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Abstract
Background: Opioids are the most well known antinociceptive alkaloids all over the world, but tolerance and
physical dependence are their dominant concerns in clinical applications. In contrast, monoterpene alkaloids are
newly considered for their roles in pain management.
Methods: In this regard, the clinical safety of mitragynine, 7-hydroxymitragynine, speciociliatine, and paynantheine
was determined by cytotoxicity, antioxidant, and antigenotoxicity assays. In parallel alkaloids were studied on βarrestin-2, ERK1/2, and p-ERK1/2 transcription and translation levels during three days on SH-SY5Y cells.
Results: Results confirmed alkaloid- and concentration- dependency of the cytotoxicity, antigenotoxicity, and
antioxidant activity. Although morphine was recorded as the safest alkaloid here, speciociliatine and mitragynine
represented around 1200- and 20- fold higher DNA protection capacity than morphine, respectively. Monoterpene
alkaloids transiently made the transcript ocean turbulent, but western blot analyses have proved significant downregulation of targeted proteins in SH-SY5Y cells during the experiment days.
Conclusions: Data indicated that monoterpene alkaloid derivatives are putative analgesic agents that do not
stimulate opioid receptor tolerance and suggesting that patients may benefit from their antinociceptive activities
without physical dependence or tolerance concerns in future clinics.

Background
The kratom tree is a group of evergreen plants that belongs to the Mitragyna genus of the Rubiaceae family. Coffee
and garden plants are recognized as other members of this family. Mitragyna speciosa is among the most
important species of kratom from the medical perspectives, which is native to Thailand and its diverse neighboring
countries in Southeast Asia. For many centuries, Asian people used to ingest the crude plant leaves or use of
steeped or brewed from the leaves as psychoactive teas. The major causes for kratom consumption include
enhancing sexual efficiency and stability, social and recreational uses for the feeling of happiness and satisfaction,
therapeutic goals as pain relievers, and even though the treatment of fever, diarrhea, hypertension and diabetes [1–
2]. Until now, more than 40 alkaloids have been recognized in Mitragyna speciosa. Mitragynine has been uniquely
identified as the primary alkaloid constituent, up to 66% by mass of raw alkaloid extracts. Other important
constituents are paynantheine, speciogynine, 7-hydroxymitragynine, and speciociliatine representing 9%, 7%, 2%,
and 1% of total alkaloid mass, respectively [3–5].
Opium and opioid receptor agonists play a crucial role in pain management. However, important side effects
escalate rapidly; for instance, the therapeutic effectiveness of these analgesics plunges very soon, and on the other
hand, drug tolerance against their analgesic effects and drug dependence quickly increases. µ-receptor, a member
of the G-protein families, is reported as the most critical receptor involving in these features. Recent studies have
investigated the pathways correlated with tolerance mechanisms in these receptors, especially in the face of
morphine. Activation of β-arrestin-2, ERK1/2, and phosphorylated counterpart of ERK1/2 proteins was proved to be
the most signaling pathways leading to µ-receptor downregulation and finally, drug dependence and
antinociceptive tolerance [6–8].
Finding novel alkaloids that does not down regulate opioid receptors is one of the major challenges in medicine.
Mitragynine demonstrated a high affinity to µ-opioid receptors. This alkaloid is reported to mediate high levels of
analgesia and satisfaction. The antinociceptive activity of mitragynine has been proven to be mediated through
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supraspinal µ- and δ-opioid receptors. Therefore, this alkaloid is well known as an analgesic agent [9–10]. In terms
of analgesic activity, Mitragyna alkaloids were found to be extremely efficient. As illustration mitragynine and 7hydroxymitragynine were reported to have fifteen-fold and fourfold more effective than morphine in a
concentration-dependent manner; consequently, such alkaloids can be applied as an opium replacement or to
reduce opium addiction, diminishing the pain from withdrawal symptoms [11–12].
The present research examines the toxicity of morphine, mitragynine, 7-hydroxymitragynine, speciociliatine, and
paynantheine regarding their antioxidant and antigenotoxic properties as well as investigation of the alkaloids
effect on β-arrestin-2 and ERK1/2 proteins, which play key roles in the tolerance level of the opioid receptors. Since
there are no enough documents that confirm the usage of Mitragyna speciosa for clinical implications; therefore, it
is necessary to identify the characteristics and mechanism of actions associated with these compounds.

Materials And Methods
Chemicals
Mitragynine, 7-hydroxymitragynine, speciociliatine, and paynantheine were purchased from ChromaDex (California,
US). RNA extraction, cDNA synthesis, and real-time PCR kits were provided from Qiagen (Hilden, Germany). HRPconjugated anti-mouse secondary antibody and mouse primary antibodies against β-arrestin-2, ERK1/2, p-ERK1/2,
and β-Actin were obtained from Santa Cruz Biotechnology (California, US). Cell culture media and their
supplements were acquired from Gibco (Grand Island, NY, USA). Antioxidation and antigenotoxicity evaluating
reagents including DPPH, BHT, linoleic acid, β-carotene, ascorbic acid, agarose as well as all other chemicals and
solvents in this study were supplied from Sigma-Aldrich (Sigma-Aldrich, Deisenhofen, Germany). Morphine and all
other reagents were obtained from commercial resources in Iran.
Cell culture and cellular growth kinetic
SH-SY5Y (CRL-2266, a neuroblastoma cell line, isolated from a bone marrow biopsy) cell line was generously gifted
from Professor Mohammad Saeid Jami (Shahrekord University of Medical Sciences). Cells were cultured in
DMEM/F12 medium containing 10 % (v/v) FBS, 100 IU/ml penicillin, 2 mM L-glutamine, and 100 μg/ml
streptomycin in a humidified CO2 incubator at 37 °C. Cellular proliferation was monitored during an 8-day
incubation. Initially, cells were cultured into 96-well plates at a density of 8000 cells/well. Cells in the wells were
counted daily using MTT assay. A standard mathematical model was fitted to the point. The maximum specific
growth rate (μmax) was illustrated as the slope of the line depicted on natural logarithms of the growth (dependent
variant) versus the time intervals (independent variant). Data was represented as the mean values ± SE of three
independent experiments [13].

In-vitro analyses of cytotoxicity
Briefly, SH-SY5Y cells were sub-cultured at a density of 15000 cells/well in 96-well plates and cultivated 24 h at 37
°C. Then, the cells were exposed to serial dilutions (0-300 μM) of morphine, mitragynine, 7-hydroxymitragynine,
speciociliatine, or paynantheine. Eventually, cell survival was assessed after a 5-day incubation applying MTT
assay. The optical density was read on a plate reader at 570 nm. IC50 values were expressed as the concentration
of the agents, reducing cell growth by 50%; also, IC10 values were determined as the concentration of a compound
decreased cell growth by 10%. The cytotoxic values were determined by the best regression plot of the percentage
viability against any compound concentrations [14].
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Antioxidant properties of the alkaloids
The antioxidation properties of the alkaloids have been evaluated either using DPPH or β-carotene/linoleic method.
DPPH method is based on the disappearance of the DPPH free radicals and consequently reduction of the
absorption at 517 nm. Two milliliter of a fresh DPPH stock was added to various concentrations of each alkaloid
(0-400 μM) and placed in the dark for 30 min. Scavenging capacity percentage was determined by [(control
absorbance – sample absorbance) × 100 / control absorbance]
equation. Bleaching assay was conducted using an emulsion composed of β-carotene and linoleic acid. Briefly, 1
mg yellow β-carotene pigment, 45 µl of 9-cis-12-cis-linoleic acid (density= 0.902 g/ml), and 200 µl of Tween-20
(density= 1.095 g/ml) were homogenized in 2 ml of chloroform. Then chloroform was rotary evaporated at 40 °C
for 30 min and then 100 ml of oxygenated deionized water was mixed with vigorous shaking to form a
homogenized stable nanoemulsion. Then, 2.5 ml of the emulsion was added to 350 μl of various alkaloid
concentrations (0-400 μM). The mixtures left at 50 °C in the light for 2 h and the optical density was recorded at
470 nm. Bleaching inhibition capacity percentage was calculated from [(sample absorbance at time 0 – sample
absorbance after 2 h) × 100 / (control absorbance at time 0 – control absorbance after 2 h)]equation. Controls
contained all reagents except the antioxidant factors. The scavenging capacity-50 (SC50) or bleaching inhibitory
capacity-50 (BIC50) is an alkaloid concentration required for scavenge 50 % of DPPH radicals or protects half
percentage of β-carotene molecules from bleaching, respectively. They were calculated from the calibration curve
determined by the regression line from the scavenging capacity or bleaching inhibition percentages versus alkaloid
concentrations. Butylated hydroxytoluene (BHT, 0-100 μM) was used as standard antioxidant agents [15-16].
Antigenotoxic activity of alkaloids using COMET assay
The induced DNA damage by the alkaloids was evaluated on SH-SY5Y cells by the COMET assay conducted under
alkaline conditions. A serial dilution of each alkaloid (final concentrations of 0 to 600 μM) was supplemented with
120 μM H2O2 solution and stored for 5 min at ambient temperature. Then, 10000 cells were transferred to all
dilutions, and the suspension was kept for 30 min at 4 °C. Next, cells were harvested and sandwiched on a slide
between two layers of 0.75% w/v low-melting point agarose. The slides were submerged in cold lysis buffer for at
least 4 h. The lysis solution was composed of 2.25 M sodium chloride, 90mM ethylenediaminetetraacetic acid,
9mM Tris, and pH was adjusted to 10. The lysis buffer was freshly supplemented with 0.7% w/v sodium hydroxide,
10% v/v dimethyl sulfoxide, 1% v/v Triton X-100 before use. Then, the cells were subjected to a constant electric
field in a horizontal electrophoresis chamber (300 mA for 40 min at 4 °C). The Chamber contained freshly prepared
alkaline buffer (300 mM Sodium hydroxide; 1 mM ethylenediaminetetraacetic acid; pH ~ 13). The slides were then
neutralized using a neutralizing buffer (0.4 M Tris; pH = 7.5). Finally, DNA was stained with 20 μl ethidium bromide
(2 μg/ml) and pictured using a fluorescent microscope (BX51; Tokyo, Japan). The DNA damage was analyzed via
Open-Comet software and Cells were determined undamaged to maximally damaged, according to tail DNA
intensity [Tail DNA×100 ÷ (Head DNA + Tail DNA)], for each alkaloid concentrations. The COMET-inhibitory
capacity-50 (CIC50) defined as the concentration of the alkaloid that diminishes the tail DNA percent to 50 %
against damage induced by H2O2 and calculated from the calibration curve determined by the best regression line
between tail DNA percentage and alkaloid concentrations. BHT (0 to 1000 μM) was used as a standard
antigenotoxic agent [17-18].
Quantitative analyses of the transcripts
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SH-SY5Y cells were exposed to IC10 concentration of each alkaloid for 24, 48, and 72 h. RNA was extracted from
the cells by the RNeasy mini kit, and cDNA was constructed with QuantiTect Reverse Transcription Kit from 1 μg of
total RNA according to the company instructions using random hexamer as priming sequences. ARRB2, MAPK1,
and MAPK3 transcripts were relatively quantified with the QuantiTect SYBR Green kit on a Rotor‐Gene Q instrument
(Qiagen, Hilden, Germany) according to the Pfaffl method. Three primer pairs were designed using Gene Runner Ver.
3.05 software and the sequences were validated using the Primer-BLAST tool available on the NCBI website.
Amplification was optimized under the following conditions: a pre-denaturation step at 95 °C for 10 min; 45 cycles
for amplification step (15 s denaturation at 95 °C, 20 s annealing temperature at 60°C, and 20 s extension at 72 °C),
and a standard melting analysis carried out after the amplification step (1 °C/step between 60-90 °C). The
efficiency for each primer pair was determined with a serial dilution of cDNA. The transcript level was normalized to
β-actin as the internal reference gene [19-20].
Quantification of protein in the signaling pathway
Western blotting was used for semi-quantification of the targeted proteins. In brief, after treatment time, total
proteins were extracted using lysis solution (7 M urea, 2 M thiourea, 10 mM PMSF, 1% w/v DTT, pH 3–10), The
protein concentration was determined using the commercial Bradford protein assay kit. Human serum albumin was
used as a standard curve for protein quantification. 50 μg of the total protein was electrophoresed on 12 %
polyacrylamide SDS-PAGE according to Laemmli method on a discontinuous buffer system. Then, protein bands
were blotted onto nitrocellulose membranes via a semi-dry Trans-Blot instrument (Bio-Rad, Richmond, CA) under
constant current of 3 mA/cm2 for 60 min. The efficiency of protein transfer was monitored using Ponceau-S
staining. Then, the unspecific membrane surface was blocked with 5% BSA for 1 h, and the blot was treated with
1:500 v/v mouse monoclonal IgG antibody against β-actin, β-arrestin-2, ERK1/2, or p-ERK1/2. Secondary mouse IgG
kappa binding protein conjugated to horseradish peroxidase (m-IgGκ-HRP, 1:5000 v/v) along with luminol was used
for band visualization. The chemiluminescence wave was recorded with a Li-Cor scanner (Lincoln, NE, USA). The
density of each protein band was quantified and normalized with β-actin results [19, 21].
Statistical analyses
Three independent runs were carried out in adequate replicates for any analytical experiments. Data analysis was
assessed with SPSS-22 statistical software. Stars (Ü), (ÜÜ), and (ÜÜÜ) represent the mean differences between
normalized treated and normalized untreated group levels as P<0.05, P<0.01, and P<0.001 using one-way ANOVA,
respectively.

Results

Growth kinetics and cytotoxicity analyses
SH-SY5Y cells were monitored for growth properties during five days with MTT colorimetric assays. The growth
kinetics represented that the cells grew in an exponential growth pattern. The Ln(x) = Ln(x0) + 0.0133 × t equation
represents the growth pattern during the logarithmic phase in the DMEM/F12 medium at optimal conditions
without any drug treatments. This condition provided a maximum growth rate and a doubling time equal to
0.0133 h− 1 and 52.12 h, respectively. These cells normally reached the plateau phase after two weeks
(Supplementary Fig S1). To investigate the effects of alkaloid compounds, including mitragynine, paynantheine,
speciociliatine, and 7-hydroxymitragynine on cell survival, the cells were treated with increasing doses of each
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compound. A dose-response curve was fitted to our data, and the IC10 and IC50 values were determined by MTT
viability assays after five days of treatment (Supplementary Fig S2 and S3). Initial observation revealed alkaloid
derivatives inhibited cell growth dose-, and time-dependent. The most and the least cytotoxic alkaloids on the SHSY5Y cell line were 7-hydroxymitragynine (P < 0.001) and morphine (P < 0.001), with IC50 values of approximately
29 µM and 1262 µM, respectively (Table 1 and Supplementary Table S1).
Table 1
Safety analyses of alkaloids. Safety of morphine, mitragynine, 7-hydroxymitragynine, paynantheine, and
speciociliatine was measured regarding cytotoxicity (IC50 and IC10), radical scavenging activity (SC50), bleaching
inhibitory capacity (BIC50), and antigenotoxic concentration (CIC50). Cellular experiments were conducted on SHSY5Y, and all data were expressed as the mean ± standard deviation. Values in the same row with common letters
represent statistical insignificance (P > 0.05) using ANOVA analysis.
Sample
Concentration
(µM)

Butylated
hydroxytoluene

Morphine

Mitragynine

7-Hydroxy
mitragynine

Paynantheine

Speciociliatine

IC10
cytotoxicity
potency on
SH-SY5Y
cells

105.77 ± 8.20 c

113.03 ±
5.8 c

31.28 ±
5.95 b

7.49 ± 1.02

36.10 ± 4.83 b

36.33 ± 3.12 b

IC50
cytotoxicity
potency on
SH-SY5Y
cells

1362.05 ±
60.14 c

1262.88
± 83.13 c

63.69 ±
5.38 b

29.53 ±
4.82 a

68.13 ± 3.93 b

68.63 ± 5.52 b

Radical
scavenging
activity
(SC50)

31.77 ± 4.19 a

64.33 ±
7.50 b

114 ± 9.54 c

324 ± 16.16

139 ± 7.94 c

290 ± 14.52 d

Bleaching
inhibitory
capacity
(BIC50)

9.08 ± 0.95 a

314 ±
9.00 c

134 ± 5.57 b

304 ± 6.03 c

361 ± 9.00 d

386 ± 9.71 e

Comet
inhibitory

544.59 ± 63.74

203 ±
8.08 c

9.76 ± 2.21

164.67 ±
10.69 b

1270 ± 20.60

0.17 ± 0.07 a

d

a

a

e

e

concentration
(CIC50)

Antioxidant And Antigenotoxicity Effectiveness Of The Alkaloids
The alkaloids represented significant dose-dependent antioxidant and antigenotoxic activities. Table 1 and
Supplementary Table S1 confirmed that alkaloid properties are most likely type-specific. For instance, mitragynine
represented the highest free radical scavenging property around 114 µM, while 7-hydroxymitragynine exhibited the
least activity (324 µM) in this experiment (Supplementary Figure S4). On the other hand, oxidation and removal of
the hydrogen atom from bis-allylic methylene moieties of linoleic acid produce free radicals that can lead to
discoloration of β-carotene. Here mitragynine demonstrated the best inhibitory performance with a BIC50 value of
134 µM while speciociliatine had the weakest (BIC50 = 386 µM) performance (Supplementary Figure S5). In
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contrast, data in Supplementary Figure S6 and S7 illustrated that the pretreated SH-SY5Y cells with alkaloid
compounds had a significant reduction in the DNA damage. Speciociliatine and mitragynine represented
approximately three thousand and sixty times stronger DNA protection characteristics than BHT as a standard
antigenotoxic agent, respectively (Fig. 1).

Alkaloid Effects On The Transcript Levels
ARRB2, MAPK1, and MAPK3 transcripts were relatively quantified after SH-SY5Y cell exposure to IC10 doses of
morphine, mitragynine, paynantheine, and 7-hydroxymitragynine. The primer sets were successfully designed using
Gene Runner software version 3.05 and then controlled on the Primer-BLAST database on NCBI (Supplementary
Table S2). The amplification conditions were optimized to achieve the best amplification efficiency (E ≥ 1.9 and Rsquared ≥ 0.98) based on the standard Pfaffl method (Supplementary figure S8). Figure 2 indicated that morphine
elevated all transcripts, approximately three-fold, after 48 h (P < 0.05) and then returned to the basal conditions. On
the other hand, the ARRB2 transcript level dropped down after 72 h of SH-SY5Y exposure to 7-hydroxymitragynine
(P < 0.001). Paynantheine represented a significant suppressing pattern most of the times on the genes. All other
treatments and exposure times did not reflect considerable outcomes on the transcript levels (P > 0.05).
β-Arrestin-2, ERK1/2, and p-ERK1/2 translation levels
The protein level of β-arrestin-2, ERK1/2, and p-ERK1/2 was determined using western blotting (Fig. 3). Interestingly
morphine increased all targeted protein levels after 24, 48, and 72 h. On the other hand, results revealed the downregulation of β-arrestin-2 in the cells after all treatments and exposure periods except after 48 h exposure with 7hydroxymitragynine and 24 h with paynantheine. Although mitragynine and 7-hydroxymitragynine slightly
increased p-ERK1/2 levels, p-ERK1/2 translation level decreased after 24 and 72 h treatment with paynantheine.
ERK1/2 almost down regulated after treatment with the targeted alkaloids. Protein down-regulation is the major
phenomenon observed in the mitragynine, 7-hydroxymitragynine, and paynantheine treatment, especially at the
latter treatment times (Supplementary figure S9 and S10)

Discussion
Pharmacological evidence chiefly proved the anaesthetic, antitussive, stimulant, antinociceptive, analgesic,
narcotic, anti-inflammatory, antidepressant, antioxidant, and antibacterial activities of Mitragyna speciosa alkaloids
[9, 22]. Cytotoxicity values are crucial parts of modern pharmaceuticals development. Table 1 represents
cytotoxicity of the monoterpene indoles along with the isoquinoline alkaloid, morphine. Morphine was generally
regarded as less toxic agent among all alkaloids in the Table. Even though 7-hydroxymitragynine possessed a
significant cytotoxic activity against SH-SY5Y cells, other monoterpene alkaloids toxicity varied slightly, and they
almost categorized in the same statistical group. Since they share a typical chemical skeleton with different
structural conformation or substitution patterns. On the other hand, toxicity is a truly complex phenomenon that is
influenced by several factors like cellular penetration, diffusion, distribution, metabolism, innate toxicity of the
agent, and target cell specifications [23–24].
It is not surprising that butylated hydroxytoluene, as one of the synthetic phenolic derivatives, has the strongest
antioxidant properties compared to other compounds (Table 1). Many studies showed that phenolic and
polyphenolic structures are primarily capable of radical scavenging. They carry some hydroxyl moieties on the rings
and efficiently donate H-atoms to free radicals and creating relatively less reactive phenoxyl radicals due to
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resonance stabilization of the aromatic ring. This phenomenon interprets the mechanism of DPPH free radical
neutralization. On the other hand, quenching of the singlet state of oxygen and converting it into its stable triplet
state can exhibit its secondary antioxidant properties. Therefore, they block lipid peroxidation in the βcarotene/linoleic acid method. Unfortunately, there are always some concerns regarding the use of synthetic
phenolic compounds due to their possible carcinogenic potential and developing some other safer agents is crucial
[25].
Results in Table 1 reveal morphine and mitragynine have the highest antioxidant activity between the alkaloids.
Morphine favors from hydrogen abstraction in the aromatic phenol ring. The free radical in this position is highly
stable due to spin contribution and resonance (Supplementary Figure S1). Also, aliphatic hydroxyl, alkyl moieties,
aromatic rings, double bonds, and amine groups contribute to antioxidant properties [26–27]. Even though the
monoterpene alkaloids do not contain phenolic structure since do not assist in such a potent hydrogen-donating
antioxidant pathway; they participate in antioxidation mechanisms through hydroxyl group on indole moiety (7hydroxymitragynine), methoxy group on the aromatic ring, other alkyl groups on the aliphatic ester/ ether parts, or
more dominantly H-donation from N-H on the indole ring (except 7-hydroxymitragynine) [28].
Finally, hydroxyl radical scavenging effects of the monoterpene indole structures could explain the potent
genoprotective activity of mitragynine and speciociliatine against H2O2–induced oxidative DNA damage. Literature
also suggested that monoterpenes promptly increase Nrf2 accumulation in the nucleus; therefore, they have a
positive influence on antioxidant enzymes and activation of DNA repair mechanisms. Additionally, the lipophilic
structures of these two diastereomers allow easier distribution into the cells and hence more DNA protective effects
in comparison with more hydrophilic phenolic structures [29]. Generally, antioxidant and antigenotoxicity effects of
the alkaloids are highly type-specific and dose-dependent and many results could not be interpreted with the
molecular structure, presence of heteroatoms, or lipophilicity/ hydrophilicity ratio.
Although opium structures play an essential role in pain management, tolerance and physical dependence are
among the main problematic issues in clinical applications. Therefore, scientists focused on µ-receptor agonists
extension to design and synthesize vigorous antinociceptive factors that are lacking these disadvantageous side
effects. The µ-opioid receptors belong to the G protein-coupled membrane receptor (GPCR) family. In the literature,
β-arrestin-2 is considered the most critical protein in the regulation and antinociceptive tolerance of opioid
receptors. ARRB2 gene (coding for β-arrestin-2) is highly expressed in the central and peripheral nervous systems. βArrestin-2 was proved to have a strong binding capacity with the phosphorylated form of GPCR. This interaction
prevents normal interactions between the receptor and G proteins. Therefore, downstream signaling is also blocked
even in the presence of the receptor agonists. Moreover, β-arrestin-2 initiates clathrin-dependent endocytosis and
reduces µ-opioid receptors on the cell surface, prominently. β-Arrestin-2 knockdown was responsible for
antinociceptive intolerance in animal models [30–31].
Nevertheless, some investigations revealed documents that tolerance and endocytosis of opioid receptors
happened during morphine treatment via activation of the ERK1/2 cascade (encoded protein by MAPK1/3 gene). In
this regard, MEK1/2 catalyze human ERK1/2 phosphorylation at Tyr204/187 and Thr202/185. Both tyrosine and
threonine phosphorylation is required for enzyme activation. In contrast, p-ERK1/2 are activated serine/threonine
kinases that trigger primary events leading to a variety of cellular processes from survival and differentiation of the
cells to phosphorylation and tolerance of the µ-opioid receptors [29, 32–33].
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Many scientists reported the upregulation of β-arrestin-2 and ERK1/2 after long-term morphine treatment, both invivo and in-vitro. In addition, the phosphorylated and active form of ERK1/2 (p-ERK1/2) increased significantly after
chronic morphine administration [32, 34–35]. These findings are coincident with the present results. Morphine
increased all three targeted proteins during 72 h exposure and most of them are significant, especially on final days
(Fig. 3 and supplementary figure S10). Real-time results are almost consistent with the western blot experiments
(Fig. 2 and Fig. 3). Although in some cases transcription level returned to the usual steady-state after three days,
translation continued to remain higher (in morphine treatment) or lower (in other treatments). Literatures have
rationalized such incompatible fluctuations to higher protein half-life and more stable post-transcriptional changes.

Conclusion
Previous reports have introduced varieties of distinct mechanisms mediating chronic and acute µ-opioid receptor
tolerance in the central nervous system, even in the presence of opioid analogues. GPCR phosphorylation and
clathrin-dependent endocytosis are among the prominent reasons for the tolerance to antinociceptive effects of
opioid compounds. β-Arrestin-2, ERK1/2, and p-ERK1/2 play essential roles in these mechanisms. It is necessary to
find and synthesize novel drugs that minimize the side effects, especially the tolerance towards these drugs. In
general, the examined monoterpene alkaloids represented considerable radical scavenging, lipid peroxidation, and
hydroxyl radical scavenging properties. Even though the up-regulation of β-arrestin-2, ERK1/2, and p-ERK1/2
proteins is revealed the main mechanism for the receptor tolerance in the presence of morphine, it should be
highlighted that long-term treatment with the monoterpene alkaloid mostly down-regulated these proteins. These
properties would make such alkaloids suitable candidates that should be quickly moved to clinical applications.
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Figure 1
COMET-images (A) SH-SY5Y cells without any treatment (negative COMET), (B) hydrogen peroxide-treated cells
(positive COMET) and (C–H) serial speciociliatine concentration at 0, 150, 200, 250, 400 and 600 μM, each
supplemented with 120 μM H2O2. DNA was stained with ethidium bromide; the COMET-images were visualized and
captured by Olympus fluorescent microscope (BX51; Tokyo, Japan) at 20× magnification equipped with an
Olympus CCD camera (12.8 megapixel, DP72; Philippine).
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Figure 2
Relative quantification of (A) ARRB2, (B) MAPK1, and (C) MAPK3. SH-SY5Y cells were exposed to IC10 doses of
each alkaloid for 24, 48, and 72 h. Quantitative real-time PCR of these transcripts was performed by the Pfaffl
method, and β-actin was appointed as an internal standard normalizer. Results are the mean ± SD of at least three
independent experiments compared with untreated samples. Stars (), (), and () represent the mean differences
between treated and untreated cell's transcription as P< 0.05, P< 0.01, and P< 0.001using one-way ANOVA,
respectively. MOR: Morphine, MIT: Mitragynine, HMG: 7-Hydroxymitragynine, and PAY: Paynantheine.
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Figure 3
Western blot analysis of β-arrestin-2, ERK1/2, and p-ERK1/2 protein. SH-SY5Y cells were treated with morphine (A),
mitragynine (B), 7-hydroxymitragynine (C), and paynantheine (D) for 24, 48, or 72 h. Images were recorded using a
Li-Cor chemluminescence scanner (letters C and T represent Control group and Treatment group, respectively).
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