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ABSTRACT 

Functional constipation (FC) is a major gastrointestional (GI) disorder which 

affects about 14% population worldwide. However, due to efficacy and safety 

concerns, more than 50% FC patients are not completely satisfied with current 

conventional therapies, thus alternative therapies are needed. A substantial part of 

FC patients have symptom of slow colonic motility, while therapy targeting a single 

pathway cannot benefit all of them. In this thesis, we searched for novel FC 

therapeutics from two distinct sources, both of which can improve colonic motility 

significantly: (1) MaZiRenWan (MZRW), an herb formula from Traditional Chinese 

Medicine (TCM); and (2) Spexin (SPX), a newly identified neuropeptide that is 

deregulated in FC. On the basis of efficacy validation for MZRW by randomized, 

placebo-controlled clinical studies, we investigated the bioactive compounds and 

pharmacological actions of MZRW. Firstly, a machine-learning based method, 

namely MOST, was developed to relate bioactive compounds with their 

mechanism-of-action targets. MOST demonstrated good performance in 7-fold 

cross-validation (over 87% accuracy) and temporal validation (over 76% accuracy). 

In the case laxative effect, MOST predicted that acetylcholinesterase (ACHE) was 

the mechanism-of-action target of aloe-emodin; in vivo studies validated this 

prediction. Secondly, we analyzed the bioactive compounds and mechanism-of-

actions of MZRW with combination of UPLC-QTOF-MS/MS, clustering analysis, 

organ bath, and MOST approaches. 97 compounds were identified in MZRW 

extract, and 35 of them can be found in plasma and feces samples of rats with oral 
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administration of MZRW. Chemical space analysis suggested that these compounds 

can be classified into component groups, while the corresponding pharmacology 

can be studied with representative compounds. Emodin, amygdalin, albiflorin, 

honokiol, and naringin were shown to induce spontaneous contractions of rat 

colonic smooth muscle in vitro. Biological targets in ACh-, estrogen-, 

prostaglandin-, cannabinoid-, and purine signaling pathways are able to explain the 

prokinetic effects of representative compounds and component groups. 

Pharmacological actions of MZRW are mixture of five classic paradigms. Thirdly, 

the latest results of three-armed, randomized and controlled clinical study showed 

that MZRW demonstrated comparable efficacy with the first line drug Senna, the 

first line drug for constipation in HK, during treatment period, both were better than 

placebo; and the efficacy was more sustainable in follow-up period when 

comparing that of Senna and placebo. These data suggested the unique 

pharmacological profile of MZRW for FC. With pharmacometabolomic analysis, 

we found that change of oleamide is negatively correlated (pearson r = -0.59, 

p<0.001) with improvement of Complete Spontaneous Bowel Movement (CSBM) 

in MZRW group, but not in Senna or placebo group. Oleamide is up-regulated in 

FC patients compared with healthy controls, and MZRW can significantly reduce 

oleamide in FC patients (n=30), healthy human volunteers (n=23), and in normal 

mice (n=12) serum, ileum, and colon. The regulation of oleamide by MZRW is 

possibly via augmenting FAAH-mediated degradation. Lastly, we investigated the 

possibility to use SPX, the newly identified, FC-associated neuropeptide to change 
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GI motility. The deregulation of SPX has been found in several disorders including 

FC, however, the metabolic instability of SPX prevent it to be directly used in 

clinical practices. Our investigation through combination of molecular dynamics 

(MD) simulations and NMR analysis suggested a β-turn-helix-β-turn (βαβ) 

conformation for human spexin (hSPX) adopts in solution. Consistent with this 

conformation, cyclic analogues of hSPX with a disulfide bond between residue 1 

and 13, LH101 (CWTPQAMLYLKGCQ-NH2), activated both GalR2 (EC50=1.19 

μM) and GalR3 (EC50=1.56 μM) with potency comparable to wild type, and that 

the acetylation at the N-terminal, LH101(Ac) raises the potency EC50=0.38 μM on 

GalR2 and EC50=0.39 μM on GalR3. The serum half lives of LH101 (t1/2=355.7 

min) and LH101(Ac) (t1/2=1973.7 min) were significantly longer than the wild type 

(t1/2=66.5 min), and LH101(Ac) induces the contractions of mice intestinal segment 

in vitro and attenuates the oleamide-induced slow GI motility in vivo. Collectively, 

our studies in MZRW suggested that estrogen and oleamide signaling pathways are 

potential new targets to develop novel therapeutics for FC, while lead compounds 

targeting these pathways could be found from MZRW. The final study suggested 

CSAs have potential to be developed as new FC therapy by targeting the galanin 

receptor associated pathway. 
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CHAPTER 1 : INTRODUCTION 

Functional constipation (FC), also known as chronic idiopathic constipation (CIC), 

is one of the most common gastrointestinal disorders in physician visits. Globally, 

the estimated prevalence of FC in adults is about 14.0%1 (Table 1.1). In China, the 

epidemiology investigations of FC are not as much as in western countries. 

According to two studies carried out in North China, this number is 3.7% and 11.5% 

in Beijing2 and Xi’an3, respectively (Table 1.1). The discrepancy between these two 

studies suggest that the prevalence of FC might be region-specific. In Hong Kong, 

the prevalence of FC is as same with the number of global incidence4 (Table 1.1).  

 

Table 1.1 | Prevalence of FC in different geographical locations 

Location Prevalence (%) 95% Confidence Interval 

(CI, %) 

Global1 14.0 12.0-17.0 

North America1 14.0 9.0-20.0 

South America1 18.0 15.0-22.0 

North Europe1 16.0 10.0-24.0 

  South Europe1 16.0 7.0-27.0 

  Middle East1 14.0 2.0-36.0 

  South East Asia1 11.0 7.0-15.0 

  Australia1 14.0 5.0-27.0 

Beijing, China2 3.7 NAa 

Xi’an, China3 11.5 NAa 

Hong Kong, China4 14.0 NAa 

aN.A., not available. 

 

Gender, age, and socioeconomic status are risk factors of FC. FC is about two-times 

prevalent in women (17.4% (95% CI: 13.4-21.8%)) than in men (9.2% (95% CI: 

6.5-12.2%))1. Such gender differences suggest that sex hormones might be 
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implicated in the pathogenesis of FC. Indeed, several studies have demonstrated 

that progesterone and estrogen contribute to constipation5-9. Age is another risk 

factor of FC. As age increasing (from < 29 years to ≥60 years), FC becomes more 

prevalent, from 12.0% to 17.0%1. Furthermore, people with lower socioeconomic 

status are more likely (18.0% (95% CI=12.0-25.0%)) to have FC, than people with 

medium (15.0% (95% CI=8.0-23.0%)) and high (14.0% (95% CI=8.0-22.0%)) 

socioeconomic status1. 

 

FC has significant impact in life quality, and leads to reduced work productivity and 

remarkable finance burden. According to a survey conducted in United States (US) 

in 2010, people with FC have much worse quality, both in mental and physical 

aspects (Table 1.2)10. FC significantly impairs the work activities, and reduces the 

productivity of whole society (Table 1.2)10. Constipation results about 1 million 

visits of emergency department in US each year, and costs hundreds of millions US 

dollars medical expense11. Consistently, it was estimated that the average medical 

cost of child with constipation is about 3,430 USD per year, which is much higher 

than that of children without constipation in US12. 
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Table 1.2 | Impact of gastrointestinal (GI) symptoms on quality of life, activity, and overall 

work productivity impairment, 2010a, d 

 

  

GI symptoms SF-12 mental 

component 

summary score 

Mean (SD)b 

SF-12 physical 

component 

summary score 

Mean (SD)b 

Activity 

impairment 

score 

Mean (SD)c 

Overall work 

impairment 

score 

Mean (SD)c 

Chronic 

constipation 
41 (13) 39 (13) 51 (32) 37 (33) 

Chronic 

diarrhea 
42 (12) 43 (12) 42 (32) 31 (30) 

Reference 

symptoms 

 

Headache 46 (11) 48 (11) 27 (30) 19 (26) 

Insomnia 41 (12) 45 (12) 39 (32) 28 (29) 

Other 

references 

 

No disease 49 (10) 54 (7) 12 (22) 11 (21) 

Population 

norm 

50 (10) 50 (10) 24 (29) 16 (25) 

SD, standard deviation 
a2010 United States National Health and Wellness Survey 
bA lower score is associated with worse quality of life 
cA higher percentage is associated with greater impairment 
dThis table was adapted from Supplementary Table 1 in Peery et al. 201210 
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The pathophysiology of FC 

With defined causes, i.e. diet, drugs, anatomic, biochemical, specific diseases, 

constipation is recognized as secondary and classified into that cause. When no 

specific causes can be found, constipation is defined as idiopathic or functional13. 

For patients with severe FC, the intestinal transit time can be measured with 

radiopaque markers. A patient is defined to have slow transit constipation (STC), if 

five or more markers is found by radiography, 5 days after ingestion of 20 

radiography markers. Otherwise, one will be considered to have as normal transit 

constipation (NTC)14. Both STC and NTC patients require heavy investigations, 

special care, and aggressive therapies.  

 

STC is accepted as a heterogeneous disorder, which is characterized by delayed 

transit, absence of colonic motor activity, and lack of response to pharmacological 

treatments15. STC affects 15 to 42% of clinic cases diagnosed as primary 

constipation16-19. Multiple factors, including psychological and psychiatric 

problems, personality traits, and neurological changes, have been suggested to 

cause STC13. It has also been proposed that STC is a kind of visceral neuropathy, 

as supported by impaired motility of colon and rectum13. However, the underling 

pathogenic mechanism of STC remains elusive (Fig. 1.1).  
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Figure 1.1 | Proposed pathophysiology of STC13. 

 

NTC is also a heterogeneous disorder. Without apparent delay of GI motility, most 

patients with NTC complain of “unsatisfactory” defecation. Psychological 

problems could be the major cause of NTC, as supported by the evidence that 

patient with more severe constipation is associated with more serious psychological 

problems. It is also consistent that NTC patients are better responders to placebo 

treatment than STC patients13. NTC may also be results of visceral perception 

abnormalities, that is, the enhanced rectal sensitivity20,21. 

Signaling pathways related with regulation of GI motility 

Slow GI motility is the major symptom of FC. Regulation of GI motility can be 

viewed as communications between different systems. The orders are issued by the 

CNS and ENS, coordinated by the ICC- and PDGFRα+ cells, and finally carried 

out by the smooth muscle cells (SMCs). Meanwhile, the circulation system, 

immune cells, and gut microbiota can affect the contractions of SMCs directly or 

indirectly (Fig. 1.2). Medium for such information flow, or carriers for orders, are 

signaling molecules involved in regulation of GI motility. Indeed, many of these 

signaling molecules have been discovered, including ions, neurotransmitters, 
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neuropeptides, eicosanoids, organic acids, immune cell- or gut microbiota-derived 

factors (Table 1.3). More importantly, most of current GI motility disorder therapies 

are targeting the synthesis, transporting, signal transduction and metabolism of 

these signaling molecules.  

  



7 

 

 
Figure 1.2 | Many intrinsic signaling molecules are implicated in the regulation of GI 

motility by carrying information among CNS, ENS, ICC cells, PDGFRα+ cells, immune 

cells, circulation system, and smooth muscle cells. They are ions, neurotransmitters, 

neuropeptides, eicosanoids, organic acids, immune cell- and gut microbiota-derived factors. 

CNS, central nervous system; ENS, enteric nervous system; ICC cells, interstitial cells of 

Cajal; LPS, lipopolysaccharides22. 

 

Table 1.3 Signaling molecules in the regulation of GI motility 

Type Signaling molecules 

Ions Ca2+; K+; Na+; Cl- 

Neurotransmitters acetylcholine; nitric oxide; serotonin; purine  

Neuropeptides neuromedin B; gastrin-releasing peptide; cholecystokinin; gastrin; 

corticotropin-releasing factor; corticotropin-releasing hormone; 

galanin; spexin; ghrelin; motilin; guanylin; uroguanylin; substace 

P; neurokinin; opioids; pituitary adenylate cyclase-activating 

polypeptide; vasoactive intestinal polypeptide; gastric inhibitory 

polypeptide; glucagon-like peptide 1; leptin; somatostatin; 

oxytocin  

Organic acids bile acids; short-chain fatty acids 

Eicosanoids endocannabinoids; prostanoids 

Immune cell-

derived factors 

bone morphogenetic protein 2 

Gut microbiota-

derived factors 

lipopolysaccharides 
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Current therapies for FC 

Patients with mild or moderate constipation can be easily treated by high-fiber or 

laxatives, thus non-pharmacological agents like fibers, are first choices of treatment 

for FC23. If patients don’t respond to non-pharmacological agents, the 

pharmacological agents will be used.  

 

There are several classes of non-pharmacological agents which can be used for FC 

(Table 1.4). For example, diet fibers enhance the bulk-forming of stool, thereby 

alleviate the symptoms of FC. According to a systematic review with meta-analysis, 

fibre is moderately effective for FC in adults, while it causes GI side effects, such 

as flatulence24. FC can be improved with lubricant and osmotic laxatives, both of 

which act majorly through physical effects. Lubricant laxatives, such as mineral oil, 

reduce the friction and make stool easier to pass through the intestines. While the 

osmotic laxatives, such as polyethylene glycol, makes the stool to absorb excessive 

water from body, then soften the stool25.  

 

Patients with severe FC hardly can benefit from fibers, simulant- and osmotic 

laxatives, thus pharmacological agents are required. According to the chemical 

structures and mechanism-of-actions, there are several classes of pharmacological 

therapeutics have been used for FC, including anthraquinone, diphenyl mechanes 

or derivatives, 5-hydroxytryptamine receptor 4 (5-HT4) agonist, guanylate cyclase 

C receptor agonist, chloride channel type 2 activator, apical sodium bile acid 
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inhibitor (Table 1.4)26. 

 

Both the anthraquinones (Fig. 1.3a) and diphenyl methanes (Fig. 1.3b) or 

derivatives can stimulate the contraction of intestines and promote defecation, 

however, the underlying mechanism are still unclear27. Long-term using of 

anthraquinones was proposed to cause degenerative changes in the colonic nerve 

tissues28. 

 

Table 1.4 | Current therapeutics for FC26 

Class Subclass Therapeutics 

Non-

pharmacological 

agents 

Fibers Fruits, such as bananas 

Vegetables, such as broccoli 

Whole grains 

Nuts 

Legumes, such as beans 

Methyl cellulose 

Polycarbophil calcium 

Lubricant laxatives Mineral oil 

Osmotic laxatives Polyethylene glycol 

Pharmacological 

agents 

Anthraquinone Senna 

Diphenyl methanes or 

derivatives 

Bisacodyl; Sodium picosulphate 

5-hydroxytryptamine 

receptor 4 (5-HT4) 

agonist 

Prucalopride; Tegaserod; Velusetrag 

Guanylate cyclase C 

receptor agonist 

Linaclotide; Plecanatide 

Chloride channel type 

2 activator 

Lubiprostone 

Apical sodium bile 

acid transporter 

inhibitor 

Elobixibat 
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Figure 1.3 | Pharmacological agents have been used for FC in clinical practices26. (a) 

Anthraquinones; (b) diphenyl methanes; (c) 5-HT4 agonists; (d) GC-C receptor agonists; 

(e) CLC-2 activator; (f) ASBT inhibitor. 
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For tegaserod, prucalopride, and velusetrag (Fig. 1.3c), they activate the 5-HT4 

receptors on the enteric nervous system of GI tract, stimulate GI motility and 

peristaltic reflex. Tegaserod was approved by US Food and Drug Administration 

(FDA) in 2002 for irritable bowel syndrome (IBS) and constipation. However, due 

to adverse cardiovascular events, it was withdrawn from market in 200725,29-31. 

Prucalopride was approved for chronic constipation in Europe in 2009, in Canada 

in 2011, and in Israel in 2014. Few cardiovascular events have been found with 

prucalopride, as it is highly selective toward 5-HT4 receptors32. Velusetrag is still 

an investigational drug in clinical trials. It has less selectivity for other serotonin 

receptors than tegaserod26,33.  

 

Linaclotide (Fig. 1.3d) is a peptide therapeutics belonging to the analogues of 

endogenous guanylin and uroguanylin, which are secreted by goblet cells (or 

enterochromaffin cells) and regulate electrolyte and water transport in intestinal 

epithelia through activating guanylyl cyclase C receptor (GC-C). Containing 14 

amino acids (a.a.), linaclotide is structurally stabilized by three disulfide bonds34 

(Fig. 1.3d). Cyclization make it is highly resistant to enzyme digestion in GI tract. 

Activation of GC-C increases cyclic guanosine monophosphate (cGMP), results in 

stimulating secretion of water and chloride and bicarbonate into the intestinal lumen, 

and leads to increased intestinal fluid and elevated transit. Linaclotide also 

alleviates pain, by elevating cGMP. A related drug, plecanatide (Fig. 1.3d), has been 

approved by FDA in 2017 for FC35.  
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As bicyclic fatty acid, lubiprostone (Fig. 1.3e) is derived from prostaglandin E1 and 

specifically activates chloride channel type 2 (CIC-2) chloride channels, which 

locate on the epithelial cells of GI tract. It cause secretion of chloride-rich fluid, 

which soften stool and promote spontaneous bowel movements (SBM)36. 

 

Elobixibat (Fig. 1.3f) is an inhibitor of apical sodium bile acid transporter (ASBT, 

or ileal bile acid transporter (IBAT)). By blocking the bile acid reuptake transporter 

in ileum, elobixibat increases the concentration of bile acids in gut, thereby 

accelerates the bowel movement37. Elobixibat is still under clinical investigation 

for FC, while it is expected to be approved in Japan in 2017. 

 

According to a comprehensive review with meta-analysis, more than 50% patients 

are not satisfied with current therapies for FC26, and alternative treatment 

approaches are needed. As mentioned above, FC is a highly heterogeneous disorder 

– multiple factors contribute to the development FC. Thus therapies that target a 

single pathway could not benefit for all FC patients. To solve this problem, we seek 

for wisdom from different sources: one is the Traditional Chinese Medicine (TCM) 

formula (classic), which are well-known for its multiple-targets pharmacology and 

combinational effects; another is a newly identified neuropeptide, which can be 

developed as precise therapy for a specific subgroup of FC patients.  
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Scope of the Thesis 

Previously, our group have made important progresses in the field of FC. Firstly, 

we have proved the efficacy of a TCM herb formula, MZRW, with randomized, 

placebo-controlled clinical trial. Secondly, we have identified a novel neuropeptide 

with prokinetic function (modern), namely spexin (SPX), is involved in the 

pathogenesis of FC. We aimed to develop novel therapies for FC by (1) 

investigating the pharmacological actions of MZRW, and (2) engineering SPX into 

a clinical therapeutics. 

 

MaZiRenWan (MZRW): a classic herb formula from TCM 

MZRW, an herb formula from TCM, has been used for constipation in China for 

about 2,000 years38. It was firstly recorded in a TMC classic book, Discussion of 

Cold-Induced Disorders (Shang Han Lun)39,40. MZRW is comprised of six herbs, 

including HuoMaRen, DaHuang, KuXingRen, Baishao, HouPu, and ZhiShi41 (Table 

1.4). According the theory of Chinese Medicine, MZRW can enhance Qi movement, 

drain heat, unblock the bowel, and moisten the intestines41 (Table 1.5).  
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Table 1.5 | Herb components and pharmacological action of MZRW in TCM41 

Component Pharmacological action in TCM Theory 

Fructus cannabis (Huo Ma Ren) Moistening the bowel and relieving 

constipation 

Radix et rihizoma rhei (Da Huang) Draining heat and relieving constipation 

Semen Armeniacae Amarum (Ku Xing 

Ren) 

Reliving constipation by guiding Qi downward 

Radix paeoniae Albo (Bai Shao) Nourishing Yin and retaining homeostasis 

Cortex magnolia officinalis (Hou Pu) Promoting circulation of Qi and relieving 

flatulence. 

Fructus aurantll immaturus (Zhi Shi) Promoting circulation of Qi and relieving 

flatulence. 

 

Although MZRW had been widely used in TCM clinical practices to relieve the 

symptoms of FC patients, the efficacy of MZRW required proofs from randomized, 

placebo-controlled study. To that end, our group have performed several clinical 

studies to validate the efficacy of MZRW. It was demonstrated that the efficacy of 

MZRW is better than placebo in phase I/II study with 120 FC patients in both 

treatment and follow-up period41 (Fig. 1.4). Similar finding has been validated in a 

larger clinical study completed recently (Zhong et al., under review). 
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Figure 1.4 | Comparison of efficacy in terms of responder rates during treatment and follow-

up periods41. HSP, hemp seed pill, i.e. MZRW. The complete spontaneous bowel movement 

per week (CSBM) was recorded for each patient pre- and post-treatment. If the change of 

CSBM is greater than 1, the patient is defined as a responder. The responder rates are 43.3% 

in the MZRW group and 8.3% in the placebo group during treatment period. They are 30% 

in the MZRW group and 15.0% in the placebo group during the follow-up period. 

 

Based on the efficacy validation of MZRW by strict clinical studies, we aimed to 

understand the pharmacological actions of MZRW with modern scientific 

approaches, thus to address the following questions: 1) What are the 

pharmacological actions of MZRW for FC? 2) Which compounds, from which herb, 

are responsible for such pharmacological action? Is it possible to develop novel 

therapies for FC by learning this classic wisdom from TCM. 

 

To investigate the mechanism-of-action targets of TCM formula with experimental 

approach are expensive and laborious. In Chapter 2, we developed a machine-

learning based tool, namely MOST, to relate the bioactive compounds with their 

mechanism-of-action targets. MOST demonstrates high prediction accuracy, and 
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we identified acetylcholinesterase (ACHE) as mechanism-of-action target for the 

laxative effect of aloe-emodin. In Chapter 3, we investigated the mechanism-of-

actions of MZRW with networkpharmacology approach, in which combined 

experimental and computational (MOST) method were used. It was shown that, 

multiple active component groups from different herbs in MZRW, can improve 

intestinal motility via multiple targets. In Chapter 4, we investigated the unique 

pharmacology of MZRW with a new approach, namely pharmacometabolomics. 

Based on analysis of clinical samples and its metabolic features, we further found 

that MZRW improves the bowel movement by down-regulating oleamide. This 

brand-new finding could inspire researcher to develop new oleamide-targeted 

agents to treat FC. 

 

Spexin: a novel neuropeptide enhancing bowel movement 

Spexin (SPX) is a newly identified, galanin receptor (GalR)-cognate neuropeptide 

containing 14 amino acids42,43. Expressed centrally and peripherally44-47, SPX has 

been implicated in the regulation of adrenocortical cell proliferation45, 

cardiovascular and renal function, nociception48, reproduction49, and feeding50. In 

2015, our lab discovered that deregulation of SPX is associated with FC (Fig. 1.5). 

SPX enhances bowel movement both in vitro and in vivo, while the prokinetic effect 

of spexin is mediated by activation of GalR251. Furthermore, injection of spexin 

(i.p.) in rat resulted in decreased serum level (Fig. 1.6) (Unpublished data). With all 

these evidences together, we hypothesized that, SPX, as a prokinetic neuropeptide, 
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which may have therapeutic effect on FC through affecting the oleamide signaling 

pathway. However, due to the metabolic instability, a common issue for all short 

peptides, SPX itself can’t be used directly as an anti-constipation agent in clinical 

practices. Inspired by the successful examples of linaclotide and plecanatide, as 

well as other approved peptide therapeutics, we thought that chemical modifications 

such as cyclization is a possible way to improve the metabolic stability of SPX, and 

develop novel therapy for FC based on our findings.  

 

In Chapter 5, we used combined computational simulations and NMR to study the 

solution structure of SPX. Guided by the solved structure of SPX, we identified the 

cyclic spexin analogues (CSAs) stapled by disulfide bond. The CSAs are with 

comparable bioactivity as the wild type, but they are much more stable in serum 

than the wild type. The CSAs induce spontaneous contractions of intestinal 

segments of mice in organ bath in vitro. The CSAs hold the hope to be developed 

as novel therapeutics for FC. 

 

Overview of works of the thesis 

In brief, we studied the pharmacological actions of MZRW for FC by two distinct 

approaches: networkpharmacology and pharmacometabolomics. To map the 

bioactive compounds to the biological targets related with FC, we developed MOST, 

a machine-learning method with high prediction accuracy (Fig. 1.7). With 

networkpharmacology, we found the bioactive compounds within MZRW could 
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affect the symptoms of FC through regulating the ACh, estrogen, and other 

pathways (Fig. 1.7). These results may explain why MZRW is effective for FC. 

With pharmacometabolomics, we identified that oleamide is a specific bomarker 

that related with the efficacy of MZRW in clinical studies, which can explain why 

MZRW is better than Senna during the treatment period. Finally, inspired by the 

classic wisdom from MZRW, we found that spexin could be a novel regulator to 

improve the bowel movement in FC. By using computational simulations and 

experiment methods, the cyclic spexin analogues (CSAs) were developed, and 

demonstrated comparable bioactivity with the wild type, and much better serum 

stability than the wild type. The CSAs hold the hope to be developed as a novel 

therapeutics for FC (Fig. 1.7). 
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Figure 1.5 | Comparison of spexin concentrations in serum samples of FC patients (n=29) 

and healthy controls (n=28)51. (a) The characteristics of subjects. (b) Alterations of spexin 

concentrations of serum samples in FC patients. Data are represented as mean±S.E.M, and 

the differences were compared with Student t-test (**, p<0.01). 
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Figure 1.6 | Spexin down-regulates oleamide level in rat. Injection (i.p.) of spexin in rat 

resulted in decreased serum oleamide. 

 

Figure 1.7 | Overview of works of the thesis. 
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CHAPTER 2 : DEVELOPMENT OF TARGET 

PREDICTION TOOL FOR STUDYING 

MECHANISM-OF-ACTION OF BIOACTIVE 

COMPOUNDS FROM TCM FORMULA 

Abstract 

To investigate the mechanism-of-action targets of TCM formula with experimental 

approach are expensive and laborious. Many computational approaches have been 

used for target prediction, which provide alternative, rapid, and inexpensive 

approach to studying the mechanism-of-action targets. Recent studies have 

suggested that the most-similar ligand drives the chemical similarity searching 

method. In these studies, the extent of bioactivity of most-similar ligands has been 

oversimplified or even neglected, and this has impaired the prediction power. Here 

we propose the MOst-Similar ligand-based Target inference approach, namely 

MOST, which uses fingerprint similarity and explicit bioactivity of the most-

similar ligands to predict targets of the query compound. Performance of MOST 

was evaluated by using combinations of different fingerprint schemes, machine 

learning methods, and bioactivity representations. In sevenfold cross-validation 

with a benchmark Ki dataset from CHEMBL release 19 containing 61,937 

bioactivity data from 173 human targets, MOST achieved high average prediction 

accuracy (0.95 for pKi≥5, and 0.87 for pKi≥6). Morgan fingerprint was shown to 
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be slightly better than FP2. Logistic Regression and Random Forest methods 

performed better than Naïve Bayes. In the temporal validation, the Ki dataset from 

CHEMBL19 were used to train models and predict the bioactivity of newly 

deposited ligands in CHEMBL20. MOST performed well with high accuracy (0.90 

for pKi≥5, and 0.76 for pKi≥6), when Logistic Regression and Morgan fingerprint 

were employed. Furthermore, the p values associated with explicit bioactivity were 

found be a robust way to reduce false positive predictions. Implicit bioactivity did 

not offer this capability. Finally, p values generated with Logistic Regression, 

Morgan fingerprint and explicit activity were integrated with a false discovery rate 

(FDR) control procedure to reduce false positives in multiple-target prediction 

scenario, and the success of this strategy it was demonstrated with a case of 

fluanisone. In the case of aloe-emodin’s laxative effect, MOST predicted that 

acetylcholinesterase was the mechanism-of-action target; in vivo studies validated 

this prediction. Using the MOST approach can result in highly accurate and robust 

target prediction. Integrated with a FDR control procedure, MOST provides a 

reliable framework for multiple-target inference. It has prospective applications in 

drug repurposing and mechanism-of-action target prediction. 

 

Background 

Target identification is key to understanding the mechanism-of-action of bioactive 

compounds discovered from phenotypic screening or found in traditional herbal 
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medicines. Various experimental methods, including affinity chromatography, drug 

affinity responsive target stability, and proteomics have been used for target 

identification1. However, these experimental approaches are laborious, expensive, 

and often unsuccessful. In contrast, computational target identification (also called 

“target prediction” or “target inference”) approaches are inexpensive, and effective. 

It is readily integrated with experimental validation, and can quickly narrow down 

potential targets to a handful of most likely candidates. A number of computational 

tools are available for target prediction2; they can be classified by algorithms into 

four major classes, namely, machine learning, inverse docking, bioactivity spectra 

analysis, and chemical similarity searching; the merits and flaws of each approach 

can be found elsewhere3. In this study, we will focus on chemical similarity 

searching. 

 

Chemical similarity searching is based on the observation by medicinal chemists 

that structurally similar compounds usually have similar biological activities4. In 

practice, compounds are represented by two-dimensional (2D) fingerprints, and the 

similarity can be measured by Tanimoto coefficient (Tc) metrics5. Fingerprint-based 

similarity searching is widely used for target prediction. By fitting distribution of 

similarity between different ligand sets with extreme distribution, Keiser et al. 

developed the Similarity Ensemble Approach (SEA) to quantitatively calculate the 

correlation between different targets6. SEA has been successfully used in predicting 

new targets7 and off-targets associated with side effects8 of existing drugs. 
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Similarity can also be measured by molecular shapes. For instance, Armstrong et 

al. proposed three-dimensional (3D) descriptors incorporating shape, chirality and 

charges to compare chemicals9,10. One merit of molecular shape is that it can be 

used to detect similarity between structurally unrelated compounds, which is 

impossible for fingerprints. Work has been done to combine fingerprint similarity 

(2D) with shape similarity (3D) to improve target prediction11,12. More recently, the 

chemical similarity network was used for target inference based on global 

comparison13. Discovering binders of a new structural class by chemical similarity 

searching is difficult because this approach requires high similarity with known 

ligands to make predictions. 

 

Indeed, fingerprint-based similarity searching approaches have performed well in 

terms of accuracy and speed according to various benchmark tests of target 

prediction. Recently, the results of several studies imply that the most-similar 

counterpart of the target drives high predictive accuracy of fingerprint-based 

similarity searching12,14. Despite these advances, the explicit bioactivity data of the 

most-similar ligand were oversimplified as implicit values like “active” or 

“inactive”.  

 

Hypothesis 

Our insight is that, if the query compound has the same similarity as two most-
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similar ligands belonging to targets A and B, then the probabilities of query 

compound being active on target A or B should not be equal. Instead, the more 

potent known ligand should suggest better probability. To verify this hypothesis, we 

will investigate, the effects on prediction performance by explicit or implicit 

bioactivity in current study. Finally, we describe a method in which we use the 

fingerprint similarity and explicit bioactivity data of ligands most-similar to query 

compounds to make inferences about their targets. We name this method “MOST”, 

representing “MOst-Similar ligand-based Target inference”. MOST showed high 

prediction accuracy with a reduced false positive rate. 

 

Materials and Methods 

Generation of Ki dataset from CHEMBL database 

The bioactivity data of all human targets in CHEMBL release 19 and 2015 were 

downloaded via an in-house script written in Python. The direct binding 

(confidence score=”9”) bioactivity data with type “Ki” of each target were extracted 

and processed. Bioactivity data with unspecified concentration/activity values, 

unspecified concentration/activity units, unspecified references, and ambiguous 

operators were classified as “ineffective” and excluded. For multiple records for 

one target-ligand pair, if the Ki values were from the same publication, the smallest 

Ki (i.e. highest pKi) value was taken to reflect experimental optimization and/or 

remove unclear stereoisomer annotations16. After this step, if there were still 
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multiple measurements for one target-ligand pair, which were from different 

publications (tested in the same or different labs), the mean Ki values were taken. 

 

Table 2.1 | Statistics of Ki datasets generated from CHEMBL19 and CHEMBL20 

 CHEMBL19 CHEMBL20 Incrementally 

deposited data in 

CHEMBL20 

compared with 

CHEMBL 19 

# of unique targets 173 173 Not applicable 

# of Ki data 61,937 65,522 3,754 

# of modestly and 

highly active data 

(pKi≥5 or Ki≦10 μM) 

58,123 (93.8%) 61,420 (93.7%) 3,427 (91.3%) 

# of highly active 

data  

(pKi≥6 or Ki≦1 μM) 

47,492 (76.7%) 50,160 (76.5%) 2,842 (75.7%) 

 

Generation of sevenfold cross-validation dataset 

Bioactivity data from preprocessed CHEMBL19 dataset were used to generate 

cross-validation datasets. Targets which had less than 10 ligands and more than 

10,000 ligands were filtered out. To make consistent comparison, only targets 

occurring in both CHEMBL19 and CHEMBL20 were kept. Finally, the benchmark 

Ki dataset was comprised of 173 targets annotated with 61,937 bioactivity data 

(Table 2.1). These targets were covered by major drug target types, including 79 

receptors, 60 enzymes, and 12 transporters (Fig. 2.1A). These targets were 

annotated with different number of ligands: 71 targets had 10 to 100 ligands; 82 

targets had 100 to 1,000 ligands; and 20 targets had 1,000 to 10,000 ligands (Fig. 

2.1B). The annotated ligands were further categorized into three classes by their Ki 

values. Percentages of ligands of with Ki values less than 1 μM, between 1- and 10 
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μM, and greater than 10 μM ligands were 76.7%, 17.2%, and 6.2%, respectively 

(Fig. 2.1C). However, such proportions were varied for specific targets (Fig. 2.1C). 

 

 
Figure 2.1 | Benchmark Ki dataset for evaluating the performance of MOST generated from 

CHEMBL19. A, the drug target types in benchmark Ki dataset. The number of targets 

belonged to different types was labeled. B, the number of targets which have certain 

number of annotated ligands. C, the percentage of ligands classified by activity ranges in 

all targets and selected examples.  
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15% of the ligands of each target were randomly selected to comprise the test set, 

and the rest were treated as the training set. This procedure was repeated seven 

times to make sure that the whole dataset was sampled14. In the training set, each 

ligand was selected and the most-similar ligand was generated by comparing the 

selected ligand with remaining ligands. In the test set, the most-similar ligand was 

acquired by comparing the query compound with ligand sets in the training set. To 

see how similar query compounds were with their most-similar counterparts, the 

distribution of Tcmost was determined (as shown in Fig. 2.2A). A large fraction 

(85.4%) of query compounds had very similar (Tcmost≥0.8) ligands, both in the 

training and test sets. Scatter plots of pKiquery vs pKimost clearly showed that the 

principle, “structurally similar chemicals have similar bioactivities”17, applies to the 

benchmark dataset; although there are also exceptions--some potent compounds 

had similar but weak binder counterparts, which is consistent with previous 

observations 18. Moreover, the calculated Pearson correlation coefficient showed 

that structurally similar chemicals have more close bioactivities (Fig. 2.2B), 

suggesting that pKimost may also be a strong predicator for the activity of a query 

compound. 
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Figure 2.2 | Distribution of Tcmost and correlation between pKimost and pKiquery in the training 

and test sets. A, the distribution of Tc similarity with the most-similar ligands (Tcmost) in the 

training and test sets. B, the correlation between bioactivity of query compounds (pKiquery) 

and most-similar ligands (pKimost) in the benchmark dataset. Similar compound pairs have 

similar activity. More similar compound pairs have stronger correlation of their activities. 
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Two threshold values of pKi were applied to label a ligand is “active” (represented 

by 1) or “inactive” (represented by 0) to a target. When pKi≥5 was applied, 93.8% 

were categorized as “active”, while 6.2% were “inactive”. If pKi≥6 was applied, 

76.7% were labeled as “active”, while 23.3% were “inactive” (Table 2.2). Inactive 

data were included in model training and testing since evidence has shown that 

negative information can improve the prediction performance19. 

Generation of temporal validation dataset 

The whole Ki dataset from CHEMBL19 was used as training set for temporal 

validation. By comparing with CHEMBL19, which was released in 2014, the newly 

added bioactivity data in CHEMBL20 (released in 2015) was identified and used 

to generate the test set. In total, there were 173 targets annotated with 3,754 Ki data. 

In this dataset, when pKi≥5 was applied, 91.3% were categorized as “active”, while 

8.7% were “inactive”. If pKi≥6 was applied, 75.7% were labeled as “active”, while 

24.3% were “inactive” (Table 2.1). 

Calculation of fingerprint and similarity  

Two fingerprint schemes were used in this study--ECFP-4-like Morgan (radius=2) 

20 calculated by RDKit 21 and FP2 calculated by OpenBabel 22. Once fingerprints 

were derived, the similarity between compound pairs was calculated by Tanimoto 

coefficient (Tc) 5. 

Machine learning methods 

Machine learning models, including Naïve Bayes23, Logistic Regression24, and 

Random Forests25, were used in this study for comparison. The probability to be 
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active (𝑝𝑎) as calculated by Naïve Bayes (Eq. 1) or by Logistic Regression (Eq. 2) 

is expressed as follows: 

p(𝑦 = 𝑎𝑐𝑡𝑖𝑣𝑒 | 𝑇𝑐𝑚𝑜𝑠𝑡, 𝑝𝐾𝑖𝑚𝑜𝑠𝑡) =
𝑝(𝑇𝑐𝑚𝑜𝑠𝑡,𝑝𝐾𝑖𝑚𝑜𝑠𝑡|𝑦=𝑎𝑐𝑡𝑖𝑣𝑒)𝑝(𝑦=𝑎𝑐𝑡𝑖𝑣𝑒)

𝑝(𝑇𝑐𝑚𝑜𝑠𝑡,𝑝𝐾𝑖𝑚𝑜𝑠𝑡)
 (Eq. 1) 

p(𝑦 = 𝑎𝑐𝑡𝑖𝑣𝑒 | 𝑇𝑐𝑚𝑜𝑠𝑡, 𝑝𝐾𝑖𝑚𝑜𝑠𝑡) =
1

1+𝑒
−(𝑎0+𝑎1𝑇𝑐𝑚𝑜𝑠𝑡+𝑎2𝑝𝐾𝑖𝑚𝑜𝑠𝑡

) (Eq. 2) 

where 𝑇𝑐𝑚𝑜𝑠𝑡  is the similarity between query compound and the most-similar 

ligand, while 𝑝𝐾𝑖𝑚𝑜𝑠𝑡  is the activity of the most-similar ligand. The sum of 

probabilities to be active (𝑝𝑎) and inactive (𝑝𝑖) always equal to 1. Fitting Naïve 

Bayes, Logistic Regression, and Random Forests models were realized by a 

machine learning package in scikit-learn26.  

Workflow of MOST 

The workflow adopted by MOST to make predictions for a query compound with 

reference to a series of targets is depicted (Fig. 2.3).  

 

 

Figure 2.3 | Workflow of MOST for target prediction. 
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Firstly, the Tc values between the query compound and annotated ligands of target 

are calculated. Secondly, the most-similar ligand is identified by ranking the Tc 

values. Thirdly, the Tc and pKi of the most-similar ligand (Tcmost and pKimost) are fed 

into a trained model to generate probabilities (p value) measuring how likely it is 

that the query compound is inactive. If explicit activity is used, the 𝑝𝐾𝑖𝑚𝑜𝑠𝑡 is 

used “as-it-is” in model training and testing. If implicit activity is used, 

𝑝𝐾𝑖𝑚𝑜𝑠𝑡 ≥5 or 6 is then simplified as 1, and 𝑝𝐾𝑖𝑚𝑜𝑠𝑡<5 or 6 is simplified as 0. 

Once the probabilities have been generated by machine learning models, if 𝑝𝑎>𝑝𝑖, 

the query compound is predicted to be active; otherwise, it is considered to be 

inactive. The probability to be inactive, 𝑝𝑖, is treated as p values in MOST for FDR 

control. If multiple-target predictions are made spontaneously, the FDR procedure 

is implemented to control the risk of false positives. 

Performance evaluation 

The performance of MOST was evaluated by calculations of accuracy and Mathews 

Correlation Coefficient (MCC)27,28, according to the following equations:  

accuracy =
𝑇𝑃+𝑇𝑁

𝑇𝑃+𝐹𝑁+𝑇𝑁+𝐹𝑃
  (Eq. 3) 

MCC =
𝑇𝑃×𝑇𝑁−𝐹𝑃×𝐹𝑁

√(𝑇𝑃+𝐹𝑃)(𝑇𝑃+𝐹𝑁)(𝑇𝑁+𝐹𝑃)(𝑇𝑁+𝐹𝑁)
 (Eq. 4) 

where TP is true positives, TN is true negatives, FN is false negatives, and FP is 

false positives. 

FDR control procedure 

FDR control was implemented by the ‘p_adjust’ method in the ‘stats’ library of the 

R package (version 3.1.2) for the Benjamini-Hochberg29 algorithm or by the ‘q 
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value’ method in the ‘bioconductor’ library of the R package for the Storey-

Tibshirani30 algorithm. 

Animals and fecal pellet output 

Male C57BL/6J mice weighing around 22g (6-week old) were purchased from the 

Laboratory Animal Services Center, The Chinese University of Hong Kong, Hong 

Kong. The mice were fed with a standard rodent diet ad libitum with free access to 

water and were housed in rooms maintained at 22 ± 1 °C with a 12 h light/dark 

cycle (lights on 6:00–18:00). 

 

Mice were randomly divided into 6 groups with 10 mice per group. Saline and aloe-

emodin (3.75 mg/kg, 7.5 mg/kg, 15 mg/kg, 30 mg/kg, and 60 mg/kg) were 

intragastrically administrated at 9:00 a.m. All the mice were placed in individual 

cages without water or food. The fecal pellets for each mouse were recorded 

continuously for 2 hours. In a parallel study, mice were randomly divided into 4 

groups with 10 mice for each group. Saline and atropine (2 mg/kg and 4 mg/kg) 

were intragastrically administrated 20 min before aloe-emodin (15 mg/kg) 

treatment. Then mice were placed in individual cages without water or food, and 

fecal pellets for each mouse were collected within 2 hours. 

 

Results 

Performance of MOST in sevenfold cross-validation 
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To evaluate the performance of MOST, three factors were evaluated in a 

combinational way. These factors are (1) machine learning methods (Naïve Bayes, 

Logistic Regression or Random Forests), (2) fingerprint schemes (Morgan or FP2), 

and (3) representation of bioactivity of the most-similar ligand (explicit or implicit). 

Accuracy and MCC under different conditions are summarized (Table 2.2). Firstly, 

Logistic Regression or Random Forests performed better than Naïve Bayes in 

almost all cases in terms of average accuracy and MCC; there were only marginal 

differences between Logistic Regression and Random Forests. Secondly, Morgan 

fingerprint was slightly better than FP2 in most cases. Thirdly, explicit pKi were as 

good as implicit pKi in terms of average accuracy. The best performance of MOST 

were achieved when Logistic Regression/Random Forests and Morgan fingerprint 

were used. For active data defined by pKi≥5, the average accuracies were about 

0.95, with MCC ranging from 0.50 to 0.59. While for active data defined by pKi≥6, 

the average accuracies were about 0.87, with MCC ranging from 0.61 to 0.63. 
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Table 2.2 | Overall performance of MOST in sevenfold cross-validation 

Active data 

defined by  
Performance 

pKi≥5 

Accuracy 

 
Naïve Bayes Logistic Regression Random Forests 

Morgan FP2 Morgan FP2 Morgan FP2 

Explicit 

Ki 

0.927 

±0.003 

0.929 

±0.003 

0.948 

±0.003 

0.949 

±0.002 

0.948 

±0.001 

0.946 

±0.004 

Implicit 

Ki 

0.939 

±0.002 

0.937 

±0.003 

0.948 

±0.003 

0.949 

±0.003 

0.950 

±0.002 

0.949 

±0.003 

MCC 

 
Naïve Bayes Logistic Regression Random Forests 

Morgan FP2 Morgan FP2 Morgan FP2 

Explicit 

Ki 

0.352 

±0.013 

0.345 

±0.017 

0.495 

±0.010 

0.484 

±0.025 

0.530 

±0.017 

0.504 

±0.032 

Implicit 

Ki 

0.554 

±0.008 

0.543 

±0.022 

0.558 

±0.013 

0.585 

±0.023 

0.585 

±0.014 

0.560 

±0.023 

pKi≥6 

Accuracy 

 
Naïve Bayes Logistic Regression Random Forests 

Morgan FP2 Morgan FP2 Morgan FP2 

Explicit 

Ki 

0.848 

±0.004 

0.842 

±0.002 

0.866 

±0.002 

0.862 

±0.002 

0.861 

±0.004 

0.853 

±0.004 

Implicit 

Ki 

0.860 

±0.004 

0.855 

±0.004 

0.867 

±0.003 

0.863 

±0.003 

0.867 

±0.004 

0.862 

±0.004 

MCC 

 
Naïve Bayes Logistic Regression Random Forests 

Morgan FP2 Morgan FP2 Morgan FP2 

Explicit 

Ki 

0.561 

±0.014 

0.540 

±0.009 

0.617 

±0.009 

0.602 

±0.007 

0.609 

±0.013 

0.581 

±0.013 

Implicit 

Ki 

0.624 

±0.011 

0.610 

±0.612 

0.632 

±0.012 

0.618 

±0.011 

0.632 

±0.013 

0.618 

±0.012 
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Performance of MOST in temporal validation 

To avoid overestimation of model quality with cross-validation, we used a temporal 

dataset to evaluate the performance of MOST. Newly added Ki data in CHEMBL20 

were predicted by MOST trained with Ki data in CHEMBL19 and the results are 

summarized (Table 2.3). In general, the performance of MOST was slightly worse 

in temporal validation than in cross-validation. Logistic Regression outperformed 

Random Forests and Naïve Bayes in this temporal validation. Morgan fingerprints 

were better than FP2 fingerprints. Similar with the cross-validation results, models 

with explicit- and implicit pKi had almost the same accuracy. The best performance 

was achieved when Logistic Regression and Morgan fingerprint were employed. 

The average accuracy was about 0.90 with MCC ranging from 0.27 to 0.29, when 

active data was defined by pKi≥5, and it was about 0.76 with MCC ranging from 

0.37 to 0.38, when active data was defined by pKi≥6. 
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Table 2.3 | Overall performance of MOST in temporal validation 

Active data 

defined by  
Performance 

pKi≥5 

Accuracy 

 
Naïve Bayes Logistic Regression Random Forests 

Morgan FP2 Morgan FP2 Morgan FP2 

Explicit 

pKi 
0.750 0.670 0.905 0.901 0.893 0.871 

Implicit 

pKi 
0.741 0.696 0.896 0.894 0.896 0.897 

MCC 

 
Naïve Bayes Logistic Regression Random Forests 

Morgan FP2 Morgan FP2 Morgan FP2 

Explicit 

pKi 
0.275 0.110 0.272 0.184 0.283 0.136 

Implicit 

pKi 
0.267 0.138 0.292 0.213 0.256 0.192 

pKi≥6 

Accuracy 

 
Naïve Bayes Logistic Regression Random Forests 

Morgan FP2 Morgan FP2 Morgan FP2 

Explicit 

pKi 
0.633 0.554 0.755 0.736 0.724 0.709 

Implicit 

pKi 
0.632 0.556 0.761 0.737 0.759 0.726 

MCC 

 
Naïve Bayes Logistic Regression Random Forests 

Morgan FP2 Morgan FP2 Morgan FP2 

Explicit 

pKi 
0.357 0.225 0.382 0.321 0.319 0.273 

Implicit 

pKi 
0.334 0.212 0.370 0.307 0.381 0.300 
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Benefits of using explicit pKi  

To investigate the differences resulting from explicit- and implicit activity modes, 

one of the sevenfold cross-validation results was analyzed (Table 2.4).  

 

Logistic Regression and Morgan fingerprint were chosen because they achieved the 

best performance. It was clear that more positive predictions (for both TPs and FPs) 

were made by explicit activity mode, compared with implicit activity mode. When 

all predictions were displayed in a scatter plot of pKimost vs Tcmost, many FPs were 

found to be predicted by most-similar ligand with weak affinity, and using explicit 

activity enhanced this tendency (Fig. 2.4 A and B, left panels). 
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Table 2.4 | Prediction results of MOST with Logistic Regression method and Morgan 

fingerprint in sevenfold cross-validation 

Active 

data 

defined 

by 

Dataset # of 

total 

data in 

training 

set 

# of 

active 

data in 

training 

set 

# of 

total 

data 

in 

test 

set 

# of 

active 

data 

in 

test 

set 

pKi for 

prediction 

# of 

TP* 

# of 

FN* 

# of 

TN* 

# of 

FP* 

pKi≥5 

1 52651 49116 9286 8615 
Explicit 8552 63 225 446 

Implicit  8434 181 351 320 

2 52651 49092 9286 8639 
Explicit 8565 74 226 421 

Implicit  8457 182 353 294 

3 52651 49067 9286 8664 
Explicit 8593 71 232 390 

Implicit  8481 183 337 285 

4 52651 49091 9286 8640 
Explicit 8585 55 210 436 

Implicit  8448 192 330 316 

5 52651 49070 9286 8661 
Explicit 8594 67 213 412 

Implicit  8484 177 332 293 

6 52651 49038 9286 8693 
Explicit 8636 57 209 384 

Implicit  8525 168 317 276 

7 52651 49094 9286 8637 
Explicit 8566 71 225 424 

Implicit  8451 186 330 319 

pKi≥6 

1 
52651 39893 9286 6982 

Explicit 6625 357 1432 872 

Implicit  6503 479 1577 727 

2 
52651 39884 9286 6991 

Explicit 6568 423 1481 814 

Implicit  6427 564 1626 669 

3 
52651 39819 9286 7056 

Explicit 6636 420 1432 798 

Implicit  6503 553 1571 659 

4 
52651 39872 9286 7003 

Explicit 6609 394 1435 848 

Implicit  6472 531 1607 676 

5 
52651 39863 9286 7012 

Explicit 6572 440 1439 835 

Implicit  6437 575 1572 702 

6 
52651 39801 9286 7074 

Explicit 6686 388 1331 881 

Implicit  6534 540 1473 739 

7 
52651 39896 9286 6979 

Explicit 6550 429 1468 839 

Implicit  6447 532 1600 707 

TP, true positives; FN, false negatives; TN, true negatives; FP, false positives. 
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Figure 2.4 | Prediction results of MOST in one dataset of sevenfold cross-validation with 

Logistic Regression method and Morgan fingerprint. A and B, the predicted results derived 

from different “active” data definition: pKi≥5 and pKi≥6. Results generated by using 

explicit and implicit Ki of most-similar ligand in model training are compared. Left panels, 

the predicted results in Tcmost vs pKimost scatter plot. Middle panels, the fraction of data 

regarding to the increasing threshold of Tc. Right panels, the data fraction regarding to the 

decreasing threshold of p values. The difference between fTP and fFP was plotted in black, 

dash line. In all panels, true positives are colored red, while true negatives are blue; false 

positives are cyan, while false negatives are orange. 
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Former study suggested that setting the lower threshold (k) of Tc could reduce FPs14. 

Thus we calculated the fraction of data (f) when Tc≥k, while the difference between 

fTP and fFP was used as a trade-off index. Ideally, a best k means keeping as many 

TPs as possible and as few FPs as possible at the same time, which is, the maximum 

difference between fTP and fFP. The fTP started to fall when Tc≥0.4, indicating that 

Tc≥0.4 was a minimum requirement for removing substantially unrelated 

compound pairs (Fig. 2.4 A and B, middle panels). The difference between fTP and 

fFP reached a maximum when Tc≥0.85 in both explicit- and implicit bioactivity 

modes. However, the extent of difference (fTP-fFP) at this point was only about 0.2, 

suggesting that increasing the Tc threshold may not be a robust way to reduce FPs 

predicted by MOST.  

 

We wondered if setting the p value threshold could be a better way to reduce FPs 

without losing too much TPs. A decreased p value threshold led to rapidly decreased 

fFP and slowly decreased fTP, which was only observed with explicit-, but not 

implicit bioactivity mode (Fig. 2.1 A and B, right panels). Moreover, the maximum 

difference between fTP and fFP occurred when p≤0.1: 0.60 for active data defined by 

pKi≥5, or 0.40 for active data defined by pKi≥6. These results suggested that setting 

the upper threshold of p value in explicit bioactivity mode was a better way to 

reduce FPs than Tc. 

 

Multiple-target prediction by MOST integrated with FDR control 
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One important application of MOST is to predict novel targets of known drugs, 

which is key to repurposing drugs and inferring side effects. In such cases, the drug 

will be compared with known ligands of thousands of human targets. Encouraged 

by the benchmark results, we evaluated MOST in multiple-target prediction, where 

the query compound was searched against 1,439 human targets. To avoid too many 

false positive predictions, FDR control procedures were introduced to correct the p 

values generated by the Logistic Regression model (Fig. 2.5A).  
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Figure 2.5 | Predicting novel targets for the drug fluanisone by MOST with FDR control. 

A, scheme of integrating MOST with FDR control procedure. B, the structure of fluanisone. 

C, the distribution of p value of predicted targets, which was generated by searching 

fluanisone against 1,439 human targets via MOST. D, top 5 hits of target prediction for 

fluanisone. Two novel targets of fluanisone, adrenoceptor alpha 1B (ADRA1B) and 

adrenoceptor alpha 1D (ADRA1D), were characterized by reference (Keiser et al. 2009) 

but not CHEMBL database. The adjusted p values were calculated by Benjamini-Hochberg 

algorithm. E, the inference process of fluanisone novel targets by MOST. Fluanisone was 

found to be similar (Tc=0.70) to compound CHEMBL8618, which potently acts on 

ADRA1B and ADRA1D. They were assigned small p values by MOST. 
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Bioactivity data of some drugs can be found in references but not the CHEMBL 

database, which gave us the opportunity to test if MOST can predict novel targets 

of such drugs in a multi-target prediction scenario. We used fluanisone, an 

antipsychotic and sedative drug approved for schizophrenia31, as an example to 

illustrate how MOST can be used to predict novel targets for approved drugs (Fig. 

2.5B). The p values of fluanisone against 1,439 human targets were calculated by 

Logistic Regression model with Morgan fingerprint trained by the CHEMBL 20 

benchmark dataset in explicit bioactivity mode. The distribution of p values 

suggested that either the Benjamini-Hochberg or Storey-Tibshirani methods are 

suitable for correction (Fig. 2.5C). The predicted targets were ranked by adjusted p 

values and Tcmost. Among the top 5 predicted targets, adrenoceptor alpha 1B 

(ADRA1B) and adrenoceptor alpha 1D (ADRA1D) are known human targets of 

fluanisone (pKi equals to 7.85 and 8.15, respectively), documented in literature 7 but 

not in CHEMBL database. ADRA1B and ADRA1D were ranked as the 2nd and 3rd 

targets according to adjusted p values and Tcmost (Fig. 2.5D). Fluanisone was related 

to the two targets because it was quite similar (Tc=0.70) to a common ligand (Fig. 

2.5E), CHEMBL8618, which potently acts on ADRA1B (pKi=9.02) and ADRA1D 

(pKi=9.52). MOST assigned low p values to both targets (3.4E-04 and 8.2E-04) and 

made them top hits. 

Investigating mechanism-of-action target of aloe-emodin for laxative effect 

with MOST 

Another important application of MOST is to predict the mechanism-of-action 
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targets of active compounds discovered from phenotypic screening and traditional 

medicine. We used the laxative aloe-emodin to illustrate how MOST can be used to 

predict mechanism-of-action targets.  

 

Aloe-emodin belongs to anthraquinone, a class of chemicals commonly found in 

the Traditional Chinese Medicine (TCM) herbs Aloe vera and Rhubarb. Aloe-

emodin is found to have antibacterial, antiviral, hepatoprotective, anticancer, and 

anti-inflammation effects 32. More interestingly, aloe-emodin has a laxative effect, 

which is in line with the traditional TCM use of Rhubarb as a laxative; however, 

the mechanism-of-action target of neither the herb nor aloe-emodin is not fully 

understood.  
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Figure 2.6 | Predicting and validating the mechanism-of-action target which mediated the 

laxative effect of aloe-emodin, natural product from TCM. A, aloe-emodin was predicted 

to act on acetylcholinesterase (ACHE) by MOST via the most-similar ligand, 

CHEMBL3233826. The IC50 of ACHE inhibition by aloe-emodin was reported to be 26.8 

μM (Wang et al. 2013). Inhibition of ACHE results in elevating the level of acetylcholine, 

activating muscarinic receptors (M2 and M3), and enhancing the gastrointestinal motility. 

B, aloe-emodin dose-dependently stimulated the fecal pellets in mice. C, the stimulative 

effect of aloe-emodin was abolished by muscarinic receptors antagonist, atropine. For each 

group, the relative fecal pellets in 2 hours were compared with the control group, and tested 

by unpaired t-test in Prism 6 (n=10; ****, p<0.0001; *, p<0.05). All data in B and C are 

presented in Mean±S.E.M. 
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By using MOST, we searched aloe-emodin against 1,439 human targets, and found 

that acetylcholinesterase (ACHE) was the top target (Fig. 2.6A). Aloe-emodin was 

similar (Tc=0.50) to CHEMBL3233826, the rhein-derived compound which 

potently (pKi=8.97) inhibits ACHE33. Actually, aloe-emodin was shown to inhibit 

ACHE with pKi=4.57 in an early study34. ACHE is the enzyme involved in the rapid 

hydrolysis of acetylcholine in numerous cholinergic pathways. Inhibition of ACHE 

results in accumulation of acetylcholine and hyperstimulation of the gastrointestinal 

smooth muscles via muscarinic M2 and M3 receptors35,36. Indeed, one of the ACHE 

inhibitors, acotiamide is approved as a prokinetic agent for treating functional 

dyspepsia37. 

 

Given these facts, we tested whether the laxative effect of aloe-emodin is mediated 

by the acetylcholine signaling pathway. In C57 mice, aloe-emodin significantly 

increased the production of fecal pellets within 2 hours after treatment with doses 

of 15-, 30-, and 60 mg/kg (Fig. 2.6B). The intragastric pre-treatment of atropine (2- 

and 4 mg/kg), given 20 min beforehand, totally abolished the stimulatory effect of 

aloe-emodin (15 mg/kg) on mice fecal pellet output (Fig. 2.6C). These results 

suggest that the cholinerigic pathway is involved in the laxative effect of aloe-

emodin on mice colonic motility. 
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Discussion 

Utilizing the fact that similar compounds have similar bioactivity profiles17,38, 

similarity searching is one of the most simple, but robust, approaches to ligand-

based target prediction. The earliest example was PASS, in which chemicals were 

represented by MNAs (multilevel neighborhoods of atoms) descriptors39. A 

Bayesian model was employed to train 31,000 bioactive substances, and the 

biological activity spectra, including 319 types of pharmacological effects, action 

mechanisms and toxicities, were predicted in the form of probabilities. By 

analyzing the similarity between ligand sets of various targets, Keiser et al. 

proposed SEA, which uses ensemble similarity to make target prediction6. In SEA, 

the relationship of a compound with a biological target is determined by calculating 

the sum of fingerprint similarities of known ligands annotated with that target, and 

Tc≥0.57 was used to remove substantially unrelated ligands. The prediction 

significance was accessed by “BLAST-like” Z-score and p values according to a 

pre-fitted probability distribution in SEA. Unlike SEA, the mean of similarity to 

multiple ligands of target is utilized with multi-category Bayes classifiers to 

improve the performance of ligand-based target inference40,41. However, it seemed 

not to be necessary to use all ligand information, whether in sum or mean, when 

relating compound with target annotated with multiple ligands. It was firstly 

demonstrated with MCM algorithm42, and later proved in TargetHunter, that 

performance of similarity searching can be dominated by top similar ligands14. 

Except Bayes classifiers, other machine learning methods such as Support Vector 
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Machines (SVMs)43, Logistic Regression12,44, and Random Forests28, were also 

employed for task of target prediction.  

 

In the current study, we demonstrated that, solely using the information of most-

similar ligands, MOST achieves high prediction accuracy. We also investigated the 

effects of using explicit bioactivity of most-similar ligand, which has usually been 

oversimplified as category values (implicit bioactivity) in previous similarity 

searching approaches. There was only little difference in prediction accuracy 

between MOST using explicit- and implicit bioactivities. In both cases, a large 

fraction of FPs were found to result from most-similar ligand with high Tc (>0.8) 

but low pKi values. This is an important finding; it suggests that simply using a Tc 

threshold cannot reduce the major part of FPs. In such case, using explicit 

bioactivity of most-similar ligand provides a significant advantage over implicit 

bioactivity because, in explicit bioactivity mode, more potent ligands will generate 

better probability, while less potent ligands will give worse. That’s why when p 

value threshold was applied, a large fraction of FPs were removed, while most TPs 

remained. 

 

One limitation of the current study was the unbalanced training dataset—that is, the 

dataset included more “active” data and less “inactive data”. Since we extracted all 

Ki data with well-annotated references from the CHEMBL database, it seemed that 

researchers may be more likely to report positive, rather than negative results in 
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their publications. The effects of skewed dataset were evaluated by MCC, which is 

more suitable for unbalanced datasets. If more negative data from other sources is 

included, the prediction performance can be further improved, as demonstrated in 

the work by Mervin et al19.  

 

We also demonstrated the application of MOST in the ‘real-world’ case of aloe-

emodin. Considering there is large unmet need to elucidate the mechanism-of-

action targets of traditional medicine, MOST can be optimized for specific 

application domains, like biological function networks or disease pathways, which 

are influenced by traditional medicine therapies45.   

Conclusion 

Taken together, the results reported here show that MOST is a highly accurate 

approach to predicting targets. Logistic Regression and Random Forests learning 

methods performed better than Naïve Bayes in cross-validation, while Logistic 

Regression outperformed the other two in temporal validation. MOST has more 

power to detect more positive results with explicit activity. The p value, rather than 

Tc, is a robust way to filter out false positives. Integrated with the FDR control 

procedure, MOST provides a reliable framework to predict novel targets for known 

drugs and to predict the mechanism-of-action targets for active compounds from 

traditional medicines. These capabilities have been demonstrated via the examples 

of fluanisone and aloe-emodin. Success of MOST as reported here may have been 
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partly because many query compounds had highly similar counterparts in datasets 

used in this study. If the query compounds are from a very different structural class 

than the ones in training dataset, MOST may be less accurate. Despite this potential 

limitation, MOST is a powerful approach to relating pharmaceuticals with their 

potential targets. 

 

Publication Note 

The work described in this chapter has been published in BMC Bioinformatics 

(2017), which can be found via the following link. 

https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-017-1586-z 
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CHAPTER 3 : INVESTIGATION OF THE 

MULTIPLE COMPONENT GROUPS, MULTIPLE 

TARGETS PHARMACOLOGY OF MZRW FOR 

FUNCTIONAL CONSTIPATION 

Abstract 

MaZiRenWan (MZRW), an herb formula from Traditional Chinese Medicine 

(TCM), have been demonstrated to safely and effectively alleviate FC in a 

randomized, placebo-controlled clinical study with 120 subjects. However, the 

underlying pharmacological actions of MZRW for FC, are still largely unknown. 

We systematically analyzed the bioactive compounds from MZRW and relevant 

biological targets through combination of experimental and computational 

approaches. Among the 93 compounds identified in MZRW extract, 34 were found 

in rat serum, while 10 were found in rat feces. Hierarchical clustering analysis 

suggest that these compounds can be classified into component groups, in which 

compounds are highly similar to each other and most of them are from one herb. 

Emodin, amygdalin, albiflorin, honokiol, and naringin were selected as 

representative compounds of the component groups. All of them were shown to 

induce spontaneous contractions of rat colonic smooth muscle in vitro. Biological 

targets in ACh-, estrogen-, prostaglandin-, cannabinoid-, and purine signaling 

pathways are able to explain the prokinetic effects of the representative compounds 

and corresponding component groups. Pharmacological actions of MZRW are 
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mixture of classic paradigms.  

 

Background 

MaZiRenWan (MZRW) is a herb formula for constipation from Traditional Chinese 

Medicine (TCM). It was firstly recorded in in a TCM classic book, Discussion of 

Cold-Induced Disorders (Shang Han Lun)1,2 about 2,000 years ago in China. 

However, like many other TCM formulas, its efficacy was lack of supporting by 

scientific evidences. With randomized, placebo-controlled clinical study, our group 

demonstrated that MZRW is significantly better than placebo in improvement of 

bowel movement in functional constipation (FC) patient during drug treatment, 

while therapeutic effect is kept during 8 weeks follow-up3.  

 

MZRW is comprised of six herbs, including Fructus cannabis (Huo Ma Ren, HMR), 

Radix et rihizoma rhei (Da Huang, DH), Semen Armeniacae Amarum (Ku Xing Ren, 

KXR), Radix paeoniae Albo (Bai Shao, BS), Cortex magnolia officinalis (Hou Pu, 

HP), and Fructus aurantll immaturus (Zhi Shi, ZS)3. In TCM theory, MZRW can 

enhance Qi movement, drain heat, unblock the bowel, and moisten the intestines3. 

However, these theories need to be investigated and validated by modern scientific 

approaches. Thus we asked: what are the pharmacological actions of MZRW for 

FC at the molecular level? 
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It is still a daunting task to investigate the molecular pharmacology of TCM formula. 

Firstly, the TCM formula is thought to be comprised of several herbs, each of which 

may contain thousands of bioactive compounds. Secondly, not all the compounds 

from herb are involved in the pharmacological regulation of TCM formula – some 

of them are removed during preparation, while some of them just pass by. Thirdly, 

most compounds from herbs are usually weak modulators of biological targets, and 

the efficacy is hardly to be validated when testing single compound solely. Fourthly, 

the herb compounds may have multiple pharmacological actions, some of which 

are not directly correlated with symptom improvement. Lastly, the complex 

interactions (synergistic or antagonism) between herb compounds are hard to be 

elucidated. 

 

Hypothesis 

We hypothesized the pharmacological actions of MZRW for FC can be elucidated 

with combination of experimental and computational approaches. To avoid 

overestimating the number of effective compounds, we used UPLC-QTOF-MS/MS 

to identify compounds in MZRW extract (after preparation), and in biological 

samples of rats after oral administration of MZRW. With computational analysis, 

we found that the identified compounds can be clustered as “component groups” 

according to chemical similarity. 5 representative compounds for the component 

groups were tested their effects on rat intestinal tract contractions. The relevant 
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biological targets and associated action paradigms were investigated. 

 

Materials and Methods 

Identification of compounds from MZRW 

Reagents and materials 

All the 6 herbal medicines contained in MZRW were supported and authenticated 

by Purapharm Company, Nanning department (Nanning, China). The reference 

standards of gallic acid, amygdalin, paeoniflorin, hesperidin, neohesperidin, 

naringin, magnolol, honokiol, aloe emodin, physcion, chrysophanol were 

purchased from Shanghai Yuan-Ye Bio-technology company (Shanghai, China). 

Emodin, rhein, albiflorin were purchased from the National Institute for the Control 

of Pharmaceutical and Biological Products (Beijing, China). The purity of all these 

reference standards was ≥98.0% (HPLC). HPLC grade of acetonitrile, methanol 

and formic acid were purchased from Merck (Darmstadt, Germany). Deionized 

water was purified by the Millipore water purification system (Millipore, Milford, 

MA, USA). All other reagents used were of analytical grade. 12 male Sprague-

Dawley rats (220-250 g) were kindly provided by the Experimental Animal Center 

of Hong Kong Chinese University (Hong Kong, China). The rats were bred in an 

environmentally controlled room (22 ± 2°C, relative humidity 50 ± 20%) with a 

natural light-dark cycle for 7 days before the experiment carried out. The animal 

study was carried out in accordance with the Guideline for Animal Experimentation 
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of Hong Kong. 

 

Instrumentation and analytical conditions 

Liquid chromatography Chromatographic analysis was performed on an Agilent  

1290 UPLC system, consisting of a 1290 binary pump solvent management system, 

an 1290 TCC, and an 1290 auto-sampler. A waters Acquity BEH C18 column (100 

mm×2.1 mm, 1.7µm) was employed and the column temperature was maintained 

at 40°C. The mobile phase was composed of A (0.1% formic acid in water) and B 

(0.1% formic acid in acetonitrile) using a gradient elution of 2-5% B at 0-2.5 min, 

5-35% B at 2.5-10 min, 35-75% B at 10-14 min, 75-100% B at 14-16 min, 100% B 

at 16-20 min, 100-2% B at 20-20.1 min and 2% B at 20.1-24 min with a flow rate 

set at 0.40 mL/min. The auto-sampler was conditioned at 4°C and the injection 

volume was 3 µL.  

 

Mass detections were performed using an Agilent 6540 Quadruple-Time of flight 

mass spectrometer (6540 Q-TOF-MS，Agilent Technologies, Santa Clara, CA, 

USA ) equipped with an AJS electrospray ionization source (ESI). The ESI source 

was set in negative ionization mode. The parameters in the source were set as 

follows: Gas temperature, 300°C; gas flow, 8.0 L/min; nebulizer, 45 psi; sheath gas 

temperature, 350°C; sheath gas flow, 8.0 L/min; capillary voltage, 3000 V; nozzle 

voltage, 500 V; fragmentor voltage, 150 V; Oct RFV, 600 V; and skimmer voltage 

65.0 V. charging, 3000 V; The operations, acquisition, and data analysis were 
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operated under MassHunter Acquisition Software Version B.06.00 (Agilent 

Technologies). Accurate mass of all mass peaks were measured and recorded with 

a full scan mode set at a mass range from m/z 100 to 1700. The molecular masses 

of the precursor and product ions were accurately determined with a reference 

compound leucine-enkephalin ([M-H]-, m/z 554.2615) in the LockSpray mode. 

Reference masses 966.00072500 and 112.98558700 in negative ionization mode. 

 

To optimize signals and obtain maximal structural information, the Q-TOF MS/MS 

scan was also conducted. The energies for collision-induced dissociation (CID) 

were set at two fixed collision energies of 15 and 35 V, other Q-TOF fragmentation 

parameters were the same as those for Q-TOF MS, and data were also acquired over 

a mass range from m/z 100 to 1700.  

 

Preparation of MZRW herbal extract for administration 

Six pulverized herbal ingredients, Fructus Cannabis (892.9 g), Semen Armeniacae 

Amarum (446.4 g), Radix et Rhizoma Rhei (446.4 g), Fructus Aurantii Immaturus 

(223.2 g), Cortex Magnoliae Officinalis (267.9 g) and Radix Paeoniae Alba (223.2 

g) were mixed together and decocted with 8-flod volumes of water (1：8，w/v) for 

2.5 h, then the decoction was filtered. The filtered decoction was concentrated by 

rotary evaporation under vacuum at 55°C. The residue was then freeze dried. 

Finally, the dried residue was dissolved in water to obtain MZRW oral solution with 

a concentration of 0.5 g/mL.  



65 

 

In vivo study 

Twelve male Sprague-Dawley (SD) rats, weighing 250-300 g, were fasted for 12 h 

with free access to water before experiments. The rats were randomly divided into 

two groups. One group was for plasma collection, and the other group for feces 

sample collection. Blood and feces samples before administration of each rat were 

collected for self-control study. Single dosage of MZRW oral solution was orally 

administered to each rat at a dose of 1g /100 g bodyweight. Then blood samples of 

about 500 µL were collected at 15 min, 30 min and 3 h after administration by 

cutting tail. Feces samples were collected in 12 h after administration by metabolic 

cages. The blood samples were then centrifuged at 5000 rcf for 5 min to obtain 

plasma samples, which were frozen immediately and stored at -20ºC until analysis; 

meanwhile, the feces sample were directly stored at 20 ºC until analysis.  

 

Sample preparation  

MZRW dried extract was accurately weighted and dissolved in 70% methanol-

water (30 mg/mL, w/v) following with ultrasonic extraction at room temperature 

for 30 min. Then the extract solution was centrifuged at 13000 rcf for 10 min. The 

supernatant was injected for components identification of MZRW.  

 

Reference compounds of gallic acid, amygdalin, paeoniflorin, hesperidin, 

neohesperidin, naringin, magnolol, honokiol, aloe emodin, physcion, chrysophanol, 
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emodin, albiflorin and rhein were accurately weighted and dissolved in methanol 

to give a stock solution of 200 µg/ml. Then mixed standard solution of this 14 

compounds at 5 µg/ml were prepared for the confirmation of compounds in MZRW. 

 

Rat plasma sample (300 µL) was added to a 1.5 mL Eppendorf tube. Then extraction 

was performed by adding 700 µL methanol to precipitate protein and extract 

components from the plasma. The sample was vortexed for 2 min, and then 

centrifuged for 10 min at 13000 rcf. The supernatant was transferred into another 

Eppendorf tube and dried under a flow of nitrogen gas. The residue was re-

constituted in 100 µL methanol solutions, and centrifuged (13000 rcf for 10 min). 

The supernatant was transferred to an auto-sampler vial, 3 µL was injected into the 

UPLC-MS/MS system for analysis. 

 

Feces samples were accurately weighted and mixed with normal saline as 1g/2ml. 

Then ultrasonic extraction (30min at room temperature) was conducted to extract 

the components in feces. The mixed solution was then centrifuged. 3µL supernatant 

was injected for LC-MS/MS analysis. 

 

Testing effects of compounds on colonic smooth muscle contractions 

Adult Sprague-Dawley male rats (250 - 300 g) were obtained from Guangdong 

Medical Laboratory Animal Centre. Rats were kept on a 12 h light/dark cycle at 

23±2 °C with free access to food and water. Experimental protocols were approved 
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by the Committee on Use of Human - Animal Subjects in Teaching and Research, 

Hong Kong Baptist University, China. Emodin, Naringin, Amygdalin, Albiflorin 

and Honokiol were purchased from Shenzhen ChemStrong Scientific Co.,Ltd. The 

purity of the drugs were equal or above 99%. The drugs were dissolved in DMSO 

and the final concentration of DMSO in solution were limited in 1‰. 

 

The rats were euthanized with CO2, and a 4-cm long segment of distal colon was 

dissected out. The content of the colonic segment was flushed with Krebs solution 

and then cut into 4 segments, each 1 cm in length. Each segment was mounted 

longitudinally and the contraction of longitudinal smooth muscle was recorded. 

Briefly, the lower end of the colonic segment was tied with a holder at the bottom 

of the organ bath, while the upper end was connected to an isometric force 

transducer with a silk thread (Braided silk wax, US 5/0, Pearsalls Ltd., UK) for 

recording mechanical activity. Colonic contractions were recorded. The segment 

was bathed in an oxygenated (95%O2 -5% CO2) Krebs solution at 37 oC. Krebs 

solution contained (in mM) 119 NaCl, 4.5 KCl, 1.2 MgCl2, 25 NaHCO3, 1.2 

KH2PO4, 2.5 CaCl2 and 11.1 Glucose. The colonic segments were equilibrated for 

1 hour. During the equilibration period, the segment was rinsed every 20 min with 

Krebs solution and the basal tension was maintained.  

 

The amplitude (g) of contractions was calculated by similar method described 

before4. 
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Targets analysis of MZRW representative compounds 

Referenced targets analysis 

For each of the representative compounds of MZRW, the corresponding biological 

targets were searched from BindingDB (https://www.bindingdb.org)5-7. These 

reported targets were manually checked and curated by searching relevant 

references from PubMed. Full-text of publications were retrieved and read by one 

expert. If no relevant publications were founds with that target, it was removed from 

the referenced targets list. If relevant publications were found, the associated 

bioactivity data were also gathered.  

 

Predicted targets analysis 

The targets of MZRW representative compounds were predicted by the MOST 

method8. Based on the bioactivity type, the pKi, pIC50, and pEC50 datasets were 

generated from the CHEMBL20 database9 by using procedures described in 

previous work8. The machine learning model was training with dataset from 

CHEMBL19 and the performance of prediction were summarized in Table S3. For 

each compound, the SMILES string was used for dataset searching. The results 

were filtered by the following criterions: Tc≥0.45 and p<0.05.  

 

Target-constipation link analysis 

For all the referenced and predicted targets, their links with constipation were 

https://www.bindingdb.org/
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validated by PubMed searching. The following key words were used: “[target gene 

symbol or full name] AND constipation”. If no relevant publications can be found, 

that target was removed.  

 

Results  

Identification of compounds in MZRW extract, and in rat plasma and feces 

after oral administration of MZRW 

In total, 97 compounds were identified by UPLC-QTOF-MS/MS in MZRW extract 

(Table 3.1), suggesting that thousands of compounds could be overestimation of 

herb components after preparation. Among them, 7 were from HMR, 48 were from 

DH, 3 were from KXR, 14 were from BS, 10 were from HP, and 15 were from ZS 

(Fig. 3.1a, Table 3.1). We also identified the compounds in rat plasma and feces 

samples after oral administration: 34 compounds can be found in rat plasma, and 

10 can be found in rat feces (Fig. 3.1b). 9 compounds were commonly identified in 

rat plasma and feces, while only 1 (rhein) was only found in feces (Fig. 3.1b). 

Compounds found in biological samples suggest they may related with modulation 

of biological functions. The remaining compounds may be too less to be detected, 

or they may be transformed into other forms.  
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Figure 3.1 | Identification of compounds of MZRW in extract and biological samples and 

selection of representative compounds. (a) Number of identified compounds by herds. (b) 

Number of identified compounds by extract, and biological samples. (c) Clustering analysis 

of identified compounds based on chemical similarity. Component groups were highlighted 

by yellow rectangle. (d) PCA analysis of identified compounds according to chemical 

similarity. (e) Representative compounds of component groups.  
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Table 3.1 | Compounds in MZRW extracts, and plasma and feces of rats with oral 

administration of MZRW 

No. Cmpd_Name Structure Herb 

Sourcea 

In 

Extract 

In 

Plasma 

In 

Feces 

1 (-)-Epicatechin-3-O-

gallate 

 

DH TRUE TRUE FALS

E 

2 (+)-catechin 

 

DH;BS TRUE FALSE FALS

E 

3 (+)-catechin-5-O-β-

D-glucopyranoside  

DH TRUE FALSE FALS

E 

4 1,2,3-benzenetriol 

 

BS TRUE FALSE FALS

E 

5 1,6-di-O-

galloylycerol-β-D-

glucopyranoside  

DH TRUE FALSE FALS

E 

6 1,8-

Dihydroxyanthraqui

none 

 

DH TRUE TRUE FALS

E 

7 10R-chrysaloin1-O-

β-D-glucopyranoside  

DH TRUE FALSE FALS

E 

8 1-O-galloyl-6-O-

cinnamoyl-β-D-

glucose  

DH TRUE FALSE FALS

E 

9 2-Acetylemodin 8-

O-β-D-glucoside  

DH TRUE FALSE FALS

E 

10 2,5-dimethyl-7-

hydroxychromone 

 

DH TRUE TRUE TRUE 

11 2-O-cinnamoyl-β-D-

glucose  

DH TRUE TRUE FALS

E 

12 2-O-p-coumaroyl-1-

O-galloy-β-D-

glucose  

DH TRUE FALSE FALS

E 
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13 4',5-

dihydroxyflavanone-

7-O-β-D-glucoside 

 

BS TRUE TRUE TRUE 

14 4''-hydroxyl-

albiflorin 
 

BS TRUE FALSE FALS

E 

15 5,7-dihydroxy 

flavanone-4'-O-β-D-

glucoside 

 

BS TRUE FALSE FALS

E 

16 6-methyl-rhein 

 

DH TRUE TRUE TRUE 

17 6'-O-

galloylalbiflorin 

 

BS TRUE FALSE FALS

E 

18 6-O-galloylglucose 

 

DH TRUE FALSE FALS

E 

19 6-O-galloylsucrose 

 

DH TRUE FALSE FALS

E 

20 Acteoside 

 

HP TRUE FALSE FALS

E 

21 Albiflorin 

 

BS TRUE TRUE FALS

E 

22 Aloe-emodin 

 

DH TRUE TRUE FALS

E 

23 Aloe-emodin-1-O-β-

D-glucopyranoside 

 

DH TRUE TRUE FALS

E 

24 Aloesone-7-O-β-D-

glucopyranoside  
DH TRUE FALSE FALS

E 

25 Amygdalin 

 

KXR TRUE TRUE FALS

E 

26 Apigenin 

 

HMR;Z

S 

TRUE TRUE FALS

E 
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27 Benzeneacetaldehyd

e  

HP TRUE TRUE TRUE 

28 Benzoic acid 

 

BS TRUE TRUE TRUE 

29 Benzoylpaeoniflorin 

 

BS TRUE FALSE FALS

E 

30 Cannabisin A 

 

HMR TRUE FALSE FALS

E 

31 Cannabisin B 

 

HMR TRUE FALSE FALS

E 

32 Cascaroside C 

 

DH TRUE FALSE FALS

E 

33 Cascaroside D 

 

DH TRUE FALSE FALS

E 

34 Cassialoin 

 

DH TRUE TRUE TRUE 

35 Chrysophanol 

 

DH TRUE TRUE FALS

E 

36 Chrysophanol-1-O-

β-D-glucopyranoside 

 

DH TRUE FALSE FALS

E 

37 Chrysophanol-8-O-

β-D-glucopyranoside  

DH TRUE FALSE FALS

E 

38 Citreorosein 

 

DH TRUE TRUE FALS

E 

39 Citrusin B 

 

ZS TRUE FALSE FALS

E 

40 Desoxyrhaponticin 

 

DH TRUE FALSE FALS

E 
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41 Desoxyrhapontigeni

n  

DH TRUE TRUE FALS

E 

42 Emodin 

 

DH TRUE TRUE FALS

E 

43 Emodin-8-O-β-D-

glucopyranoside 

 

DH TRUE FALSE FALS

E 

44 Epicatechin 

 

DH TRUE FALSE FALS

E 

45 Eriodictyol 

 

ZS TRUE FALSE FALS

E 

46 Gallic acid 

 

DH;BS TRUE FALSE FALS

E 

47 Gallic acid 3-O-β-D-

glucopyranoside 

 

DH TRUE FALSE FALS

E 

48 Gallic acid 4-O-β-D-

glucopyranoside 

 

DH TRUE FALSE FALS

E 

49 Glucogallin 

 

BS TRUE FALSE FALS

E 

50 Hesperetin 

 

ZS TRUE FALSE FALS

E 

51 Hesperetin-7-O-β-D-

glucoside  

ZS TRUE FALSE FALS

E 

52 Hesperidin 

 

ZS TRUE TRUE FALS

E 

53 Honokiol 

 

HP TRUE TRUE FALS

E 

54 Honokitriol; 

(7R*,8R*)-form 

 

HP TRUE TRUE TRUE 

55 Imperatorin 

 

ZS TRUE TRUE FALS

E 
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56 Inositol 

 

KXR TRUE TRUE TRUE 

57 Isomerazin 

 

ZS TRUE FALSE FALS

E 

58 Kaempferol 

 

DH TRUE FALSE FALS

E 

59 Kaempferol-3-O-

rhamnoside 

 

DH TRUE FALSE FALS

E 

60 laccaic acid D 

 

DH TRUE TRUE FALS

E 

61 Limonin 

 

ZS TRUE FALSE FALS

E 

62 Lindleyin 

 

DH TRUE FALSE FALS

E 

63 Linoleic acid 

 

HMR TRUE TRUE FALS

E 

64 Magnaldehyde D 

 

HP TRUE FALSE FALS

E 

65 Magnatriol B 

 

HP TRUE FALSE FALS

E 

66 Magnolignan A 

 

HP TRUE TRUE FALS

E 
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67 Magnolignan B; 7-

Deoxy 

 

HP TRUE FALSE FALS

E 

68 Magnolol 

 

HP TRUE TRUE FALS

E 

69 Melitidin 

 

ZS TRUE FALSE FALS

E 

70 Mudanpioside B 

 

BS TRUE FALSE FALS

E 

71 Mudanpioside E 

 

BS TRUE TRUE FALS

E 

72 Mudanpioside I 

 

BS TRUE FALSE FALS

E 

73 Naringenin 

 

ZS TRUE FALSE TRUE 

74 Naringin 

 

ZS TRUE TRUE FALS

E 

75 Neohesperidin 

 

ZS TRUE FALSE FALS

E 

76 Neoponcirin 

 

ZS TRUE FALSE FALS

E 

77 N-trans-

caffeoyltyramine  

HMR TRUE FALSE FALS

E 

78 Obovatol 

 

HP TRUE FALSE FALS

E 

79 Oleic acid 

 

HMR;K

XR 

TRUE TRUE FALS

E 

80 Paeoniflorin 

 

BS TRUE TRUE FALS

E 

81 Paeonin A 

 

BS TRUE FALSE FALS

E 

82 Physcion-1-O-β-D-

glucopyranoside  

DH TRUE FALSE FALS

E 
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83 Physcion-8-O-β-D-

gentiobioside 

 

DH TRUE FALSE FALS

E 

84 Physcion-8-O-β-D-

glucopyranoside 

 

DH TRUE FALSE FALS

E 

85 Piceatannol 

 

DH TRUE FALSE FALS

E 

86 Piceatannol 3-O-β-

D-glucopyranoside  

DH TRUE FALSE FALS

E 

87 Poncirin 

 

ZS TRUE FALSE FALS

E 

88 Procyanidin B-1 

 

DH TRUE FALSE FALS

E 

89 Procyanidin B-1-3-

O-gallate 

 

DH TRUE FALSE FALS

E 

90 Prunasin 

 

KXR TRUE TRUE FALS

E 

91 Rhein 

 

DH TRUE TRUE TRUE 

92 Rhein-8-O-β-D-

glucopyranoside  

DH TRUE TRUE FALS

E 

93 Sativic acid 

 

HMR TRUE FALSE FALS

E 

94 Sennoside A 

 

DH TRUE FALSE FALS

E 

95 Sennoside B 

 

DH TRUE FALSE FALS

E 

96 Sennoside C 

 

DH TRUE FALSE FALS

E 

97 Synephrine 

 

ZS TRUE FALSE FALS

E 
aHMR, Huo Ma Ren (Fructus cannabis); DH, Da Huang (Radix et rihizoma rhei); KXR, 

Ku Xing Ren (Semen Armeniacae Amarum); BS, Bai Shao (Radix paeoniae Albo); HP, 

Hou Pu (Cortex magnolia officinalis); ZS, Zhi Shi (Fructus aurantll immaturus). 
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Next we checked the chemical spaces of the identified 97 compounds. By 

calculating the fingerprint similarity and perform clustering analysis, these 

compounds were classified into hierarchical groups (Fig. 3.1c). In general, they are 

fatty acids and non-fatty acid compounds. The fatty acids, including linoleic acid, 

oleic acid, and sativic acid, are oil components from HMR. They could have 

lubricant laxative effect to help the stool to easily pass through the intestinal tract. 

For the non-fatty acid compounds, they can be further categorized into compounds 

with glucoside (e.g. albiflorin), and without glucoside (e.g. emodin) (Fig. 3.1c and 

3.1d). Very interestingly, these compounds were clustered into small groups. Within 

such group, the compounds are highly similar to each other in terms of chemical 

structure, and most of them are from the same herb. It is well-known that similar 

compounds are likely to have similar bioactivity profiles10, the clustered 

compounds provide us a way to simplify the chemical space and bioactive 

components of MZRW. Thus, we use the concept of “component group” to define 

the clustered compounds. Firstly, a component group contain compounds with 

highly similar structure, and most of the compounds are from the same herb. 

Secondly, due to similar bioactive profile, a component group can be treated as a 

whole in investigation of their pharmacological actions. Thirdly, the biological 

function of a component group can be demonstrated by a representative compound, 

which is abundant in herb, in formula extract, and in biological samples. 

 

With these definitions, we were able to locate five component groups, which are 
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from DH, KXR, BS, HP, and ZS (Fig. 3.1c), respectively. The component group 

from HMR were excluded, since they are fatty acids which are likely to have non-

pharmacological actions for FC. Five representative compounds were selected 

because of their high abundance: emodin for DH, amygdalin for KXR, albiflorin 

for BS, honokiol for HP, and naringin for ZS (Fig. 3.1e). These representative 

compounds were used to elucidate the pharmacological actions of MZRW. 

 

Effects of the representative compounds of MZRW on the contractions of rat 

GI segments 

A major part of FC patients are with symptom of slow colonic motility, which can 

be alleviated by MZRW treatment. Thus, we asked if the representative compounds 

have prokinetic effects or not? To that end, the rat colonic segments were used in 

organ bath experiments. 

 

Emodin (1 µM to 0.3 mM) concentration-dependently increased colonic smooth 

muscle contractions (Fig. 3.2a). Amygdalin (1 nM to 1 µM) concentration-

dependently increased colonic smooth muscle contractions (Fig. 3.2b). Albiflorin 

(1 µM to 30 µM) concentration-dependently increased colonic smooth muscle 

contractions while decreased the contraction at the dose range from 100 µM to 1 

mM (Fig. 3.2c). Honokiol (1 nM to 30 nM) concentration-dependently increased 

colonic smooth muscle contractions while decreased the contraction at the dose 

range from 300 nM to 100 µM (Fig. 3.2d). Naringin (1 nM to 100 nM) 
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concentration-dependently increased colonic smooth muscle contractions while 

decreased the contraction at the dose range from 1 µM to 1 mM (Fig. 3.2e). 

 

 

Figure 3.2 | Effects of MZRW representative compounds on spontaneous contraction of 

colonic smooth muscle in rats in vitro. Effects of emodin (a), amygdalin (b), albiflorin (c), 

honokiol (d), and naringin (e) on spontaneous contraction of colonic smooth muscle. Data 

are mean ± S.E.M (n = 4-6). Significant difference is indicated by *P<0.05 and **P<0.01 

compared with control. 
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These results suggested that all the five representative compounds have prokinetic 

effects in vitro. Among them, Albiflorin, honokiol, and naringin have biphasic 

effects: enhancing contractions at low dose, while inhibiting contractions at high 

dose. Next we asked, what’s the biological targets responsible for such prokinetic 

effect? 

 

Referenced and predicted targets of the representative compounds of MZRW 

We used two complementary approaches to investigate the prokinetic-relevant 

targets of representative compounds.  

 

Firstly, the targets of representative compounds were retrieved from the BindingDB 

(https://www.bindingdb.org)5-7, and curated manually, resulting in “referenced 

targets” (Table 3.2). No referenced targets can be found with amygdalin and 

albiflorin, while 7 targets for emodin (ESR111, ESR211, CSNK2A112, EPHX213, 

PTP4A314, LCK15, and ELANE16), while 7 targets for honokiol (PTGS117, PTGS217, 

ALOX517, CNR118, CNR218, GABAA
19, and RXR20), and 1 target for naringin 

(CYP19A121) were found (Table 3.4).  

 

  

https://www.bindingdb.org/
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Table 3.2 | Referenced targets of MZRW main compoundsa 

Herb Compound # of referenced 

targets 

Target Bioactivity data 

DH Emodin 7 ESR1 (ERα) Ki = 0.77 μM11 

ESR2 (ERβ) Ki = 1.5 μM11 

CSNK2A1 (CK2) IC50 = 0.89 μM12;  

Ki = 1.85 μM12 

EPHX2 (sEH) IC50 = 36.4 μM13 

PTP4A3 (PRL-3) IC50 = 3.5 μM14 

LCK IC50 = 18.5 μM15 

ELANE (HLE) IC50 = 52 μM16 

HP Honokiol 

 

7 PTGS1 (COX-1) IC50 = 1.8 μM17 

PTGS2 (COX-2) IC50 = 2.1 μM17 

ALOX5 (5-LOX) IC50 = 4.2 μM17 

CNR1 (CB1) Ki = 6.46 μM18  

CNR2 (CB2) Ki = 5.61 μM18 

GABAA EC50 ~ 23.4 to 59.6 

μM19 

RXR EC50 = 11.8 μM20 

ZS Naringin 1 CYP19A1 IC50 = 5.0 μM21 
aData extracted from BindingDB (https://www.bindingdb.org) 

 

Secondly, a computational method, namely MOST8, was used to predict the 

possible targets of representative compounds. The machine learning models of 

MOST were trained by datasets from CHEMBL19. The prediction accuracies for 

pIC50, pEC50, and pKi datasets are 73.5%, 80.4%, and 75.5%, respectively in 

temporal validation. Then, the representative compounds were searched against the 

datasets from CHEMBL20 and predictions were made. In general, 14 predicted 

targets for emodin, 10 predicted targets for amygdalin, 7 predicted targets for 

albiflorin, 7 predicted targets for honokiol, and 11 predicted targets for naringin 

were found (Table 3.3).  
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Table 3.3 | Predicted targets of MZRW main compounds by MOST 

Herb Compoun

d 

# of 

predicte

d targets 

Predicted targets Overlap with 

known 

targets 

DH Emodin 14 ESR2;ESR1;SRC;PIM1;IGF1R;PPA

RG;CYP1B1;MET;AKR1B1;ALOX

5;FLT3;CSNK2A1;AXL;TNKS2 

ESR1; 

ESR2;CSNK

2A1 

KXR Amygdali

n 

10 SLC5A4;ACHE;SLC5A1;P2RY14;S

LC5A2;CA14;CA12;CA2;CA9;CA1 

none 

BS Albiflorin 7 SLC5A4;SLC5A1;SLC5A2;CA12;C

A2;CA14;CA9 

none 

HP Honokiol 7 CYP19A1;ESR2;HSD17B2;HSD17

B1;ESR1;SLC22A6;MIF 

none 

ZS Naringin 12 ACHE;SLC5A4;AKR1B1;SLC5A2;

ADORA1;CA14;CA12;SLC5A1;CA

2;CA9;CA1 

none 

 

Table 3.4 | Referenced and predicted targets of MZRW representative compounds 

Herb Compound Referenced targetsa Predicted targetsb 

DH Emodin ESR111;ESR211;CSNK2

A112;EPHX213;PTP4A31

4;LCK15;ELANE16 

ESR2;ESR1;SRC;PIM1;IGF1R;P

PARG;CYP1B1;MET;AKR1B1;

ALOX5;FLT3;CSNK2A1;AXL;T

NKS2 

KXR Amygdalin None SLC5A4;ACHE;SLC5A1;P2RY1

4;SLC5A2;CA14;CA12;CA2;CA

9;CA1 

BS Albiflorin None SLC5A4;SLC5A1;SLC5A2;CA1

2;CA2;CA14;CA9 

HP Honokiol PTGS117;PTGS217;ALO

X517;CNR118;CNR218;G

ABAA
19;RXR20 

CYP19A1;ESR2;HSD17B2;HSD

17B1;ESR1;SLC22A6;MIF 

ZS Naringin CYP19A121 ACHE;SLC5A4;AKR1B1;SLC5

A2;ADORA1;CA14;CA12;SLC5

A1;CA2;CA9;CA1 
aData extracted from BindingDB (https://www.bindingdb.org) 
bPredictions were made by using MOST to search against the pKi/pIC50/pEC50 dataset 

from CHEMBL20. Positive bioactivity data was defined as pIC50/pEC50/pKi>6, while 

negative data was defined as pIC50/pEC50/pKi≦6. 

 

  

https://www.bindingdb.org/
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Next, we checked which biological targets (from both referenced and predicted 

targets) of MZRW representative compounds have direct links with the symptom 

of constipation. By searching with PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed/), 8 targets have been reported to be 

associated with constipation (Table 3.5). 
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Table 3.5 | Referenced and predicted targets correlated with constipation 

Target Full name Linked 

compounds 

Links with constipation 

ACHE acetylcholinesterase Amygdalin; 

Naringin 

The grade of ACHE expression in 

GI tissues correlates with eventual 

outcome and surgery requirement 

in patients with refractory 

constipation. More aggressive 

therapies are needed by patients 

with high-grade ACHE-positive 

distribution22. Acotiamide, a 

selective inhibitor of ACHE, was 

shown to stimulate GI motor 

activity in conscious dogs and 

approved for treatment of patients 

with functional dyspepsia23,24. 

ADORA1 adenosine A1 

receptor 

Naringin Highly selective A1 and A2A 

agonists induce constipation in 

rats25.  

CNR1 cannabinoid 

receptor 1 

Honokiol Activation of CNR1 receptors 

inhibits the transmission of 

excitatory enteric neurons, leading 

to reduction of motility26. The 

inverse agonist of CNR1, 

taranabant, increased intestinal 

transit and reduced abdominal pain 

in mice27. 

CYP19A1 cytochrome P450, 

family 19, 

subfamily A, 

polypeptide 1 

(aromatase) 

Honokiol; 

Naringin 

Aromatase is a key enzyme for the 

biosynthesis of estrogens28. 

Estrogen cause constipation in both 

female and male mice29. 

ESR2 estrogen receptor 2 Emodin; 

Honokiol 

ESR2 is expressed in rectal samples 

of all controls, and decreased in 

obstructed defecation patients 

enteric neurons and glial cells30. 

ESR2 is expressed in surface 

epithelial cells of proximal colon, 

and increased significantly during 

pregnancy in rats. ESR2 is 

implicated in constipation in 

pregnancy31. 

PTGS1 prostaglandin H2 

synthase 1 

Honokiol Patients with slow transit 

constipation (STC) have lower 
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PTGS1 protein and mRNA than 

controls32. 

PTGS2 prostaglandin H2 

synthase 2 

Honokiol Patients with STC have higher 

PTGS2 protein and mRNA than 

controls32. 

 

Taken together, we generated the drug-target-disorder network for MZRW (Fig. 

3.3). Albiflorin was not connected into this network since no target of albiflorin 

have been reported to be linked with constipation. For the remaining 4 compounds, 

emodin, amygdalin, honokiol, and naringin, they were linked with constipation 

through the 8 targets, which can be categorized into 5 signaling pathways: ACh, 

estrogen, prostaglandin, cannabinoid, and purine. All of these signaling pathways 

are involved in enteric modulation of gastrointestinal (GI) motility. 
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Figure 3.3 | The mechanism-of-action targets of MZRW representative compounds for 

constipation. The prokinetic effects of MZRW representative compounds can be explained 

by several targets. The compound is linked with biological target if it has reported (solid 

line) or predicted (dashed line) to be interacted with that target. All the biological targets 

have been reported to have links with constipation. Overall, these biological targets are 

belonging to the ACh signaling (red), estrogen signaling (orange), prostaglandin signaling 

(blue), cannabinoid signaling (green), and purine signaling (purple) pathways. 

 

  



88 

The multiple component groups, multiple targets pharmacology of MZRW for 

FC 

In western medicine (WM), the most classic paradigm of pharmacology is “one 

drug, one target, one disease pathway” mode (Fig. 3.4a). For example, in the case 

of MZRW, the component group from ZS, which is represented by naringin, act 

through ADORA1 receptor, modulate the purine signaling, and affect the 

constipation symptom (Fig. 3.3). However, the difference is, a single compound is 

used in WM, while the component group are used in TCM (Fig. 3.4b).  

 

The multi-target pharmacology is increasingly popular in WM due to its advantages 

in treating complex disease and in conferring drug resistance issues33. In such 

paradigm, a single compound is designed to act on multiple targets, either in the 

same pathway (sequential action), or in different pathway (parallel action) (Fig. 3.4c 

and 3.4e). We also found such pharmacological actions in MZRW. For example, the 

HP component, represented by honokiol, may affect both estrogen production 

(CYP19A1) and estrogen-induced transcriptional activation (ESR2) to improve 

constipation (Figs. 3.3 and 3.4d). Honokiol can also act on two independent 

pathways, including prostaglandin (PTGS1 and PTGS2) and cannabinoid (CNR1) 

to affect constipation (Figs. 3.3 and 3.4f).  
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Figure 3.4 | Wisdom of TCM pharmacology from the lesson of MZRW for FC. In the 

western medicine (WM), potent drugs or drug combinations (n<=3) are preferably used to 

act on single target, or multiple targets in single disease pathway, or multiple disease 

pathway (a, c, e, g, i). While in Traditional Chinese Medicine (TCM), the component 

group(s) comprised of a number of structurally similar, and weakly active compounds were 

used to execute pharmacology actions for specific diseases (b, d, f, h, j). More importantly, 

a TCM formula like MZRW, have all the pharmacological actions at the same time, which 

is rarely seen in WM. 
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In WM, the multi-target pharmacology can also be realized by drug combination: 

using two or three drugs to act on two or three targets, respectively. Such 

combination of pharmacological actions could also be sequential (Fig. 4g) or 

parallel (Fig. 4i). In the case of MZRW, the ZS component group represented by 

naringin, and the DH component group represented by emodin, act sequentially on 

the estrogen signaling pathway (Figs. 3.3 and 4h). Meanwhile, the KXR component 

group represented by amygdalin, and the DH component group represented by 

emodin can be seen as acting independently through ACh pathway and estrogen 

pathway, respectively (Figs. 3.3 and 4j). 

 

Discussion  

With multiple herbs and thousands compounds, to analyze the bioactive 

components and associated pharmacological actions of TCM formula was thought 

to be mission impossible. In this work, we proposed a hierarchical representation 

method to simplify the TCM formula MZRW. With 97 identified compounds from 

6 herbs, MZRW can be regarded as combination of several component groups, 

while each component group can be represented by a major compound. The three-

tier architecture of “herb-component group-representative compound” make it as 

reasonable way to study the molecular pharmacology of herb with its representative 

compound(s). It is also possible to study the herb-herb interaction at the molecular 
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level with this simplified model. 

 

We have found that several component groups (DH, HP, and ZS) could affect the 

constipation symptoms through modulating the estrogen signaling pathway. It has 

been found that FC is about two-times prevalent in women (17.4% (95% CI: 13.4-

21.8%)) than in men (9.2% (95% CI: 6.5-12.2%))34. Consistently, progesterone and 

estrogen are implicated in the development of constipation29,35-38. These evidences 

suggested that estrogen is implicated in the pathogenesis of FC. Since none of 

current approved FC therapies are targeting estrogen signaling, the lesson from 

MZRW provide the possibility to develop such novel therapies for FC in women. 

 

We noticed that both amygdalin (KXR component group) and naringin (ZS 

component group) act on ACHE to modulate the ACh pathway. The component 

group could be comprised of several weakly active compounds. By working 

together, they might modify the disease symptom as good as single potent drug in 

WM. 

 

We found that all the pharmacological action paradigms in WM can be found with 

MZRW. However, the most important thing is, MZRW have all these 

pharmacological actions at one time, which is rarely seen in any single drug or drug 

combination from WM. This may explain the advantage of TCM formula (e.g. 

MZRW) in treating complex disorders (e.g. FC).  
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Conclusion 

In this study, we developed the concept, namely “component group”, to get a 

simplified model for TCM formula MZRW. Using representative compounds of 

these component group, we investigated the pharmacological actions of MZRW 

herbs with experimental and computational approaches. Emodin from DH, 

amygdalin from KXR, albiflorin from BS, honokiol from HP, and naringin from ZS 

induce spontaneous contractions of rat colonic smooth muscle in vitro. Biological 

targets of the representative compounds are within ACh-, estrogen-, prostaglandin-, 

cannabinoid-, and purine signaling pathways, which explain the prokinetic effects 

of corresponding component groups and herbs. MZRW have the multiple 

component groups, multiple targets pharmacology for FC. 
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CHAPTER 4 : INVESTIGATIOIN OF THE UNIQUE 

PHARMACOLOGY OF MZRW FOR FUNCTIONAL 

CONSTIPATION: INTERFERENCES OF 

OLEAMIDE SIGNALING 

Abstract 

MaZiRenWan (MZRW), a herb formula from Traditional Chinese Medicine (TCM), 

has been used for constipation for more than 2,000 years. In the randomized, three-

armed, controlled clinical study for functional constipation (FC), MZRW 

demonstrated comparable efficacy with Senna during active treatment, both were 

better than placebo; and the efficacy was more sustainable with MZRW in follow-

up than with Senna and placebo. To dissect the unique pharmacology of MZRW, 

we studied the pre- and post-treatment serum samples of 85 FC patients with 

pharmacometabolomic analysis. Change of oleamide is negatively correlated 

(Pearson r = -0.59, p<0.001) with improvement of Complete Spontaneous Bowel 

Movement (CSBM) in MZRW group, but not in Senna or placebo group. Oleamide 

is up-regulated in FC patients compared with healthy controls, and it is likely 

increased overtime. MZRW significantly reduces the level of oleamide in FC 

patients. MZRW dose-dependently decreases oleamide in serum samples of 23 

healthy human volunteers in Phase I study. MZRW also decreases oleamide in 

normal mice serum, ileum, and colon, possibly via augmenting FAAH-mediated 

degradation. Collectively, our studies in human and mice reveal that MZRW 
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improves bowel movement in FC patients through promoting degradation of 

oleamide.  

 

Background 

People with mild or moderate FC can be easily treated by high-fiber or laxatives. 

Patients with severe FC require heavy investigations, special cares, and aggressive 

therapies. Several pharmacological therapeutics have been approved for FC, 

including anthraquinone, diphenyl mechanes or derivatives, 5-hydroxytryptamine 

receptor 4 (5-HT4) agonist, guanylate cyclase C receptor agonist, chloride channel 

type 2 activator, apical sodium bile acid inhibitors1. More than 50% FC patients are 

not satisfied with current therapies1, and alternative treatment approaches are 

needed. 

 

MaZiRenWan (MZRW), an herb formula from Traditional Chinese Medicine 

(TCM), has been used for constipation in China for about 2,000 years2. It is 

comprised of six herbs, including Fructus cannabis (Huo Ma Ren, HMR), Radix et 

rihizoma rhei (Da Huang, DH), Semen Armeniacae Amarum (Ku Xing Ren, KXR), 

Radix paeoniae Albo (Bai Shao, BS), Cortex magnolia officinalis (Hou Pu, HP), 

and Fructus aurantll immaturus (Zhi Shi, ZS)3. According the theory of Chinese 

Medicine, MZRW can enhance Qi movement, drain heat, unblock the bowel, and 

moisten the intestines3. However, the efficacy of MZRW required proofs from well-
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designed, randomized, placebo-controlled study, and the pharmacology of MZRW 

needs more scientific investigations.  

 

Our group have conducted several clinical studies to validate the efficacy of MZRW 

in FC patients of Hong Kong. It has been demonstrated that MZRW is better than 

placebo in phase I/II study recruiting 120 FC patients3. Recently, we have finished 

a larger clinical study including 291 FC patients, which is three-armed, randomized, 

and controlled4(Zhong et al. under review). In this study, MZRW demonstrated 

comparable efficacy with Senna during active treatment, both were better than 

placebo; and the efficacy was more sustainable with MZRW in follow-up than with 

Senna and placebo (Fig.4.1). These results suggest that MZRW could alleviates FC 

with or unique mechanism, which is quite different from that of stimulant laxative 

Senna or placebo. Our question is, what is this unique pharmacology of MZRW for 

FC? 
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Figure 4.1 | Changes of CSBM and responder rate by week (Zhong et al., under review). 

(a) Weekly CSBMs were recorded by patients in the stool and symptom diary. Error bars 

represented 95% confidence intervals. The MZRW group and Senna (Senna) group 

increased 2.2 and 2.0 mean CSBM/week from baseline during treatment, respectively 

(p>0.05). The mean CSBM/week of MZRW group was 1.6 at the 16th week during follow-

up, which was significantly higher than that of Senna group (0.6 CSBM/week) and placebo 

group (0.5 CSBM/week), with p<0.0005. The p values were calculated from 2-way 

ANOVA analysis and t-test (*, p<0.05, **, p<0.01). (b) Responder rate was defined as an 

increase ≥1 CSBM/week from baseline. The mean responder rate at the 8th week of the 

MZRW group was 68.0% during treatment, which was comparable to that of Senna 

(57.7%), with P=0.14 and superior to that of placebo group (33.0%), with p<0.005. A 

sustained effect was in favor of MZRW over Senna and placebo during the period of 

follow-up (p<0.0005). The responder rates during the follow up period were 47.4% in 

MZRW group, 20.6% in Senna group, and 16.5% in placebo group. The p values were 

calculated from fisher-exact test (*, p<0.05; **, p<0.01). CSBM = complete spontaneous 

bowel movement; MZRW = MaZiRenWan 
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Hypothesis 

We hypothesized that, some biomarkers might be specifically related with the 

efficacy of MZRW; identification of such biomarkers may help to elucidate the 

unique pharmacology of MZRW. To verify this hypothesis, we performed 

pharmacometabolomics study by analyzing pre-treatment and post-treatment serum 

samples of 85 FC patients, which are randomly selected from three-armed groups. 

We found a metabolic feature, which is later identified as oleamide, is significantly 

correlated with the efficacy of MZRW, but not Senna or placebo. The role of 

oleamide in FC, as well as how oleamide is regulated in FC patients and mice model 

were also investigated.  

 

Materials and Methods  

Subjects 

The study design, participants and recruitment, interventions and randomization, 

and outcomes, were described in a clinical study protocol published before5. In 

general, subjects were included if the following requirements are met: 1) diagnosed 

as FC according to Rome III; 2) diagnosed as excessive pattern according to TCM; 

3) 18 to 65 years old; 4) CSBM≤ 2times/week; 5) severity of constipation ≥ 3 points 

(on a 7-point scale)6; 6) total symptom score ≥ 8 points (on a 7-point scale for 

constipation-related symptoms); 7) normal colonic examination (barium enema or 
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colonoscopy) within five years; 8) normal liver and renal function in blood test 

within 3 months. Subjects were excluded if they had 1) secondary constipation; 2) 

severe diseases; 3) abdominal surgery within one year; 4) history of allergy to 

Chinese herbal medicine; 5) psychiatric or addictive disorders requiring 

medications with side effects of constipation. Women with lactating or pregnancy 

were also excluded. Among the recruited patients, 90 (30 in each group), were 

randomly selected for the pharmcometabolomics study. 

 

Untargeted metabolomics analysis  

Chemicals and reagents 

Organic reagents (MS grade) for liquid chromatography tandem mass spectrum 

(LC-MS) analysis were purchased from Burdick & Jackson (Muskegon, MI, USA). 

Chemical standard oleamide and anandamide-d8 (AEA-d8) were purchased from 

Cayman Chemicals (Michigan, USA).  

 

Sample preparation 

The procedures of sample preparation were carried on referring to standard methods 

for metabolic profile7,8. Briefly, quadruple volume of methanol was added into 

samples, vortex-mixed for 30s and centrifuged at 12000 rpm for 10 min at 4 °C, 

then the supernatant was transferred into new tubes with 10 μL of internal standard 

(IS, 0.1 mg mL‒1 of 4-chlorophenylalanine solution) for LC-MS analysis. Quality 

control (QC) samples were prepared from a pooled mixture equally derived from 
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all samples and preprocessed following the same protocol.  

 

Instrumental conditions 

An Ultrahigh-performance liquid chromatography (UPLC, Agilent 1290 Infinity, 

USA) coupled to electrospray ionization (ESI) quadrupole time-of-flight mass 

spectrometer (Q-TOF MS, Agilent 6543, USA) was employed for metabolic 

profiling. A Waters ACQUITY UPLC BEH C18 column (1.7μm, 2.1mm×50mm, 

Waters Corporation, Milford, MA) was operated for serum metabolite separation. 

Two μL aliquot of each sample was injected into the column, which temperature 

was kept at 40 °C. The mobile phase consisted of water containing 0.1% formic 

acid (A) and acetonitrile containing 0.1% formic acid (B). The gradient program is 

from 30% B to 100% B with 0.35 mL min‒1 of flow rate within 10 min. Meanwhile, 

mass spectrometry detection was carried in both the positive and negative ion 

modes with a gas temperature at 300 °C, drying gas flow rate at 8 L min‒1, capillary 

voltage at 3000 V, fragment voltage at 150 V. The m/z range of acquisition was set 

from 80 - 1000. 

 

Pharmacometabolomics analysis 

The untargeted metabolomics data and patient CSBM data were gathered and 

analyzed by in-house python script. PCA and correlation analysis were calculated 

by scikit-learn module9. The results were ranked by the pearson r and p values. 
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Quantitative analysis of oleamide in specimens 

Preparation of standard solution 

Stock solution of oleamide was prepared at 5 mg mL‒1 in ethanol. The initial 

solution contained 10 μg mL-1 of oleamide, and it was diluted into different 

concentrations (39, 78, 156, 312, 625, 1250, 2500, 5000 ng mL-1) for calibration 

curves. As internal standards, the final concentration of AEA-d8 are prepared at1 

μg mL‒1 (Table 4.1). 

 

Table 4.1 | The MRM transitions and MS/MS parameters of oleamide and AEA-d8 

Name Prec Ion  Prod Ion Frag (V) CE (V) Polarity 

AEA-d8 356.3 63.1 120 16 positive 

Oleamide 282.2 247.4 120 10 positive 

 

Oleamide extraction 

The procedure of oleamide extraction in specimens was referred to a previous 

study10. Briefly, the same volume of acetone was mixed with 200 μL of serum, or 

tissues (precisely weighted 50 mg) were homogenized with five-fold volume of 

acetone for protein precipitation. After low temperature centrifugation (12000 rpm 

for 10 min), supernatants were collected and dried under a stream of nitrogen. 

Subsequently, oleamide was extracted with mixture of chloroform and methanol 

(2:1, v/v), and chloroform phases were evaporated to dryness under nitrogen, 

reconstituted in acetonitrile, and finally transferred to sampling tubes for further 

LC-MS analysis.  
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Instrumental conditions 

The detection was conducted using a liquid chromatography (Agilent LC 1290, 

USA) coupled to a triple-quadrupole mass spectrometer (Agilent QQQ-MS 6438, 

USA) in positive ESI mode with multiple reaction monitoring (MRM). 5 μL of each 

sample was injected onto a UPLC BEH C18 column and eluted using a linear 

gradient of deionized water (A) and acetonitrile (B) with the following program: 

70% to 100% B in 4.5 min, held at 100% B for 2 min, re-equilibration at 70% B for 

4 min. The investigated metabolites along with their specific MRM transitions, 

MS/MS parameters, and its ionic chromatography were shown (Table 4.1). The 

methodological evaluation consisting of accuracy, precision, stability, limit of 

detection and quantification was measured by using mid-concentration of standard 

and pooled human serum. 

 

Animal test 

Each mouse was located into an individual cage and separately recorded their 

cumulative fecal pellet number within 60 min and 120 min. Colonic transit time 

will be observed using a carmine red (prepared as a 6% solution in 0.5% 

methylcellulose). Mice without fasted beforehand were gavaged with the 10 μL/g 

of carmine solution at 9:00 a.m. The time from gavage to initial appearance of 

carmine in the feces will be recorded as the whole gastrointestinal transit time for 

that animal.  
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Results 

Change of oleamide is negatively correlated with improvement of CSBM in FC 

patients treated with MZRW in pharmacometabolomics analysis 

In the large clinical study to compare the efficacy of MZRW with that of Senna and 

Placebo, 291 FC patients were equally and randomly divided into three groups, 

which were treated by different therapies. For each patient, the complete 

spontaneous bowel movement (CSBM) as the major endpoint was recorded weekly 

from week 0 to week 18 (Fig. 4.2a). The drug treatment was started at week 2 and 

ended at week 10, while the remaining 8 weeks were follow-up period (Fig. 4.2a). 

If the improvement of CSBM of a patient (defined as the difference between CSBM 

at week 10 and week 0) is greater than 1, he or she is recognized as a responder. To 

investigate the mechanism-of-action of MZRW by serum pharmacometabolomic 

analysis, we randomly selected one third subjects from each group, and acquired 

their serum samples at week 0 (pre-treatment) and week 10 (post-treatment). Some 

patients were dropped out during the treatment period, finally, we had paired serum 

samples of 85 subjects: 30 in MZRW group, 31 in Senna group, and 24 in Placebo 

group (Table 4.2). The subjects in three groups are of comparable gender, age, and 

body weight index (BMI) (Table 4.3).  
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Table 4.2 | FC Patient information used in pharmacometabolomics analysis 

ID Group Age Sex 
BMI 

(kg/m2) 

CSBM 

Improvement 

(wk10) 

Respond

er 

(wk10) 

CSBM 

Improvement 

(wk18) 

Respond

er 

(wk18) 

73 
MZR

W 
45 M 25.2 3 1 3 1 

19

5 

MZR

W 
53 M 25.6 3 1 3 0 

19 
MZR

W 
43 M 23.4 5 1 5 0 

19

4 

MZR

W 
60 M 21.3 5.5 1 5.5 1 

10

2 

MZR

W 
47 F 21.7 6 1 6 1 

11

3 

MZR

W 
43 F 23.4 1.5 1 1.5 1 

60 
MZR

W 
60 F 24.2 4 1 4 1 

87 
MZR

W 
47 F 22.7 4 1 4 1 

11

2 

MZR

W 
44 F 19.5 0 0 0 0 

14 
MZR

W 
47 F 20.3 2 1 2 0 

33 
MZR

W 
34 F 22.9 0 0 0 0 

14

5 

MZR

W 
25 F 18.7 4 1 4 1 

11

6 

MZR

W 
52 F 19.5 4 1 4 1 

12

3 

MZR

W 
50 F 25.6 1.5 1 1.5 0 

91 
MZR

W 
58 F 20.8 2 1 2 1 

88 
MZR

W 
39 F 21.8 2 1 2 1 

18

9 

MZR

W 
43 F 22.8 4 1 4 1 

19

0 

MZR

W 
51 F 24.2 5.5 1 5.5 1 

90 
MZR

W 
54 F 21.6 2.5 1 2.5 1 

70 
MZR

W 
27 F 21.4 3 1 3 0 
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93 
MZR

W 
43 F 24.2 3 1 3 1 

5 
MZR

W 
31 F 15 2 1 2 1 

11

8 

MZR

W 
42 F 25.3 3 1 3 0 

11 
MZR

W 
28 F 21.3 1.5 1 1.5 0 

89 
MZR

W 
49 F 20 3 1 3 1 

36 
MZR

W 
33 F 18.4 1 0 1 0 

52 
MZR

W 
46 F 19.2 0.5 0 0.5 0 

15

3 

MZR

W 
40 F 24.2 3 1 3 1 

18

8 

MZR

W 
49 F 21.9 1.5 1 1.5 1 

10

1 

MZR

W 
53 F 20.7 5 1 5 1 

83 Senna 59 M 23.4 0.5 0 0.5 0 

92 Senna 40 M 20.1 4.5 1 4.5 1 

27 Senna 60 F 21.1 3 1 3 0 

19

1 
Senna 42 F 24.5 0.5 0 0.5 0 

30 Senna 49 F 21.5 4.5 1 4.5 1 

47 Senna 58 F 20.5 2 1 2 0 

78 Senna 46 F 23 -0.5 0 -0.5 0 

14

0 
Senna 51 F 21.5 0 0 0 0 

63 Senna 52 F 24.3 0.5 0 0.5 0 

59 Senna 57 F 23.8 3 1 3 0 

10

0 
Senna 50 F 24.7 3.5 1 3.5 0 

4 Senna 42 F 19.8 1 0 1 0 

7 Senna 33 F 18.6 2 1 2 0 

42 Senna 39 F 18.3 3 1 3 0 

11

5 
Senna 54 F 25.2 3.5 1 3.5 1 

28 Senna 41 F 20.5 4.5 1 4.5 1 

10

4 
Senna 35 F 20.5 6 1 6 1 

81 Senna 43 F 21.4 1.5 1 1.5 0 
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18

4 
Senna 37 F 24.8 1.5 1 1.5 0 

10

3 
Senna 61 F 20.4 3.5 1 3.5 1 

75 Senna 51 F 23.8 5 1 5 1 

95 Senna 44 F 22.3 2 1 2 0 

19

2 
Senna 63 F 22.7 2 1 2 1 

50 Senna 59 F 24.4 5 1 5 0 

12

2 
Senna 35 F 16.9 4.5 1 4.5 0 

8 Senna 45 F 18.6 2.5 1 2.5 1 

9 Senna 51 F 22.4 6 1 6 1 

64 Senna 43 F 21.1 2.5 1 2.5 0 

25 Senna 29 F 15.4 2 1 2 1 

77 Senna 61 F 20.3 4.5 1 4.5 1 

18

5 
Senna 24 F 17 3 1 3 1 

13

3 

Placeb

o 
57 M 22 1 0 1 0 

43 
Placeb

o 
58 M 25 0 0 0 0 

41 
Placeb

o 
24 M 18 0 0 0 0 

46 
Placeb

o 
48 F 21.6 2 1 2 1 

29 
Placeb

o 
56 F 21.8 5.5 1 5.5 0 

37 
Placeb

o 
42 F 22.9 4.5 1 4.5 0 

19

3 

Placeb

o 
23 F 20 -1 0 -1 0 

74 
Placeb

o 
55 F 19.2 -1 0 -1 0 

71 
Placeb

o 
64 F 25.2 0.5 0 0.5 0 

22 
Placeb

o 
23 F 21.1 1 0 1 0 

12

6 

Placeb

o 
43 F 20.1 1 0 1 0 

12

4 

Placeb

o 
27 F 21.6 6 1 6 0 

19

6 

Placeb

o 
57 F 22.6 1 0 1 0 
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18 
Placeb

o 
57 F 24.2 2 1 2 1 

79 
Placeb

o 
54 F 25.9 2.5 1 2.5 0 

23 
Placeb

o 
52 F 22.4 0 0 0 0 

26 
Placeb

o 
26 F 21 1 0 1 0 

55 
Placeb

o 
45 F 18.4 0 0 0 0 

13

5 

Placeb

o 
43 F 20.3 -1 0 -1 0 

18

3 

Placeb

o 
20 F 17.3 1 0 1 0 

18

2 

Placeb

o 
48 F 19 0 0 0 0 

13

4 

Placeb

o 
56 F 21.2 1 0 1 0 

84 
Placeb

o 
55 F 24 4.5 1 4.5 0 

85 
Placeb

o 
37 F 25.2 0 0 0 0 
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Figure 4.2 | Pharmacometabolomics analysis about change of oleamide and improvement 

of CSBM in three-armed, randomized, controlled clinical study. (a) Study design to 

investigate metabolic biomarker associated with treatment efficacy in FC patients. Patients 

with paired serum samples were divided into three groups based on different treatment 

approaches: Placebo group (n=24), Senna (Senna) group (n=31), and MZRW group (n=30). 

For all patients, the serum samples were acquired before- and after treatment, at week 0 

and week 10, respectively. Meanwhile, number of complete spontaneous bowel movements 

per week (CSBM) for each patient were also recorded at the same time point, as well as at 

week 18. (b) The phamacometabolomics analysis procedures of FC patients treated with 

different therapies. Metabolic features which are significantly and specifically associated 

with MZRW treatment were selected after calculations. (c) One metabolic feature (ID: 268) 

was found to be negatively correlated (pearson r=-0.59, p<0.001) with change of CSBM 

(∆CSBM) in MZRW group, but not in Senna- or placebo group. (d) According to 

mass:charge ratio (m/z) and mass, feature 268 was identified as oleamide in HMDB. 
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During the treatment period, patients in MZRW group and Senna group were with 

similar respond rate, both were better than that of Placebo group. While in the 

follow-up period, the respond rate of MZRW group was much better than that of 

Senna and Placebo group (Table 4.3). These results suggested that different 

mechanism-of-actions might be with MZRW for FC, making the efficacy of MZRW 

were more sustainable.  

 

Table 4.3 | Statistics of FC patients with paired serum samples pre- and post-treatment 

Treatment Patient # Age 
BMI 

(kg/m3) 

Responder rate (%) 

wk10a wk18b 

MZRW 
30 

(M, 4; F, 26)c 
44.5±9.4 21.9±2.5 86.7 63.3 

Senna 
31 

(M, 2; F, 29) 
46.9±10.2 21.4±2.6 80.6 41.9 

Placebo 
24 

(M, 3; F, 21) 
44.6±13.7 21.7±2.4 29.2 0.08 

aResponder rates at wk10 in MZRW group and Senna are significantly higher than it in 

placebo group (p<0.0001), while there is no statistical difference between MZRW- and 

Senna group. 
bResponder rate at wk18 in MZRW group is significantly higher than it in Senna (p<0.01) 

and placebo (p<0.0001) group. 
cM, male; F, female. 

 

Our question is, which metabolite change can explain the unique pharmacology of 

MZRW? More specifically, which metabolite alteration is correlated with CSBM 

improvement of FC patients treated with MZRW, but not with Senna or with 

Placebo? To that end, untargeted metabolomic analysis were performed for the 

paired serum samples of 85 subjects. In total, 2,073 metabolic features were found 

in positive mode, while 638 were found in negative mode. Interestingly, no 

significant change of whole metabolic profile can be observed between pre-
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treatment and post-treatment according to principle component analysis (PCA) (Fig. 

4.3) in three treatment groups.  

 

 

Figure 4.3 | Principle component analysis (PCA) of serum metabolomic features for FC 

patients under different treatment approaches: MZRW (blue), Senna (Senna, orange), and 

Placebo (black). (a) PCA analysis for metabolic features detected in positive mode. (b) PCA 

analysis for metabolic features detected in negative mode. For both modes, the patients 

samples acquired at pre-treatment phase are represented by open markers, while patients 

samples acquired at pre-treatment phase are represented by close markers. 

 

The alteration of individual metabolite was calculated as log2 fold change (log2fc) 

between week 10 sample and week 0 sample from the same patient (Fig. 4.2b). 

Meanwhile, the CSBM improvement of this patient was also calculated (Fig. 4.2b). 

For each treatment group, the correlation analysis were performed between 

metabolite alteration and CSBM improvement for the 2,711 metabolic features (Fig. 
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4.2b). The metabolite of which alteration is significantly correlated (defined as 

p<0.01) with CSBM improvement in MZRW treatment group, but not significantly 

correlated with CSBM improvement in Senna or Placebo group were selected 

(Table 4.4).  
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Table 4.4 | Metabolic features significantly correlated with CSBM improvement in FC 

patients treated by MZRW, Senna and Placebo 

Mode Feature 

ID 

Mass 

(Da) 

Identification 

with METLINa 

Correlation coefficientb 

MZRW Senna Placebo 

Positive 268 281.2707 Oleamide 

(CAS: 301-02-

0) 

-0.59 

(5.7E-4) 

-0.087 

(6.4E-1) 

-0.16 

(4.5E-1) 

112 171.1609 Decanamide 

(CAS:2319-29-

1) 

-0.53 

(2.7E-3) 

-0.15 

(4.3E-1) 

-0.070 

(7.4E-1) 

211 249.1693 Extraneous hits -0.50 

(5.2E-3) 

-0.069 

(7.1E-1) 

-0.033 

(8.8E-1) 

39 118.0771 2,4-

diaminobutyric 

acid  

(CAS:1758-80-

1) 

-0.48 

(6.7E-3) 

-0.033 

(8.6E-1) 

-0.055 

(8.0E-1) 

1423 719.9256 No hits -0.47 

(9.1E-3) 

-0.11 

(5.6E-1) 

-0.070 

(7.5E-1) 

328 309.3022 Oleoyl Ethyl 

Amide 

(CAS:85075-

82-7) 

-0.47 

(9.3E-3) 

0.11 

(5.6E-1) 

0.13 

(5.5E-1) 

Negative 
241 413.2593 

Extraneous hits -0.55 

(1.8E-3) 

0.022 

(9.1E-1) 

0.12 

(5.7E-1) 

625 930.8385 
No hits -0.53 

(2.9E-3) 

0.064 

(7.3E-1) 

0.15 

(4.9E-1) 

476 640.7291 
No hits -0.50 

(4.8E-3) 

0.031 

(8.7E-1) 

0.081 

(7.1E-1) 

451 618.7468 
No hits -0.49 

(5.7E-3) 

0.094 

(6.1E-1) 

0.14 

(5.1E-1) 

189 357.196 
Extraneous hits -0.48 

(7.0E-3) 

-0.036 

(8.5E-1) 

-0.011 

(9.6E-1) 

223 389.2561 

N-Oleoyl 

Taurine (CAS: 

52514-04-2) 

-0.48 

(7.3E-3) 

0.072 

(7.0E-1) 

-0.024 

(9.1E-1) 

461 629.7379 
No hits -0.46 

(9.7E-3) 

0.020 

(9.1E-1) 

-0.012 

(9.5E-1) 

368 559.3425 
No hits 0.46 

(9.9E-3) 

0.051 

(7.9E-1) 

-0.20 

(3.6E-1) 

435 608.3823 
Extraneous hits 0.48 

(7.4E-3) 

0.034 

(8.6E-1) 

-0.25 

(2.4E-1) 
aMETLIN, Metabolite and tandem MS database (https://metlin.scripps.edu) 
bData expressed in pearson r (p value) 

https://metlin.scripps.edu/
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Of the 15 metabolic features which satisfied such requirement, only 5 were matched 

with endogenous metabolites in the Metabolite and Tandem MS Database 

(https://metlin.scripps.edu) (Table 4.3). One of them, which was unambiguously 

matched with oleamide, raised our attention. It is the metabolite feature of which 

alteration is most negatively correlated with CSBM improvement in MZRW group 

(person r = -0.59, p=5.7E-4), but not changed in neither Senna nor Placebo group 

(Fig. 4.2c and d). Furthermore, we confirmed this finding with targeted metabolic 

analysis with oleamide standard (Fig. 4.4). Taken together, alteration of oleamide 

is significantly and specifically correlated with the CSBM improvement 

(therapeutic efficacy) of MZRW. 

 

 

Figure 4.4 | Correlation analysis between change of oleamide (targeted quantification) and 

CSBM improvement. Placebo, black; Senna, orange; MZRW, blue. 

 

Oleamide is elevated in FC patients, while it is down-regulated by MZRW 

treatment 

Next we asked, what is the role of oleamide in FC? Firstly, we compared the serum 

level of oleamide in FC patients and healthy controls. Very interestingly, oleamide 
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level in FC patients serum samples is higher than that of in healthy controls samples 

(2.520 (2.087:2.954) µg/mL vs. 1.926 (1.485:2.367) µg/mL, p=0.048) (Fig. 4.5a), 

suggesting that oleamide is associated with the symptoms of FC. Secondly, 

oleamide has been reported to cause slow intestinal motility in mice11. These facts 

indicated that, elevated oleamide is not only correlated, but involved in the 

pathogenesis of FC. 
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Figure 4.5 | The serum levels of oleamide in healthy controls and FC patients. (a) Serum 

oleamide levels in healthy controls and FC patients were determined and compared with 

unpaired, two-tail, Student t-test (*, p<0.05). (b) Serum levels of oleamide pre-treatment 

(wk0) and post-treatment (wk10) in FC patients treated with Placebo, Senna (Senna), and 

MZRW. Statistical differences were analyzed by paired, two-tail, Student t-test. (c) 

Percentage of serum oleamide alterations in FC patients treated with Placebo, Senna, and 

MZRW. (d) Number of FC patients with different changes of oleamide (up- or down-

regulated) treated with Placebo, Senna, and MZRW. 
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With the quantitative data, we also compared the oleamide level between pre-

treatment (week 0) and post-treatment (week 18) serum samples of FC patients. 

Interestingly, in the Placebo group, the oleamide level is merely increased (from 

2.190 (1.783:2.597) µg/mL to 2.621 (2.022:3.221) µg/mL), if not significantly 

(p=0.097), in 10 weeks (Fig. 4.5b). For the Senna group, the oleamide level is not 

changed over 10 weeks (from 2.272 (1.957:2.587) µg/mL to 2.472 (2.092:2.851) 

µg/mL, p=0.357) (Fig. 4.5b). However, for the MZRW group, the oleamide level is 

significantly reduced (from 3.038 (2.562:3.513) µg/mL to 2.122 (1.838:2.405) 

µg/mL, p<0.0001) (Fig. 4.5b). Furthermore, we also analyzed the relative change 

of oleamide during treatment (Placebo, 37.46 (-11.24:86.16) %; Senna, 20.85 (-

1.013,:42.72) %; MZRW, -24.83 (-34.41:-15.25) %) (Fig. 4.5c). Consistently, 25 

out of 30 subjects in MZRW group were with down-regulation of oleamide; while 

more than half subjects in Placebo and Senna group were with up-regulation of 

oleamide (Fig. 4.5d). Combined together, these results suggested that oleamide 

could be accumulated over time in FC patients, while MZRW treatment causes 

down-regulation of oleamide in FC patients. 

Oleamide induces slow intestinal motility, which is rescued by MZRW 

treatment in mice 

Next we tested if MZRW can antagonize the slow intestinal motility induced by 

oleamide. Consistent with former findings11, the fecal pellet number in 2h of mice 

injected (i.p.) with oleamide (10 mg/kg) is significantly lower than that of control 

group (1.9 (95%CI: 0.9, 2.9) vs 6.0 (95%CI: 3.8, 8.2), p<0.05) (Fig. 4.6). While for 
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mice treated with MZRW after oleamide injection, the fecal pellet number is 

significantly increased (Fig. 4.6). In particular, the fecal pellet number of mice 

treated with low dose MZRW (10 g/kg) is 5.0 (95%CI: 1.3, 8.7), and the number is 

6.4 (95%CI: 4.6, 8.1) for mice treated with high dose MZRW (20 g/kg) – both are 

significantly higher than that of oleamide-only group (p<0.05 and p<0.01, 

respectively). No significant differences were found between the control group and 

the MZRW low dose-treatment or MZRW high dose-treatment group (Fig. 4.6). 

These data indicate that MZRW attenuates oleamide-induced slow intestinal 

motility in mice.  

 

Figure 4.6 | MZRW attenuates oleamide-induced slow GI motility in mice. Mice were 

equally divided into four groups (n=8/group). The control group were intraperitoneal (i.p.) 

injected with blank solution (5% EtOH), while the remaining groups were injected with 

oleamide (10 mg/kg in 5% EtOH), at 30 min before MZRW treatment. During MZRW 

treatment, the control group and oleamide-only group were orally administrated with saline 

water, while the remaining two groups were administrated with MZRW low dose (10 g/kg) 

and MZRW high dose (20 g/kg), respectively. From the beginning of drug treatment, the 

fecal pellet number of mice were recorded every 30 min in 2h. The accumulated fecal pellet 

number were calculated and the statistical differences were evaluated by One-Way ANOVA 

and Student t-test with Prism 6 (*, p<0.05; **, p<0.01). 
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MZRW down-regulates oleamide through enhancing FAAH-medicated 

degradation  

We have demonstrated that MZRW down-regulates oleamide in FC patients and 

rescues oleamide-induced slow intestinal motility in mice. However, how MZRW 

regulates oleamide, in terms of biological mechanism, remains unclear.  

 

Firstly, we found that MZRW can dose-dependently down-regulate the oleamide 

level in healthy human volunteers (Fig. 4.7a). Secondly, in normal mice, MZRW 

increases colonic motility in terms of fecal pellet output (Fig. 4.7b). Thirdly, 

compared with saline, MZRW treatment reduces oleamide in serum, ileum, and 

colon samples of normal mice (Fig. 4.7c). By using PCR analysis, the mRNA and 

protein level of fatty acid amide hydrolase (FAAH) in ileum and colon tissues was 

found to be up-regulated (Fig. 4.7d and e). These results suggested that MZRW 

down-regulates oleamide through augmentation of FAAH-mediated degradation. 
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Figure 4.7 | MZRW down-regulates oleamide through enhancing expression of FAAH. (a) 

In phase I study, 23 healthy volunteers were randomly grouped and administrated with low- 

(n=7), middle- (n=8), and high (n=8) dose of MZRW. MZRW dose-dependently down-

regulated oleamide level in healthy human serum samples, at 0.25 h after administration. 

(b) Mice were treated by MZRW and saline (control group). The fecal pellet number were 

recorded at 15, 30, 60, and 120 min. At each time point, the fecal pellet number in MZRW 

and control treatment group were compared with t-test (*, p<0.05). (c) Oleamide levels in 

serum, ileum, and colon tissues in normal mice treated by saline (control) and MZRW. (d) 

The mRNA expression of FAAH in ileum and colon tissues in normal mice treated by saline 

(control) and MZRW. (e) The protein expression of FAAH in colon tissues. 
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Discussion  

With multiple herbs, hundreds or thousands of active compounds, it is a challenging 

task to investigate the pharmacology of Chinese herb formula at the molecular level. 

System pharmacology with combined bioinformatics and experimental approaches 

is one of active fields to study the mechanism-of-action of Chinese herb formula. 

The breakdown of herbs brings paradigm of “multiple compounds, multiple targets” 

to explain the efficacy of herb formula. However, it is hard to test the individual 

contribution (sometimes is trivial) of each compound and the synergistic effects 

from numerous combinations of them. Recently, ‘omics’ techniques have been 

widely used for the pharmacology study, such as pharmacogenetics12, 

pharmacoproteomics13, and pharmacometabolomics14. With these new approaches, 

one may study the mechanism-of-action of drug efficacy and side effects. 

Furthermore, they can be also used to identify a predictor (gene, protein, or 

metabolite, etc.) to classify the heterogeneous patients and predict the drug response 

based on that predictor, consequently, to realize the personalized therapy14. 

 

Here, we used pharmacometabolomics to study the unique mechanism-of-action of 

MZRW, a Chinese herb formula of which efficacy for FC have been proved by two 

large-scale, randomized, controlled clinical studies. Combined serum 

metabolomics experiments and sophisticated data analysis, we successfully 

identified the oleamide of which alterations is significantly and specifically 

correlated with the efficacy (improvement of CSBM) of MZRW. Our study proved 
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that the efficacy of a herb formula with thousands of active compounds can still be 

represented by (if not all) by a single metabolite.  

 

As one of fatty acid amides (FAA), oleamide is known to cause slow intestinal 

motility in mice11. However, its role in human FC patients is still largely unknown. 

Our study revealed that the elevated oleamide could be involved in the pathogenesis 

of FC (Fig. 4.7a). Oleamide is also likely to be increased over time in FC patients 

by comparing the pre-treatment and post-treatment serum samples over 10 weeks. 

However, due to the drug intervention, even with the placebo, this finding was 

doubted and could be better validated in another observational study. 
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Figure 4.8 | Proposed working model for the unique pharmacology of MZRW in treating 

FC. (a) Up-regulation of oleamide is involved in the slow bowel movement in FC. (b) 

MZRW down-regulates the level of oleamide through enhancing FAAH-mediated 

degradation, thereby improves bowel movement. 

 

We found that MZRW treatment decreases the oleamide levels in FC patients, which 

may partially explain the unique pharmacology of MZRW, since the change of 

oleamide was not observed with Senna or Placebo treatment. We also demonstrated 

that the regulation of oleamide by MZRW could be mediated by augmentation of 

FAAH expression (Fig. 4.7b). FAAH is known to regulate the intestinal motility11, 

and down-regulation of FAAH was found in intestinal tissues of STC patients15,16. 

Our findings support a new therapeutic strategy for FC, that is, enhancement of 

FAAH.  

 

Due to the small sample size (30 for each treatment group) in this study, our finding 

from the pharmacometabolomic analysis could be better validated in a larger cohort 

with MZRW treatment. It would be interesting to test if the oleamide level a good 

predictor for the efficacy of MZRW in the treatment and follow-up period. It is also 
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worth to find out which compound(s) is responsible for the regulation of oleamide. 

This compound(s) could be used as standard(s) for the quality control of MZRW, 

or directly developed as novel therapy for FC.  

 

Conclusion 

As summary, we found that MZRW has more sustainable efficacy on FC than Senna, 

in the three-armed, randomized, controlled study. This finding indicated that 

MZRW must have different pharmacological action with Senna, a commonly used 

stimulant laxative. Understanding the underlying mechanism of this interesting 

observation will be a key step to reveal the unique pharmacology of MZRW. With 

the pharmacometabolomics approach, we successfully identified that oleamide, an 

endogenous metabolite, is significantly correlated with the efficacy of MZRW. It 

turns out that, elevated oleamide is not only associated, but also involved in the 

pathogenesis of FC. Treatment by MZRW, the oleamide levels in FC patients is 

down-regulated, suggesting that MZRW acts through (partially) the oleamide-

related signaling pathway. We also found that the regulation of oleamide by MZRW 

could be realized by up-regulating the expression of FAAH. Our study uncovered a 

secret locked in a 2,000-years old TCM herb formula: down-regulation of oleamide 

is very likely to treat FC. Based on this classic wisdom, one may develop novel 

anti-FC agents targeting the oleamide signaling pathway. 
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CHAPTER 5 : IDENTIFICATION OF CYCLIC 

SPEXIN ANALOGUES FOR FUNCTIONAL 

CONSTIPATION 

Abstract 

Spexin (SPX) is a newly identified neuropeptide which selectively activates GalR2 

and 3. The deregulation of SPX has been found in several disorders including 

functional constipation (FC). SPX has been shown to enhance bowel movement 

both in vitro and in vivo. Due to metabolic instability, SPX cannot be used directly 

in clinical practices as a drug. Our investigation through combination of molecular 

dynamics (MD) simulations and NMR analysis suggested a β-turn-helix-β-turn 

(βαβ) conformation for human spexin (hSPX) adopts in solution, unexpected from 

previously reported α-helix conformation for goldfish spexin (gSPX). Consistent 

with this conformation, cyclic analogues of hSPX with a disulfide bond between 

residues 1 and 13, LH101 (CWTPQAMLYLKGCQ-NH2), activated both GalR2 

(EC50=1.19 μM) and GalR3 (EC50=1.56 μM) with potency comparable to wild type, 

and that the acetylation at the N-terminal, LH101(Ac) raises the potency EC50=0.38 

μM on GalR2 and EC50=0.39 μM on GalR3. MD and NMR results confirmed that 

the βαβ conformation was the major form adopted by LH101(Ac). The serum half 

lives of LH101 (t1/2=355.7 min) and LH101(Ac) (t1/2=1973.7 min) were 

significantly longer than the wild type (t1/2=66.5 min), and LH101(Ac) induces 

contractions of mice colon and jejunum segments in vitro. The CSAs will have 
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broad applications in spexin-deficient and GalR2/3-related diseases, such as FC. 

 

Background 

Spexin (SPX) is a newly identified, galanin receptor (GalR)-cognate neuropeptide1. 

Expressed centrally and peripherally2-5, SPX has been implicated in regulation of 

gastrointestinal motility1,6, adrenocortical cell proliferation3, cardiovascular and 

renal function, nociception7, reproduction8, and feeding9. It has also been related to 

a number of human disorders, including obesity10-12, type-II diabetes5,12, 

nonalcoholic fatty liver disease12, and functional constipation6.  

 

Composed of 14 amino acids and amidated at the C-terminal, SPX is mildly similar 

to the N-terminal fragment of galanin (GAL). Receptor activation profiles of the 

two neuropeptides, however, are quite different: GAL activates all three receptors, 

while SPX only activates GalR2 and 3. For GalR2, SPX and GAL have comparable 

activity, but for GalR3, SPX is much more potent than GAL13. In this regard, SPX 

is a natural non-GalR1 agonist distinct from the GAL-derived agonists. However, 

like many peptide therapeutics, lack of metabolic stability makes it is difficult to 

develop SPX as novel therapy for related diseases like FC.  

 

Hypothesis 

We set out to investigate the solution structure of SPX, aiming to help understand 
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the mechanism of receptor recognition of SPX, and to aid the development of better 

SPX-based GalR agonists.  

 

In this work, we investigated the solution structure of human spexin (hSPX) by an 

approach that combines computational and biophysical analysis, which revealed an 

unexpected β-turn-helix-β-turn (βαβ) conformation of hSPX that, is different from 

the previously reported α-helix conformation of goldfish spexin (gSPX)9. In this 

conformation, two β turns are connected by a short, nascent α helix, and the N- and 

C-terminal residues are in extended form and close to each other. Following this 

finding, we designed and synthesized cyclic SPX analogues (CSAs), which, adopt 

the same βαβ conformation as demonstrated by MD simulation and NMR analysis 

and bear the disulfide bond between the N- and C-terminal residues. These CSAs 

were proven to be potent activators of GalR2 and 3 in serum response element-

luciferase (SRE-Luc) assay.  

 

The study suggested that GalR2 and 3 recognize SPX in this βαβ conformation. In 

short, guided by conformational analysis, we have identified a novel class of cyclic 

peptide agonists of GalR2 and 3 with improved serum stability. The CSAs can be 

developed as novel therapy for FC. 
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Materials and Methods 

MD simulations  

Initial structure in fully extended conformation was generated by cpptraj within 

AMBER 1414. It was solvated into a cubic box containing TIP3P water or water-

TFE mixture (percentage of TFE are 0% and 50%, respectively) with buffer 

distance 12 Å. Charge was neutralized by counter ions. An AMBERff99SB force 

field15 was used for protein parameterization, while parameters for TFE were 

adopted from published work 16. Prepared systems were minimized and equilibrated 

by sander via three stages: (1) heating from 100 K to 300 K in 20 ps; (2) adjusting 

solvent density in 80 ps with constant pressure and constant temperature (NPT); (3) 

further equilibrating in 2,000 ps with NPT. Finally, all-atoms, unbiased, 10-μs, 

constant volume and constant temperature (NVT) simulations were performed in 

Amber 14 with CUDA accelerated PMEMD17,18. 2 fs time step and SHAKE-

enabled setting were used for all equilibration and production stages, and a 

Berendsen thermostat was used for temperature control. Simulation frame was 

saved every 250 ps. Resulted trajectories were further analyzed with cpptraj. 

Conformational clusters of hSPX were calculated using Cα RMSD of hSPX(2-13) 

with 2.5 Å as threshold. In folding trajectory analysis, each frame was compared 

with gSPX α-helix conformer and the hSPX βαβ conformer in terms of main-chain 

atom RMSD of hSPX(2-13). A folding event of α or βαβ conformation was reached 

if the RMSD was less than 2.5 Å compared with reference structures.  

NMR analysis 
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NMR experiments were performed in H2O:D2O (90:10) with 5 mM sample 

concentration solvent at 298° K. For TOCSY experiments, the mixing time was 70 

ms; while for NOESY, it was 500 ms. Data was acquired with Avance 600 MHz 

NMR Spectrometry (Bruker, Germany) in Shanghai Jiao Tong University. Data 

analysis were done with CcpNmr Analysis (version 2.4.2) 19. 

Peptide synthesis and characterization 

All peptides used in this study were synthesized by Scilight Biotechnology LLC 

(Beijing, China) with standard solid-phase peptide synthesis procedures. Cyclic 

peptides (<1 mg/mL) were generated by oxidation in 20% dimethyl sulfoxide 

(DMSO) with overnight incubation 20. All peptides were characterized by MALDI-

MS spectrum in Department of Chemistry, Hong Kong Baptist University. 

Receptor activation assay 

The hGalR1, hGalR2, hGalR3, and SRE-Luc plasmids were provided by Yingrun 

Biotechnology Co., Ltd (Changsha, China), while Gqi plasmids were gifts from Prof. 

Jae Young Seong. HEK293 cells were cultured regularly in Dulbecco’s Modified 

Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS) and seeded 

into 24-well plates with 50,000 cells per well. After being cultured for 24 h, the 

seeded cells were transiently transfected with equal amount of hGalR-, Gqi-, and 

SRE-Luc plasmids by using Lipofectamine 3000 (Thermo Fisher Scientific, USA). 

Eighteen hours ahead of drug treatment, the medium was changed to serum-free 

medium. Cells were lysed after 6 h drug treatment, and the cell lysates were 

centrifuged at 13,000 rpm for 10 minutes. 20 μL supernatant was subject to 
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luciferase assay using Dual-Luciferase® Reporter Assay System (Promega, 

Madison, Wisconsin, USA). 

Serum stability assay 

750 μL RPMI medium 1640 (Thermo Fisher Scientific) was mixed with 250 μL rat 

serum, and incubated at 37℃  for 15 min before adding peptide. The peptide 

dissolved in water was added into the reaction buffer to make a final concentration 

of 100 μg/mL. At each time point (5,15,30,60,120,240,480 min), 100 μL reaction 

solution were taken, and mixed with 200 μL 6% trichloroacetic acid (TCA, Sigma-

Aldrich). The resulted cloudy solution was cooled at 4 ℃  for 15 min, and 

centrifuged for 10 mins at 13,000 rpm. The supernatant was then analyzed by RP-

HPLC. The extent of intact peptide was calculated based on the peak area and was 

normalized using a control sample. 

In vitro testing for drug effects on contractions of mice intestinal segments 

The detailed method can be found in article published before6. 

Results  

MD simulations and NMR analysis suggested a βαβ hSPX conformation 

Experimental and theoretical studies have indicated that α-helix is the primary 

conformation of hGAL N-terminal fragment21-27. The structure of goldfish spexin 

(gSPX) in solution has been solved by NMR, where the α-helix spans the distance 

from Q5 to Q14 9. Circular dichroism (CD) experiments have indicated that gSPX in 

water has α-helix, and that increasing the 2,2,2-trifluoroethanol (TFE) 
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concentration also increases the a-helix content. We therefore expected hSPX to 

have the same α-helix conformation, which may be stabilized by TFE. To verify 

this, we performed three independent, all-atom MD simulations of hSPX (10 μs 

each) in pure water or in TFE:water (50:50) solutions at 298 K.  

 

With 14 amino acids, hSPX was flexible in both water and TFE:water (50:50) 

during MD simulations (Fig. 5.1). The Cα atom root-mean-square fluctuation 

(RMSF) analysis suggested that N1 and Q14 were the most flexible residues, and N1, 

W2, Q5, and A6 can be stabilized by adding TFE into water (Fig. 5.1).  

 

 
Figure 5.1 | The Cα root-mean-square fluctuation (RMSF) of each residue in hSPX during 

MD simulations, in water (blue) or in TFE:water (50:50) mixture (red). The results were 

generated by three independent 10 µs simulations, and represented by mean±S.E.M. For 

each residue, the solvent effect on RMSF was analyzed by t-test (*, p<0.05; **, p<0.01). 

 

Conformational clustering calculation was performed based on the main-chain atom 

of hSPX (2-13) with a hierarchical agglomerative approach (minimum distance ≤ 

2.5 Å), and the conformational clusters were ranked according to the fraction of 
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total life time. The number of clusters of hSPX in TFE:water (50:50) as an indicator 

of conformation diversity was significantly less (p<0.01) than that of hSPX in water 

(Fig. 5.2 and Table 5.1), consistent with the notion of TFE is a structural stabilizing 

solvent.  

 

 

Figure 5.2 | The number of conformational clusters of hSPX during MD simulations, in 

water (blue) or in TFE:water (50:50) mixture (red). Conformational clustering calculation 

was based on the main-chain atom root-mean-square distance (RMSD) of hSPX(2-13). The 

solvent effect was analyzed by t-test (*, p<0.05; **, p<0.01). 

 

Table 5.1 | Number of conformation clusters of hSPX in MD simulations 

MD simulation Water TFE:Water (50:50) 

# 1 611 384 

# 2 605 463 

# 3 585 477 

 

It was expected that the α-helix conformation of gSPX was of the high ranking 

(more populated) clusters; however, this is not the case for hSPX, neither in water 

nor in TFE:water (50:50). The α-helix conformation was hardly found in water; 

while in TFE:water (50:50), it was ranked at 11, 10 and 6 (Fig. 5.3), respectively. 
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The top-ranking conformational clusters, unexpectedly, represent diverse 

conformers containing β turns (Figs. 5.4 and 5.5).  

 

 

Figure 5.3 | The gSPX α conformation was recaptured by three independent hSPX 10 μs 

MD simulations in TFE:water (50:50) solutions. The gSPX α conformation was colored in 

red, while the hSPX α conformations were colored in purple. For the predicted 

conformation by MD, the ranking number of the corresponding cluster were labeled. 

Number in the bracket was the time faction of that conformational cluster. 

 

 

Figure 5.4 | The representative structures of top 5 conformational clusters of hSPX in water 

during three independent, 10 µs, MD simulations. Conformational clustering calculation 

was based on the main-chain atom RMSD of hSPX(2-13). For each cluster, the 

representative structure was demonstrated. Number in the bracket was the time faction of 
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that conformational cluster, while the energy was calculated and labelled. The 

conformation which satisfied the T3.H-A6.HB distance constraint was highlighted by blue 

rectangle. In 2 out of 3 simulations, the βαβ conformation was the dominant conformation 

of hSPX. 

 

 

Figure 5.5 | The representative structures of top 5 conformational clusters of hSPX in 

TFE:water mixture (50:50) during three independent, 10 µs MD simulations. 

Conformational clustering calculation was based on the main-chain atom RMSD of 

hSPX(2-13). For each cluster, the representative structure was demonstrated. Number in 

the bracket was the time faction of that conformational cluster, while the energy was 

calculated and labelled. The conformation which satisfied the T3.H-A6.HB distance 

constraint was highlighted by blue rectangle. In 2 out of 3 simulations, the βαβ 

conformation was the dominant conformation of hSPX. 

 

NMR analysis were then performed for hSPX in water at 298 K. With 2D 1H-1H 

Total Correlated SpectroscopY (TOCSY) experiments, the hydrogen atom chemical 

shifts of most hSPX residues (except N1) were successfully assigned (Fig. 5.6, Table 

5.2). Meanwhile, the 2D 1H-1H Nuclear Overhauser Effect SpectroscopY (NOESY) 
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experiments were also performed to detect if there were any distance constraints 

between these hydrogen atoms (Fig. 5.7).  

 

 

Figure 5.6 | Identification of amino acid (a.a.) spin systems in hSPX by TOCSY 

experiments (H2O:D2O (90:10), 298 K, mixing time: 70 msec). (a), Fingerprint region 

showing the Cα- NαH 1H NMR cross-peaks of the 2-D TOCSY spectrum of hSPX. (b), NH-
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NH region 1H NMR cross-peaks of the 2-D TOCSY spectrum of hSPX. 

 

Table 5.2 | 1H assignment and chemical shifts for hSPX in aqueous solution at 298K 

Residue  NH αH βH γH δH Others 

N1       

W2 8.646  4.621  3.262, 

3.151 

 7.173 10.029, 

7.459 

7.398, 

7.034 

7.140 

T3 7.654  4.332  3.945  1.035    

P4  3.996  2.187 1.852, 

1.785 

3.475, 

3.331 

 

Q5 8.205  4.048  1.954, 

1.888 

2.280   

A6 8.105  4.118  1.284     

M7 8.053  4.270  1.889 2.447, 

2.407 

  

L8 7.848  4.115  1.428 1.309 0.779, 

0.714 

 

Y9 7.911  4.451  2.972, 

2.837 

  HD*, 7.011 

HE*, 6.724 

L10 7.859  4.180  1.502, 

1.429 

1.408 0.780, 

0.740 

 

K11 8.066  4.142  1.749, 

1.675 

1.329 1.578 EH, 2.891 

ζNH3
+, 

7.442 

G12 8.209  3.845      

A13 8.093  4.201  1.290    

Q14 8.240  4.172  2.036, 

1.881 

2.267   
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Figure 5.7 | Identification of amino acid (a.a.) distance constraints in hSPX by NOESY 

experiments (H2O:D2O (90:10), 298 K, mixing time: 500 msec). (a), Fingerprint region 

showing the 1H NMR cross-peaks of the 2-D NOESY spectrum of hSPX. (b), NH-NH 

region showing the 1H NMR cross-peaks of the 2-D NOESY spectrum of hSPX. 
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Although almost all identified NOE signals appeared to result from intra-residue or 

neighboring-residue hydrogen atoms, a strong NOE formed between T3.H and 

A6.HB was identified (Fig. 5.8a). The volume of T3.H-A6.HB NOE (2.0×106) was 

of the same order as T3.H-T3.HG (2.3×106), suggesting that the distance between 

T3.H and A6.HB was less than 5 Å. Among the top 5 conformational clusters 

generated by MD, one of them was found to satisfy this NOE constraint (Tables 5.3 

and 5.4), which was repeatedly seen in simulations in water (ranking 2, 1, and 3, 

Fig. 5.4 and Table 5.3) and in TFE:water (50:50) (ranking 2, 1, and 1, Fig. 5.5 and 

Table 5.4).  

 

Table 5.3 | The distances between T3.H and A6.HB in top 5 conformational clusters of hSPX 

in water during MD simulations 

Conformational 

cluster 

T3.H-A6.HB distance (Å) 

#1 #2 #3 

Top 1 12.17, 12.65, 13.41 2.53, 2.50, 3.90 5.17, 6.73, 6.79 

Top 2 3.87, 3.99, 4.85 11.25, 11.82, 12.77 10.42, 11.29, 11.44 

Top 3 6.20, 6.51, 7.18 11.21, 11.35, 12.64 3.48, 3.63, 4.67 

Top 4 5.71, 5.93, 6.78 9.87, 10.12, 10.62 9.70, 10.96, 11.24 

Top 5 10.36, 11.41, 11.43 9.98, 10.68, 11.50 10.06, 10.65, 11.47 

 

Table 5.4 | The distances between T3.H and A6.HB in representative conformation for top 

5 conformational clusters of hSPX in TFE:water (50:50) during MD simulations 

Conformational 

cluster 

T3.H-A6.HB distance (Å) 

#1 #2 #3 

Top 1 11.42, 11.58, 12.53 2.13, 3.25, 3.74 3.27, 3.95, 4.81 

Top 2 2.64, 3.75, 4.26 10.31, 11.68, 11.71 11.72, 12.45, 13.09 

Top 3 9.80, 11.04, 11.22 10.35, 10.96, 11.84 9.80, 11.20, 11.11 

Top 4 11.50, 12.51, 12.99 9.32, 10.40, 11.02 2.36, 2.60, 3.67 

Top 5 10.28, 10.38, 11.67 6.21, 6.56, 6.93 11.61, 11.68, 12.89 

 



142 

 

Figure 5.8 | Combined MD simulations and NMR analysis suggested an unexpected hSPX 

solution structure, the βαβ conformation. (a) The distance constraint between T3.H and 

A6.HB as suggested by 2D-NOESY experiments of hSPX in water (H2O:D2O (90:10), 298 

K, mixing time: 500 msec). (b) The comparison between gSPX α conformation (red) solved 

by NMR and hSPX βαβ conformation (blue) determined by MD and NMR. (c) The 

important intra-molecular interactions that stabilize the hSPX βαβ conformation. The 

hydrogen bonds were depicted in black, dashed line, while the hydrophobic packing were 

represented by green, dashed line. (d) The folding rate of hSPX α and βαβ conformations 

in three independent, 10 μs MD simulations within different solvents. (e) The average life 

time of hSPX α and βαβ conformations in MD simulations. (f) The fraction of total life 

time of hSPXα and βαβ conformations in MD simulations. In (d), (e), and (f), the 

conformation and solvent effects were analyzed by two-way ANOVA (*, p<0.05; **, 

p<0.01). 
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The overall main-chain atom root-mean-square deviation (RMSD) between this 

new conformation and gSPX α-helix conformation was 6.53 Å, which share local 

structural similarity from T3 to Y9 (Fig. 5.8b and Table 5.5). Different from the 

gSPX α-helix conformation (Fig. 5.9), this new conformation was stabilized by two 

i-i+3 backbone hydrogen bonds: T3.O-A6.H and A6.O-Y9.H (Fig. 5.8c). Meanwhile 

the hydrogen bond between A6.O-L10.H can also be observed (Fig. 5.8c). The 

backbone dihedral angle analysis suggests that the dihedrals of P4 to L8 are in the 

α-helix region, while that of W2, T3, L10, K11, and A13 are in the extended region 

(Fig. 5.10, Table 5.6). In other words, this new conformation is characterized by 

two β turns (T3 to A6 and A6 to Y9) connected by a short, nascent helix (P4 to L8). 

To distinguish this from the gSPX α conformation, we named the new one “βαβ 

conformation”. An important feature of the βαβ conformation is that the N- and C- 

terminal residues are close to each other, which is stabilized by the hydrophobic 

stacking between W2 and L10 side chains (Fig. 5.8c).  

 

 

Figure 5.9 | The important intra-molecular interactions that stabilize the α conformation of 

gSPX solution structure solved by NMR in TFE:water (60:40) solution.  
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Table 5.5 | The main-chain atom RMSD between hSPX βαβ conformation (MD+NMR) 

and gSPX α conformation (NMR)  

Residue RMSD (Å) 

N1 4.94 

W2 3.15 

T3 0.59 

P4 0.39 

Q5 0.33 

A6 0.27 

M7 0.32 

L8 1.11 

Y9 2.02 

L10 2.85 

K11 7.14 

G12 12.05 

A13/T131 12.44 

Q14 14.05 

Overall 6.53 
1 The 13th residue in hSPX is Ala, while it is Thr in gSPX. 

 

Table 5.6 | The backbone dihedrals of α conformation (gSPX, NMR) and βαβ conformation 

(hSPX, MD+NMR) 

Residue 
α βαβ 

Phi (degree) Psi (degree) Phi (degree) Psi (degree) 

W2 -150.1 154.3 -95.6 151.0 

T3 -148.1 154.7 -71.3 153.9 

P4 -65.4 -24.4 -73.3 -14.7 

Q5 -60.2 -40.7 -72.6 -24.7 

A6 -62.1 -39.7 -61.8 -51.7 

M7 -67.1 -39.8 -51.0 -14.7 

L8 -63.0 -37.6 -64.9 -43.2 

T9 -66.3 -40.2 -114.6 -13.0 

L10 -62.5 -50.6 -81.2 135.4 

K11 -61.6 -29.8 -94.0 147.8 

G12 -79.7 -3.5 63.3 15.7 

A13/T131 -136.4 -17.5 -79.1 120.2 
1 The 13th residue in hSPX is Ala, while it is Thr in gSPX. 
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Figure 5.10 | The backbone dihedrals comparison of gSPX α conformation (NMR) and 

hSPX βαβ conformation (MD+NMR). The gSPX residues were colored in red, while the 

hSPX residues were colored in blue. 
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Figure 5.11 | Folding trajectories of hSPX during three independent, 10 µs MD simulations 

in water. The main-chain atom RMSD of hSPX(2-13) was calculated by comparing with 

gSPX α conformation (red dots) and hSPX βαβ conformation (blue dots). 
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Figure 5.12 | Folding trajectories of hSPX during three independent, 10 µs MD simulations 

in TFE:water (50:50). The main-chain atom RMSD of hSPX(2-13) was calculated by 

comparing with gSPX α conformation (red dots) and hSPX βαβ conformation (blue dots). 
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Figure 5.13 | Life time distribution of two hSPX conformations during three independent, 

10 µs MD simulations in water and TFE:water (50:50). The α conformation was colored 

by red, while the βαβ conformation was colored by blue. 
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Table 5.7 | Statistics of folding events for α- and βαβ conformations of hSPX in 10 μs MD 

simulations 

Solvent 

M

D 

ru

n 

α βαβ 

# of 

foldi

ng 

even

ts 

Aver

age 

life 

time 

(ns) 

Maxim

um life 

time 

(ns) 

Accumul

ated life 

time (ns) 

# of 

foldi

ng 

even

ts 

Aver

age 

life 

time 

(ns) 

Maxim

um life 

time 

(ns) 

Accumul

ated life 

time (ns) 

Water 

# 

1 
217 0.60 8.50 131.00 433 1.19 27.75 515.50 

# 

2 
200 0.58 5.75 115.00 439 1.35 19.50 591.50 

# 

3 
164 0.55 3.75 90.75 360 0.93 25.50 336.25 

TFE:W

ater 

(50:50) 

# 

1 
469 0.83 25.75 388.00 272 1.66 69.25 450.75 

# 

2 
377 0.71 14.75 268.50 292 0.76 16.75 221.50 

# 

3 
594 0.96 14.75 572.75 587 1.00 22.75 586.00 

 

We also investigated the folding kinetics of hSPX α and βαβ conformations with 

MD simulation data (Figs. 5.11, 5.12, 5.13, Table 5.7). The folding rate (defined by 

the number of folding events during a certain time) of the α conformation in water 

was 19.4±2.7 μs-1, which was significantly lower than that of βαβ conformation in 

water (41.1±4.4 μs-1, p<0.01) (Fig. 5.8d). Interestingly, in TFE:water (50:50), the 

folding rate of α conformation was dramatically increased to 48.0±10.9 μs-1 

(p<0.05), while there was no change in that of the βαβ conformation (38.4±17.6 μs-

1) (Fig. 5.8d). The average life time of βαβ conformation in water was 0.58±0.03 

ns, which was also increased in TFE:water (50:50) (0.83±0.13 ns, p<0.05) (Fig. 

5.8e). In contrast, the average life time of βαβ conformation in water was 1.16±0.21 

ns, significantly higher than that of α conformation (p<0.01), but no change was 
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found in TFE:water (50:50) (1.14±0.47) (Fig. 5.8e). Collectively, the fraction of 

total life time of α conformation was increased from 1.1±0.2% to 4.8±1.3%; while 

for βαβ conformation, it remained (4.1±1.5% and 4.2±1.8%, in water and 

TFE:water (50:50)) (Fig. 5.8f). The folding kinetics data suggest that TFE enhances 

the helix structure, which is in line with many studies 28 and our observation in 

gSPX by CD 9.  

 

We conclude that hSPX commonly adopts the βαβ conformation in solution, but the 

question remained as to whether the conformation is the biologically active 

conformation recognized by GalR2 and 3? To answer this crucial question, we set 

out to make a cyclic peptide stapled by disulfide bond with similar bioactivity to 

hSPX. The flexibility of hSPX could be reduced by cyclic arrangement, and it will 

be easier to understand the conformation-activity relationships29.  

 

Cyclic analogues of hSPX retain the activation profile on GalR2 and 3 

Our aim was to make a cyclic form of hSPX that did not lose bioactivity with 

disulfide bonding constraints. To do this, it was important to know which sites can 

tolerate cysteine substitutions. We performed cysteine-scanning mutagenesis from 

position 1 to position 14 for hSPX. Fourteen hSPX mutants were designed and 

synthesized. The bioactivities of these mutants against GalR2 and 3 were measured 

by SRE-Luc assay at single dose (1 μM, 6 hours) treatment in HEK293 cells 

transiently transfected with GalRs and Gqi plasmids, while hGAL and hSPX were 
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utilized as positive controls (Figs. 5.14, 5.15).  

 

 

Figure 5.14 | Identification of hGAL by MALDI-MS spectrum. 

 

 
Figure 5.15 | Identification of hSPX by MALDI-MS spectrum. 
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The results showed that, cysteine mutations at 1, 4, and 13 had minimum effects on 

receptor activation of GalR2 and 3. For mutations at 7, 8, and 11, cysteine 

substitution led to mild loss of activity; while cysteine replacements at 2, 3, 5, 6, 9, 

10, 12, and 14 severely impaired bioactivity, suggesting that these residues may 

have direct interactions with binding pocket upon receptor activation (Fig. 5.16a). 

The full-dose experiments confirmed that cysteine mutations at 1, 4, and 13 had 

little effect on the potency of GalR2/3, in terms of EC50 (Fig. 5.16b, Table 5.8). 
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Figure 5.16 | Cysteine-scanning of hSPX identified three candidate sites for disulfide 

bonding. (a) The relative hGalR2/3 activation potency of 14 hSPX mutant with single 

cysteine mutation in SRE-Luc assay. The fold induction of each mutant was compared with 

the wild type counterpart at single-dose (1 μM) treatment. (c) The full-dose experiments 

confirmed that 1, 4, and 13 were candidate sites for disulfide bonding. The dose-response 

curves were chosen from multiple experiments with three replicates (n=3). 
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Table 5.8 | Receptor activation potency of peptide ligands toward galanin receptors 

Ligand Sequence 

hGalR1 hGalR2 hGalR3 

EC50 

(μM) 

Emax
1 EC50 

(μM) 

Emax
2 EC50 

(μM) 

Emax
2 

hGAL 

2GWTLNSAGYLLGPHAVGNHR

SFSDKNGLTS-NH2 

0.72 1.00 0.094 0.94 >10 0.68 

hSPX NWTPQAMLYLKGAQ-NH2 N.M. N.M. 0.22 1.00 0.45 1.00 

hSPX(C1) CWTPQAMLYLKGAQ-NH2 N.M. N.M. 0.51 1.05 0.36 1.00 

hSPX(C4) NWTCQAMLYLKGAQ-NH2 N.M. N.M. 0.47 0.98 0.77 0.91 

hSPX(C13) NWTPQAMLYLKGCQ-NH2 N.M. N.M. 0.37 0.87 0.63 0.88 

LH101 CWTPQAMLYLKGCQ-NH2 N.M. N.M. 1.19 1.09 1.56 1.04 

LH102 NWTCQAMLYLKGCQ-NH2 N.M. N.M. 1.43 1.08 1.50 0.87 

LH101(Ac) Ac-CWTPQAMLYLKGCQ-NH2 N.M. N.M. 0.38 0.97 0.39 1.00 

hGAL(1-16) GWTLNSAGYLLGPHAV-NH2   ~5.00 0.94 0.22 1.02 >10 0.45 

LH201 CWTLNSAGYLLGCHAV-NH2 >10 0.35 0.12 1.00 >10 0.55 

LH201(Ac) Ac-CWTLNSAGYLLGCHAV-NH2 N.M. 0.22 0.48 1.16 N.M. 0.20 

1Relative to hGAL Emax; 2Relative to hSPX Emax; N.M., not measurable. 

2G, glycine; A, alanine; V, valine; L, leucine; I, isoleucine; M, methionine; W, tryptophan; F, phenylalanine; P, proline; S, 

serine; T, threonine; C, cysteine; Y, tyrosine; N, asparagine; Q, glutamine; D, aspartic acid; E, glutamic acid; K, lysine; R, 

arginine; H, histidine; Ac, acetyl. 
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Figure 5.17 | Design, synthesis and testing of cyclic analogues of hSPX and hGAL(1-16). 

(a) Design of cyclic analogues of hSPX or hGAL(1-16) stapled by disulfide bonding. (b) 

The fold induction of cyclic hSPX analogues (LH101, LH102, and LH101(Ac)) in full-

dose SRE-Luc experiments. The wild type hGAL and hSPX were employed as controls. (c) 

The fold induction of cyclic hGAL(1-16) analogues (LH201, LH201(Ac)) in full-dose 

SRE-Luc experiments. The wild type hGAL, hSPX, and hGAL(1-16) were employed as 

controls. In both (b) and (c), the dose-response curves were chosen from multiple 

experiments with three replicates (n=3). 
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Based on the βαβ conformation suggested by MD and NMR, as well as the results 

of cysteine-scanning experiment, we replaced the N1/A13 or P4/A13 in hSPX with 

cysteines and connected them by disulfide bonds with oxidation, resulting in two 

cyclic peptides: LH101 (CWTPQAMLYLKGCQ-NH2) and LH102 

(NWTCQAMLYLKGCQ-NH2) (Fig. 5.17a). The masses of LH101 and LH102 

were exactly 2 Da less than the reduced form in MALDI-MS experiments, 

supporting that the disulfide bonds were formed (Figs. 5.18, 5.19). In SRE-Luc 

assay, the potency of LH101 (EC50=1.19/1.56 μM) was comparable to that of hSPX 

(EC50=0.22/0.45 μM) toward both GalR2 and 3 (Fig. 5.17b, Table 5.8), suggesting 

that linking between residue 1 and 13 does not affect receptor activation. In parallel, 

the disulfide bonding between 4 and 13 impaired maximum activation (Emax) of 

LH102 on GalR3 (Fig. 5.17b, Table 5.8). LH101 was chosen for further 

modifications. The N-terminal acetylation form, LH101(Ac) (Figs. 5.17a, 5.20) 

restored almost full potency (EC50=0.38/0.39 μM) on GalR2 and 3 (Fig. 5.17b, 

Table 5.8). To our knowledge, these peptides represent the first attempt to prepare 

a cyclic analogue of SPX with biological activity, and we named them, the “cyclic 

spexin analogues (CSAs)”. 
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Figure 5.18 | Identification of LH101 by MALDI-MS spectrum. 

 

Figure 5.19 | Identification of LH102 by MALDI-MS spectrum. 
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Figure 5.20 | Identification of LH101(Ac) by MALDI-MS spectrum. 

 

 

Figure 5.21 | Identification of hGAL(1-16) by MALDI-MS spectrum. 
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Figure 5.22| Identification of LH201 by MALDI-MS spectrum. 

 

 

Figure 5.23 | Identification of LH201(Ac) by MALDI-MS spectrum. 
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Previous studies have suggested that the hGAL N-terminal fragment, hGAL(1-16) 

(Figs. 5.17a, 5.21), is similarly active to GAL receptors as full-length hGAL 30. 

Considering the shared receptors between hGAL(1-16) and hSPX, we wondered if 

introduction of disulfide bonding between 1 and 13 in hGAL(1-16) would also lead 

to active cyclic analogues. Thus we synthesized LH201 

(CWTLNSAGYLLGCHAV-NH2), in which G1 and P13 of hGAL(1-16) were 

replaced by cysteines, and a disulfide bond was made (Figs. 5.17a, 5.22). 

Interestingly, we found LH201 a GalR2-specific, cyclic agonist: LH201 almost lost 

all activity on GalR1, but kept full activity on GalR2, higher than hGAL(1-16) itself 

(EC50 0.12 μM vs 0.22 μM). LH201 was only able to activate GalR3 at high dose, 

but when it did, it was a little stronger than hGAL(1-16) (Fig. 5.17c, Table 5.8). We 

also synthesized the N-terminal acetylation form of LH201 (Figs. 5.17a, 5.23). No 

activity toward GalR1 and 3 was observed with LH201(Ac) even at very high 

concentration (Fig. 5.17c, Table 5.8). LH201(Ac) activated GalR2 with EC50=0.48 

μM, which was less potent than LH201, indicating that the N-terminal acetylation 

may have different effects on bioactivity in cyclic analogues of hSPX and hGAL(1-

16) (Fig. 5.17c, Table 5.8).  

 

To further confirm the existence of disulfide bond in CSAs, we performed trypsin 

digestion experiments for LH101(Ac) with hSPX as positive control by following 

procedures described elsewhere31. For hSPX, cleavage was observed after K11, 

which is a preferable digestive site of trypsin (Figs. 5.24, 5.25). However, it was 
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not the same in LH101(Ac). Instead of that, a 7-aa fragment (Ac-CCOOH 

NH2YLKGCQ-NH2) was identified by MALDI-MS (Figs. 5.26, 5.27), suggesting 

that the disulfide bond was form by oxidation in LH101(Ac).  
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Figure 5.24 | Trypsin digestion experiments for hSPX in dose-dependent manner. Various 

concentration of trypsin, ranging from 0 to 100 nM were mixed with 40 µM hSPX and 

incubated at 37 ℃ for 4 hours. The reaction products were analyzed by MALDI-MS.  
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Figure 5.25 | Trypsin digestion experiments for hSPX in time-dependent manner. 50 nM 

trypsin were mixed with 40 µM hSPX and incubated at 37 ℃. The reaction products were 

sampled at 0 min, 5 min, 15 min, 30 min, 1 h, 2 h, and 4h, then analyzed by MALDI-MS.  
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Figure 5.26 | Trypsin digestion experiments for LH101(Ac) in dose-dependent manner. 

Various concentration of trypsin, ranging from 0 to 100 nM were mixed with 40 µM 

LH101(Ac) and incubated at 37 ℃ for 4 hours. The reaction products were analyzed by 

MALDI-MS.  
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Figure 5.27 | Trypsin digestion experiments for LH101(Ac) in time-dependent manner. 50 

nM trypsin were mixed with 40 µM LH101(Ac) and incubated at 37 ℃. The reaction 

products were sampled at 0 min, 5 min, 15 min, 30 min, 1 h, 2 h, and 4h, then analyzed by 

MALDI-MS. 
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The in vitro bioactivity data suggested that the CSAs (LH101 and LH101(Ac)), can 

potently activate GalR2 and 3, and that the same cyclic form could also be adopted 

by hGAL(1-16). It was interesting that in LH101 and LH101(Ac), the N- and C-

terminal residues were linked by disulfide bond and close to each other – which 

was consistent with the hSPX βαβ conformation. Will the CSAs also adopt the same 

conformation? 

 

LH101(Ac) adopts the βαβ conformation in water 

We used MD simulation and NMR analysis to elucidate the structure of LH101(Ac) 

in water. As anticipated, the Cα atom RMSF of LH101(Ac) in MD simulations were 

much reduced (Fig. 5.28), suggesting less flexibility of LH101(Ac) compared with 

hSPX. The principal component analysis (PCA) of backbone dihedral angle also 

indicated that LH101(Ac) had confined conformational space (Fig. 5.29). 

Consistent with this observation, the number of conformational clusters of 

LH101(Ac) was 30, much less than that of hSPX in water (600±14) (Fig. 5.30). As 

expected, the top ranking cluster of LH101(Ac) was the βαβ conformation, which 

occupied up to 35.5% of total simulation time (Fig. 5.31). Meanwhile, other 

conformations with substantial life time could also be observed (Fig. 5.31).  
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Figure 5.28 | The Cα root-mean-square fluctuation (RMSF) of each residue in cyclic hSPX 

analogue LH101(Ac) (orange) and hSPX (blue) during 10 μs MD simulations in water.  
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Figure 5.29 | The solution structure of cyclic hSPX analogue in water, LH101(Ac), as 

suggested by MD simulation and NMR analysis. (a) The backbone dihedral space of hSPX 

(blue) and LH101(Ac) (orange) in MD simulation in water. (b) The dominant solution 

structure of LH101(Ac) (orange) in water determined by MD simulation and NMR. The 

disulfide bond was shown as stick and colored in yellow. It was compared with hSPX βαβ 

conformation (blue). The hydrogen bonds were depicted in black, dashed line. (c) The 

folding trajectory of LH101(Ac) in water in 10 μs MD simulation. The gSPX α 

conformation and hSPX βαβ conformation were used as reference structure. (d) The 

conformational space of LH101(Ac) in water in 10 μs MD simulation. (e) The βαβ 

conformation folding kinetics of LH101(Ac) in water in MD simulation. These values were 

compared with hSPX. 
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Figure 5.30 | The number of conformational clusters of cyclic hSPX analogue LH101(Ac) 

(orange) and hSPX (blue) during 10-μs MD simulations in water. Conformational 

clustering calculation was based on the main-chain atom RMSD of LH101Ac(2-13) or 

hSPX(2-13). 

 

 

Figure 5.31 | The representative structures of top 5 conformational clusters of LH101(Ac) 

in water during 10 µs MD simulation. Conformational clustering calculation was based on 

the main-chain atom RMSD of LH101(Ac)(2-13). For each cluster, the representative 

structure was demonstrated. Number in the bracket was the time faction of that 

conformational cluster. The βαβ conformation was the dominant conformation of 

LH101(Ac).  
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assigned (Fig. 5.32, Table 5.9). For some of them, alternative chemical shifts were 

also identified (Fig. 5.32, Table 5.9), suggesting that multiple significant 

conformers exist. Since we can’t determine the structure of LH101(Ac) in solution 

hSPX LH101(Ac)

0

200

400

600

800

#
 o

f 
c

o
n

fo
rm

a
ti

o
n

a
l 

c
lu

s
te

rs



170 

directly, we checked if there were distinctive identifiable NOEs. Interestingly, as 

with hSPX, the NOE between T3.H-A6.HB was indeed found (Fig. 5.33). The 

volume of this NOE was 3.6×106, which was close to that of T3.H-T3.HG (4.1×

106), suggesting the distance constraint between T3.H and A6.HB was also retained 

in LH101(Ac). Among the top ranking conformational clusters in MD simulation, 

the βαβ conformation was the only one that satisfied such constraint (Table 5.10); 

we thus inferred that LH101(Ac) adopts the βαβ conformation in water. 
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Figure 5.32 | Identification of a.a. spin systems in LH101(Ac) by TOCSY experiments 

(H2O:D2O (90:10), 298 K, mixing time: 70 msec). (a), Fingerprint region showing the Cα- 

NαH 1H NMR cross-peaks of the 2-D TOCSY spectrum of LH101(Ac). (b), NH-NH region 
1H NMR cross-peaks of the 2-D TOCSY spectrum of LH101(Ac). 
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Figure 5.33 | Identification of a.a. distance constraints in LH101(Ac) by NOESY 

experiments (H2O:D2O, 90:10, 298 K, mixing time: 500 msec). (a), Fingerprint region 

showing the 1H NMR cross-peaks of the 2-D NOESY spectrum of LH101(Ac). (b), NH-

NH region showing the 1H NMR cross-peaks of the 2-D NOESY spectrum of LH101(Ac). 
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Figure 5.34 | The backbone dihedrals comparison of hSPX βαβ conformation (MD+NMR) 

and LH101(Ac) βαβ conformation (MD+NMR). The hSPX residues were colored in blue, 

while the LH101(Ac) residues were colored in orange. 

 

  

-180 -120 -60 0 60 120 180

-180

-120

-60

0

60

120

180

Phi (degree)

P
s

i 
(d

e
g

re
e

)

W2

T3

C13

Y9

W2

K11
L10

A13

T3

G12

G12

P4 M7
Q5

L8
A6

LH101(Ac)

hSPX

K11

Y9

L10

P4,Q5,A6,

M7,L8,



174 

Table 5.9 | 1H assignment and chemical shift for for LH101(Ac) in aqueous solution at 

298K 

Residue NH αH βH γH δH Others 

C1 8.084 4.329 2.694    

W2 8.238 

(7.827)1 

4.629 

(4.662) 

3.185, 3.115 

(3.247, 3.178) 

 7.138 10.015, 7.453, 

7.373, 7.113, 

7.027 

T3 7.613 

(7.369) 

4.394 

(4.535) 

4.056 

(4.225) 

1.058 

(0.968) 

  

P4  4.077 2.193 1.913, 1,759 3.535, 3.493  

Q5 8.219 

 

4.031 1.902 2.285   

A6 8.028 4.102 1.298    

M7 8.009 4.249 1.894 2.472,2.396   

L8 7.796 4.092 1.458 1.321 0.768, 0.710  

Y9 7.862 4.425 2.973, 2.847   HD*, 6.999 

HE*, 6.704 

L10 7.841 4.157 1.531, 1.424 1.313 0.749  

K11 8.018 

 

4.136 1.756,1.684 1.338 1.567 EH, 2.875 

ζNH3
+, 7.436 

G12 8.188 

(8.393) 

3.875 

(3.918) 

    

C13 8.080 

(7.943) 

4.400 

(4.593) 

2.826 

(3.105, 2.843) 

   

Q14 8.349 

(8.125) 

4.186 

(4.222) 

2.033, 1.880 

(2.031, 1.909) 

2.266 

(2.275) 

  

1The number in bracket represented the minor chemical shifts of that residue in 1H assignment. 

 

Table 5.10 | The distances between T3.H and A6.HB in representative conformation for top 

5 conformational clusters of LH101 in water during MD simulations. 

Conformational cluster 
T3.H-A6.HB distance (Å) 

#1 

Top 1 4.16, 4.51, 5.41 

Top 2 9.66, 10.89, 11.07 

Top 3 7.04, 7.10, 7.54 

Top 4 7.08, 7.53, 8.24 

Top 5 11.92, 12.61, 13.05 
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The key structural features of hSPX βαβ conformation, including the two β turns 

characterized by backbone hydrogen bonds T3.O-A6.H and A6.O-Y9.H, were well 

preserved in LH101(Ac) (Fig. 5.29b). The conformations of hSPX and LH101(Ac) 

were found to be highly similar, with 1.40 Å main-chain atom RMSD between them 

(Table 5.11). The backbone dihedral angle analysis also supported the existence of 

a short, nascent helix from P4 to L8 (Fig. 5.34, Table 5.12). The disulfide bond 

between C1 and C13 in LH101(Ac) seemed to well mimic the hydrophobic packing 

between W2 and L10 in hSPX (Fig. 5.29b). One structural difference between 

LH101(Ac) and hSPX was the position of the W2 side-chain; in LH101(Ac) it was 

‘outward’ while in hSPX it was ‘inward’ (Fig. 5.29b). The biological consequences 

of such change requires further investigation. It is possible that this change 

moderately weakens the receptor interaction, masking the gain from stabilization 

of the βαβ conformation by the disulfide bond. 
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Table 5.11 | The main-chain atom RMSD between hSPX βαβ conformation (MD+NMR) 

and LH101(Ac) βαβ conformation (MD+NMR) 

Residue RMSD (Å) 

N1/C11 4.05 

W2 1.30 

T3 0.46 

P4 0.65 

Q5 0.65 

A6 0.31 

M7 0.62 

L8 0.38 

Y9 0.58 

L10 0.28 

K11 0.84 

G12 1.01 

A13/C132 1.55 

Q14 1.78 

Overall 1.40 

1 The 1st residue in hSPX is Asn, while it is Cys in LH101(Ac). 

2 The 13th residue in hSPX is Ala, while it is Cys in LH101(Ac). 

 

Table 5.12 | The backbone dihedrals of hSPX and LH101(Ac) βαβ conformation 

Residue 
hSPX LH101(Ac) 

Phi (degree) Psi (degree) Phi (degree) Psi (degree) 

W2 -95.6 151.0 -131.2 26.2 

T3 -71.3 153.9 -73.6 134.6 

P4 -73.3 -14.7 -66.7 -20.6 

Q5 -72.6 -24.7 -76.2 -29.3 

A6 -61.8 -51.7 -79.5 -32.4 

M7 -51.0 -14.7 -59.0 -8.7 

L8 -64.9 -43.2 -82.1 -38.5 

Y9 -114.6 -13.0 -116.0 -14.2 

L10 -81.2 135.4 -108.4 152.8 

K11 -94.0 147.8 -101.8 -179.0 

G12 63.3 15.7 57.8 26.9 

A13/C131 -79.1 120.2 -66.2 166.7 

1 The 13th residue in hSPX is Ala, while it is Cys in LH101(Ac). 
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The folding trajectory suggests that LH101(Ac)rarely adopts the α-helix 

conformation in water (Figs. 5.29c and 5.29d). The folding kinetics of LH101(Ac) 

βαβ conformer was also analyzed and compared with hSPX. Both the folding rate 

and life time were much increased in LH101(Ac) (Fig. 5.29e). The maximum life 

time of βαβ conformation in LH101(Ac) even exceeded one microsecond (Fig. 

5.29e), indicating that in the CSA LH101(Ac) the βαβ conformation is significantly 

reinforced. We infer from this finding and the bioactivity data, the βαβ is the most 

likely biological active conformer recognized by GalR2 and 3. 

 

Improved serum stability of the cyclic analogues of hSPX 

We have shown that the CSAs share a bioactivity profile and solution structure with 

hSPX, but what are the differences between them? Many studies have demonstrated 

that cyclic peptides containing disulfide bond(s) are more stable in serum than their 

linear counterparts 32. Thus we set out to test the serum stability of CSAs with in 

vitro assay followed by reverse-phase high-performance liquid chromatography 

(RP-HPLC) analysis (Figs. 5.35-5.36).  
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Figure 5.35 | The representative profile of hSPX degradation in rat serum by RP-HPLC 

analysis.  

 

 

Figure 5.36 | The representative profile of cyclic hSPX analogue LH101 degradation in rat 

serum by RP-HPLC analysis. 
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Figure 5.37 | The representative profile of cyclic hSPX analogue LH101(Ac) degradation 

in rat serum by RP-HPLC analysis. 

 

 

Figure 5.38 | The representative profile of hGAL(1-16) degradation products in rat serum 

by RP-HPLC analysis. 
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Figure 5.39 | The representative profile of cyclic hGAL(1-16) analogue LH201 degradation 

in rat serum by RP-HPLC analysis. 

 

 

Figure 5.40 | The representative profile of cyclic hGAL(1-16) analogue LH201(Ac) 

degradation in rat serum by RP-HPLC analysis. 
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The intact peptides of hSPX degraded quickly in serum (t1/2=66.5 min), and almost 

vanished after 8h incubation (Figs. 41a, 5.42). LH101 was relatively stable in serum 

(t1/2=355.7 min, 5.3-fold enhancement), and 46% of intact peptide of LH101 could 

be detected even after 8h incubation (Figs. 5.41a, 5.42). Surprisingly, the 

acetylation of LH101 led to dramatic enhancement of serum stability. The half-life 

time of LH101(Ac) was greater than 1 day (t1/2=1973.7 min) - a significant 29.1-

fold enhancement compared with hSPX (Figs. 5.41a, 5.42).  
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Figure 5.41 | In vitro serum stability testing of cyclic hSPX/hGAL(1-16) analogues. (a) The 

fraction of intact peptide of hSPX and its cyclic analogues (LH101 and LH101(Ac)) at 

multiple time points. (b) The fraction of intact peptide of hGAL(1-16) and its cyclic 

analogues (LH201 and LH201(Ac)) at multiple time points. In both (a) and (b), the 

calculated half-life (t1/2) and fold enhancement with regard to the wild type counterpart 

were shown at the bottom. 

 

 

Figure 5.42 | The serum stability of cyclic analogues of hSPX and hGAL after 24 hours 

incubation.  
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LH201 (t1/2=169.4 min), was also more stable than hGAL(1-16) (t1/2=15.8 min) (Fig. 

5.41b). However, LH201(Ac) (t1/2=51.9 min) was less stable than LH201, 

indicating that the N-terminal acetylation didn’t protect cyclic analogues of 

hGAL(1-16) from degradation. 

 

LH101(Ac) induces spontaneous contractions of intestinal segments of mice in 

vitro 

Next we tested if LH101(Ac) can keep the prokinetic effects or not. In organ bath 

system, LH101(Ac) dose-dependently induces the spontaneous contractions of 

mice jejunum segments (Fig. 5.43a), and the potency of LH101(Ac) was 

comparable to that of wild type SPX (Fig. 5.43b). Consistently, LH101(Ac) 

enhances the contractions of mice colon segments (Fig. 5.44). 

 

LH101(Ac) attenuates oleamide-induced slow GI motility in mice 

Finally, we tested if LH101(Ac) could antagonize the slow GI motility induced by 

oleamide. Indeed, in mice injected with oleamide (i.p., 10 mg/kg), the fecal pellet 

number were significantly lower than the control group (2.9 (95%CI: 1.4, 4.3) vs 

5.9 (95%CI: 4.0, 7.7)) (Fig. 5.45). With SPX and and LH101(Ac) treatment (i.p., 1 

mg/kg), the number of fecal pellet were rescued (5.1 (95%CI: 3.3, 6.9) and 5.3 

(95%CI: 3.0, 7.6)). These data suggested that LH101(Ac) attenuates the slow GI 

motility induced by oleamide in vivo. 
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Figure 5.43 | Effects of LH101(Ac) and spexin on the spontaneous contraction of mice 

jejunum segments in organ bath. Segments were equilibrated for 1 hour. LH101(Ac) (a) or 

spexin (b) dose-dependently (30 nM,100 nM, 300 nM and 1000 nM) induced the 

contractions of colonic smooth muscles, and the mechanical activies were recorded 

(CHART5, POWERLAB). PBS treatment was control. Statistical test were calculated by 

using one-way ANOVA (**P < 0.01; *P < 0.05). 
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Figure 5.44 | Effects of LH101(Ac) and spexin on the spontaneous contraction of mice 

colonic segments in organ bath. Segments were equilibrated for 1 hour. LH101(Ac) (a) or 

spexin (b) dose-dependently (30 nM,100 nM, 300 nM and 1000 nM) induced the 

contractions of colonic smooth muscles, and the mechanical activies were recorded 

(CHART5, POWERLAB). PBS treatment was control. Statistical test were calculated by 

using one-way ANOVA (**p< 0.01; *p< 0.05). 
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Figure 5.45 | SPX and LH101(Ac) attenuate oleamide-induced slow GI motility in mice. 

Mice were equally divided into four groups (n=7/group). The control group were 

intraperitoneal (i.p.) injected with blank solution (5% EtOH), while the remaining groups 

were injected with oleamide (10 mg/kg in 5% EtOH), at 30 min before SPX/LH101(Ac) 

treatment. During treatment, the control group and oleamide-only group were orally 

administrated with saline water, while the remaining two groups were i.p. injected with 

SPX (1 mg/kg) and LH101(Ac) (1 mg/kg), respectively. From the beginning of drug 

treatment, the fecal pellet number of mice were recorded every 30 min in 2h. The 

accumulated fecal pellet number were calculated and the statistical differences were 

evaluated by One-Way ANOVA and Student t-test with Prism 6 (*, p<0.05). 
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Discussion  

Since it was discovered three decades ago, the solution structures of GAL have 

drawn substantial research interest. Initially, the solution structure of rat GAL 

(identical to hGAL in the first 15 amino acids) was demonstrated to be primarily 

helical in TFE and disordered in water26,27. However, CD and NMR detected a 

nascent helix spanning from Thr3 to Leu11 in hGAL, in aqueous solution 25 and the 

first 12 amino acids of GAL kept helical conformation in the chimeric peptide 

transportan, in neutral phospholipid bicelles 21. Furthermore, G1 was thought to be 

crucial to stabilize the N-terminal helix of GAL, which was in turn believed to be 

important to the activation of GalR123. The α-helix conformation of GAL was 

thought to be biologically active, being recognized by GalRs, at least for GalR124. 

In the proposed complex model by Kask et al., GAL made interactions with 

GalR1via the N-terminal fragment in α-helix conformation24. In line with all these 

observations, the α-helix conformation was also observed in gSPX in 60% TFE 

solution9, suggesting that the helical structure of gSPX can be formed in close 

proximity to plasma membrane of target cells. This α-conformation has been a well-

established model to explain ligand-GalR recognition, used for years.  

 

In this study, we proposed a new βαβ conformation of hSPX in the recognition of 

GalR2 and 3, which is supported by a combination of computational simulation, 

biophysical, and molecular biology studies. Moreover, our results of cyclic 

analogues of hGAL(1-16) suggest that they are also applicable to other GAL family 
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members, such as hGAL, in activation of GalR2 and 3. With a hydrophobic core in 

the middle, the βαβ conformer may be inserted into the receptor binding cavity, 

leaving both N- and C- terminals pointing to the extracellular space. This proposed 

binding mode may explain why chemical modifications with large functional 

groups on SPX N-terminal does not affect its bioactivity on GalR2/3 33. It may also 

explain why the galanin-like peptide (GALP)--a neuropeptide containing 60 amino 

acids with large flanking extensions at both N- and C- terminals compared with 

GAL--has preferential binding affinity to GalR234. These two findings could be 

better explained by the βαβ model rather than the α-helix model. 

 

The βαβ model can be used to design a new generation of GalR agonists/antagonists. 

In this work, we designed a novel class of GalR2 and 3 agonists, namely the cyclic 

spexin analogues (CSAs). The CSAs have been proved to possess submicromolar 

bioactivity and superior serum stability. Design of GalR2-specific or GalR3-

specific probes based on the LH101(Ac) scaffold is currently underway. Like the 

pioneering work done on cyclic somatostatin analogues35-38, the discovery of CSAs 

may accelerate the translation of findings from basic research into clinically 

valuable applications. In particular, the CSAs can be used in treatment of a number 

of human disorders with SPX-deficiency, such as obesity, type-II diabetes, 

nonalcoholic fatty liver disease, and constipation.  

 

The CSAs also has potential to treat a broad range of GalR2 or 3 related diseases. 
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Widely expressed in the brain and peripheral tissues, GalRs are involved in the 

regulation of a number of biological functions, including nociception, cognition, 

mood control, neuroendocrine function, reproduction, feeding control, energy and 

osmotic homeostasis, and metabolism39. They have also been implicated in many 

human diseases, including neurological and metabolic disorders, inflammation, and 

cancers39-42. It is very likely that CSAs can be used in treating these disorders.  

 

Conclusion 

SPX is a newly identified, FC-associated neuropeptide. However, directly using 

SPX in clinical practices has been hindered by the metabolic instability issues. With 

combination of computational and experimental approaches, we solved the solution 

structure of hSPX. Guided by this βαβ conformation, we designed and tested cyclic 

analogues of hSPX, and found that LH101(Ac) has comparable bioactivity with 

SPX on both GalR2 and GalR3. The serum stability of LH101(Ac) is remarkable 

enhanced (30-fold) compared with the wild type. LH101(Ac) induces spontaneous 

contractions of mice intestinal segments in vitro, suggesting that the prokinetic 

effect is kept with LH101(Ac). LH101(Ac) holds the potential to be developed 

novel therapy for FC. 
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CHAPTER 6 : FUTURE WORK 

Identification of active compounds in MZRW for oleamide 

regulation 

Aims 

We aimed to use FAAH to establish the assay to screening active compounds from 

MZRW for oleamide regulation. 

 

Experimental protocols 

MZRW compound library 

The major compounds of each herb in MZRW, will be purchased from the suppliers. 

 

FAAH expression assay 

HEK293 cells were cultured regularly in Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 10% fetal bovine serum (FBS) and seeded into 24-well plates 

with 50,000 cells per well. After being cultured for 24 h, the cell will be treated by 

compound from the library above (dose: 1 nM, 10 nM, 100 nM, 1,000 nM, 10,000 

nM) for 6 h. Then the cells will be harvested for PCR profiling. The level of FAAH 

expression will be compared with the control. If any compound is found to enhance 

the FAAH expression in vitro, it will be selected for in vivo validation. 

 

In vivo test for oleamide regulation 
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The selected compound(s) will be orally administrated into normal mice (n=8~10), 

while the control group will be administrated with saline (0.9%). After 1 h drug 

administration, the mice will be anesthetized with CO2 and the blood, stomach, 

kidney, intestine and gall bladder will be collected and stocked in -80°C. The 

procedure of oleamide extraction in specimens was referred to Chapter 4. Briefly, 

the same volume of acetone was mixed with 200 μL of serum, or tissues (precisely 

weighted 50 mg) were homogenized with five-fold volume of acetone for protein 

precipitation. After low temperature centrifugation (12000 rpm for 10 min), 

supernatants were collected and dried under a stream of nitrogen. Subsequently, 

oleamide was extracted with mixture of chloroform and methanol (2:1, v/v), and 

chloroform phases were evaporated to dryness under nitrogen, reconstituted in 

acetonitrile, and finally transferred to sampling tubes for further LC-MS analysis. 

Pharmacokinetics studies of cyclic spexin analogues under 

different administration routes 

Aims 

We aim to test the pharmacokinetic profiles of LH101(Ac) with these three different 

administration routes (oral, i.v., and s.c.), in normal rats.  

 

Experimental protocols 

Briefly, peripheral blood will be collected at scheduled time points after drug 

administration, and plasma will be isolated by centrifugation and kept at −80 °C for 
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further analysis. All the plasma samples will be extracted using routine method and 

subjected to RP-LC/MS analysis. The pharmacokinetic profile will be recorded and 

analyzed, and the bioavailability will be calculated. Best administration route of 

CSAs will be chosen based on the pharmacokinetic (PK) profile, the efficacy of 

CSAs will be evaluated in C57BL/6J mice model. 

 

Establish the RP-LC/MS analysis method for the pharmacokinetics profiling 

1) RP-LC/MS method will be set up for the analysis. LH101(Ac) and rat serum will 

be used to optimize the detection conditions. 

 

2) Dosage determination:  

Male SD rats weighing around 200g will be fed with a standard rodent diet ad 

libitum with free access to water and housed in rooms maintained at 22 ± 1°C with 

a 12 h light/dark cycle (lights on 6:00-18:00). All rats will be fed up in the facility 

for one or two weeks. 

 

Normal rats will be fasted for 14 hours and then injected i.p. with different doses of 

LH101(Ac) prepared in saline (2 mg/kg, 4 mg/kg, and 8 mg/kg). The rats will be 

anesthetized with CO2, and samples (0.3 mL) of their blood will be collected from 

jugular vein using a heparinized needle and syringe at 0, 5, 10, 15, 20, 40, 60, 120, 

180, 240, 360, 480 min. The dosage for pharmacokinetics study will be then 

determined after RP-LC/MS analysis. 
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3) Establishment and verification of method: 

The sensitivity, specificity, precision and accuracy, stability, recovery rate, and 

matrix effect will be tested to establish the determination method. 

 

Pharmacokinetics studies 

1) Drug treatment:  

Male and female SD rats weighing 150-200g will be fed with a standard rodent diet 

ad libitum with free access to water and housed in rooms maintained at 22 ± 1°C 

with a 12 h light/dark cycle (lights on 6:00-18:00). All rats will be fed up in the 

facility for one or two weeks. 

 

Both male and female normal rats will be fasted for 14 hours and then injected i.p. 

with different doses of LH101(Ac) prepared in saline.  

 

2) Sample collection: 

The rats in each group will be anesthetized with CO2, and samples (0.3 mL) of their 

blood will be collected from jugular vein using a heparinized needle and syringe at 

0, 0.5, 1, 2, 4, 6, 8, 12, 16, 24 hours after drug treatment. Drug concentration-time 

curve (AUC) will be established to reflect the actual body exposure to drug after 

administration of a dose of the drug and is expressed in mg*h/L.  
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Urine samples will be collected at 0, 2, 4, 6, 8, 10, 12, 24 hours after drug treatment 

and stocked in -80°C. Feces samples will be collected at 8, 12, 24 hours after drug 

treatment and stocked in -80°C. 

 

When the blood absorption of the drug reaches a steady value, the rats will be 

anesthetized with CO2 and the heart, liver, spleen, stomach, kidney, intestine and 

gall bladder will be collected and stocked in -80°C. 

 

3) Sample determination and analysis: 

All the samples will be handled according with standard protocols and determined 

using RP-LC/MS. By further analysis with WinNonlin software, the 

pharmacokinetic parameters including AUC, MRT, t1/2, Cmax and Tmax will be 

calculated. 

 

 

 



198 

LIST OF PUBLICATIONS 

*First author 

1. Khan, M.*, Huang, T.*, Lin, C.Y., Wu, J., Fan, B.M. & Bian, Z.X. (2017). 

Exploiting cancer’s phenotypic guise against itself: targeting ectopically 

expressed peptide G-protein coupled receptors for lung cancer therapy. 

Oncotarget. 

 

2. Jiang, L.*, Lan, R*., Huang, T., Chan, C.-F., Li, H., Lear, S., Zong, J., Wong, 

W.-Y., Lee, M. M.-L., Chan, B. D., Chan, W.-L., Lo, W.-S., Mak N.-K., Lung 

M. L., Lung H. L., Tsao, S. W., Taylor, G. S., Bian, Z. S., Tai W.C.S., Law, G.-

L., Wong, W.-T., Cobb, S. L., Wong, K.-L. (2017). EBNA1-targeted probe for 

the imaging and growth inhibition of tumours associated with the Epstein–Barr 

virus. Nature Biomedical Engineering 1, 0042. 

 

3. Huang, T.*, Mi, H.*, Lin, C. Y., Zhao, L., Zhong, L. L., Liu, F. B., Zhang, G., 

Lu, A. P., Bian, Z. X. & for, M. G. (2017). MOST: most-similar ligand based 

approach to target prediction. BMC Bioinformatics 18, 165. 

 

4. Huang, T.*, Lin, C.*, Zhong, L. L. D., Zhao, L., Zhang, G., Lu, A., Wu, J. & 

Bian, Z. X. (2016). Targeting histone methylation for colorectal cancer. 

Therapeutic Advances in Gastroenterology 10, 114-131. 



199 

 

5. Lin, C. Y.*, Zhang, M.*, Huang, T., Yang, L. L., Fu, H. B., Zhao, L., Zhong, L. 

D. D., Mu, H. X., Shi, X. K., Leung, C. F. P., Fan, B. M., Jiang, M., Lu, A. P., 

Zhu, L. X. & Bian, Z. X. (2015). Spexin Enhances Bowel Movement through 

Activating L-type Voltage-dependent Calcium Channel via Galanin Receptor 2 

in Mice. Scientific Reports 5. 



200 

CURRICULUM VITAE 

 

Academic qualification of the thesis author, Mr. HUANG Tao: 

 Received the degree of Bachelor of Engineering from Tsinghua University, 

July 2004  

 Received the degree of Master of Science from Chinese Academy of Science, 

July 2007 

 

 

August 2017 

 


