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Abstract

Rhei Radix et Rhizoma, also known as rhubarb or Da Huang, has been widely used as a spice and as traditional herbal
medicine for centuries, and is currently marketed in China as the principal herbs in various prescriptions, such as Da-
Huang-Zhe-Chong pills and Da-Huang-Qing-Wei pills. Emodin, a major bioactive anthraquinone derivative extracted
from rhubarb, represents multiple health benefits in the treatment of a host of diseases, such as immune-inflamma-
tory abnormality, tumor progression, bacterial or viral infections, and metabolic syndrome. Emerging evidence has
made great strides in clarifying the multi-targeting therapeutic mechanisms underlying the efficacious therapeutic
potential of emodin, including anti-inflammatory, immunomodulatory, anti-fibrosis, anti-tumor, anti-viral, anti-bacte-
rial, and anti-diabetic properties. This comprehensive review aims to provide an updated summary of recent devel-
opments on these pharmacological efficacies and molecular mechanisms of emodin, with a focus on the underly-
ing molecular targets and signaling networks. We also reviewed recent attempts to improve the pharmacokinetic
properties and biological activities of emodin by structural modification and novel material-based targeted delivery.
In conclusion, emodin still has great potential to become promising therapeutic options to immune and inflamma-
tion abnormality, organ fibrosis, common malignancy, pathogenic bacteria or virus infections, and endocrine disease
or disorder. Scientifically addressing concerns regarding the poor bioavailability and vague molecular targets would
significantly contribute to the widespread acceptance of rhubarb not only as a dietary supplement in food flavorings
and colorings but also as a health-promoting TCM in the coming years.
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Introduction

Rhei Radix et Rhizoma (synonym: rhubarb, Chinese
name: Da Huang) is the dry root and rhizome of three
official Rheum species: R. palmatum L., R. tanguticum
Maxim. ex Balf. and R. officinale Baill.. Rhubarb is mainly
produced in the high-altitude mountainous area of tem-
perate and subtropical Asia, including but not limited to
the northwest and southwest of China (Gansu province,
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Qinghai province, Sichuan province, and Tibet Autono-
mous Region). Historically, after first traveled to Europe
in the early seventeenth centuries, culinary or garden
rhubarb, the stalk of Rheum rhaponticum L. (synonym:
R.hybridum, R.X cultorum), is widely cultivated in North
America, Northern Europe as well as Oceania, and gains
popularity on account of its high nutritional and pharma-
ceutical value [1, 2]. Rhubarb was first recorded in Shen
Nong Ben Cao Jing, the earliest systematic monography
concerning Traditional Chinese Medicine (TCM), and
has been clinically practiced for over the past 2000 years
due to its pharmacological effects against constipation,
inflammation, virus infection, diabetes, and tumor [3-5].
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In addition, rhubarb has also been concomitantly used
with other herbal medicines in traditional Chinese pre-
scriptions to improve therapeutic effects or reduce side
effects. Clinically, several widely prescribed Chinese pat-
ent medicines and prescriptions are made from or con-
taining rhubarb, including Yin-Chen-Hao decoction,
Da-Cheng-Qi decoction, Da-Huang-Zhe-Chong pills,
Niu-Huang-Jie-Du tablets, and Liu-Wei-An-Xiao capsules
[6-8].

Numerous bioactive ingredients and plant secondary
metabolites have been isolated and identified in rhubarb,
including anthraquinones, anthrones, stilbenes, buty-
rophenones and chromones, flavonoids, tannins, poly-
saccharides, volatile oils, and other compounds. Among
them, anthraquinones are the major characteristics and
abundant pharmacodynamic components isolated from
rhubarb, which can be further separated into free anth-
raquinones, such as rhein, emodin, chrysophanol, aloe-
emodin and physcion, and bound anthraquinones [9].
Since merging studies have demonstrated that emodin
(1,3,8-trihydroxy-6-methylanthraquinone, CisH;005)
exhibited significant pharmacological functions and
effective clinical curative effects, it has long been con-
sidered as the principal pharmacodynamic component
of rhubarb. Viewed from its botanical origin, the con-
tent of emodin in R. palmatum L. is the highest among
the three sources of rhubarb [10]. Additionally, it is also
noteworthy that emodin has been identified in 17 fami-
lies of natural plants. In addition to the above-mentioned
Polygonaceae (R. palmatum L., R. tanguticum Maxim.
ex Balf, R. officinale Baill.), emodin was isolated from
Polygonaceae (Polygonum cuspidatum Sieb.et Zucc.,
Polygonum multiflorum Thunb.) [11, 12], Fabaceae (Cas-
sia obtusifolia L., Cassia tora L.) [13] and Rhamnaceae
(Rhamnus spp.) [14]. Emodin is considered to possess
a wide variety of pharmacological benefits, including
anti-cardiovascular, anti-cancer, anti-diabetic, and anti-
fibrosis effects, and was clinically used for the treat-
ment of bronchial asthma, encephalitis, nasopharyngeal
carcinoma (NPC), and diabetic cataract [15—-19]. In the
meantime, an increasing number of toxicologic studies
reported that abuse of emodin tends to initiate adverse
effects like hepatotoxicity and nephrotoxicity [20, 21].
The cellular and molecular mechanisms of emodin-medi-
ated organ toxicity remain an unclear territory that war-
rants further exploration.

In the present review, we summarize the current state
of experimental evidence for the pharmacological and
toxic effects of emodin, mainly focusing on those stud-
ies exploring underlying mechanisms and molecular tar-
gets. We also highlight recent advances in the study of
structure—activity relationships, structural modification
of emodin and modern delivery approaches aiming to
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improve the targeting and pharmacokinetic properties of
emodin. This review aims to point out the shortcomings
of previous studies and to offer intriguing insights into
the discovery of emodin-based novel drugs which have a
promising prospect in clinical application.

Pharmacological effects of emodin

Anti-oxidant effects

Emodin shows striking O,"~ and ‘NO capture capac-
ity and thus works as a powerful antioxidant for neu-
roprotection purposes and for treating inflammatory
disorders, which is well-characterized by numerous stud-
ies and has been well-summarized by previous reviews.
Several recent studies further shed novel light on the
underlying mechanisms. By employing a range of new
technologies including X-ray crystallography, density
functional theory, cyclic voltammetry, and rotating ring-
disk electrode method, Rossi et al. clarified that expect
for forming a stable complex after interacting with the
hydroxyl at position 3, the m—m interaction of superoxide
and quinone moiety also helped to transfer one electron
to the ring and induced emodin aromatization and oxi-
dation, thus exhibited strong free radical scavenging and
antioxidant activities [22].

Anti-inflammatory effects

Inflammation is a comprehensive array of pathophysi-
ological responses to stressful stimuli, which may lead to
local tissues or even systemic injuries when it is exces-
sive and uncontrolled. There was a growing number of
evidence showing that emodin exerted protective effects
against tissue or organ damage through inhibiting exag-
gerated inflammatory responses (Fig. 1). Nuclear factor
kappa-B (NF-«B) is considered as the master regulator of
inflammatory response and serves crucial roles in tran-
scriptionally activating a bunch of cytokines, chemokines,
pro-inflammatory effectors as well as inflammatory
cells. It can be activated by toll-like receptor (TLR) sig-
nal through myeloid differentiation factor88 (MyD88)-
dependent pathway, including the degradation of IkBa, a
cytoplasmic inhibitor of NF-«B, and sequentially NF-xB
p65 nuclear translocation [23]. Emodin (10 pM) was
found to inhibit the calcific transformation of human
aortic valve interstitial cells and interfere with the calcifi-
cation events during acute inflammatory responses under
the induction of tumor necrosis factor-alpha (TNE-
a). RNA-sequencing and GO functional annotations
revealed that emodin significantly suppressed NF-«xB
pathway and down-regulated bone morphogenetic pro-
tein 2 expression by inhibiting TNF, tumor necrosis
factor receptor-associated factors, and p65 protein syn-
thesis [24]. Luo et al. firstly found that emodin reduced
the expression of TLR5 and MyD88, up-regulated IxB
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Fig. 1 Networks of molecular signaling underlying anti-inflammatory and immunoregulative effects of emodin. Emodin limits immune and
inflammation abnormality through inhibition of pro-inflammatory signaling pathways (such as TLR/NF-kB, PI3K/AKT, and JAK/STAT3) and NLRP3
inflammasome activation, induction of apoptosis, and regulation of microRNA expression as well as immune cells differentiation

levels, as well as inhibited the nuclear translocation of
NF-kB p65 to ameliorate ulcerative colitis symptoms,
via suppressing flagellin-TLR5-NF-«B signaling pathway
[25]. Emodin (5-20 mg/kg) also was reported to mark-
edly inhibit inflammatory response and subsequent liver
injury induced by lipopolysaccharide (LPS), via suppress-
ing TLR4-mediated MyD88-TRIF signaling pathways
and reducing the expression of TNF-a and interleukin
(IL)-6 [26]. Moreover, emodin (25 pM) markedly sup-
pressed the LPS-triggered up-regulation of intercellular
cell adhesion molecule-1 (ICAM-1), monocyte chemoat-
tractant protein-1 (MCP-1) and TNF-q, and reversed the
down-regulation of PPARYy in activated RAW?264.7 cells,
suggesting the implication of PPARy pathway in emodin-
mediated inactivation of NF-«xB [27]. In primary uterine
and endometrium epithelial cells isolated from lepto-
spira-infected mice, emodin (40 pg/ml) inhibited the
expression of TNF-a, IL-1P, and IL-6 and suppressed the
phosphorylation of p38, p65, ERK and JNK via regulating
NF-kB and MAPK signaling pathways [28]. Analogously,
emodin (2 or 5 mg/kg) exerted renoprotective effects in
ischemia reperfusion injured mice through limiting the
activation of protein kinase 2 (CK2), a pro-inflammatory
regulator in NF-kB and MAPK pathways [29].

In the past decade, there has been a growing empha-
sis on the putative role of long-noncoding RNAs (IncR-
NAs) and MicroRNAs (miRNAs or miR), which are
increasingly seen as promising transcriptional mediators
related to gene expression and cell metabolism, in the

progression and management of multiple inflammation-
related pathophysiological states [30]. Taurine raised
gene 1 (TUG1), a 7.1-kb IncRNA transcribed from chro-
mosome 22q12, was identified to attenuate cold-induced
liver injury by repressing apoptosis and inflammation
[31]. Based on RNA-sequencing and IncRNA microarray,
Katsushima et al. revealed a reinforcing activation loop
between Notch downstream factor MYC and IncRNA
TUG]I for mutual stabilization of their gene expression,
namely MYC functions as a transcriptional activator of
TUG1 while TUG1 prevent MYC mRNA from degra-
dation by quenching miR-145 [32]. Interestingly, emo-
din treatment (5-10 uM) was reported to induce TUG1
expression and inhibit the Notch and NF-«B signals and
thus relieved LPS-induced inflammation in murine chon-
drogenic cell line (ATDC5). Additionally, the down-reg-
ulated expressions of Notch 1, Notch 2, Notch3, and the
repressed phosphorylation of p65 and NF-«B induced by
emodin were markedly reversed after TUG1 knockdown
by transfection with sh-TUG1, which further consoli-
dated the argument [33]. A most recent study in human
fibroblasts cell line (WI-38) further demonstrated that
emodin (5-20 pM) enhanced TUG1 expression and
alleviated the LPS-evoked inflammatory damage via
restraining the NF-kB and p38MAPK pathways [34].
MicroRNAs, a class of endogenous small non-pro-
tein-coding RNAs with approximately 19-23 nucleo-
tides, function in post-transcriptional regulation of gene
expression by binding to the 3’'UTR of target mRNA, thus
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lead to mRNA degradation and translation inhibition at
the same time [35, 36]. Serine protease high-temperature
requirement A (HTRA) can repress transforming growth
factor beta 1 (TGF-B1) protein level, which serves as a
modulatory mechanism for the limitation of inflamma-
tory responses [37]. Based on bioinformatic approaches,
Xiang et al elucidated that miRNA-30a-5p was an
essential transcriptional brake to curb the expression of
HTRAI gene, concurrently repressing its protein trans-
lation. Interestingly, emodin (10-40 pM) significantly
upregulated miRNA-30a expression in rat pancreatic
acinar cells (AR42]) and further mitigated sodium tau-
rocholate-induced inflammatory injury by downregulat-
ing HTRAT1 [38]. Besides, IL-1 receptor associated kinase
1 (IRAK1) exerts critical roles in modulating innate
immunity and inducing the expressions of inflamma-
tory-related genes. A previous study has reported that
emodin pre-treatment at 20 pM attenuated LPS-stimu-
lated hepatic inflammatory injury via inducing miRNA-
145-mediated translational suppression of IRAK1 and
inhibiting following NF-kB signal in normal human
liver cells (L-02) [39]. Moreover, miR-223 is regarded as
a post-transcriptional regulator, which directly targeting
a network of genes related to NF-kB pathway, includ-
ing CACTIN, CARM-1, MCP-1, and UBE2G2, to pro-
mote innate immunity and inflammatory response [40].
Emodin treatment (15 uM) remarkably attenuated LPS-
induced inflammatory lesion by down-regulating miR-
223 expression and deactivating JNK signaling-related
proteins p-Jnk and p-c-Jun in rat cardiomyoblast cells
[41]. Emodin (20 uM) was also reported to reverse LPS-
diminished miR-21 expression, thereby downregulated
phosphatase and tensin homolog (PTEN) and blunted
NF-kB signaling, and then alleviated LPS-induced human
keratinocyte cells inflammation. Silencing of miR-21 sig-
nificantly abrogated the inhibitory effects of emodin on
inflammation, and further accelerated cell apoptosis and
facilitated the expression of IL-1p and IL-6 [42].
Recognition of a wide range of pathogens challenges
and cellular damages by inflammasomes leads to direct
activation of caspase-1, and subsequent triggers the mat-
uration of proinflammatory cytokines including IL-1f
and IL-18 to engage in immune defense [43]. In addition
to the above-mentioned mechanisms, it is noteworthy
that emodin also alleviated inflammation by interfering
with inflammasomes activation. Han et al. first demon-
strated that emodin treatment (12.5-50 uM) inhibited
the activation of NOD-like receptors (NLR) family pyrin
domain containing 3 (NLRP3) inflammasome, leading
to attenuation of cleaved IL-1f and caspase-1 secretion
in LPS-induced bone marrow-derived macrophages
(BMDMs) model [44]. It is well-characterized that
IL-1p maturation and release are catalyzed by adenosine
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triphosphate (ATP)-mediated stimulation of P2X ligand-
gated ion channel 7 (P2X7) receptor, which drives NLRP3
inflammasome assembly and activation [45]. Zhang et al.
found that emodin (60 mg/kg) significantly inhibited the
expression levels of P2X7 and NLRP3, thus delaying 5.0%
sodium taurocholate-induced inflammasome activation
and severe acute pancreatitis (SAP) progress in rats [46].
On the other hand, in an in vitro ATP-injured model of
human pancreatic ductal epithelial cell line (HPDE6-C?7),
this protective activity of emodin against SAP was abro-
gated after pretreatment with P2X7 overexpression plas-
mid, which further verified that P2X7/NLRP3 signaling
was the target of emodin on regulating inflammasome
activation [47]. Moreover, a recent study revealed that
emodin (25 mg/kg) protected against SAP-associated
acute lung injury (ALI) in rats through the inhibition of
NLRP3 inflammasome and uncovered a novel mecha-
nism. By using nuclear factor erythrocyte-2 associated
factor-2 (Nrf2) siRNA pool and ML385 to block Nrf2
transcriptional activity, Gao et al. suggested that Nrf2/
HO-1 pathway was necessary for the protective effects of
emodin, probably due to autophagy-mediated inhibition
of NLRP3 inflammasome in response to Nrf2 signaling
[48]. Xu et al. further determined that emodin (40 mg/
kg) markedly mitigated SAP-upregulated cold-inducible
RNA-binding protein expression and NLRP3 inflam-
masome formation to attenuate progressive pulmonary
neutrophil infiltration in SAP-ALI rats, via deactivating
NLRP3/IL-1B/CXCL1 signal [49]. Pyroptosis has recently
been well-characterized as inflammasome-related pro-
grammed cell death and gasdermin D is defined as an
executioner for pyroptosis downstream of inflamma-
some activation. As expected, a previous study found
that emodin (20 mg/kg) alleviated myocardial ischemia
reperfusion injury and gasdermin D-induced pyroptosis
by blocking TLR4/MyD88/NF-kB/NLRP3 inflammasome
pathway [50].

Several signaling cascades have been suggested to be
involved in the fine-tuning of inflammatory responses
and are potently regulated by emodin treatment. Func-
tioning as critical immunological signaling molecules,
Janus kinase (JAK) and signal transducer and activator of
transcription (STAT) drive the expression of acute-phase
proteins as well as a broad spectrum of inflammatory
cytokines and are significantly implicated in the patho-
genesis of a large variety of inflammatory and autoim-
mune diseases as well characterized. Emodin treatment
(10 mg/kg) was reported to decreased serum levels of
PCT, IL-6 and TNF-a, mitigated inflammatory response
and alleviated jejunum damage, via de-activating JAK1/
STAT3 signal, elevating the downstream target B-cell
lymphoma 2 (BCL-2) and lessening BCL-2-associated
X level in rats with sepsis [51]. Additionally, vascular
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endothelial growth factor (VEGF) is identified by its
properties to induce severe vascular permeability and
hypertonic pulmonary edema, hence its potential for a
pathological role in ALI [52, 53]. Emodin (20 or 40 mg/
kg in vivo and 10-40 pM in vitro) inhibited mamma-
lian target of rapamycin (mTOR)/hypoxia-inducible
factor-lalpha (HIF-1a)/VEGF signaling pathway and
alleviated inflammation in rats with LPS-induced ALI
and RAW?264.7 cells [54].

Studies with respect to 11B-hydroxysteroid dehydro-
genase type 1 (113-HSD1) reported that its homozygous
deletion not only suppressed inflammatory injury in adi-
pose tissue, but also caused secondary effects on inflam-
matory mediator production by affecting immune cells
like macrophages expressed 11B-HSD1 [55, 56]. As a
potential 113-HSD1 inhibitor, emodin at 10 pM modu-
lated innate immune responses through down-regulating
PTEN level and its downstream cytokines expression
such as IL-6, IL-1p and TNF-a in LPS- treated 3T3-L1
adipocytes [57].

Immunomodulatory effects

A well-functioning immune system depends on the
homeostasis of both innate and adaptive immune
responses involving a variety of immune cells such as
macrophages, T cells, B cells, and neutrophils, and plays
pivotal roles in maintaining normal physiological and
immunological functions. As a highly heterogeneous
population of innate immune cells, macrophages dis-
play proinflammatory or anti-inflammatory as well as
immunoregulatory phenotypes in response to diverse
microenvironmental signals, which are termed as clas-
sically activated macrophages (M1 macrophages) pre-
senting pro-inflammatory phenotype and alternatively
activated macrophages (M2 macrophages) producing
anti-inflammatory mediators, respectively [58]. Several
previous studies have reported that emodin modulated
macrophage polarization and memory (Fig. 1). Iwanow-
ycz et al. stimulated primary mouse macrophages with
LPS/interferon gamma (IFN-y) or IL-4, and found that
emodin treatment at 50 uM bidirectionally tuned the
stimulations and performed two-way regulation on mac-
rophage polarization to restore homeostasis. Specifically,
Emodin delayed M1 polarization via inhibiting NF«kB/
IRF5/STAT1 signaling pathways, whereas facilitated M2
alternative activation by suppressing IRF4/STAT6 signal-
ing [59]. Concurrently, by applying microarray analysis,
Iwanowycz et al. highlighted the involvement of epige-
netic modifications in the effects of emodin on mac-
rophage polarization. As suggested, emodin considerably
and specifically changed the expression of several his-
tone-modifying enzymes such as demethylase JMJD3 and
KDM4A. Specifically, emodin inversely regulated a subset
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of genes involved in macrophage polarization, includ-
ing M1-related TNFa, CXCL2 and CXCL10, as well as
M2-related MRC1 and YM1 by preventing changes in
H3K27 trimethylation (H3K27m3) and H3K27 acetyla-
tion (H3K27ac) at promoter regions of these specific key
genes, without regulating genome-wide epigenetic pro-
files. Although these results are inspiring, further studies
are urgently required to clarify the mechanism underly-
ing the specificity of epigenetic modification.

Although it has been well-accepted that the transfor-
mation of M2 macrophages is beneficial for the relief of
inflammatory injury, M2 macrophages are pathogenic in
asthma by participating in T helper 2 (Th2)-associated
immunity and are the key orchestrator of allergic asthma.
The increased generation of Th2 cytokines (such as IL-4,
IL-5) and antigen-specific IgE can be seen in the entire
course of allergic asthma, followed by substantial eosino-
phil accumulation, pulmonary eosinophil infiltration, and
mucus hypersecretion [60]. Emodin at 10 or 20 mg/kg
significantly suppressed the number of total inflamma-
tory cells and inflammatory mediator expression in the
bronchoalveolar lavage fluid from ovalbumin-induced
mouse model, supporting its therapeutic potential for
treating allergic asthma [61]. Song et al. further found
that emodin treatment at 2—50 pM alleviated these over-
active immune responses via dose-dependently sup-
pressing IL-4-evoked M2 macrophages polarization and
STAT6 phosphorylation in BMDMs isolated from triple
allergen (dust mice, ragweed, and aspergillus)-stimulated
murine asthma model [16].

CD47" cells, also known as “helper” cells, are a sub-
population of lymphocytes that lead the attack against
infections by recognizing peptides presented on MHC
class II molecules from antigen-presenting cells, and
play a pivotal role in instigating and shaping adaptive
immune responses. Generally, differentiated CD4t
cells subsets are characterized by specific cytokine
profiles: T helper type 1 (Thl) cells by TNF-a, IFN-y,
and IL-2; Th2 by IL-4, IL-5, and IL-13; Th17 by IL-17,
IL-6, and GM-CSF; regulatory T cells (Tregs) by IL-10
and IL-35 [62]. Immunomodulatory effects of emo-
din (100 pM) were in part attributed to its modulation
of Th1/Th2 and Th17/Tregs balance via suppressing
the release of Thl and Th17 cytokines while inducing
IL-4 and IL-10, which subsequently prevented conca-
navalin A-stimulated mouse splenocyte proliferation
and autoimmunity [63]. Additionally, CD8" (cyto-
toxic) T lymphocytes are also involved in adaptive
immune response disorder-related diseases, includ-
ing human chronic lymphocytic thyroiditis as well as
experimental autoimmune thyroiditis [64]. It has been
reported that emodin (75 mg/kg) effectively decreased
the population of CD37CD41 and CD31CD8" T cells
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in peripheral blood mononuclear cell and spleen lym-
phocytes isolated from sodium iodide-induced experi-
mental autoimmune thyroiditis mice model [65].
Emodin (10 mg/kg) was also confirmed as an emerg-
ing immunosuppressant that inhibited alloimmunity
and alloantibody production by enhancing the produc-
tion of both CD4*FoxP3" and CD8TCD122" Tregs,
hindering dendritic cell maturation as well as blocking
mTOR signaling-mediated inflammatory responses in
C57BL/6 mice bearing allogeneic skin transplantation
[66]. Furthermore, the highly conserved Notch signal-
ing pathway, which regulates multiple steps of T- and
B-cell development, is considered to have an emerg-
ing pattern of reciprocal regulation with inflammation
[67]. A previous study reported that emodin at 60 mg/
kg significantly mitigated airway inflammation in cough
variant asthma mice by suppressing the Notch pathway,
including Notch 1, 2, and 3, as well as delta-like ligand
4 expressions in lung tissue [68].

Neutrophils, the most plentiful type of white blood
cells, are the frontier line of immune defense that travel
through the bloodstream to the inflammatory lesions in
need. Delayed neutrophils apoptosis and massive release
of neutrophil extracellular traps (NETs) usually accen-
tuate inflammatory response by inducing autoantigens
production, which then trigger abnormal autoimmune
responses and subsequently autoimmunity-related seri-
ous tissue injury, such as rheumatoid arthritis [69].
Recent evidence strongly supported that intraperitoneal
injection of emodin at an extraordinary low dose (30 pg/
kg/d for 6 days) efficiently prevented neutrophil infiltra-
tion and the release of pro-inflammatory cytokines like
IL-6, IEN-y, and TNF-a, and thus relieved rheumatoid
arthritis symptoms as indicated by attenuated adjuvant-
induced paw edema and ankle joint diameter, which was
comparable to the positive control drug dexametha-
sone [70]. Further in vitro research also confirmed that
emodin treatment (20 uM) significantly reduced BCL-2
and enhanced Bax and caspase-3 expression to reverse
the resistance of LPS-primed neutrophil to phorbol
12-myristate 13-acetate-triggered apoptosis. The same
dosage of emodin also inhibited NETs formation as well
as NETosis in neutrophils isolated from murine adjuvant-
induced arthritis model as illustrated by the downregula-
tion of NET-associated myeloperoxidase and NE release.
The authors suggested that these effects were probably
depending on the disruption of autophagy since emodin
significantly regulated autophagy-related genes expres-
sions, such as BECN-1 and ATG5. In rats with SAP,
emodin at 10 mg/kg was found to significantly suppress
systemic inflammatory response syndrome by promot-
ing neutrophil apoptosis via Ca**/calpain-1/caspase-12/
caspase-3 signaling pathway, while at 5 mg/kg mitigate
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pancreatic and intestinal mucosal injury by down-regu-
lating caspase 1 [71, 72].

Anti-fibrotic effects of emodin

Fibrosis, a hallmark of pathologic remodeling, virtually
occurs in all organs and is characterized by the accu-
mulation of extracellular matrix (ECM) proteins pro-
duced by activated fibroblast (myofibroblast) in response
to persistent injury and unresolved inflammation [73].
Emerging evidence has identified that TGF-f signaling
cascades, including both canonical downstream effectors
small mothers against decapentaplegic (SMADs) as well
as non-canonical (non-SMAD-based) signal, are master
regulators during fibrogenesis, and are regulated by emo-
din (Fig. 2) [74]. In a rat model of liver fibrosis induced
by carbon tetrachloride, mRNA expression of TGF-f1,
and genes involved in its downstream signaling, includ-
ing snail family transcriptional repressor 2 (SLUG), snail
family transcriptional repressor (SNAIL), twist-related
protein 1 (TWIST1), zinc finger E-box binding home-
obox (ZEB)1 and ZEB2, and intrahepatic infiltration of
Gr1" monocytes were profoundly decreased in emodin-
treated group (10—40 mg/kg) [75, 76]. Interestingly, emo-
din (30 pM) was also reported to suppress ECM-related
genes expression in hepatic stellate cells (HSC-T6) via
blocking SMAD4 and p38MAPK signaling pathways,
further suggesting a potential application of emodin for
the treatment of liver fibrosis [77]. With high morbidity
and dismal survival rate, pulmonary fibrosis remains one
of the most devastating lung diseases, predominantly due
to the absence of a valid biomarker for accurate diagnosis
and limited therapeutic options. In bleomycin-induced
pulmonary fibrosis rat model, emodin (20 mg/kg) allevi-
ates fibroblast activation by repressing TGF-B1 expres-
sion and SMAD2/3 phosphorylation, and also preformed
inhibitory effects on epithelial-mesenchymal transition
(EMT) and ECM deposition in human alveolar epithelial
A549 cells with similar mechanisms [78]. The silica inha-
lation-induced pulmonary silicosis mouse model was also
established to investigate the effects of emodin treatment
at 20 mg/kg on lung fibrosis, and the results showed
that emodin increased the expression of Sirtl, which
then deacetylated SMAD3 to inhibit TGF-$1/SMAD3
fibrogenic signal transduction, and thus attenuated col-
lagen deposition [79]. With the help of siRNA-mediated
Notch-1 depletion, Rundi Gao et.al suggested that emo-
din (2.5-20 pM) ameliorated TGF-pl-induced EMT
and fibrosis in rat alveolar epithelial cells (RLE-6TN) via
reducing Notch-1 nucleus translocation and suppress-
ing Notchl/Jaggedl axis [80]. The same group further
demonstrated that during the pathogenesis of idiopathic
pulmonary fibrosis (IPF), infiltrated neutrophil-derived
neutrophil elastase translocated into the nuclear area,
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cleaved nuclear Notchl, and facilitated the EMT pro-
cess by inducing notch-dependent activation of C-MYC,
HES1, and HEY1. Emodin at 10 pg/ml significantly inhib-
ited the enzymatic activity of neutrophil elastase, which
then inhibited nuclear notch-mediated EMT, and sub-
sequently inhibited ECM production. These studies not
only highlighted the critical roles of neutrophil infiltra-
tion and Notchl signaling in IPF progression but also
emphasized the plausible therapeutic effects of emodin
for the treatment of IPF [81]. Furthermore, research-
ers also found that anti-fibrosis benefits of emodin (0.3
or 1 mg/kg) were related to down-regulation of SMAD
ubiquitination regulatory factor 2 and up-regulation of
Smad7 in surgery-induced renal fibrotic rats [82]. These
studies have provided convincing evidence for the specu-
lation that TGF-p signaling is the primary target of the
anti-fibrotic effects of emodin.

Beyond the implications of classic TGF-B signaling
pathways, it is also well-established that emodin prevents

fibrosis by promoting fibroblast apoptosis and suppress-
ing fibroblasts activation. STAT3 is suggested to be a
latent transcription factor involved in survival and anti-
apoptosis signaling and the aberrant activation of STAT3
induced by TGEF-p is widely presented in tissue fibro-
sis [83]. Guan et al. suggested that emodin (15-60 pM)
markedly suppressed expression of alpha-smooth muscle
actin, collagen IV, and fibronectin in human embryo lung
fibroblasts by abrogating the phosphorylation of STATS3,
and thus alleviated pulmonary fibrosis in vivo [84]. Pro-
tein kinase R-like endoplasmic reticulum (ER) kinase
(PERK) is critical in triggering ROS-mediated ER stress
and mitochondrial apoptosis [85]. Emodin treatment
at 50 or 100 mg/kg alleviated epidural fibrosis in rats
after the laminectomy by stimulating fibroblast apopto-
sis via activating PERK signaling pathway and following
ER stress [86]. Additionally, metastasis associated pro-
tein 3 (MTA3), a transcriptional co-regulator involved
in the EMT process, suppresses fibroblast proliferation
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and migration and the silence of MTA3 expression was
reported to result in the development of cardiac fibro-
sis [87, 88]. Recently, Xiao et al. elucidated that emodin
at 20 pM significantly reversed the activation of cardiac
myofibroblasts induced by AnglI and at 40 mg/kg attenu-
ated cardiac fibrosis in mouse model with pathological
cardiac hypertrophy. Through gain- and loss-of-function
analysis by using siMTA3 or Mta3-overexpressing plas-
mid, the authors identified that MTA3 was the key anti-
fibrotic factor and was upregulated in the course of the
beneficial action of emodin on cardiac fibrogenesis [89].

Anti-cancer effects

Promotion of cancer cell apoptosis

A growing number of researches suggested that emo-
din could fulfill anti-cancer potential against various
types of human malignant tumors through complex
mechanisms (Fig. 3). Apoptosis is a physiologically pro-
grammed cell death process that removes damaged cells
in an ordered and orchestrated form. Defects along
apoptotic pathway take an essential part in carcinogen-
esis and numerous therapeutic strategies targeting apop-
tosis are feasible and effective in clinical practice [90].
Evidence has documented that emodin prevents cancer
development by inducing apoptosis. Tribbles homolog 3
(TRIB3) is a pseudokinase protein and is known to aggra-
vate ER stress-related cell apoptosis via NF-kB pathway
[91]. Emodin treatment at 80 uM was found to activate
TRIB3/NF-«B signaling and trigger ER stress-mediated
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apoptosis in human non-small cell lung cancer (NSCLC)
cells (A549 and H1299) [92]. In addition, emodin (20—
80 uM and 10-200 pM respectively) was reported to
induce apoptosis of hepatocellular carcinoma (HCC)
by suppressing PI3K/AKT and promoting the phos-
phorylation of p38 in HCC cell lines (SMMC-7721 and
HepG2) [93, 94]. Emodin treatment at 50 or 100 puM
was also found to induce mitochondria dysfunction and
apoptosis in HepG2 cells by inhibiting pro-survival ERK
phosphorylation and stimulating mitochondrial matrix-
specific protein cyclophilin D expression [95]. Members
of the BCL-2 gene family play a significant part in pro-
grammed cell death by regulating both pro-apoptotic and
anti-apoptotic intracellular signals, and are fundamental
to the balance between cell survival and apoptosis. It is
well established that dysregulation of BCL-2 family genes
results in apoptosis evasion in cancer by inducing mito-
chondrial outer membrane permeabilization and modu-
lating downstream regulatory signals including MAPK/
JNK, PI3K/AKT, NF-kB, and STAT pathways [96]. In
the treatment of colon cancer, emodin (10-80 pM)
was shown to decrease viabilities of human DLD-1 and
COLO-201 cells through increasing the expression of
pro-apoptotic BCL-2 family proteins Bax and Bak expres-
sion, and decreasing mitochondrial membrane potential
in a time- and dose-dependent manner [97].

Autophagy is a highly regulated catabolic process
associated with energy homeostasis and the basal turn-
over of cellular macromolecular precursors, and has
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bidirectional characters in cancer development, both
pro-survival and pro-apoptotic, depending on certain
circumstances [98]. A recent study revealed that emo-
din at 20 or 40 pM induced apoptosis in human colon
cancer cell lines (HCT116 and LOVO) through a ROS
accumulation-mediated autophagy activation [99]. Emo-
din (1-100 pM) also facilitated lysosomal-dependent
autophagosome degradation via increasing the number
of lysosomes and autophagic vacuoles as well as enhanc-
ing the activity of lysosomal hydrolases in cervical cancer
cells (HeLa), and thus induced cell death [100]. Further-
more, necroptosis is another general mechanism of cell
death independent from apoptosis. A previous study has
found that emodin treatment at 0-40 pM could simul-
taneously induce apoptosis and necroptosis in human
glioma cells (U251), by activating caspase-3 and TNF-a/
RIP1/RIP3 signaling pathway, respectively [101]. How-
ever, specific mechanisms and potential targets were not
elucidated.

Inhibitory effects of emodin on cancer cell proliferation
In addition to the induction of cancer cell death, most
anti-cancer agents also perform significant anti-prolif-
erative effects, which can be classified into two generic
groups: anti-mitotic drugs and narrower anti-pro-
liferative drugs [102]. Mechanistically, the cell cycle
checkpoints such as G,/G; and G,/M control cell cycle
transition to limit the proliferation of cells bearing
unstable chromosomes and to mediate cell dormancy
[103]. Wang et al. demonstrated that emodin (15 pM)
notably induced G,/G,; arrest in human gynecological
cancer, including Hela cells, choriocarcinoma-derived
(JAR) cells and ovarian cancer-derived (HO-8910) cells,
through down-regulation of cell cycle regulators Cyclin D
and Cyclin E [104]. Emodin treatment (1-100 uM) was
reported to perturb mitotic progression by suppressing
metaphase of mitotic process in Hela cells, manifesting
as damaged spindle and accumulation of cells in G,/M
phase [105]. Emodin (10-80 pg/ml) also induced G,/M
arrest and restrained the proliferation of prostate cancer
cells (PC3) via activating C-repeat binding factor 1 pro-
tein and subsequent Notch signal pathway [106].
Targeted therapy is a promising cancer therapeu-
tics that specifically regulates the activity of oncogenes
and tumor suppressor genes as well as the expression
of proteins involved in the initiation and progression of
malignancies. Tumor protein p53 is a tumor suppressor
translated from TP53 gene, which is one of the most fre-
quently mutated genes in human cancers. The misfolding
and aggregation of p53 protein is detected as one of the
frontiers during cancer development, and its accompany-
ing risks disrupt the oncosuppressive function of wild-
type p53 as well as some other related proteins like p63
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and p73, which lead to malignancy. Emodin treatment at
15 or 20 uM was found to induce the disaggregation of
these aggregates and restore the tumor-suppressive func-
tions of p53 by increasing the autophagy levels in A549
cells [107]. Bioinformatics analysis also identified that
emodin and its derivative E35 (10-40 pM) dose-depend-
ently decreased levels of mutational p53 protein and the
phosphorylation of PI3K/AKT to suppress proliferation
and induced apoptosis of SU-DHL4 cell, a diffuse large
B cell lymphoma cell line of Non-Hodgkin’s Lymphoma
[108]. Besides, miR-34a is a tumor suppressor microRNA
transcriptionally activated by p53, and is identified as a
crucial regulator of p53 function since it targets a con-
siderable proportion of p53 network genes [109]. Emo-
din treatment at 10 or 100 nM suppressed HepG2 cells
growth and inhibited SMAD2/SMAD4 expression by
simultaneously inhibiting VEGFR2-AKT-ERK1/2 signal-
ing pathway and promoting miR-34a level [110]. Similar
results were also found in colon cancer cells and xeno-
graft mice that emodin (20-80 mg/kg) suppressed colo-
rectal cancer development by inhibiting the expressions
of VEGFR?2, PI3K, and p-AKT in xenograft mice model of
HCT116 cells [111].

It is noteworthy that emodin also suppressed cancer
cell proliferation via regulating targets other than P53
pathway. As one of the most popular anticarcinogen tar-
gets, HIF-1 mediates transcriptional activation of many
genes coding proteins involved in key processes of can-
cer biology [112]. Emodin (20-200 pM) was found to
inhibit HIF-1 biosynthesis, maintain energy homeostasis
and exert anti-cancer effects via suppressing both PI3K/
AKT and ERK signaling pathway in HepG2 cells [113].
Moreover, intracellular serine/threonine kinase integrin-
linked kinase (ILK) is highly expressed in malignancies
and recognized as a central regulator of signaling cas-
cades that controls a series of biological processes in can-
cer progression, including but not limited to PI3K/AKT,
Hippo, NF-«B, ERK and BCL-2 signals [114]. It has been
suggested that the growth of NSCLC cells (A549, PC9,
H1299, H1650, and H1975) was prevented by emodin
(less than125 pM) since emodin reduced ILK expression
by up-regulating MAPK extracellular signaling-regulated
kinase (MEK)/ERK1/2 and AMP-activated protein kinase
(AMPK)a signaling pathway, as well as decreasing the
expression of specificity protein 1 (Sp1) and c-Jun protein
[115].

Recent studies have further found that emodin yielded
potential in epigenetic regulation. DNA methylation epi-
genetically participates in the process of gene expression
and chromatin organization in normal cells, and has been
confirmed to serve an essential role in tumorigenesis.
Emodin at 0-80 pM suppressed the growth of pancre-
atic cancer cells (PANC-1) by inhibiting the expression
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of methyltransferase DNMT1, DNMT3a, and DNMT3b,
which induced demethylation of the promoters of
tumor-suppressor genes, including P16, Ras association
domain family 1 isoform A (RASSF1A) and preproen-
kephalin (ppENK) and enhanced their transcription
[116]. Moreover, a recent bioinformatic analysis further
identified five differentially expressed genes (DEGs),
including lysophosphatidic acid receptor 6 (LPARG6),
complement C5 (C5), somatostatin receptor 5 (SSTR5),
G protein-coupled receptor 68 (GPR68), and pyrimidin-
ergic receptor P2Y4 (P2RY4). Emodin dose-dependently
(25-100 pM) and markedly decreased the mRNA levels
of these DEGs in HepG2 cells, suggesting those puta-
tive targets were likely to participate in emodin therapy
for HCC, whereas the underlying molecular mechanisms
remain to be verified by experimental evidence [117].

Effects of emodin on tumoral EMT and metastasis

As a primary hallmark of cancer progression, tumor
metastasis is generally intertwined with drug resistance,
poor prognosis and tumor relapse, and thus causes poor
survival rates in patients with advanced cancer despite
successful surgical resection or chemoradiotherapeutic
treatment. Metastasis typically occurs following a com-
plex succession of ECM degradation, EMT program,
and angiogenesis. EMT, characterized by disappeared
intercellular tight junction, reconstituted cellular back-
bone as well as changed cellular morphology, has been
increasingly demonstrated to occupy a striking posi-
tion in the process of carcinoma invasion and metas-
tasis [118]. In response to angiogenic stimulus, tumor
microenvironment is remodeled by ECM stiffness and
degradation, then tumor cells exit primary lesions and
enter the circulation by angiogenesis-provided principal
route. Consequently, targeting the overlapping signals of
these events helps to control tumoral EMT and metasta-
sis coordinately, in order to potentially extend survival.
As summarized above, the inhibitory effects of emodin
on TGF-B-mediated EMT process in non-malignant
diseases are promising, suggesting potential therapeutic
activities of emodin against cancer cell EMT and cancer
invasive growth. It was found that emodin at 20 or 40 uM
suppressed EMT and invasive ability of pancreatic can-
cer cells (SW1990) by promoting miR-1271 expression
and decreasing ZEB1 and TWIST1 expression post-
transcriptionally [119]. Emodin (20-80 mg/kg) was also
reported to possess both anti-angiogenesis and anti-EMT
abilities in orthotopically transplanted mouse pancre-
atic cancer model of SW1990 cells by enhancing miR-
20b expression and inhibiting angiogenesis-correlated
TGF-B/SMAD pathway as well as levels of miR-155 and
miR-210 [120]. Furthermore, Song et al. revealed a poten-
tial Forkhead box D3 (FOXD3) binding site within the
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promoter of miR-199a gene. Emodin at 20 uM directly
promoted FOXD3-mediated miR-199a transcription,
which in turn suppressed the translation of pro-fibrotic
TGF-B2 to inhibit matrix metalloproteinases produc-
tion and ECM degradation, and subsequently inhibited
the invasive growth of A2780 cells [121]. Besides, fibro-
blasts isolated from the interface zones of triple negative
breast cancer were found to induce EMT programs in
co-cultured epithelial cells (BT20), which were reversed
by emodin treatment (30 pM) through inhibiting TGF-
signaling pathway [122]. In addition to TGF-p-mediated
EMT, peritumoral adipose tissue tends to interact with
solid tumors and present a hospitable microenviron-
mental for invasiveness and dissemination by secreting
cytokines and chemokines to induce the EMT process.
Emodin (25-200 puM) was reported to prevent EMT
by decreasing the secretion of CC-chemokine ligand 5
(CCL-5) from the co-culture system of adipocytes and
triple negative breast cancer cell lines (MDA-MB-231
and MDA-MB-453) [123].

Several canonical proliferative signalings also contrib-
ute to the remodeling of tumor microenvironment and
promote the EMT process and metastasis. The wing-
less-related integration site (Wnt)/B-catenin signaling
plays vital roles in diverse biological processes such as
the maintenance of epithelial cell phenotype, proper cell
junctions, and tissue homeostasis, and it constitutively
actives in diverse cancers to promote EMT and cell pro-
liferation [124, 125]. Emodin treatment (5—20 uM in vitro
or 40 mg/kg in vivo) blocked EMT and inhibited tumor
growth through suppressing Wnt/B-catenin signaling
downstream targets like TCF4, Cyclin D1, and C-MYC in
human colon cancer cell line (RKO) as well as xenograft
mice model, which was further abolished by agonist LiCl
to confirm [126]. It is well known that the increase of gly-
cogen synthase kinase 3p (GSK-3p) activity, followed by
B-catenin phosphorylation, and the activation of ZEB1
are pivotal mechanisms promoting tumor invasion and
metastasis. Hu et al. found that concomitant knockdown
of ZEB1 expression and emodin treatment (20 pM) syn-
ergistically suppressed cell invasion and EMT of epi-
thelial ovarian cancer cells (A2780 and SK-OV-3) to a
greater degree via suppressing Wnt/B-catenin signaling
[127]. Besides, the regulative effects of emodin on ILK
pathway also contribute to the anti-EMT effects of emo-
din. Recent studies in A2780 and SK-OV-3 cells claimed
that emodin restrained the migration and invasion in
ovarian cancer by reducing ILK expression. Emodin fur-
ther abrogated the phosphorylation of ILK downstream
target kinases, GSK3p and Slug [128, 129].

Notably, TNF receptor-associated factor 6 (TRAF6),
a member of TRAF protein family that trans-
duced signals from TNF receptors, inhibits HIF-1
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polyubiquitination-mediated degradation and thus pro-
motes tumor angiogenesis [130]. Besides, as another
downstream regulator of TRAF6, extracellular matrix
metalloproteinase inducer (CD147) mediated matrix
metalloproteinases (MMPs) overexpression to favor
extracellular matrix digestion and metastasis [131]. Emo-
din (less than 40 pM) dose-dependently suppressed both
TRAF6/HIF-1a/VEGF and TRAF6/CD147/MMP9 sign-
aling pathways to simultaneously inhibit pro-angiogen-
esis and invasion capacity of human anaplastic thyroid
cancer cell lines (8505¢ and SW1736) [132]. In support
of this study, the VEGF and VEGFR-2 protein levels were
profoundly decreased after emodin treatment at 15 pM in
Hela, JAR, and HO-8910 cells [104]. It was also demon-
strated that emodin (5-200 uM) repressed MMP-2 and
MMP-9 expression to restrain the migration and inva-
sion of HCC MHCC-97H cells, by activating p38MAPK
signal and inhibiting ERK/MAPK and PI3K/AKT signals
[133]. Furthermore, as a CK2 inhibitor, emodin (20 pM)
was revealed to suppress protein kinase C-induced tumor
cell invasion through restraining CK2 activation and sub-
sequently decreasing MMP-9 expression in breast cancer
cells (MCEF-7) [134].

Effects of emodin on tumor immune-microenvironment

The antineoplastic properties of emodin are also linked
to cancer immunotherapy. The interaction between
tumor cells and macrophages can create a feedforward
loop and trigger M2-macrophage polarization, which in
turn supports tumor growth and migration via establish-
ing an immunosuppressive tumoral microenvironment
[135]. As speculated, the modulatory effects of emodin
on the immunosuppressive tumor microenvironment are
largely dependent on its immunoregulatory activities and
share similar mechanisms. Iwanowycz et al. pointed out
that emodin (40 mg/kg) reversed M2-macrophage polari-
zation by suppressing STAT6, cytidine-cytidine-adeno-
sine-adenosine-thymidine (CCAAT)/enhancer-binding
protein B (C/EBPP) as well as IRF4 signaling, enhanced
T cell activation, and thus blocked breast cancer growth
and metastasis in mice bearing EO771 or 4T1 tumors
[136]. Additionally, recent evidence further suggested
that short-term administration of emodin (40 mg/kg) for
10 days before mastectomy surgery effectively suppressed
EMT and cancer stem cell formation, and thus harbored
the potential to halt metastatic recurrence of breast can-
cer, via blocking TGF-Bf1l-mediated crosstalk between
tumor-associated macrophages and cancer cells [137].
The adhesion molecule CD155 is highly expressed in var-
ious types of tumors and is associated with cell motility
and immune evasion from natural killer cell and T cell-
mediated cytotoxicity [138]. Emodin (20 or 50 uM) nota-
bly suppressed the proliferation and migration of mouse
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EO771 and 4T1 cells as well as B16-F10 melanoma cells
by down-regulating their expression of CD155 [139].
Moreover, N2-like neutrophils (HL-60N2, CD66b") are
proposed as the pro-tumoral paradigm and serves an
essential role in hypercoagulation and cancer progression
by contributing to immunosuppression and NET [140].
Emodin (10 mg/kg) selectively suppressed high num-
bers of N2 neutrophils and NETs in lung and prevented
urethane-induced hypercoagulation and lung carcinoma
lesions in ICR mice model [141].

Anti-tumor effects of emodin in combination with other
therapies

The anti-tumor benefits of emodin in combination
with other antineoplastic drugs have been extensively
explored recently. Several pharmacodynamics stud-
ies have reported that emodin could sensitize tumor
cells to chemotherapies and confer notable synergistic
actions. Sorafenib, by targeting multiple tyrosine kinases
required for tumor growth and metastasis, is currently
the first-line therapy available for advanced HCC [142].
It has been demonstrated that a combination of emo-
din (20 pM) and sorafenib (2 uM) has an additive effect
to inhibit tumor growth through decreasing AKT and
STAT3 oncogenic growth signaling in mice model xen-
ografted with HCC cells (HepG2 or SK-HEP-1) [143].
Emodin (10 uM) also synergistically sensitized A549 cells
towards paclitaxel (4 puM) through inhibiting cells pro-
liferation and stimulating apoptosis. The mechanisms
were found to be associated with the promotion of Bax
and caspase 3 expression, down-regulation of BCL-2, as
well as suppression of AKT/ERK pathway [144]. Notch-
regulated ankyrin repeat protein (NRARP) is a key regu-
lator in both Notch and Wnt signaling pathways that are
essential for breast cancer proliferation [145]. Emodin
(20 uM) potentiated 5-fluorouracil (5-FU)-based (40 uM)
cellular senescence and apoptosis in MCF-7 cells by
silencing NRARP, which was reverted by NRARP over-
expression [146]. Emodin (less than 80 uM) in combina-
tion with demethylation agent 5-Aza-2’-deoxycytidine
(5-Aza-CdR) (1 uM) synergistically inhibited the growth
of PANC-1 cells in a dose- and time-dependent manner
and enhanced the demethylation of p16, RASSF1A, and
ppENK through suppressing the expressions of DNMT1
and DNMT3a [147].

The development of resistance to conventional chem-
otherapies and target therapies represents the major
challenge for cancer treatment, and emodin has been
reported to yield the potential to enhance the therapeutic
effectiveness of chemotherapies as an effective adjuvant
agent circumventing drug resistance. Epidermal growth-
factor receptor (EGFR) overexpression is closely related
to the progression of pancreatic cancer, while drug
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resistance of EGFR inhibitors (such as afatinib) limited its
clinical application [148]. It was found that emodin treat-
ment at 30-90 uM markedly reversed afatinib (20 nM)
resistance and promoted apoptosis via suppressing
STAT3 and EGFR expression in pancreatic cancer cells
(PANC-1 and BxPC-3) [149]. The anti-neoplastic activi-
ties of anthracyclines such as daunorubicin (DAUN) and
doxorubicin (DOX) are limited due to the resistance and
cumulative cardiotoxicity of their reduction products.
Emodin was identified as a potent inhibitor for anthra-
cycline reductases, and the DANU resistance was con-
firmed to be reversed by emodin at 30 pM in A549 and
HepG2 cells [150]. Multi-drug resistance-associated pro-
tein (MRP), P-glycoprotein (P-gp), ATP binding cassette
sub-family G member 2 (ABCG2) and other efflux trans-
porters have been found to pump out various chemother-
apeutic agents, and are considered to be predominant
causes leading to drug resistance and therapy failure.
Emodin at 15 or 20 pM respectively potentiated cispl-
atin-induced (1 or 1.5 pg/ml) cytotoxicity against human
bladder cancer cell lines (J82 or T24) through elevating
cellular ROS level and decreasing MRP1 expression [151].
Emodin (10 or 50 pM respectively) also potentiated the
DOX-induced (3 or 7.5 uM) growth inhibition of A549
and colon carcinoma cells (HCT-15) and prevented the
development of DOX resistance through increasing low-
density lipoprotein receptor-related protein 1 expression
and suppressing the activity of efflux transporters like
P-gp, ABCG2 and MRP1-4 [152]. The effects of emodin
on the regulation of other MDR-related transporters and
underlying mechanisms remain to be clarified.

Anti-viral activity of emodin

The general aim of antivirals is to prevent virus load from
increasing to a point where virus infection is established,
and they often act by arresting the viral replication cycle
at nearly the whole steps in the virus life cycle ranging
from entry to release. Recent years have witnessed grow-
ing evidence that emodin possesses favorable anti-virus
effects and is frequently used for the treatment and pre-
vention of epidemic diseases caused by viruses. The lytic
replication of Epstein-Barr virus (EBV) has been found
to be involved in the pathogenesis of NPC as a causative
agent. Emodin treatment (1-50 uM) significantly inhib-
ited EBV lytic proteins expression and virion produc-
tion in EBV-positive NPC cell lines NA and HA, through
interfering with the protein expression of Sp1 binding to
Zta promoter (Zp) and Rta promoter (Rp) [18]. Moreo-
ver, it was also demonstrated that emodin (40 uM) could
significantly inactivate Zika virus and attenuate its entry
as well as infectivity in Vero E6 cells by directly impair-
ing viral particles [153]. Furthermore, emodin (25 pg/
ml) inhibited influenza A virus replication and mitigated
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influenza viral pneumonia through activating Nrf2 sig-
nal and inhibiting ST169- and HIN1-induced oxidative
stress, inflammation, as well as elevation anti-viral mech-
anisms, including TLR4, p38/INK MAPK, and NF-«xB
pathways, in Madin-Darby canine kidney cells and A549
cells [154].

Enterovirus 71 (EV71) and coxsackievirus B3m (CVB3)
are primary causative agents of hand-foot-mouth dis-
ease (HFMD) causing neurological and systemic com-
plications, and therefore, pose a substantial burden to
parents and caretakers across the Asia—Pacific region
and beyond. Due to the absence of effective vaccines,
the best prevention for HFMD is avoiding contact with
infected individuals, and therefore, new therapeutic
drugs for EV71 or CVB3 have attracted huge attention
and are urgently needed. Previous studies demonstrated
that emodin (29.6 uM) directly inhibited EV71 matura-
tion to protect host cells from cytopathic effects, through
suppressing the efficiency of genome replication and
protein expression of the virus via diminishing cell cycle
arrest of host cells at S phase [155]. Ding et al. further
reported that emodin (20-80 mg/kg) possessed a pro-
tective property on CVB3-mediated HFMD mice model
through decreasing TLR3 expression as well as down-
stream targets, including TRIF, TRAF3, TRAF6, IRF3,
NEMO, NF-«B, TBK1, TAB3, IKK-¢, MAPK and AP1
[17]. Emodin (20 pM) also restrained the translation and
synthesis of CVB3 viral protein 1 and conferred the host
with resistance to virus infection via multiple pathways
in HeLa cells and HL-1 cardiomyocytes infected with
CVB3, including blocking AKT/mTOR signaling, activat-
ing eukaryotic initiation factor 4R-binding protein 1 and
eukaryotic elongation factor 2 kinase [156].

Anti-bacterial effects of emodin

Bacterial biofilm refers to the densely packed communi-
ties of microbes, which assists bacteria adapt to harsh
conditions and keeps them less susceptible to anti-
microbial treatments [157]. Emodin (1/8 MIC-MIC)
decreased the biofilm growth of Streptococcus suis
strain ATCC700794 and Staphylococcus aureus strain
CMCC26003. Among them, its antibacterial mechanism
on S. aureus strain CMCC26003 was related to inter-
vening the release of extracellular DNA and down-reg-
ulating the expression of the biofilm-related genes such
as cidA, icaA, dItB, agrA, sortaseA, and sarA [158, 159].
Methicillin-resistant S. aureus (MRSA) is a major type of
gram-positive bacterium leading to nosocomial infection.
There is evidence suggesting that several MRSA strains
emerge and exhibit growing antimicrobial resistance to
vancomycin and linezolid. Emodin (2-32 pM) exerted
in vitro anti-bacteria activities against standard S. aureus
strain 252 (MRSA252) and 36 MRSA clinical strains via
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disrupting the integrity of cytoderm and cytomembrane
of MRSA. It is noteworthy that emodin (0.5-32 pg/ml)
remarkably inhibited MRSA infection without show-
ing significant cytotoxicity against mouse RAW264.7
cells [160]. The proteomic analysis further elucidated
that emodin (3.9 mg/ml) was performed as a potential
amino nucleoside antibiotic to inhibit MRSA133630
growth. The associated antibacterial mechanisms were
suggested as down-regulating pyruvate kinase as well as
chromosome glycolytic, and suppressing ribosome- and
Aminoacyl tRNA synthetase-dependent errant protein
translation [161].

In addition to directly targeting bacteria, the protec-
tive effects of emodin also attribute to the modulation of
host cell responses. Haemophilus parasuis is a symbiotic
bacterium of swine upper respiratory tract and performs
as the etiological risk factor of Glasser’s disease. Emodin
(32 or 64 pg/ml) was identified as a candidate for treating
Glasser’s disease due to its dose-dependently inhibitory
effects on serious host cell injuries, including increased
membrane permeability, plasmolysis, and cytoplasmic
vacuolation [11]. The isobaric tag for relative and abso-
lute quantification (iTRAQ)-based quantitative prot-
eomic analysis was applied by Li et al. to investigate the
antibacterial mechanism of emodin on H. parasuis HS80
strain, and revealed that emodin at 16 pM suppressed the
adhesion and invasion of HS80 in porcine kidney cells
(PK-15) [162]. Moreover, as a food supplement, emodin
(0.1-0.4 g/kg) potentiated the specific and nonspecific
immune defense of walking catfish against Aeromonas
hydrophila infection by enhancing the activity of SOD
and lysozyme and elevating phagocytic activity in head-
kidney leucocytes [163].

Effects of emodin on diabetes and complications

Emerging evidence suggested that nutrient absorption,
especially glucose uptake, was potentially regulated by
emodin. In line with previous reports, a recent study
confirmed that emodin (3.125-12.5 pM) dose-depend-
ently enhanced the insulin-provoked glucose uptake in
IR HepG2 cells based on 2-NBDG glucose uptake assay
[164]. The intestinal a-glucosidase (AG) is responsible for
the digestion of complex food-sourced polysaccharides
and its activity constrains calories intake. The upregula-
tion of AG may lead to an abnormal rise in blood glucose,
especially in diabetes, by promoting rapid disaccharides
hydrolyzation and glucose absorption. Emodin exhib-
ited intestinal AG inhibitory effects with an estimated
ICy, of 30 pg/ml and controlled postprandial spikes of
blood glucose by directly interacting with Ser74 binding
site, as indicated by molecular docking [165]. Moreover,
studies showed that a T-cell surface marker CD26, also
named dipeptidyl peptidase 4 (DPP-4), is considered to
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be a novel adipokine that potentially impairs glucose tol-
erance and insulin sensitivity in both an autocrine and
paracrine fashion [166]. DPP-4 inhibitors, such as BI
1356 and linagliptin, are effective in the treatment of type
2 diabetes and have entered into the clinical research, as
they effectively maintain blood glucose levels through
degradation of incretin peptides, glucagon-like peptide 1,
and glucose-dependent insulinotropic polypeptide. Emo-
din was further identified as a small molecule inhibitor of
DPP4 with an ICj, of 5.76 uM by forming H-bonds with
Glu205 and Glu206 at DPP4 active site as predicted by
the docking model. In vivo study further confirmed that
3-30 mg/kg orally administrated of emodin significantly
decreased peripheral DPP4 enzymatic activity, suggesting
emodin as a potential therapeutic candidate for diabetes
[167].

The regulation of metabolism homeostasis in periph-
eral tissues, such as liver, adipose, and skeletal muscle,
is critical for the maintenance of insulin sensitivity and
for the treatment of metabolic syndrome. There are
growing experimental evidence and clinical data sug-
gesting that emodin treatment alleviates IR and MS-
related diseases, by modulating multi-tissue glucose
and lipid metabolism. The nutrient sensor AMPK is a
crucial receptor and regulator of energy balance main-
taining glucose and lipid homeostasis. Emodin (0.25 or
0.5 pug/ml) was reported to attenuate nonalcoholic fatty
liver disease (NAFLD) in zebrafish by activating AMPK
pathway, via improving PI3K/AKT2/AMPKa-mediated
IR and enhancing AMPKa/PPARa/CPT1 and AMPKa/
PPARa/ACOX1-mediated fatty acid oxidation [168].
Similarly, Emodin (6.25-50 puM) remarkably activated
glycolysis and suppress lipolysis in C2C12 myotubes and
3T3-L1 adipocytes by up-regulating AMPK signal and
down-regulating perilipin level [169]. Sterol regulatory
element-binding proteins (SREBPs), the key factors of
cellular lipid metabolism and homeostasis, participates
in the transcriptional regulation of genes involved in
lipid biosynthesis and uptake, including ACACA, FASN,
FABP, HMGCR, HMGCS, and several studies reported
that AMPK negatively regulates SREBP to limit lipo-
genesis under nutrient deficiencies by directly phospho-
rylating SREBP. Studies have found that emodin (40, 80,
and 160 mg/kg) effectively inhibited SREBP1c activation
to improve lipid accumulation and ameliorate hepatic
steatosis in NAFLD rats, via suppressing liver endoplas-
mic reticulum stress and activating calcium/calmodulin-
dependent kinase kinase-AMPK-mTOR-p70S6K-SREBP1
signaling pathway [170, 171]. Emodin at 40 or 80 mg/kg
also improved high fat diet (HFD)-induced obesity and
metabolic disturbances by reducing the expression of
both SREBP1 and SREBP2 in the liver and adipose tis-
sue of HFD mice, which further inhibited lipid biogenesis



Zheng et al. Chin Med (2021) 16:102

and uptake [172, 173]. Furthermore, emodin (20-80 mg/
kg or 20 pM) was found to improve glucose metabolism
and decrease lipid accumulation in HFD metabolic syn-
drome model by down-regulating miR-20b and activat-
ing its target gene SMAD?7 in IR skeletal muscle both
in vivo and in vitro [174]. Another analogous study fur-
ther reported that emodin at 25 or 100 mg/kg amelio-
rated lipid accumulation in soleus muscle of HFD rats by
inhibiting fatty acid transport proteins 1-mediated fatty
acid transmembrane transportation and lipid accumula-
tion [175]. Interestingly, a most recent study found that
emodin treatment (40 and 80 mg/kg) markedly induced
beiging of white adipose tissue and brown adipose tissue
activation by up-regulating the expression of CD36 and
FATP4, thus accelerated the transport and consumption
of fatty acids and improved obesity [176].

However, Abu Eid et al. illustrated that the anti-hyper-
glycemic activity of emodin treatment (103 and 229 mg/
kg) in obese mice was driven by its side effect on dimin-
ishing appetite but not regulative effects on metabolism.
Specifically, along with the reductions of food consump-
tion, body weight gain and adiposity, emodin surprisingly
decreased insulin release, desensitized insulin responses,
and deteriorated glucose tolerance in obese mice, which
were contrasted with its widely recognized anti-diabetic
effects [177]. This observation not only indicated the
plausible risk of prolonged use of emodin in diabetic
patients but also highlighted that the putative therapeutic
effects of emodin on metabolic syndrome, including fatty
liver diseases or diabetes, need to be further investigated
and confirmed.

Emodin also plays a significant role in preventing and
alleviating diabetes complications such as diabetic cata-
racts, diabetic nephropathy (DN), and diabetic peripheral
neuropathy. As a critical enzyme of the polyol pathway,
aldose reductase (AR) catalyzes the reduction process
of glucose to sorbitol and can be activated to induce the
development of diabetic complications under hyper-
glycemic states [178]. It has been implicated that emo-
din at 5 pM (in vitro) or 35 mg/kg (in vivo) possessed
selectively inhibitory activity against AR in human lens
epithelial cells (FHL124) and reduced the incidence of
cataract morphological pathological changes like vacu-
ole formation and lens opacification in AR transgenic
mice (strain PAR37) model. This potent biological activ-
ity was dependent on the 3-hydroxy group of emodin,
which formed a tight hydrogen bond with Ser302 in the
specificity pocket of AR [19]. An increasing body of evi-
dence demonstrates that sustained or aberrant ER stress
contributed to the pathogenesis of DN by mediating mul-
tiple signals including PERK/eukaryotic initiation factor
2a pathway. Tian et al. claimed that emodin treatment
(40 or 80 mg/kg) dose-dependently decreased urinary
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albumin and improved the renal function and patho-
logical changes such as mesangial matrix expansion and
hyperplasia of collagen fibers in KK-Ay mice with DN.
Emodin (20 or 40 puM) was also found to alleviate ER
stress and podocytes apoptosis in mouse podocyte cell
line (BNCC337685) stimulated with high glucose via sup-
pressing PERK/elF2a signaling pathway [179]. Besides,
emodin at 100 mg/kg protected against DN and improved
tubulointerstitial injury through inhibiting the activity of
ICAM-1, pro-apoptotic factor Bax, and caspase-3, as well
as promoting PI3K/AKT/GSK-3p pathways in rat model
[180]. Emodin at 10-40 pM even inhibited the prolifera-
tion of aggravated renal mesangial cell (RMCs), which
was another pathological character in the early onset of
DN, and stimulated cell cycle arrest at G; phase by ris-
ing levels of Bax, caspase-3, cleaved caspase-3, caspase-6
and caspase-8 in rat RMCs line (HBZY-1) [181]. Methyl-
glyoxal (MGO) is a byproduct of glycolysis, which leads
to the formation of advanced glycation end products
(AGEs), accumulating in the vessel wall and contribut-
ing to organs and tissues dysfunction and subsequently
to clinical end points of debates with microvascular and
macrovascular complications [182]. Both MGO scaveng-
ing and MGO-modified bovine serum albumin forma-
tion assays were performed and revealed that emodin
(5-250 pg/ml) was a promising MGO scavenger and
suppressed subsequent AGE accumulation in diabetic
renal tissue, which alleviated proteinuria and podocyte
loss in DN [183]. Unlike DN, the study of emodin in the
treatment of diabetic-associated neuropathy is limited.
A recent study reported that emodin (10 uM) protected
neuron-like cell line (PC-12) against high glucose-trig-
gered apoptosis and autophagy via upregulating miR-9
expression, activating PI3K/AKT and restraining NF-xB
pathways [184].

Toxicity of emodin

The potential toxicity of emodin, such as hepatotoxic-
ity, nephrotoxicity, and reproductive toxicity, has been
reported in recent years. There is growing evidence sus-
pecting that emodin may act as the main causative agent
in organ damage associated with rhubarb, P. multiflorum,
C. semen, and other herbal medicines, while the exact
mechanisms underlying emodin-induced cytotoxic-
ity remain undefined. Yang et al. tested the cytotoxicity
of emodin on human hepatic progenitor cells (HepaRG)
and compared it with other eight major components in
the aqueous extract of C. semen, and then confirmed
that emodin was the most potential hepatotoxic phyto-
chemicals in C. semen [13]. Recent research based on
quantitative proteomics indicated that emodin-induced
hepatocyte apoptosis by interrupting oxidative phospho-
rylation signaling pathway. Consistently, the function of
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the mitochondrial respiratory chain complex in L02 cells
was inhibited after emodin treatment at 6.125-50 pM,
which consequently led to an increase in caspase-3 and
ROS, decrease in mitochondrial membrane potential,
as well as disorders in ATP synthesis [20]. Zhang et al
further demonstrated that emodin (150 mg/kg) induced
oxidative stress in rat livers via directly targeting Acadvl
and complex IV as well as interfering with fatty acid
[-oxidation, tricarboxylic acid cycle, oxidative phos-
phorylation, and ATP production [185]. Another study
established 1H NMR-based metabonomic techniques to
assess emodin toxicity in HepG2 cells. The levels of sev-
eral physiological metabolites in both cell extracts and
cell culture media were significantly altered by emodin
treatment, and eight associated biological processes were
enriched, such as Krebs cycle, amino acid metabolism,
and purine metabolism, which were speculated as poten-
tial toxicity mechanisms and were similar with other
findings [186]. Additionally, it was also reported that
emodin at 40 or 80 uM showed nephrotoxicity by induc-
ing apoptosis of human proximal tubular epithelial cells
(HK-2) as well as interfering PPARy-related mitochon-
drial pathway [21]. Emodin was also reported to possess
reproductive toxicity. Both intracellular Ca®* concentra-
tions and tyrosine phosphorylation exert central roles
in the regulation of sperm function. Emodin treatment
(50-400 pM) dose-dependently interfered with these two
mechanisms, and thus inhibited sperm total motility as
well as their ability to penetrate viscous medium [187].

Modification of emodin for better therapeutic
potential

Approaches to improve the poor water solubility

and pharmacokinetic properties of emodin

Emodin is known to be instantly soluble in DMSO, eth-
anol, or alkali solution, but nearly does not soluble in
water. Over the years, in vitro and in vivo studies on emo-
din have been limited due to its poor aqueous solubil-
ity, which brought challenges for further evaluation and
interpretation of its pharmacological activities or tox-
icities, and created obstacles to novel drug development
based on emodin. Generally, emodin exerts pharmaco-
logical activities at the concentration of a few tens of uM
level, while poorly soluble emodin is easy to precipitate in
the medium and leads to challenges in accurately deter-
mining the actual effective dose of drugs. In addition to
poor water solubility, significant first-pass elimination of
emodin in liver and intestine contributes to its limited
oral bioavailability [188]. However, the pharmacokinetic
properties and metabolism of emodin were not exten-
sively characterized until now. Qin et al. identified three
hydroxylation metabolites by LC-MS/MS analysis in
rat and human liver microsomes incubated with 50 pM
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emodin, including 2-hydroxyemodin, 5-hydroxyemodin,
and w-hydroxyemodin. They also identified that human
P450 enzymes 1A2 and 2C19 were the primary enzymes
mediating the bioactivation of emodin [189]. Recently, 14
phase I metabolites derived from hydroxylation, hydroly-
sis, oxidation, or reduction of emodin were identified
and could be detected in real-time by means of UPLC-Q-
TOE/MS [190]. It is also noteworthy that the metabolism
and biotransformation pathways of emodin after oral
administration were strongly related to intestinal flora.
Emodin and its ten metabolites were identified in human
intestinal flora samples as a result of different metabolic
pathways, including but not limited to reduction, hydrox-
ylation, acetylation, demethylation, and methylation
[191].

Numerous attempts have been made to improve the
solubility and bioavailability of emodin to enhance its
therapeutic potency. Pharmaceutical cocrystals is a form
of molecular complexes consisting of candidate mol-
ecules and one or more cocrystal formers interacting
through hydrogen bonds. Recently, Park et al. proposed
and identified an emodin-nicotinamide (1:2) cocrystal,
where emodin dimers connected alternatively with nico-
tinamide tetramers to form one-dimensional chains and
two-dimensional layers sequentially. Compared with
emodin, this novel cocrystal showed improved aqueous
solubility, dissolution rate, and chemical stability [192]. It
is worth noting that topical application of emodin is an
effective complementary therapy to the oral route, since
the latter showed low bioavailability due to its poor solu-
bility and extensive first-pass glucuronidation [193]. Sol-
ubilizer or surfactant is another simple and direct option
to improve solubility, and has long been used as criti-
cal excipients for topical drug delivery. Emodin-loaded
thermo-reversible poloxamer gel, an attractive topical
formulation composed of P407/P188/PEG400 (10/30/5),
was modified to achieve improved drug compliance and
bioavailability, leading to nearly 100-fold enhancement
in emodin solubility compared to water [194]. Another
transdermal drug delivery system based on Layer-
by-Layer films assembled by poly(ethyleneimine) and
poly(vinyl sufonate) was further developed, by immobi-
lizing emodin directly in films or incorporating emodin
in liposomes before intercalated, to mediated controlled
and stabled release of emodin in vitro [195]. Similarly,
ion-complementary self-assembling peptides were found
to have potential in delivering hydrophobic drugs in a
manner of sustained release. Under mechanical stirring,
a preliminary suspension in-situ hydrogel delivery sys-
tem of emodin was constructed with the self-assembling
peptides RADA16-I and RVDV16-1, showing promis-
ing emodin loading and releasing properties, and per-
formed better anti-cancer activities against A549 and
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HepG2 than free-emodin [196]. Besides, an emodin self-
microemulsifying platform was designed and achieved
improved solubility and better oral absorption in vivo as
determined by pharmacokinetic assay. Based on this drug
delivery system, emodin treatment attained better inhibi-
tory effects on renal fibrosis both in rat model and in
AGEs-treated glomerular mesangial cells and renal tubu-
lar epithelial cells, by suppressing the protein expression
of fibronectin, TGF-B1 and ICAM-1 [197].

Efforts have also been made to improve the pharma-
cokinetic properties of emodin. With a B-OH on the
anthraquinone ring, emodin acquired high glucuronida-
tion activities and primarily transformed into emodin
glucuronide with exceedingly low absorption and bio-
availability, catalyzed by UDP-glucuronosyltransferases
(UGTs) 1A1 and UGT1A9 [198, 199]. Zhang et al. devel-
oped an emodin nanoemulsion containing cremophor
EL, the emulsifier worked as an effective glucuronidation
inhibitor to block UGT1A1l-mediated emodin glucuro-
nidation. Accompanied by a substantial decrease (57.4%,
p<0.001) in total emodin glucuronidation, the apical and
basolateral excretion of glucuronidated metabolite were
markedly reduced (>56.5%, p<0.001) in UGT1A1l-over-
expressed MDCKII cells, and thus enhanced transcellular
permeation and absorption of emodin [200].

Other approaches to improve the therapeutic effects

of emodin

From the standpoint of drug development, structural
modification is a bright new avenue to improve physico-
chemical, biochemical, and pharmacokinetic properties,
and to increase drug potency and selectivity. Emodin was
recognized as a promising precursor compound in can-
cer therapy for the past few years. An innovative series
of emodin derivatives were designed and modified, and
their anti-proliferative and pro-apoptotic effects were
assessed in HepG2, MCF-7, Hep3B, Huh7, A549, and
various leukemia or lymphoma cell lines, which were
well-summarized in a previous dedicated review [201].
One of these derivatives (compounds 7a) exhibited a
potent in vitro anti-proliferative activity profile, display-
ing an 8.8-fold increase of IC;, value than emodin, by
selectively inducing apoptosis and cell arrest at G,/G,
phase [202]. Recently, emodin succinyl ester was synthe-
sized to inhibit the migration and invasion of HCC cells
by restraining the interaction of androgen receptor and
enhancer of zeste homolog 2. In vivo tumorigenicity tests
using xenograft and diethylnitrosamine-induced HCC
mouse model further validated its significant efficacy
in preventing HCC aggression [203]. Viewed from the
metabolic perspective, ATP citrate lyase, a key enzyme
responsible for generating cytosolic acetyl-CoA, was
overexpressed in cancer cells to regulate stemness and
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metastasis. Structure—activity relationship and docking
analysis characterized a novel class of ATP citrate lyase
inhibitors bearing the chemical scaffold of emodin, and
indicated that two free hydroxyls adjacent to 9-carbonyl
were critical for on-target activity, and halogens at 2- and
4-position further enhanced inhibitory activity. It was
further demonstrated that 3,5-bisbromoemodin notably
reduced cancer stemness in the 3D spheroid assay, and
showed a comparable anti-proliferative activity against
A549 cell to shRNA-mediated ATP citrate lyase knock-
down, therefore making it an encouraging prodrug for
tumor therapy [204]. Most recently, Chen et al. synthe-
sized another class of emodin quaternary ammonium salt
derivatives, and identified E35 (BrNO5-H20O) as a poten-
tial therapeutic candidate for hematologic cancers with
higher aqueous solubility and specificity than emodin.
E35 efficiently suppressed growth and enhanced apopto-
sis of various acute leukemia stem and progenitor cells,
including but not limit to HL-60, Molt-4, and CA46, by
markedly downregulating the drug-resistant genes like
MDR1, MRP1, TOPIIP, GSTm, and BCL-2, and dramati-
cally blocking AKT/mTOR pathway [205].

With the vigorous development of nanomedicine,
nanoscale drug delivery systems have been emerg-
ingly recognized as effective technologies for rational
drug design and delivery to improve efficacy or dimin-
ish systemic adverse effects [206]. Recent progress
in the research of emodin-conjugated nanoparticles,
for example, based on poly(lactide-co-glycolide)-D-a-
tocopheryl polyethylene glycol 1000 succinate, showed
impressive biocompatibility, biodegradability, sustained
release properties, and highlighted potency as promis-
ing therapeutic agents for the treatment of cancers [207,
208]. Besides, emodin-loaded poly (DL-lactide-co-gly-
colide)/Eudragit.  S100/montmorillonite nanoparticles
specifically released emodin in the diseased colon, thus
effectively suppressed ulcerative colitis-related immune-
inflammatory responses [209]. Gelatin-cyclodextrin,
poly(vinyl pyrrolidone), and cellulose acetate were also
applied to assembly-load emodin into different anti-bac-
teria nanoagent to effectively inhibit the growth of S. suis
and MRSA [210, 211]. In addition, it has been reported
that loading emodin on nanosilver, an efficacious antimi-
crobial agent, significantly protected against cecal liga-
tion and puncture-induced sepsis in vitro and in vivo,
by halting gut-microbiota-mediated systemic infection
[212]. Moreover, delivery strategies based on liposomes
with different tissue/cancer-targeting properties were
widely used to improve the therapeutic effects of emodin.
Specifically, targeted liposomes licensed selectively accu-
mulation of emodin at breast cancer lesions, by targeting
and inhibiting vasculogenic mimicry channel on breast
cancer cell surface, thus exhibiting a distinct antitumor
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activity in vivo [213, 214]. It was also noteworthy that a
magnetically guided liposomal emodin composite was
synthesized and enhanced the MCE-7 killing efficiency
of hydrophobic free emodin. Intriguingly, under the guid-
ance from the external magnetic field, the effective rate of
drug accumulation improved dramatically in the tumor
region of 4T1 tumor-bearing mice model, suggesting a
novel therapeutic strategy by integratively utilizing physi-
cal and biomedical approaches [215].

Discussion

Rhubarb-containing TCM formulas have been widely
used clinically in China since ancient times, and emo-
din is believed to be the major bioactive compound in
rhubarb that possesses arrays of pharmacological prop-
erties like anti-inflammation, immunomodulatory, anti-
fibrosis, and anti-cancer effects. With the development
of modern medicine and system biology, a clearer under-
standing of molecular mechanisms underlying these
biological effects offers experimental for the potential
effective clinical application of emodin (Figs.1, 2, and
3). However, there still exist challenges and problems to
be solved, thus posing obstacles for further discovery of
novel emodin-based therapy.

Primarily, the concentration of emodin used for cur-
rent in vitro and vivo studies varied considerably and
was largely clinically irrelevant. Emodin was reported
to exert extensive anticarcinogenic properties, includ-
ing inhibiting cancer cell proliferation, angiogenesis,
metastasis, and inflammation as well as inducing apop-
tosis, at a wide range of dosage (from 10 to 200 uM), as
shown in Fig. 4. What is confusing is that emodin at as
low as from 10 to 50 uM displayed other efficacy against
inflammatory responses, fibrosis, virus-infection, and
diabetes. More intriguingly, no significant differences
in oral or intraperitoneal administration dose (ranging
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from 10 to 80 mg/kg, occasionally at 100 or 150 mg/kg)
were observed in rodent models among different dis-
eases. Domestic and foreign researches on systematic
pharmacokinetics revealed the low oral and intravenous
bioavailability of emodin, illustrated by a long time to
reach maximum plasma concentration (T,,,, 2.44 h) and
relatively low peak plasma concentration (C,,,, 0.20 uM)
of free anthraquinones [216]. Due to the high glucuro-
nidation activity in intestinal and hepatic microsomes,
Liu et al. detected the relatively high C_,  of emodin
glucuronide (6.69 pg/ml) after single-dose oral 8 mg/kg
administration in male rats, supposing the absolute bio-
availability of emodin glucuronide was 60% [217]. These
results highlighted substantial shortcomings of almost all
current in vitro studies, in which an average of more than
10 puM (at least 10 times of C_,,) of emodin in its original
form was used to directly treat cells, making these stud-
ies less convincing and clinically irrelevant. Additionally,
the therapeutic dose window of emodin for the treatment
of non-cancerous diseases remains elusive, since the dos-
ages of emodin used for inflammatory, fibrotic, and met-
abolic diseases were almost the same as the dosage used
for cancers. This brought up an issue that emodin might
also trigger intolerant adverse effects just like other anti-
cancer drugs even it was only used for the intervention
of non-malignant disorders. Moreover, the conclusions
of several studies are even contradictory, especially when
it comes to anti-inflammatory effects and immunoregu-
latory effects. For instance, the effects of emodin on
immune responses, especially on macrophage activation,
have drawn great attention over the past decades. Previ-
ous studies showed that emodin effectively suppressed
excessive macrophage response to M2 stimuli IL-4, via
inhibition of IRF4/STAT6 signaling and CCAAT/C/EBPpB
signaling. Emodin also epigenetically inhibited changes
in H3K27m3 and H3K27ac at the promoter regions of
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M2 genes to attenuate M2 polarization. However, the
promotive effects of emodin on M2 macrophage activa-
tion were the primary mechanism underlying its thera-
peutic effects against asthma. Most recent evidence
also reported opposite results that emodin (80 mg/kg)
dramatically upregulated trigger receptor expressed on
myeloid cells 2 to promote macrophage polarization, thus
inhibiting metabolic diseases like obesity and in HFD-
mice model [218]. Further studies are required to address
these critical issues.

Emodin is considered as the principal antimicrobial
component in rhubarb, which exhibits remarkable bac-
teriostatic or bactericidal effects against Gram-positive
organisms, especially S. aureus. Historically, rhubarb is a
commonly used stimulant laxative with strong purgative
potential, drawing increasing attention of translational
medicine researchers for its effects on intestinal flora
and micro-ecological balance reestablishment in recent
years. This laxative effect is mainly attributed to senno-
side A, a dianthrone O-glycoside rarely absorbed in small
intestine, which can be easily hydrolyzed by intestinal
microflora to release rheinanthrone and cause a laxative
effect by decreasing aquaporin-3 expression and inhibit-
ing water transport out of colon luminal [219]. Consist-
ently, hydrolysis products aloe-emodin anthrone, rhein
anthrone, and emodin were also reported to have syner-
gistic purgative properties through multiple mechanisms,
including inhibiting Na*/K*-ATPase to increase intesti-
nal osmotic pressure, and displaying acetylcholine-like
effects to stimulate intestinal motility and peristalsis.
These biotransformations among anthraquinones and
anthrones by intestinal flora made up for the deficiencies
of emodin absorption in small intestinal effectively [191].
A previous study demonstrated that emodin via colonic
irrigation altered the gut microbiota structure to improve
chronic kidney disease, mainly by reducing uremic tox-
ins-related Clostridium spp. and augmenting beneficial
probiotic organisms like Lactobacillus spp. [220]. Addi-
tionally, emodin-contained Kui-Jie-Yuan decoction was
also reported to improve intestinal flora disturbance and
intestinal barrier injury in mice model of ulcerative coli-
tis, including increasing the proportion of Alloprevotella,
Treponema, Prevotellaceae, and Prevotella, while inhibit-
ing Escherichia_Shigella and Desulfovibrio [221]. These
studies strongly suggested the direct modulatory effects
of emodin on not only pathogenic bacteria but also gut-
microflora and thus contributed to its pharmacological
effects. Emerging evidence suggests that the gut microbi-
ome plays a significant role in modifying tumor immunity
as well as modulating the host response to chemotherapy
and immunotherapy, so as to influence the outcome of
cancers. Most recently, the newly developed cancer fecal
microbiota therapy in the clinical trial revealed that fecal
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microbiota transplant effectively promoted intra-tumoral
immune activity and overcame resistance to anti-pro-
grammed cell death-1 immunotherapy [222]. Therefore,
it is plausible to assume that the potential for regulating
gut flora of emodin may help to exert anti-tumor effi-
ciency by affecting immune responses. However, sys-
temic investigation and critical experimental evidence
supporting the regulative effects of emodin on gut-
microflora homeostasis are still missing.

Conclusion

In conclusion, although the pharmacological studies at
present exist deficiencies as discussed above, emodin
still has great potential to become promising therapeu-
tic options to immune and inflammation abnormality,
organ fibrosis, common malignancy, pathogenic bacte-
ria or virus infections, and endocrine disease or disorder.
Considering the aforementioned issues, further pharma-
cokinetic study of emodin administration, more accu-
rate dosage design for different diseases, as well as novel
drug delivery systems for enhanced bioavailability are
with high priorities and urgently required. Scientifically
addressing these concerns would significantly contribute
to the widespread acceptance of rhubarb not only as a
dietary supplement in food flavorings and colorings but
also as a health-promoting TCM in the coming years.
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