p < 0.05, comparison as indicated. Data were obtained from three independent experiments and expressed as the means ± SEM (n = 6–8 mice per group).
In CFA-induced inflammatory pain model, BIC completely blocked the anti-nociceptive effect of IPEA at 6 h, and partially inhibited at 24 h after CFA injection (Figures 4B,C).
Glutamate Decarboxylase Inhibitor Reversed the Anti-nociceptive Effect of IPEA
GABA is one of the inhibitory neurotransmitters and formed by glutamate via glutamate decarboxylase (GAD). In order to determine the role of endogenous GABA in the anti-nociceptive effect of IPEA, 3-MP, a GAD inhibitor, was used in the hot plate assay. As illustrated in Figure 4D, 3-MP significantly blocked the anti-nociceptive effects of IPEA at different time points. We therefore, inferred that the anti-nociceptive effect of IPEA might be mediated, at least in part, by the endogenous inhibitory neurotransmitter GABA in the present study.
IPEA Increased the Expression of GABAARα2
The expression of GABAARα2 was measured by immunoblotting. As shown in Figure 4E, the protein expression level of GABAARα2 was unaffected in CFA-induced inflammatory pain model. However, IPEA (20 mg/kg) treatment mice showed a significantly increase in GABAARα2 expression. In addition, BIC was able to reverse IPEA-induced GABAARα2 expression.
IPEA Exerted Anti-Inflammatory Effect via GABAAR in LPS Stimulated RAW 264.7 Macrophage Cells
As shown in Figures 5A–D, BIC significantly attenuated IPEA-induced suppression of NO production and expression levels of TNF-α and IL-1β, but not IL-6 (Figure 5D), in LPS stimulated RAW 264.7 macrophage cells. BIC also reversed IPEA-induced inhibition of ERK/P38 MAPKs signaling pathway (Figures 5E,F).
[image: Figure 5]FIGURE 5 | IPEA exerts anti-inflammatory effect via GABAAR in LPS stimulated RAW 264.7 macrophage cells. (A) Effects of BIC on IPEA-induced suppression on NO production. Cells were pretreated with BIC (1 μM) for 10 min, followed by 1-h IPEA (10 μg/ml) treatment and then stimulated with LPS (100 ng/ml) for 23 h. The nitrite level was determined by Griess reagent. (B–D) Effects of BIC on IPEA-induced suppression on the expression levels of inflammatory cytokines. The protein expression levels of TNF-α (B), IL-1β (C) and IL-6 (D) were determined by ELISA according to manufacturer’s instructions. Cells were pretreated with BIC (1 μM) for 10 min, followed by 1-h IPEA (10 μg/ml) treatment, and then stimulated with LPS (100 ng/ml) for 4 h. (E,F) Effects of BIC on IPEA-induced suppression on signaling pathways of MAPKs. Phosphorylated ERK (p-ERK) (E), and P38 (p-P38) (F), were determined by Western blot and normalized to the total ERK and P38 expression levels, respectively. Cells were pretreated with BIC (1 μM) for 10 min, followed by IPEA (10 μg/ml) treatment for 1 h, and then stimulated with LPS (100 ng/ml) for 30 min. PAR (parthenolide, 10 μM) was used as positive control. One-way ANOVA followed Tukey test was used for data analysis. The data were obtained from three independent experiments and expressed as the means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs the control group; ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs LPS-simulated group; +p < 0.05, ++p < 0.01, +++p < 0.001, compared between IPEA group and BIC + IPEA group; ns, not significant.
IPEA Exerts Anti-Inflammatory Effect via GABAAR in the Mouse Model of LPS-Induced Sepsis
The mouse model of sepsis was established to explore the anti-inflammatory effect of IPEA in vivo. As shown in Figures 6A–F, the expression of pro-inflammatory mediators TNF-α, IL-6, and IL-1β in serum and liver tissues of LPS-induced septic mice were significantly elevated when compared with the control group. Treatment with 20 and 40 mg/kg IPEA or DEX significantly reduced the levels of these inflammatory mediators.
[image: Figure 6]FIGURE 6 | IPEA exerts anti-inflammatory effect via GABAAR in septic mice. The protein expression levels of TNF-α, IL-1β and IL-6 in serum (A–C), and in the liver (D–F) were determined by ELISA according to manufacturer’s instructions. Mice were pretreated with BIC (1 mg/kg) for 30 min, followed by IPEA administration (20 and 40 mg/kg, i. p.). After 1 h-IPEA treatment, mice were injected with LPS (10 mg/kg, i. p.). After 12 h, mice liver tissue was obtained, and the serum was collected by centrifuging at 4°C, 4,000 rpm for 10 min. The liver tissue was treated with animal tissue homogenizer, and then centrifuged at 4°C, 1,000 rpm for 20 min. The supernatant was obtained and quantitated by BCA kit. DEX (dexamethason, 5 mg/kg) was used as positive control. One-way ANOVA followed Tukey test was used for data analysis. The data were expressed as the means ± SEM (n = 6–7). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs LPS treatment group; +p < 0.05, ++p < 0.01, +++p < 0.001, compared between IPEA group and BIC + IPEA group. ns, not significant.
BIC could reverse all these effects (Figures 6A,B and Figures 6D,E), except IL-6 (Figures 6C,F), which was consistent with the in vitro data (Figure 5D).
DISCUSSION
Pain is an uncomfortable sensory and emotional experience associated with tissue lesions. Pain has become the third common health issue that affects more individuals than heart disease and cancer (Loeser and Melzack, 1999). As part of our ongoing project of discovering new analgesics, the present study aims to investigate the analgesic properties of I. pterocaula, a folk medicine in China.
Our results revealed that IPEA markedly and long-lastingly reversed thermally induced acute pain (i e., the hot plate assay). Mechanism study revealed that both GABAAR antagonist-BIC, and GAD inhibitor-3-MP, reversed IPEA-induced decrease of PTW in the hot plate assay, suggesting the contribution of GABA/GABAAR system in the acute anti-nociceptive effect of IPEA. IPEA also significantly alleviated the CFA induced persistent pain. The expression level of GABAARα2 was increased with IPEA treatment in CFA-induced pain model, providing further evidence of functional role of GABA/GABAAR in mediating the analgesic effect of IPEA. The subtype-selective benzodazepine-site ligands have been reported to be highly effective against inflammatory and neuropathic pain yet devoid of unwanted sedation and tolerance development (Knabl et al., 2008; Knabl et al., 2009; Munro et al., 2009; Diet al., 2011). Therefore, it is possible that IPEA may selectively activate GABAAR (e.g., GABAARα2) to produce analgesia but without sedation. Considerable evidence supported that facilitating GABAergic inhibition was able to reverse pathological pain states that resulted from reduced presynaptic GABA release or from reduced responsiveness of postsynaptic GABAARs (Moore et al., 2002; Kami et al., 2016). We speculate that IPEA produced analgesic effects, at least in part, by increasing the synthesis of GABA through activation of GABA-synthesizing enzyme GAD. GABA was the endogenous GABAAR, so increased GABA could markedly induce GABAAR activity. However, since IPEA is a multi-components fraction, it cannot be excluded that some compounds in IPEA may bind and activate GABAAR directly. The detailed mechanism remains to be further studied.
The behavior of IPEA was also tested against anti-nociceptive tolerance. IPEA didn’t develop tolerance with daily administration for 7 days. In addition, IPEA at a non-antinoceptive dose showed the ability to improve morphine tolerance. Therefore, IPEA may have an advantage over morphine in treating chronic pain or can be combined with morphine clinically. These results also suggested a possible interaction of GABA-opioids in addition of a direct GABA action.
In our previous work, IPEA showed anti-inflammatory effect in LPS-induced RAW 264.7 macrophages, which prompted us two questions: 1) whether IPEA possesses anti-inflammatory property in vivo, and 2) whether GABAAR also mediates the anti-inflammatory effect of IPEA. Therefore, in this study, we evaluated the potential anti-inflammatory effect of IPEA in LPS-induced sepsis of mice, and further explored whether its underlying mechanism involved GABAAR. Our results showed that IPEA significantly suppressed the expression levels of pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α in both the serum and lung tissue of the septic mouse models. BIC could reverse the anti-inflammatory action of IPEA in both LPS-induced RAW 264.7 macrophages and the mouse model of sepsis, suggesting that IPEA also exerted its anti-inflammation via GABAAR. Some recent studies have shown that non-neuronal cell types also produced GABA outside the CNS, particularly immune cells (Prud'Homme et al., 2015). GABA has been reported to suppress immune-mediated pro-inflammatory responses by its specific receptors expressed on immune cells (Prud’homme et al.; Han et al., 2007; Wang et al., 2012; Yocum et al., 2017; Ngo and Vo, 2019). GABA has also been used in the treatment of some immune-related diseases, such as rheumatoid arthritis (Tian et al., 2004; Reyes-Garcia et al., 2007; Kelley et al., 2008). In our study, BIC reversed IPEA-induced suppressing signaling pathways and the production of pro-inflammatory cytokines, indicating that GABA/GABAAR neurotransmission system participated the anti-inflammatory activity of IPEA. We propose that IPEA might increase the levels of endogenous GABA, which subsequently binds to GABAAR and downregulates ERK and p38 MAPK activity, thus reducing peripheral production of pro-inflammatory cytokines. This speculation is consistent with the published report in which the expression of splenic IL-1β and TNF-α were attenuated by the administration of GABA or its analogues (Crowley et al., 2016). However, the expression level of IL-6 was unaffected by BIC, further supporting the possibility of multiple targets of IPEA. In addition, suppression of the pro-inflammatory mediators might also contribute to the anti-nociceptive effect of IPEA observed in CFA induced pain models since these pro-inflammatory mediators could modulate the nociceptors (Oh et al., 2001; Basbaum et al., 2009; Gold and Gebhart, 2010).
Our data from the pain and inflammation models show that GABAAR plays a key role in the pharmacological effects of IPEA. I. pterocaula may be useful as a complementary or alternative therapeutic agent for the treatment of pain and inflammation. Further studies will be conducted to isolate, characterize and elucidate the active ingredients of IPEA responsible for the observed pharmacological effects.
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