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Abstract: There has been an exponential growth in the field of molecular oncology and cutting-edge research has enabled us to develop a better understanding 
of therapeutically challenging nature of cancer. Based on the mechanistic insights garnered from decades of research, puzzling mysteries of multifaceted nature 
of cancer have been solved to a greater extent. Our rapidly evolving knowledge about deregulated oncogenic cell signaling pathways has allowed us to dissect 
different oncogenic transduction cascades which play critical role in cancer onset, progression and metastasis. Pharmacological targeting of deregulated pathways 
has attracted greater than ever attention in the recent years. Henceforth, discovery and identification of high-quality biologically active chemicals and products is 
gaining considerable momentum. There has been an explosion in the dimension of natural product research because of tremendous potential of chemopreventive 
and pharmaceutical significance of natural products. Schisandrin is mainly obtained from Schisandra chinensis. Schisandrin has been shown to be effective against 
different cancers because of its ability to inhibit/prevent cancer via modulation of different cell signaling pathways. Importantly, regulation of non-coding RNAs 
by schisandrin is an exciting area of research that still needs detailed and comprehensive research.   However, we still have unresolved questions about pharmaco-
logical properties of schisandrin mainly in context of its regulatory role in TGF/SMAD, SHH/GLI, NOTCH and Hippo pathways.
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Introduction

The efficacy of targeted therapies in patients with 
solid tumors is largely unpredictable mainly because of 
intrinsic genetic complexities and deregulation of on-
cogenic signaling pathways (1-3). Tireless efforts have 
been made by researchers worldwide to search for bota-
nicals having significant pharmacological properties 
and minimal off-target effects (4-8). 

Undoubtedly, natural products are a treasure trove 
for discovery of novel drugs and comprehensive analy-
sis of plant extracts in the quest for medicinally valuable 
bioactive natural products is a gold-standard approach 
for the characterization of lead compounds in the drug 
discovery-derived research. Significant proportion of 
mainstream medicines has been obtained from natural 
sources. These landmark developments clearly indicate 
that natural products serve as excellent starting points 
in the design and development of new drug-like candi-
dates. Therefore, when desired results are obtained from 
series of experiments, the next step is the isolation and 
analysis of the structures of the natural products res-

ponsible for the biological effects.
The genus Schisandra belongs to the family of Schi-

sandraceae. Among several species, Schisandra chinen-
sis Turcz. (Baill.) is a scientifically acclaimed plant 
having considerable hepatoprotective, neuroprotective, 
cardioprotective and anti-cancer effects. So far, many 
lignans have been obtained from S. chinensis. These 
lignans belong mostly to dibenzocyclooctane type. 
Deoxyschisandrin, schisandrin B, schisandrin C, schi-
santherin A, schisanthenol and gomisin are high-quality 
lignans having noteworthy pharmacologically valuable 
properties. 

Schisandrin is an important biologically active pro-
duct obtained from Schisandra chinensis. In this review, 
we have provided a summary of most recent experi-
mental findings related to chemopreventive properties 
of schisandrin against different cancers. There are some 
good review articles published in this field related to its 
medicinal properties (9-12).

For the framework of the review, we have extensi-
vely browsed PubMed using different keywords par-
ticularly, "schisandrin and cancer", "schisandrin and 
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metastasis", "Schisandrin and signaling". 
We have focused exclusively on schisandrin-media-

ted regulation of cell signaling pathways in different 
cancers. We have summarized how schisandrin modu-
lated JAK/STAT and apoptotic pathways for cancer 
chemoprevention. Furthermore, we also provided a 
compendium of the regulation of protein networks by 
schisandrin in various cancers. Later, we have sketched 
a landscape of the anti-metastatic effects of schisandrin 
in tumor-bearing mice. 

Role of STAT signaling

JAK/STAT signaling has been shown to play instru-
mental role in carcinogenesis (13-15). 

Schisandrin B dose-dependently suppressed the le-
vels of cyclin D1 and CDK4 (Cyclin-dependent kinase 
4) in BT-549 and MDA-MB-231 cells (16). Schisan-
drin B reduced p-STAT3 levels in BT-549 and MDA-
MB-231 cells (fig.1). STAT3 overexpression impaired 
Schisandrin B-induced apoptotic cell death in MDA-
MB-231 cancer cells. Intraperitoneal injections of Schi-
sandrin B induced regression of tumor mass in mice 
transplanted with MDA-MB-231 cancer cells (16). 

MCF-7/DOX cells express high levels of MDR1. 
P-gp/MDR1 is transcriptionally upregulated by p-
STAT3 and NF-κB (17). Schisandrin A selectively sup-
pressed P-gp/MDR1 by blockade of p-STAT3 and NF-
κB-mediated activation of P-gp (fig.1). Schisandrin A 
effectively suppressed the levels of p-STAT3 and p-IκB 
(17). Overall, these findings suggested that activation of 
STAT3 and NF-κB played central role in the develop-
ment of resistance against different chemotherapeutic 
drugs.

Schisandrin B inhibited the phosphorylation of 
JAK2 and STAT3 in prostate LNCaP and DU145 cancer 
cells. Schisandrin B also downregulated the expression 
of androgen receptor in prostate cancer cells (18). 

These findings indicated that schisandrin not only 
inhibited nuclear accumulation of STAT3 but also sup-
pressed STAT3-mediated transcriptional regulation 
of target gene network.  However, future studies must 
converge on the identification of additional pharmaco-
logical targets of schisandrin in JAK/STAT pathway for 
inhibition and prevention of cancer.

Apoptosis

Interest in the field of apoptosis grew rapidly with 
the understanding that it is a highly controlled molecular 
mechanism. Pioneering research works clearly indicate 
that apoptosis is a tightly regulated multi-step pathway 
primarily responsible for cell death. As we have made 
tremendous advancements in our understanding about 
the survival and death of the tumor cells in the past three 
decades, there is a substantial progress in the design and 
development of anticancer drugs.  

Schisandrin B enhanced doxorubicin-induced apop-
tosis in DOX-resistant cancer cells (19). Doxorubicin 
and Schisandrin B-mediated apoptosis was impaired in 
survivin overexpressing- MCF-7/ADR cells. Schisan-
drin B promoted proteasomal degradation of survivin in 
DOX-resistant breast cancer cells (19). 

TRAIL-based therapeutics have captured extra-
ordinary attention because of noteworthy ability of 
TRAIL to induce apoptotic death in cancer cells while 
leaving normal cells intact.  TRAIL transduced the si-
gnals through death receptors to induce apoptosis (20-
25). Seminal research works have reported significant 
downregulation of death receptors in TRAIL-resistant 
cancer cells. Therefore, different natural products have 
been shown to stimulate cell surface expression of death 
receptors. 

Gomisin N induced upregulation of DR4 and DR5 in 
HeLa cells (26). Gomisin N enhanced TRAIL-induced 
apoptotic death in HeLa cells. Gomisin N enhanced 
DR4 and DR5 via ROS production. It was shown that 
use of ROS scavenger markedly reduced Gomisin N-
mediated upregulation of DR4 and DR5 (26). 

Schisandrin B induced an increase in the levels of 
Bax and cleaved caspase-9. Whereas, levels of Bcl-2 
were noted to be suppressed in glioma U87 and U251 
cells. Intraperitoneal injections of Schisandrin B inhi-
bited the growth of subcutaneous tumor xenografts (27). 
Schisandrin B also remarkably enhanced Bax, cyto-
chrome C, caspase-9 and caspase-3 in A549 cells (28). 

Schisandrin B was also found to activate intrinsic 
apoptotic pathway in cholangiocarcinoma cells (29). 
Importantly, intraperitoneal injections of Schisandrin B 
also effectively restricted the growth of subcutaneous 
HCCC-9810 tumor xenografts (29).  

These findings are scientifically significant and war-
rant further rationally designed preclinical and clinical 
research. As, schisandrin has been reported to activate 
both extrinsic and intrinsic routes of apoptosis, there-
fore, it will be equally exciting to combine schisandrin 
with TRAIL-based therapeutics for a superior efficacy 
in TRAIL-resistant cancer cell lines and xenografted 
mice. 

Regulation of protein networks by Schisandrin

Schisandrin A treatment increased the expression of 
Bax and p53, while significantly reduced the expression 
of the anti-apoptotic protein, Bcl-2 (30). Schisandrin A 
caused significant increase in the phosphorylation of 
eIF2α and also enhanced the expression of CHOP and 
ATF4. Schisandrin A not only reduced the expression of 
β-catenin but also inhibited the phosphorylated levels of 
GSK3β. Schisandrin A induced shrinkage of the tumors 

Figure 1. Schisandrin-mediated inhibition of JAK/STAT signaling 
and NF-κB pathway.
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mediated inactivation of IκBα (38). Schisandrin A in-
hibited nuclear translocation of NF-κB. Schisandrin A 
exerted its IKKβ inhibitory effects by forming interac-
tions with hydrophobic amino acids within IKKβ (38).

Regulation of non-coding RNAs by Schisandrin

Discovery and characterization of non-coding RNAs 
have revealed the diversity of their regulatory roles in 
carcinogenesis and metastasis. microRNAs (miRNAs) 
(39-41), long non-coding RNAs (lncRNAs) (42-45) and 
circular RNAs have occupied the central stage in recent 
years because of their indispensable role in carcinoge-
nesis and metastasis. 

Oncogenic miRNAs

Schisandrin A dose-dependently reduced the via-
bility of MDA-MB-231 cancer cells (46). Schisandrin 
A significantly suppressed proliferation and inhibited 
migration and invasion of breast cancer cells. Schisan-
drin A reduced miR-155. However, treatment with miR-
155 mimics counteracted the inhibitory effects exerted 
by Schisandrin A on the proliferation and migration 
of breast MDA-MB-231 cancer cells. Schisandrin A 
reduced the levels of p-PI3K and p-AKT but miR-155 
mimics induced an increase in the levels of p-PI3K and 
p-AKT. Likewise, the levels of MMP2 and MMP9 were 
also reported to be enhanced in miR-155 mimics-trans-
fected cancer cells (46).

Schisandrin A effectively downregulated miR-429 
in thyroid cancer TPC-1 cells (fig. 2) (47). Schisandrin 
A inhibited cell proliferation of thyroid cancer cells by 
suppressing the levels of p-MEK and p-ERK in thyroid 
cancer cells. Likewise, Schisandrin A inhibited metasta-
sizing potential of thyroid cancer cells by suppression of 
MMP2, MMP9 and vimentin (47).

Tumor suppressive miRNAs

Schisandrin A enhanced the chemosensitivity of 
colon carcinoma cells to 5-fluorouracil through upregu-
lation of miR-195 (48). Schisandrin A caused marked 
reduction in the levels of p-PI3K and p-AKT. However, 
Schisandrin A did not reduce the levels of p-PI3K and 
p-AKT in miR-195-silenced cancer cells (48). Overall, 
these findings suggested that Schisandrin A-mediated 
upregulation of miR-195 was necessary to exert chemo-
preventive effects.

Schisandrin B induced an increase in the expression 
of miR-125a and simultaneously reduced HOTAIR in 
glioma U251 and U87 cells (fig.2) (49). Levels of p-
mTOR were found to be enhanced in HOTAIR-overex-
pressing glioma cells. Migratory and invasive poten-
tial of HOTAIR-silenced glioma cells was noted to be 
reduced. Schisandrin B and rapamycin (mTOR inhibi-
tor) caused significant reduction in the proliferation and 
migration of glioma cells (49). 

CircRNAs have been shown to sponge target miR-
NAs and potentiate the expression of the genes.  Schi-
sandrin B induced upregulation of miR-708-5p and 
concordantly reduced circ_0009112 in osteosarcoma 
cells (50). circ_0009112 acted as an oncogenic circular 
RNA and fueled proliferation and migration of osteo-

in mice transplanted with MDA-MB-231 cancer cells. 
Schisandrin A significantly suppressed the expression 
of β-catenin and the phosphorylation of GSK3β. Levels 
of ATF4, Bax and p-eIF2α were increased in the tumor 
tissues derived from MDA-MB-231 cancer cells (30).

Schisandrin B and docetaxel combinatorially re-
duced N-cadherin and vimentin and increased the le-
vels of E-cadherin (31). Schisandrin B and docetaxel 
markedly reduced MMP-9, NOTCH1 and β-catenin in 
Caski cells. Schisandrin B and docetaxel remarkably 
restricted tumor growth in mice transplanted with Caski 
cells (31). 

Levels of p-FAK (Tyr 397) were noted to be reduced 
in colon of mice treated with dextran sulfate sodium 
(DSS), but schisandrin B restored phosphorylated levels 
of FAK in epithelial cells (32). Schisandrin B-treated 
colitis mice expressed higher levels of p-FAK and colon 
damage was less severe. Surprisingly, Schisandrin B 
failed to protect colon from DSS-mediated damaging 
and toxic effects upon inactivation of FAK which clear-
ly highlighted that activation of FAK was crucial for 
protective effects of Schisandrin B. DSS-induced ulce-
rative colitis has main role in the initiation and progres-
sion of colitis-associated-cancer. Schisandrin B potently 
inhibited initiation and promotion of colitis-associated-
cancer and suppressed the production of inflammatory 
cytokines (32).

Schisandrin B reduced the levels of cyclin D1 and 
CDK4 in gallbladder cancer GBC-SD and NOZ cells 
(33). Schisandrin B induced the levels of Bax and si-
multaneously reduced the levels of Bcl-2 in GBC-SD 
and NOZ cells. Schisandrin also inhibited the activation 
of NF-κB and repressed NF-κB-mediated gene network 
(33). 

CDK4 and CDK6 phosphorylate RB protein. CDK 
activity is tightly regulated by CDK inhibitors (p27). 
Hypo-phosphorylated RB directly binds to and blocks 
the activity of E2F activators (E2F1-E2F3). Schisandrin 
C reduced the levels of CDK4 and the transcriptional 
factors, E2F1 and E2F4. Schisandrin C enhanced p21 
(CDK inhibitor) (34). 

Schisandrin A blocked the transcription of HSF1 tar-
get genes (HSP27, HSP90 and HSP70). Schisandrin A 
directly binds to HSF1 and prevents the activation of 
HSF1 (35). 

Schisandrin B suppressed the levels of p-AKT, p-
mTOR and MMP-9 in glioma U251 and U78 cells (36). 
mTOR activation led to an increase in the MMP9 ex-
pression. However, Schisandrin B inhibited mTOR-me-
diated increase in MMP9 expression (36). 

Schisandrin B upregulated E-cadherin and downre-
gulated vimentin and N-cadherin in H661-CSCs and 
NCI-H460-CSCs (Li, 37). Schisandrin B efficiently 
suppressed CD133, CD44, OCT4 and Bmi-1 in can-
cer stem cells. Schisandrin B significantly repressed 
the phosphorylated levels of p38MAPK. Schisandrin B 
inhibited tumor growth in mice subcutaneously inocu-
lated with NCI-H460-CSCs. Schisandrin B significantly 
suppressed the levels of CD133, CD44, OCT4 and Bmi-
1 in the tumor tissues. Moreover, Schisandrin B signi-
ficantly reduced p-IκBα, p-p65 and p-p38MAPK in the 
tumor tissues of xenografted mice (37).  

Schisandrin A enhanced the efficacy of gefitinib 
mainly through blockade of IKKβ activation and IKKβ-
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sarcoma cells (fig.2). p-PI3K and p-AKT levels were 
noted to be enhanced in circ_0009112-overexpressing 
osteosarcoma cells (50). 

Nonetheless, these conceptual advancements repre-
sent only a smaller fraction of the snapshot of their 
gene regulatory properties. Importantly, integrated 
knowledge of schisandrin-mediated chemopreventive 
effects will hopefully increase the identification of func-
tional non-coding RNAs which can be exploited phar-
macologically to inhibit/prevent cancer. 

How non-coding RNAs influence carcinogenesis are 
questions of great interest and excitement. Our evolving 
understanding clearly suggests that non-coding RNAs 
fine-tune cell specification and disease. Therefore, these 
functions require clear understanding, not only to pro-
vide a broader landscape of molecular mechanisms but 
also because non-coding RNAs can be pharmaceutical-
ly targeted with high degree of specificity.

Anti-metastatic effects of Schisandrin 

Excitingly, exponential growth in the landmark dis-
coveries related to underlying mechanisms of metasta-
sis has unveiled a massive network of proteins involved 
in the multi-step regulation of the metastatic cascades. 

Although pro-metastatic genes have been demons-
trated to work at multiple steps in dynamically challen-
ging process of metastasis, many of them have recently 
been reported to enhance the colonization step of metas-
tasis, the process by which small clusters of tumor cells 
living in secondary organ sites (micro-metastasis) grow 
and temporally develop into lethal macro-metastasis 
(Fig. 3).

4T1 syngeneic xenograft models are used to analyze 
the intricate process of spontaneous metastasis. The-
refore, major metastatic site is lung in these models. 
Using this model researchers reported that Schisandrin 
B significantly reduced 4T1 lung metastasis but did not 
inhibit the growth of the primary tumors (51). Schisan-
drin B also significantly reduced metastatic spread and 
homing of 4T1 cancer cells to the bone. 

TGFβ induced an increase in the expression of 
NOX4 (NAPDH oxidase 4) (52). NOX4 was essential 
for generation of ROS triggered by TGFβ. TGFβ did 

not enhance the migratory potential of NOX4-silenced 
4T1 cancer cells. NOX4 knockdown caused significant 
suppression of the phosphorylated levels of ERK1/2 
and AKT. Schisandrin B inhibited NOX4 activity. Pul-
monary metastatic nodules, lung metastasis index and 
the rates of bone osteolysis were reported to be notably 
reduced in mice inoculated with NOX4-silenced 4T1 
cancer cells (52).

Combinatorial use of Schisandrin with therapeutic 
agents

Apatinib (rivoceranib) is a small molecule that selec-
tively targets VEGFR2. Schisandrin B and apatinib ef-
fectively induced apoptosis in gastric cancer cells (53). 
Schisandrin B and apatinib reduced the levels of MMP9 
in gastric cancer cells. Moreover, Schisandrin B impro-
ved the efficacy of apatinib by increasing the levels of 
caspase-9 and Bax in gastric cancer cells (53). 

Schisandrin B has been reported to be an efficient 
cardioprotective product apart from its scientifically 
acclaimed ability to inhibit multidrug resistance asso-
ciated protein-1 and P-glycoprotein (54).  Schisandrin 
B prevented doxorubicin-mediated cardiotoxicity by 
increasing the glutathione redox cycling (55). 

Schisandrin B significantly not only reduced doxo-
rubicin-induced toxic effects on cardiomyocytic struc-
ture but also improved cardiac functions. Schisandrin 
B and doxorubicin caused significant reduction in the 
formation of spontaneous metastatic foci in the lungs of 
tumor-bearing mice (56). 

Schisandrin B did not increase doxorubicin-media-
ted apoptosis in primary human fibroblasts and primary 
rat cardiomyocytes (57). Schisandrin B has been shown 
to exert protective effects when used in combination 
with doxorubicin.  Therefore, Schisandrin B might be 
a promising agent in clinical chemotherapy because of 
its remarkable ability to reduce the cumulative doses of 
doxorubicin and its associated cardiotoxicities (57).

Future prospects

Natural product research has been revolutionized 
by high-throughput technologies and rapidly accumu-
lating experimental evidence has unveiled mechanistic 

Figure 2. Regulation of non-coding RNAs by schisandrin. Dif-
ferent miRNAs regulate PI3K/AKT pathway in a positive and 
negative manner. miR-155 potentiated PI3K/AKT pathway but 
miR-195 and miR-708-5p inhibited the activation of PI3K/AKT 
pathway. miR-125 inhibited the activation of mTOR but HOTAIR 
promoted the activation of mTOR. Schisandrin has been shown 
to inhibit oncogenic miRNAs, lncRNAs and circRNAs. miR-429 
potentiated MEK/ERK pathway. Schisandrin inhibited miR-429.

Figure 3. Distant colonization of cancer cells.
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analysis of pharmacological properties of myriad of 
high-quality bioactive components (58-61). Schisandrin 
has been reported to be effective in the treatment of dif-
ferent diseases. In this review we have exclusively fo-
cused on schisandrin mediated cancer chemopreventive 
effects via regulation of cell signaling pathways. We 
have sketched a landscape of regulation of JAK/STAT, 
NF-κB and non-coding RNAs by schisandrin. Schisan-
drin-mediated anti-metastatic effects have also been 
summarized and excitingly, cardioprotective effects of 
schisandrin are worth mentioning.  This is amazingly a 
distinguishing and hallmark feature of schisandrin when 
used with chemotherapeutic drugs. 

Furthermore, schisandrin mediated epigenetic regu-
lation of genes is also an exciting area of research. Schi-
sandrin B repressed the expression of transcriptional 
factor (ZEB1) in EMT by increasing the enrichment of 
H3K9me3 at the ZEB1 promoter and caused epigenetic 
inactivation (shown in fig. 4) (62). 

However, there is a need to set spotlight on different 
signaling pathways which have not yet been explored.

Nanotechnological approaches for the delivery of 
Schisandrin

A major advantage of nanostructures is their multi-
faceted properties. The maneuverability of nanomate-
rial design has allowed researchers to exploit different 
nano-bio interactions and improve the delivery of cargo 
to the target sites. Accordingly, multifunctional facets of 
nanomaterials are of particular importance for the treat-
ment of heterogeneous diseases. Particularly, the effi-
cacy of anticancer nanostructures is severely limited by 
difficulties in the targeting, multiple biological barriers 
and dynamic in-vivo changes of the materials. Overall, 
these intricate and interconnected stumbling blocks re-

quire multi-layered countermeasures that can be achie-
ved through multifunctionality (63-67).

Cell-penetrating-peptides (CPPs) are short pep-
tide sequences having significant ability to penetrate 
the membranes (68). R8 peptide (R-R-R-R-R-R-R-R) 
is a promising and effective cell-penetrating-peptide. 
R8 modified vinorelbine and schisandrin B liposomes 
synergistically prolonged the median survival time of 
tumor-bearing mice (68). 

PFVYLI (PFV) is a six amino acid cell penetrating 
peptide. PFV modified schisandrin B and epirubicin li-
posomes were found to be effective breast cancer cells. 
PFV modified liposomes effectively reduced the levels 
of VEGF, MMP9 and vimentin in breast cancer MDA-
MB-435S cells (69). PFV modified schisandrin B and 
doxorubicin liposomes were also reported to be effec-
tive against non-small cell lung cancer cells (70). 

Novel microemulsion systems co-loaded with do-
cetaxel and schisandrin A were found to be effective 
against esophageal carcinoma cells (71). Intragastric 
administration of microemulsion system co-loaded 
with docetaxel and schisandrin A strikingly suppressed 
the tumor growth in mice inoculated with esophageal 
EC109 carcinoma cells. Tumor inhibition rates of mi-
croemulsion system were even higher than some of the 
intravenously administered nanomedicines. Mice admi-
nistered with microemulsion system did not show any 
lesion in the liver and spleen (71).

Doxorubicin and schisandrin A were co-encapsulated 
into Distearoyl phosphatidylethanolamine-polyethylene 
glycol liposome (72). Accordingly, this long-circulating 
codelivery system was found to be effective against 
MCF-7 and HepG2. These liposomes significantly pro-
longed the half-life of the doxorubicin and schisandrin 
A, increased their circulation time, improved its bioa-
vailability and reduced their side effects (72).

Clinical trials

Supplementation with Schisandra chinensis extracts 
enhanced skeletal muscle strength in older adults who 
performed low-intensity exercise (73).

Schisandra chinensis extracts have also been 
tested for efficacy in subjects with knee osteoarthritis 
(NCT01472822). Baofeikang granules were clinically 
analyzed for the treatment of combined pulmonary 
fibrosis and emphysema (NCT02805699). Baofeikang 
granules consisted of many natural products like Schi-
sandra, saponins, Cordyceps fungi powder etc. 

20-herb formulation has been clinically evaluated 
for efficacy in patients with Irritable bowel syndrome 
(NCT00676975). 

Concluding remarks
Discovery of biologically active chemicals of ex-

traordinary clinical value from medicinal plants is 
indeed very exciting. Mechanistic characterization of 
natural products for the identification of the pharma-
cological properties enables the researchers to decide 
whether or not the analysis of the target products can 
be extended to the advanced stages. Importantly, their 
structural diversities make them a valuable source of 
novel lead compounds against newly identified pharma-
cological targets in different cancers. Excitingly, tides 

Figure 4. Epigenetic inactivation of ZEB1. Transcriptional inacti-
vation of ZEB1 by increasing the enrichment of H3K9me3 at the 
ZEB1 promoter is an effective strategy to inhibit metastasis-asso-
ciated genes.
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for the natural product research are rising and hence it 
can be optimistically presumed that there is a re-emer-
gence of the era of natural product discovery through 
cross-fertilization of molecular biology and chemistry. 

Use of simple and easily manipulated drug-like scaf-
folds that can mimic the functions of a complex natural 
product is a rapidly evolving and attractive dimension in 
chemical biology and drug discovery.

Therefore, integration of these exciting discoveries 
into a common framework will reshape the future de-
sign of effective clinical trials in this field.
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