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Label-free cell phenotypic profiling identifies 
pharmacologically active compounds in two 
Traditional Chinese Medicinal plants 

Xiuli Zhanga,‡, Huayun Dengb,‡, Yuansheng Xiaoa, Xingya Xuea, Ann M. Ferrieb, 
Elizabeth Tranb, Xinmiao Lianga,*, and Ye Fangb,*  

Traditional Chinese Medicines (TCMs) are widely used in clinical practice and natural 
products have been a rich resource for drug discovery. Identification of pharmacologically 
active chemical constituents is essential to the future of TCMs and natural product-based drug 
discovery. Here we report a label-free cell phenotypic profiling strategy to identify active 
fractions and compounds of two TCM plants including Paederia scandens (Lour.) Merri. 
(Jishiteng in Chinese) and Millettia pachyloba Drake (Duyuteng in Chinese), and to determine 
their mechanisms of action. The extracts of both plants were first fractionated to 160 fractions. 
Label-free cell phenotypic profiling afforded by resonant waveguide grating biosensor in 
microplate were then used to identify the active fractions acting at three different cell lines 
including A431, A549 and HT29. Mass spectroscopy-directed purification was then used to 
identify and purify active compounds. NMR and mass spectroscopy were used to determine the 
chemical structures of the active compounds, and pharmacological assays were used to 
elucidate their mechanisms of action. Using this strategy, we have discovered that both 
medicinal plants contain moderately high amount of niacin, an agonist for hydroxyl carboxylic 
acid receptor-2. Literature mining further suggests that the presence of niacin in Paederia 
scandens may be responsible for its antidyslipidemic effect found in clinic studies. This study 
demonstrates the potential of label-free cell phenotypic profiling for identifying active 
fractions and compounds of TCMs as well as elucidating their mechanisms of action.  

 

Introduction 

Traditional Chinese Medicines (TCMs) including various forms 
of herbal medicine and dietary therapy have been in clinical 
practice since several thousands of years ago. Essential to the 
modernization of TCMs is to identify pharmacologically active 
chemical constituents and their mechanisms of action.1-3 For 
instance, the Compound Danshen Dripping Pill contains active 
fractions of Danshen,  the dried root of Salvia miltiorrhiza, and 
is currently in Phase III trial for the treatment of cardiovascular 
and cerebrovascular diseases with a high hope to become the 
first US Food and Drug Administration approved TCM.4,5  
 Natural products have been proven to be a rich source for 
drug discovery.6-15 Natural products (secondary metabolites) 
and their derivatives account for a great portion of molecular 
medicines, although there has been a decline in the past fifteen 
years, in part due to the shift to high-throughput screening of 
synthetic libraries.15 Given the untapped biological resources16 
and the adoption of new technologies including synthetic 
biology17 and phenotypic assays18, natural products still 
remains to be an attractive revenue for drug discovery.  

 In the recent years, label-free biosensors including resonant 
waveguide grating (RWG) biosensors in microplate have 
become an attractive alternative for drug profiling and 
screening.19-21 The dynamic mass redistribution (DMR) signal 
arising from drug action in native cells, as recorded by RWG 
biosensors,22 represents a cell phenotypic response, permitting 
mechanistic deconvolution of receptor biology23-25 and drug 
pharmacology26-28. Here we report a label-free cell phenotypic 
profiling-centric strategy (Fig.1) to identify active chemical 
constituents from two TCM plants, Paederia scandens (Lour.) 
Merri. (Jishiteng in Chinese) and Millettia pachyloba Drake 
(Duyuteng in Chinese) and elucidate their mechanisms of 
action. Paederia scandens is a relatively widely studied TCM 
used to treat chest pain, inflammation of the spleen, and 
rheumatic arthritis,29 while Millettia pachyloba is poorly 
studied. The leaf, stem and root of Paederia scandens are 
known to contain a variety of iridoid glucosides,30,31 sterols, 
triterpenes, alkanes, fatty alcohols, fatty acids, phenylpropanoid 
including caffeic acid and coumaric acid,32 and flavonoids 
including quercetin33.  
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FIGURE 1. A label-free cell phenotypic profiling centric strategy for identifying 
active chemical constituents from TCM plants and elucidating their mechanisms 
of action.  

 
Experimental 

Materials 

Acipimox, formic acid, niacin, nicotinyl alcohol, nicofuranose, 
and pertussis toxin (PTx) were purchased from Sigma Chemical 
Co. (St. Louis, MO, USA). The preparative grade acetonitrile 
and methanol was obtained from Fulltime (Anhui, China). PTx 
was lyophilized and stocked under dry condition at -20oC, and 
diluted using the complete cell culture medium before use. All 
other compounds were stocked in dimethyl sulfoxide (DMSO) 
at 100 mM, and were diluted to the indicated concentrations 
using the assay buffer (1×Hank’s balanced salt buffer, 20mM 
Hepes, pH 7.1; HBSS). Epic® 384-well cell culture compatible 
biosensor microplates were obtained from Corning 
Incorporated (Corning, NY, USA).  

Cell culture 

All cell lines, human colorectal adenocarcinoma HT29, human 
epidermoid carcinoma A431, and human alveolar basal 
epithelial adenocarcinoma A549, were obtained from American 
Type Cell Culture (Manassas, VA). All cell lines were cultured 
using corresponding medium supplemented with 10% fetal 
bovine serum, 4.5 g/L glucose, 2 mM glutamine, 100 µg/ml 
penicillin and streptomycin at 37°C with 5% CO2. The medium 
used was McCoy’s 5A medium modified for HT29 cells, 
Dulbecco’s Modified Eagle’s Medium for A431 cells and A549 
cells. The native cells were passed with trypsin/EDTA 
(ethylenediaminetetraacetic acid) when approaching 90% 
confluence to provide new maintenance cultures on T-75 flasks 
and experimental cultures on the biosensor microplates or 
chambers. For cell culture in Epic® biosensor microplates, the 
optimal seeding densities were found to be 32 K, 25 K, and 
20K per well for HT29, A431 and A549 cells, respectively. 
Previously, we had found that DMR profiles of several 
receptors in A431 are quite sensitive to cellular status and cells 
in quiescent state generally gave rise to more robust DMR than 
those in proliferating states.21,23,26 Therefore, A431 cells were 
cultured in the complete medium overnight followed by 
overnight starvation in the serum free medium. On the other 

hand, both A549 and HT29 cells only cultured in the completed 
medium for 24hrs were found to be optimal. Afterwards, all 
cells were washed three times using a plate washer (Bio-Tek 
Microplate Washers ELx405t, Bio-Tek, Winooski, VT) and 
incubated in the HBSS buffer for about one hour before DMR 
assays. The confluency for all cells at the time of assays was 
~95%.  

Extraction and fractionation of TCM plants 

The TCM Paederia scandens whole plants and Millettia 
pachyloba stems, the identity of which were confirmed by 
Xiaoping Yang, were purchased from Suizhou (Hubei, China) 
and used for extraction. The extraction procedure used was 
identical for both TCM plants. Specifically, the plants of 5 kg 
were pulverized and refluxed with 50 kg water for 1 hr. The 
high amount of TCM plants used was to establish our extraction 
and fraction libraries for screening and follow-up confirmation 
studies. The reflux was then filtered and the residue was 
refluxed again with 50 kg water for 1 hour. After filtration, the 
two extract solutions were combined (about 100 L), and was 
then processed with a 70000 molecule-sized hollow fiber 
membrane. After filtration, the solution obtained was 
condensed under vacuum at 60 ºC to 1050 ml. Fractionation 
was performed using mass-directed purification system 
(Waters, Milford, MA, USA) which consists of a binary 
BMG2525 pump, a 2777 autosampler, a ZQ mass spectrometry, 
a 2487 UV detector, a 2757 sampler manager and a Sunfire® 
50 x 150mm, 5µm column. For each fractionation, the loading 
volume of the condensed extraction solution was 140 l and 
110 l for Paederia scandens and Millettia pachyloba, 
respectively. The amounts of fractions collected were found to 
be sufficient for the fraction screening. The mobile phase used 
was 0.1% (v/v) formic acid in water (phase A), and methanol 
and acetonitrile with a ratio of 20 to 80 (v/v) (phase B). The 
separation linear gradient (formatted as “time (v%, B 
concentration)”) was 0 min (10%, B) - 30 min (80%, B) - 35 
min (100%, B) – 60 min (100%, B). The flow rate was: 0 min 
(90 ml/min) – 30 min (90 ml/min) - 35 min (80 ml/min) – 60 
min (80 ml/min). Both total ion and UV at 254nm were used 
for detection. The fraction collections were started at 2 min till 
55.3 min, and three fractions were collected every minute. Total 
160 fractions were collected for each plant extract. The 
fractions were then aliquoted and dried under vacuum. The 
dried fractions were then dissolved in DMSO to 2 mg/ml, and 
diluted using the assay buffer before profiling. 

Secondary fractionation of active fractions 

Once identified, the active fractions were then subject to 
secondary fractionation using e2695 Purification system the 
same as in first fractionation. The original fraction JST-003 was 
used to afford secondary fractions using the ClickIon 
20×250mm, 10µm column (Acchrom, China). The flow rate 
was 20 ml/min. The mobile phase was 0.1% (v/v) formic acid 
in water (phase A) and 0.1% (v/v) formic acid in methanol 
(phase B). The linear gradient (formatted as “time (v%, B 
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concentration)”) was 0 min (3%, B) – 15 min (25%, B) -20 min 
(95%, B). Based on mass spectrum and UV peaks, five 
secondary fractions were collected, named as JST-003-#1 to 
JST003-#5. 

Purification of active compounds 

To purify the active compounds, first dimension preparation 
was performed at preparative scale using hydrophilic 
interaction chromatography (HILIC) separation mode with the 
Click Ion 20×250mm, 10µm column (Acchrom, China). UV at 
260 nm was used as the detector. The flow rate was 20 ml/min. 
The mobile phase was 0.1% (v%) formic acid in water (phase 
A), 0.1% (v%) formic acid in acetonitrile (phase B). The 
gradient (formatted as “time (v%, phase B concentration)”) was 
0 min (95%, B) – 10 min (82%, B) – 20 min (82%, B) – 35 
min(40%, B). Afterwards, a second dimension orthogonal 
purification of fractions obtained using the first dimension 
preparation was carried out at Alliance HPLC with 2998 PDA 
detector (Waters). The column used was XAqua 
4.6mm×250mm, 10µm with a flow rate of 1 ml/min. The 
isocratic separation was completed in reverse phase mode with 
0.1% (v) formic acid in water as mobile phase lasting for 15 
min. The purity of purified compounds were performed on 
Alliance e2695 with two columns under two LC conditions, the 
reverse phase analysis on column XAqua 4.6×250mm, 10µm, 
and the HILIC analysis on column ClickIon 4.6×250mm, 
10µm. All conditions consisted of mobile phase A of 0.1% (v) 
formic acid in water and mobile phase B of 0.1% (v) formic 
acid in acetonitrile. The flow rate was 1 ml/min. The gradient 
of HILIC separations (formatted as “time (v%, phase B 
concentration)” was 0 min (95%, B) – 25 min (65%, B). 

Nuclear magnetic resonance (NMR) and MS analysis of active 
compounds 

NMR spectra were collected using Bruker AVIII 600 MHz 
NRM spectrometer equipped with software of TOPSIN 3.0, and 
samples dissolved in D2O. MS spectra were obtained using 
Orbitrap Elite mass spectrometry under either positive mode or 
high duty cycle mode with 180 voltages (ThermoFisher 
Scientific, MA, USA).  

Total niacin determination 

To determine the total amount of niacin in both plants, 100g of 
the herb plant was grinded to powder. 1g powder was then 
suspended in 10 ml water in a 250 ml round bottom flask with a 
reflux condenser. After 2 hrs reflux the supernatant was 
collected, and the remaining residue was refluxed again. Both 
supernatants were then combined and concentrated down to 10 
ml. 5 ml of the concentrated solution was frozen dried in -45oC 
using a lyophilizer and weighed. Another 5ml of the 
concentrated solution was used to quantify niacin using a 
HPLC system consisting of an ACCELA 1250 Pump and an 
ACCELA Autosampler (Thermo Scientific). Chromatographic 
separation was carried out on a Click-Ion (250 mm×4.6 mm 
I.D., 5 µm; Accrom, Beijing) column maintained at ambient 

temperature (21oC). The mobile phase A was 0.1% (v) formic 
acid in water, and the mobile phase B was 0.1% (v) formic acid 
in acetonitrile. The flow rate was 1 ml/min. The gradient started 
at 5% mobile phase A, and linearly reached to 10% in 15 min, 
then arrived to 60% in 5 min, and last kept at 60% for another 
10 min. The flow rate is 1.0 ml/min. The injection volume was 
5 µL. MS detection was performed on a Thermo TSQ Quantum 
Ultra triple quadrupole mass spectrometer (Thermo Scientific) 
equipped with an ESI source in the positive ionization mode. 
The MS operating conditions were optimized as follows: the 
spray voltage was 3000 V, the vaporizer temperature was 500 
oC, the capillary temperature was 400 oC, the sheath gas 
(nitrogen) pressure was set to 75, the auxiliary gas (nitrogen) 
pressure was set to 20, the collision gas (argon) pressure was 
1.5 mTorr. Quantification was obtained using the MRM mode 
with a scan time of 0.25 sec per transition. Standard solutions 
of niacin from 0.01 to 100 µg/ml were prepared in water. 

DMR assays in microplate 

DMR assays in microplate were carried out using conventional 
Epic® system (Corning), a standalone and high throughput 
screening compatible label-free wavelength interrogation reader 
system tailored for RWG biosensors in microplates.34,35 For 
DMR assays in microplate, the cells were washed three times 
with the HBSS and further incubated with the buffer for 1 hr 
inside the reader system. Afterwards, a 2-min baseline was first 
established and normalized to zero. The DMR signals of 
compounds were then recorded as the shift in the resonant 
wavelength (picometer, pm) as a function of time, after the 
compound solutions were transferred into the biosensor wells 
using the on-board liquid handling device. For toxin treatment, 
cells were pretreated with 100 ng/ml PTx for overnight in the 
complete medium at 37 °C/5% CO2, followed by washing twice 
with HBSS and 1 hr incubation insider the reader. All studies 
were carried out with at least three replicates, unless 
specifically mentioned. 

Quantitative real-time PCR (qRT-PCR) 

Total RNA was extracted from cells using an RNeasy mini kit 
(Qiagen, Cat#74104). On-column DNase digestion was 
performed using RNase-free DNase set (Qiagen, Cat#79254) to 
eliminate genomic DNA contamination. The concentration and 
quality of total RNA were determined using a Nanodrop 8000 
(Thermo Scientific). Customized PCR-array plates for 352 
GPCR genes and reagents were ordered from SABiosciences 
(Qiagen, Valencia, CA). About 1 µg total RNA was used for 
each 96-well PCR-array. The PCR-array was performed on an 
ABI 7300 Real-Time PCR System following the 
manufacturer’s instructions. 

Whole cell cyclic AMP (cAMP) assays 

Inhibition of the forskolin-stimulated cAMP accumulation in 
A431 cells was performed using the cAMP-Glo assay kit 
(Promega, Madi-son, WI), according to the manufacturer’s 
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instructions (Promega, Cat#V1502). Briefly, cells were plated 
in 384well tissue culture treated plates (Corning) with a seeding 
density of 20000 cells per well. Cells were cultured in the 
serum rich medium overnight. Next day, the media was 
removed, and cells were incubated with compounds in the 
presence of 5 µM forskolin in cAMP induction buffer for 30 
minutes. The reaction was terminated by adding lysis buffer 
and luminescence was measured using Tecan Safire II reader.  

Data visualization and clustering 

For each DMR the responses at the six distinct time points (3, 
5, 9, 15, 30, and 45min post stimulation) were extracted for 
similarity analysis. All time points refer to the stimulation 
duration after renormalized the responses starting from the time 
when the compound was added. For visualization purpose the 
responses were colour coded to illustrate relative differences in 
DMR signal amplitude (red: positive; green: negative; black: 
zero). In the ligand-DMR matrix each column represents a 
DMR response at a particular time in a specific assay condition, 
and each row represents one ligand (Fig.2). Every row and 
column carries equal weight. The Ward hierarchical clustering 
algorithm and Euclidean distance metrics 
(http://www.eisenlab.org/eisen/) were used for clustering the 
TCM fractions.26,36,37 DMSO in the vehicle at a concentration 
that equals to those for all fractions was also included as a 
negative control. Each fraction was assayed at four replicates. 
The averages of the four replicates were used for analysis. All 
DMR signals were background corrected using the 
corresponding in-plate negative controls. 

Statistical analysis 

DMR dose response data were analysed by using GraphPad 
Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). The 
EC50 or IC50 values were obtained by fitting the dose DMR 
response curves with nonlinear regression. For the liquid 
chromatography–mass spectrometry (LC-MS) analysis, 
Masslynx 4.1 (Waters) software was used. 

Results and discussion 

Fractionation of TCM plant extracts 

Two TCM plants, Paederia scandens whole plants (JST) and 
Millettia pachyloba stems (DYT), were chosen for the present 
study. The extracts generated from these two plants were 
fractionated to 160 fractions, named JST-001 to JST-160, or 
DYT-001 to DYT-160, respectively. Given the relatively low 
resolution of the fractionation protocol used to separate 
compounds and the medicinal plants contain many different 
classes of compounds, it is expected that a specific fraction may 
contain multiple compounds, and one specific compound may 
present in multiple consecutive fractions but at different 
concentrations. 

Label-free cell phenotypic profiling of TCM plant fractions 

Given the wide pathway coverage and high sensitivity,19-24 the 
label-free cell phenotypic assay afforded by RWG biosensor 
was used to profile all 320 fractions against three cancerous cell 
lines, A431, A549 and HT29. Each fraction was assayed at 2 
µg/ml with four replicates across the three cell lines, in order to 
minimize some undesirable responses or adverse effects on 
desirable responses caused by the impurities in the fractions. 
The DMR arising from the stimulation of a specific cell line 
with each fraction was obtained individually and used to 
determine its agonist activity in the cell line. The averaged 
DMR signal of each fraction in an assay was then translated to 
a six-dimensional coordinate (that is, the real DMR responses at 
six distinct time points including 3, 5, 9, 15, 30 and 45min post 
stimulation) for effective similarity analysis, which, in turn, 
may be informative about their underlined biological activity. 
We found that the six time points are adequate to capture the 
main characteristics of all DMR in all the three cell lines. For 
each cell line the negative control (that is, the assay buffer 
containing equal amount of DMSO) was included to define the 
range of responses for classification of the agonist activity of 
these fractions. Fractions whose DMR were smaller than 60 pm  
and similar to the negative controls across all cell lines were 
considered to have no agonist activity and excluded from 
similarity analysis, except for these that clearly blocked the 
DMR arising from subsequent stimulation with YE210, a 
known GPR35 agonist, in HT-29 cells (see below). Similarity 
analysis using unsupervised Ward hierarchical clustering 
algorithm and Euclidean distance metrics led to a label-free cell 
phenotypic heat map, which categorized these fractions into 
four major clusters (Fig.2).  
 Several interesting features emerged. First, the plant 
Paederia scandens extract contains less active fractions than 
the Millettia pachyloba extract. Among 69 active fractions, 
only twelve are from the Paederia scandens extract.  
 Second, the hit rate was relatively high. Out of the 320 
fractions in total, fifty-four directly triggered a detectable DMR 
with an amplitude greater than 60pm in at least one of the three 
cell lines. This high hit rate was in part due to the complexity in 
active constituents in TCM plant extracts, in part due to the fact 
that DMR agonist assay have high target/pathway coverage and 
high sensitivity, and also due to the crude fractionation 
approach used which may cause an abundant compound to be 
collected unevenly in multiple consecutive fractions.  
 Third, most of the fifty-four fractions that displayed agonist 
activity in at least one cell line were found to be associated with 
discrete fraction groups, each of which consists of multiple 
consecutive fractions and shares similar label-free phenotypic 
profiles (Supplementary Figs. 1 to 5). We speculated that the 
smaller the group is the higher possibility is for a single active 
compound to be responsible for the observed label-free 
phenotypic activity of these fractions within the same group. 
For instance, the fraction group including JST-001 to 004 and 
DYT-001 to 005 was only active in A431, leading to a rapid 
and transit positive DMR. For both plant extracts, the third 
fraction, JST-003 or DYT-003, gave rise to the greatest 
response (Fig.3). Given the similarity in label-free cell  
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FIGURE 2.  Label-free  cell  phenotypic  heat  map  of  two  TCM  plant  fractions  in  
three cell lines including A431, A549 and HT29. This heat map was obtained 
using similarity analysis of the DMR signals of the fractions in the three cell lines, 
and the net change of the DMR of the GPR35 agonist YE210 at 1 µM in HT29 
induced by the pretreatment with a specific fraction. For each agonist profile, 
the real amplitudes at 3, 5, 9, 15, 30 and 45min post stimulation were used and 
colour coded – Green: negative; Red: positive; black: zero response. For the DMR 
of 1 µM YE210 in HT29, the net difference between the fraction-pretreated cells 
and the buffer-pretreated cells was used and also colour coded – Green: 
suppression; Red: potentiation; Black: no change. False colour scale bar is 
included to assist the data visualization. 

phenotypic activity, the DMR of these fractions in A431 may 
be due to the activation of a single endogenous receptor 
induced by a single hydrophilic small molecule. Furthermore, 
the differences in signal amplitude may be due to the uneven 
distribution of the active molecule among these consecutive 
fractions in each plant, so the DMR of these fractions within a 
group could mimic the dose response. This was confirmed by 
follow-up studies (see below). On the other hand, the group 

DYT-081 to 109 is quite large, indicating that multiple 
compounds may be responsible for the DMR detected. 

The activity of TCM plant fractions at GPR35 

Many medicinal plants are rich in natural phenols,38,39 several 
of which have been identified to be agonists for GPR35, a G 
protein-coupled receptor (GPCR). These GPR35-active natural 
phenols include luteolin and quercetin,40 gallic acid and 
wedelolactone,41 (+)-taxifolin,42 baicalein, morin, myricetin, 
lapachol, lobaric acid, laccaic acid A, hematein, -cyano-4-
hydroxycinnamic acid, ellagic acid, and 7-deshydroxy-
pyrogallin-4-carboxylic acid.43 These natural phenols display a 
wide range of agonist activity at the GPR35 with nanomolar to 
low micromolar potency. Given that some of the agonistically 
active fractions including the group of DYT-081 to DYT-086 
gave rise to a DMR signal similar to that arising from the 
activation of endogenous GPR35 in HT-29 (Supplementary 
Figs. 1-4), we speculated that some active fractions may 
contain GPR35 agonist(s).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 3.  The real-time DMR of DYT-001 to 005 (a,b),  or JST-001 to 005 (c,d) in A431 
cells.  The  arrow  indicates  the  time  when  the  fraction  was  added.  Data  represents  
mean±s.d (n=4). 

 To test this, we applied two-step DMR desensitization 
assay44 to examine the ability of all fractions to block or 
desensitize the DMR arising from sequential stimulation with 
YE210 in HT29. YE210 is a known putative GPR35 agonist 
and HT29 endogenously expresses GPR35.45 To better illustrate 
the effects of these fractions to block or desensitize the YE210 
DMR, we performed similarity analysis of the agonist activities 
of all fractions in the three cell lines, together with the net 
changes in the YE210 DMR after 1hr pretreatment with all 
fractions, each individually. Similarity analysis suggested that 
the sixty-nine active fractions were classified into four major 
clusters. The first cluster consists of nine fractions including 
JST-003 and DYT-003, all of which were active specifically in 
A431, and had little effect on the YE210 DMR in HT29, 
suggesting that these fractions do not contain GPR35 agonist. 
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The second cluster consists of sixteen fractions including JST-
062 and DYT 085; most of these fractions exhibited noticeable 
agonist activity in all three cell lines, and markedly suppressed 
the YE210 DMR, suggesting that some of these fractions 
contain GPR35 agonists. The third cluster consists of sixteen 
fractions including DYT-055 and DYT-068; these fractions 
triggered small but noticeable DMR in both HT-29 and A431, 
and slightly suppressed the YE210 DMR, suggesting that these 
fractions contain no or little amounts of GPR35 agonists. The 
last cluster consists of twenty-eight fractions including JST-009 
and DYT-090; most of these fractions exhibited agonist activity 
specifically in HT-29, and greatly suppressed the YE210 DMR 
when active, suggesting that these fractions may also contain 
active GPR35 agonists.  
 Examining the real-time DMR characteristics further 
confirmed the assessment based on similarity analysis. For 
Paederia scandens extracts there are three clusters of fractions 
that were active in HT29 (Supplementary Fig.S5). The peak 
response was observed for JST-009 among the group of JST-
007 to 010, JST-062 among the group of JST-061 to 065, and 
JST-067 among the group of JST-065 to JST-072. Furthermore, 
similar to JST-067, JST-009 greatly desensitized the DMR of 
YE210, suggesting that both contain a GPR35 agonist. 
However, JST-062 gave rise to a DMR distinct from YE210, 
and had little effect on the DMR of YE210, suggesting that 
JST-062 contains compound(s) that modulate cellular protein(s) 
distinct from GPR35. Literature mining showed that Paederia 
scandens extracts contain high amount of quercetin,33 a known 
GPR35 partial agonist40,43.  
 However, fractions of the Millettia pachyloba extracts gave 
rise to complicated pharmacological profiles in HT29 
(Supplementary Fig. S1 to S4). The clear peak response was 
observed for DYT-007 in the group of DYT-006 to 009, DYT-
081 in the group of DYT-080 to 084, DYT-085 in the group of 
DYT-085 to 090, DYT-098 in the group of DYT-096 to 099, 
DYT-106 in the group of DYT-104 to 107. For others, no clear 
isolated cluster can be identified. Furthermore, DYT-081, 
DYT-085, and DYT-097 triggered a DMR distinct from 
YE210, but greatly desensitized the YE210 DMR, suggesting 
that these fractions contain a GPR35 agonist, as well as 
compound(s) that modulate a different target. However, other 
fractions triggered a DMR similar to YE210, and desensitized 
the YE210 DMR to different degrees. Nonetheless, these results 
suggest that both plant extracts contain multiple GPR35 
agonists, the exact of which are currently under investigation.  

Identification of active compounds in JST-003 fraction 

Next, we focused on the identification of active compound(s) in 
JST-003 using several approaches, given that the Paederia 
scandens extract displayed relatively clean agonist profiles in 
the three cell lines tested and JST-003 gave rise to the greatest 
DMR in A431 among the fraction group JST-001 to 004.  
 First, we compared the LC-MS profiles of the fraction 
group of JST-001 to 004. Both UV absorbance and MS (total 
ion chromatography with positive electrospray ionization mode,  

ESI+) were monitored. Results showed that there are markedly 
overlap in UV absorbance and total ion chromatograms among 
these fractions, although each crude fraction is a complex 
mixture (Fig.4). Based on the relative DMR signal amplitudes 
observed in A431, the peak around 2.65 most likely contains 
the active compound.  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE  4.  LC-MS  analysis  of  the  fraction  group  of  JST-001  to  004.  (a)  UV  
chromatograms  at  260nm.  (b)  Total  ion  MS  chromatograms  at  positive  ESI  mode.  
Mobile  phase  A  is  0.1%  (v)  formic  acid  in  water  and  B  is  0.1%  (v)  formic  acid  in  
acetonitrile.  The gradient of separations was 0 min (5%, phase B)-15 min (95%, phase 
B). The flow rate was 1 ml/min. 

 Second, we increased the separation power of HPLC to 
prepare five secondary fractions from JST-003 based on both 
UV at 254nm and total ion chromatograms; these secondary 
fractions were named JST-003-#1 to JST-003-#5, 
corresponding to the peaks at 9.13, 12.48, 15.83, 19.78 and 
24.32 min (Fig.5a). We then tested the dose responses of all 
five secondary fractions and found that only JST-003-#1 
trigged a DMR similar to that observed in the initial screen, and 
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gave rise to a clear dose response with an apparent logEC50 in 
ng/ml of 2.78±0.03 (n=3) (Fig.5b  and  c). The relatively 
potency obtained suggests that this secondary fraction is also 
impure (see below).  
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FIGURE 5. Analysis of the fraction JST-003. (a) UV (260nm, top) and total ion 
(positive ESI mode, bottom) MS chromatograms of JST-003. Mobile phase A is 
0.1%  (v)  formic  acid  in  water  and  B  is  0.1%  (v)  formic  acid  in  methanol.  The  
gradient  of  separations  was  0  min  (3%,  phase  B)-15  min  (25%,  phase  B)-20min  
(95%,  phase B).  The flow rate was 1  ml/min.  The ten secondary  fractions  were 
collected as indicated by grey boxes. (b) Real-time dose response of JST-003-#1 
in A431; (c) The maximal DMR amplitudes as a function of JST-003-#1 dose. Data 
represents mean ± s.d. (n=4). (d) Reverse phase isocratic HPLC purification of C1 
and C2 from JST-003-#1 under UV chromatograms at 260nm. 0.1% (v) formic acid 
in water was used as mobile phase during 15 minutes separation. The flow rate 
was 1 ml/min. 

 Third, we scaled up the preparation of JST-003-#1. This 
fraction was collected based on the MS peak at 9.13 min 
(Fig.5a). This fraction was further separated on a second 
dimension orthogonal purification under reverse phase mode, 
wherein the XAqua column was used with a flow rate of 1 
ml/min, and 0.1% (v) formic acid in water as the mobile phase 
lasting for 15 minutes. Results showed that this peak was 
separated to two peaks (6.95min and 8.17min), based on UV 
absorbance at 260nm. The two purified compounds were 
named C1, and C2, respectively. DMR agonist assay showed 
that only C2 behaved similarly to the secondary fraction JST-
003-#1, while C1 was inactive in A431. 
 Fourth, we characterized C2 using MS and NMR. MS 
showed that C2 has an m/z of 123.97, and gave rise to a 

fragmented mass distribution pattern almost identical to niacin 
under high duty cycle mode with 180 voltages, leading to m/z 
of 106.0287 (-H2O), 96.0444 (-CO), 80.0495 (-CO2) and 
78.0338 (-HCOOH) (Supplementary Fig.6). 1H- and 13C-
NMR spectra of C2 further confirmed that C2 is  niacin  (1H-
NMR in D2O:  7.978 (s, 1H), 8.783 (s, 2H), 9.052 (s, 1H); 13C-
NMR  in  D2O: 126.801, 134.989, 142.849, 143.370, 145.354 
and 169.663) (Supplementary Fig.7). Both NMR and MS 
results indicate that C2 has a purity >98%. 
 Fifth, given that niacin was found to be the active compo-
nent of JST-003-#1, we used selected ion m/z of 124 as the 
targeted species to re-examine the distribution of niacin within 
the fraction groups JST-001 to JST-004, and DYT-001 to 
DYT005. LC-MS analysis showed that the targeted molecule in 
these fractions is enriched in JST-003 with the peak at 2.38min 
(Fig.6), or DYT-003 with the peak at 2.65min (Supplementary 
Fig.S8), consistent with the DMR profiling results shown in 
Fig.3. 
 Together, these results showed that the chemical constituent 
in both herb extracts being active in A431 is niacin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE  6.  LC-MS  analysis  of  the  fraction  group  of  JST-001  to  004  using  selected  ion  
chromatography  with  a  targeted  m/z  of  124  at  positive  ESI  mode.  Mobile  phase  A  is  
0.1% (v) formic acid in water and B is 0.1% (v) formic acid in acetonitrile. The gradient 
of  separations  was  0  min  (5%,  phase  B)-15  min  (95%,  phase  B).  The  flow  rate  was  1  
ml/min. 

Characterization of hydroxyl carboxylic acid receptor-2 (HCA-
2) in A431 

Given that niacin is a known agonist for HCA2 and C2 was 
found to trigger a rapid and transit DMR in A431, we 
hypothesized that the DMR of C2 in A431 is due to the 
activation of endogenous HCA2 receptor. We employed several 
approaches including mRNA expression, DMR and cAMP 
assays to ascertain this hypothesis. 
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 First, we performed quantitative RT-PCR of three receptors, 
HCA2,  HCA3  and  GPR35  in  the  three  cell  lines.  HCA2  is  a  
high affinity receptor for niacin, while HCA3 is a low affinity 
receptor for niacin.46 Results showed that compared to the two 
control genes (ACTB, -actin; HPRT1, hypoxanthine 
phosphoribosyltransferase 1), A431 expresses mRNAs for 
HCA2 and HCA3 both at high level, but little GPR35, while 
A549 expresses three receptors all at low level. In contrast, 
HT29 expresses mRNAs for GPR35 at high level, but HCA2 
and HCA3 at moderate level. 
 
Table 1 mRNA expression of different genes in three cell lines. 
The number is the cycle threshold value. For control genes, the 
numbers are mean ± s.d. (n=4) 

Symbol A431 A549 HT29 
HCA2 20.02 28.96 26.04 
HCA3 21.08 32.13 26.35 
GPR35 33.49 28.88 22.43 
HPRT1 21.01±0.21 21.05±0.30 22.04±0.35 
ACTB 17.75±0.25 16.49±0.21 17.40±0.21 

 
 
 
 
 
 
 
 
 
 

 
FIGURE 7.  The DMR signals of 10µM niacin (a) and 10µM zaprinast (b) in A431, A549 
and HT-29. Data represents mean ± s.d. (n=4). 

 Second, we profiled the endogenous receptors using known 
agonists. Consistent with receptor expression pattern, niacin at 
10µM was found to trigger a robust DMR in A431, but led to 
very small DMR in HT29 and little DMR in A549 (Fig.7a). On 
the other hand, the know GPR35 full agonist zaprinast45 
triggered a robust DMR in HT29, a small DMR in A549, but 
little DMR in A431 (Fig.7b). The zaprinast DMR in the three 
cell lines further indicate that the second cluster including 
DYT-085 shown in Fig.2 may contain GPR35 full agonists, 
given that except for JST-062 and 063, these fractions generally 
triggered a robust DMR in HT29, and a small DMR in A549, 
but little DMR in A431, a trend almost identical to zaprinast. 
However, the inability to detect any DMR in A459, a cell line 
endogenously expressing HCA2 and HCA3 mRNA at moderate 
level may be due to the relatively low protein level or signaling 
capacity of these receptors in this cell line, or the sensitivity of 
DMR assays that is still not high enough. 
 Third, we compared the DMR pharmacology of niacin and 
the purified C2 in A431. DMR agonist assays showed that 
niacin and C2 triggered identical dose responses, leading to 
indistinguishable logEC50 of -7.39±0.02 and -7.46±0.03 (n=4), 

respectively (Fig.8a and b). Given the high potency observed, 
we concluded that the DMR of niacin is mostly originated from 
the activation of HCA2. Further, based on the potency of 
purified niacin obtained we estimated that the concentration of 
niacin in the JST-003-#1 fraction was 0.83%. 
 Fourth, we compared the pharmacology of niacin with its 
isomer isonicotinic acid, and two other known HCA2 agonists, 
nicofuranose and acipimox to further confirm the presence of 
functional HCA2 receptor in A431. Results showed that 
isonicotinic acid triggered a dose-dependent response, but with 
much smaller maximal amplitude and lower potency with a 
logEC50 of -5.32±0.10 (n=4) than niacin (Fig.8c and d). On the 
other hand, the HCA2 full agonists nicofuranose and acipimox 
both gave rise to a maximal amplitude comparable to niacin; 
however, displayed distinct potency with logEC50 of -6.60±0.04 
and -5.99±0.01 (n=4), respectively (Fig.8d). As a negative 
control, nicotinly alcohol was found to be inactive in A431 
(Fig.8d). These results further confirmed that A431 
endogenously expresses functional HCA2 receptor.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 8. DMR dose responses of compounds in A431. (a,c) Real-time DMR of 
niacin (a) and isonicotinic acid (c). (b,d) DMR maximal amplitudes as a function of 
compound doses: niacin and C2 (b), nicofuranose, acipimox, isonicotinic acid and 
nicotinyl alcohol (d). Data represents mean ± s.d. (n=4). 

 
FIGURE 9. The dose responses of niacin in A431. (a) Dose DMR responses of niacin in 
untreated and PTx-treated A431 cells. The maximal DMR amplitudes were plotted as a 
function of niacin. (b) Dose inhibition of the cAMP signal induced by 5µM forskolin. 
Data represents mean s.d from 2 independent measurements (n=4). 

Page 8 of 12RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



RSC Advances ARTICLE 

This journal is © The Royal Society of Chemistry 2014  RSC Advances , 2014, 00 , 1-3 | 9  

 Fifth, we examined the ability of different ligands to 
desensitize the DMR arising from the subsequent stimulation 
with 1 µM niacin. Results showed that niacin, C2, nicofuranose 
and acipimox also dose-dependently desensitized the DMR of 
1µM niacin, leading to an apparent of logIC50 of -6.95±0.03, -
7.14±0.05, -6.30±0.05, and -5.66±0.05 (n=4), respectively. In 
contrast, nicotinyl alcohol and isonicotinic acid were inactive. 
These results suggest that C2 is indeed niacin, and nicofuranose 
and acipimox are strong partial agonists for HCA2, while 
nicotinyl alcohol is inactive at HCA2 or HCA3. However, the 
weak agonist activity of isonicotinic acid observed might act at 
the HCA3 or another unknown receptor expressed in A431; 
such a possibility is worthy further investigation. 
 Lastly, we deconvoluted the pathways responsible for the 
DMR of niacin using DMR pathway deconvolution assay.44 
Results showed that the pretreatment of A431 cells with PTx 
completely suppressed the dose response of niacin, suggesting 
that the niacin DMR is solely originated from the G i pathway 
(Fig.9a). PTx is known to result in the permanent inhibition of 
G i by ADP ribosylation of a cysteine of the protein.47 cAMP 
assays showed that niacin itself did not cause cAMP 
accumulation, but dose-dependently suppressed the cAMP 
signal arising from the activation of adenylate cyclases by its 
known activator forskolin, leading to an apparent logIC50 of  -
7.48±0.15 (Fig.9b). Acipimox behaved similarly, yielding an 
apparent logIC50 of -5.68±0.07 (Fig.9b). The potency of both 
agonists obtained was similar to those obtained using DMR 
agonist assays (Fig.8).  
 Together, these results suggest that the DMR of niacin is 
due to the activation of endogenous and G i-coupled HCA2 
receptor in A431. 

Total amount of niacin in Paederia scandens and Millettia 
pachyloba extracts 

 Next, we determined the amount of niacin in the two plants. 
Results showed that the LC-MS/MS method allows for 
determining the concentration of niacin in a linear range from 
0.1 to 100 µg/ml with a calibration equation of Y=849+2967X 
(R2 0.9999). Furthermore, out of 1g Paederia scandens and 
Millettia pachyloba plants, we obtained 171.28 and 145.98 mg 
solid extracts, and 2.94 and 2.25 µg niacin in total, respectively. 
Hence, the concentration of niacin in extracts is 17.0 and 15.4 
µg/g for Paederia scandens and Millettia pachyloba, 
respectively. Compared to the amount of niacin (within the 
range of 1 to 66 µg/g) reported in a wide variety of edible wild 
mushrooms and flowers48, these results suggest that both plants 
contain moderately high amount of niacin.  
 Lastly, we mined the literature describing the clinical 
features of Paederia scandens extracts. Results showed that as 
a generally recognized as safe TCM, Paederia scandens 
extracts have been used to treat uric acid nephropathy,49 
toothache, chest pain, piles, inflammation of the spleen, 
rheumatic arthritis and bacillary dysentery.50-52 In a recent 
study, Zhang et al. studied the effects of Paederia scandens 
extracts on blood glucose and lipid in strepotozotocin-induced 

diabetic ICR mice (male with an average weight of 20±2.0g). 
They found that that once given by orally and daily for 30 days 
a high dose of the extracts (0.2ml 0.26g/ml extract solution) 
lowered the level of blood glucose by 7.6%, increased the level 
of cholesterol associated with ApoA-1/HDL particles, and 
lowered the triglycerides by 24.67%, suggesting that these 
extracts have a hypoglycemic effect.53 The extract dose used 
was estimated to contain 0.90 g niacin, considering the 
concentration of niacin in the extract solid as we determined. 
Given that the total blood volume for 15-20g mice is about 0.8 
to 1.75ml, the niacin concentration in mice blood could be as 
high as 9.1 to 4.2 M, respectively. Another clinical study 
showed that the Paederia scandens extracts had markedly 
antihyperlipidemic beneficial effects on about 93% of patients 
with hyperlipidemia.54 As the vitamin of the B complex niacin 
has been known to be the most effective lipid-lowering drug for 
over fifty years.55,56 The -arrestin mediated signaling via 
HCA2 receptor had been linked to the side effect, skin flushing, 
of niacin.57 Niacin is thought to lower triglyceride levels by 
reducing hepatic VLDL synthesis through the activation of 
HCA2 receptor.58-60 Although it still remains to be controversial 
whether the agonist activity of niacin at the HCA2 receptor is 
related to its antihyperlipidemic effect,60 the moderately high 
amount of niacin in Paederia scandens extract obtained may be 
the underlined mechanism responsible for its anti-
hyperlipidemic effect. 

Conclusions 
In the present paper we have presented a label-free cell 
phenotypic profiling-centric strategy to identify active chemical 
constituents of two TCM plants including Paederia scandens 
and Millettia pachyloba, and to determine their mechanisms of 
action. We found that both plant extracts contain moderately 
high amount of niacin. The presence of niacin in Paederia 
scandens extract may be linked to its anti-hyperlipidemic effect 
observed in diabetic mice and clinical setting. This study 
highlights the power of label-free cell phenotypic profiling for 
relating the active chemical constituents of medicinal plants to 
their clinical benefits and/or side effects, in general for drug 
discovery62,63.  
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Figure S1-5 shows the DMR signal of active fractions in HT29 cells, and 
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Label-free cell phenotypic profiling with three cell lines identified 
multiple pharmacologically active compounds including niacin in two 
TCM plants.  
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