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Abstract: Blood calcium homeostasis is critical for biological function. Caldecrin, or chymotrypsin-
like elastase, was originally identified in the pancreas as a serum calcium-decreasing factor. The
serum calcium-decreasing activity of caldecrin requires the trypsin-mediated activation of the protein.
Protease activity-deficient mature caldecrin can also reduce serum calcium concentration, indicating
that structural processing is necessary for serum calcium-decreasing activity. Caldecrin suppresses the
differentiation of bone-resorbing osteoclasts from bone marrow macrophages (BMMs) by inhibiting
receptor activator of NF-κB ligand (RANKL)-induced nuclear factor of activated T-cell cytoplasmic
1 expression via the Syk–PLCγ–Ca2+ oscillation-calcineurin signaling pathway. It also suppresses
mature osteoclastic bone resorption by RANKL-stimulated TRAF6–c-Src–Syk–calcium entry and
actin ring formation. Caldecrin inhibits lipopolysaccharide (LPS)-induced osteoclast formation
in RANKL-primed BMMs by inducing the NF-κB negative regulator A20. In addition, caldecrin
suppresses LPS-mediated M1 macrophage polarization through the immunoreceptor triggering
receptor expressed on myeloid cells (TREM) 2, suggesting that caldecrin may function as an anti-
osteoclastogenic and anti-inflammatory factor via TREM2. The ectopic intramuscular expression
of caldecrin cDNA prevents bone resorption in ovariectomized mice, and the administration of
caldecrin protein also prevents skeletal muscle destruction in dystrophic mice. In vivo and in vitro
studies have indicated that caldecrin is a unique multifunctional protease and a possible therapeutic
target for skeletal and inflammatory diseases.

Keywords: calcium metabolism; bone metabolism; protease; osteoclast; macrophage; RANKL; LPS;
TLR4; TREM2

1. Introduction

Calcium homeostasis is controlled by calcium absorption in the intestine and reab-
sorption along the renal tubules, as well as by bone formation and resorption. Calcium
homeostasis is regulated by parathyroid hormone (PTH) and thyroid gland-derived cal-
citonin, and activated vitamin D3 produced in the kidney. In addition, the pancreas is
involved in calcium metabolism. Hypocalcemia is frequently observed in acute pancreati-
tis [1]. Glucagon [2,3], amylin [4,5], and calcitonin gene-related peptides [6,7] secreted from
the pancreas may be responsible for hypocalcemia. While the exact pathological mecha-
nisms of hypocalcemia are unknown, the pancreas may secrete hypocalcemic factors. We
previously purified and cloned the hypocalcemic factor, caldecrin, from the pancreas [8–10].
In this review article, we discuss the roles of the multifunctional protease, caldecrin, in the
pancreas.

2. Purification and Cloning of Caldecrin

In the 1960s, Takaoka et al. first demonstrated that a pancreatic extract of porcine had
hypocalcemic activity [11,12]. In 1992, Tomomura et al. purified a hypocalcemic factor,
calcium-decreasing factor (caldecrin), from a porcine pancreatic extract [8]. Caldecrin was

Medicines 2021, 8, 41. https://doi.org/10.3390/medicines8080041 https://www.mdpi.com/journal/medicines
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purified from acetone powder of porcine pancreas via fractionation with acetone (30–60%)
and saturated ammonium sulfate (45–60%), followed by ion-exchange chromatography on
Q Sepharose Fast–Flow (pH 5.5), gel filtration on Superdex 75 fast protein liquid chromatog-
raphy (FPLC), and ion-exchange chromatography on Mono Q FPLC (pH 5.5). The isolated
caldecrin was confirmed as a single peak by high-performance liquid chromatography.
To identify caldecrin, each fraction of the purification steps was injected into the tail vein
of fasted mice, and serum calcium concentrations were measured 4 h post-injection. The
serum calcium concentration decreased in a dose-dependent manner as the products of
subsequent purification steps were administered, and the hypocalcemic activity increased
as a result of the purification process (Figure 1). In addition to this in vivo experiment,
the ability of caldecrin to inhibit PTH-stimulated calcium release was assessed using Ca45-
prelabeled fetal mouse long bone organ cultures. Caldecrin inhibited PTH-stimulated Ca45

release from the bone to the culture medium at concentrations as low as 10 ng/mL. These
experiments showed that caldecrin is an anionic protein (pI: 4.5) with a molecular weight
of approximately 28 kDa. In addition, we showed that caldecrin is a serine protease with
chymotryptic activity [8]. The immature form of caldecrin (procaldecrin), which is purified
in the presence of the serine protease inhibitor diisopropyl fluorophosphate (DFP) from
porcine pancreas, is activated by trypsin treatment in a dose- and time-dependent manner,
giving rise to the activated caldecrin that exerts chymotryptic activity [9].

Figure 1. Purification of porcine caldecrin and its serum calcium-decreasing activity. The caldecrin was isolated from
porcine pancreas following the following purification steps: porcine acetone powder was extracted (1), and active fraction
was separated with acetone (CH3)2CO precipitation (2), saturated ammonium sulfate (NH4)2SO4 precipitation (3), and
then Q Sepharose Fast–Flow ion-exchange chromatography (4), Superdex 75 size–exclusion fast protein liquid chromatog-
raphy (FPLC) (5), and Mono Q ion–exchange FPLC (6). Dose–dependent curves of serum calcium decreased activity
and its half maximal effective concentration (EC50) values, as shown by arrows on the x-axis, were prepared from the
representative preparation.

In 1995, we first isolated rat caldecrin cDNA by immunoscreening with an anti-
caldecrin antibody [10]. The nucleotide sequence was almost identical to that of a PCR
clone named rat elastase IV (ELA4) [13]. A frame shift caused by a minor nucleotide change
in both genes resulted in the difference of the amino acid sequences of the central region
of caldecrin from that of ELA4. Thus, the lysine-X bond of purified rat caldecrin was
digested with a metal endopeptidase in the presence of the chymotrypsin inhibitor phenyl-
methylsulfonyl fluoride (PMSF). The partial amino acid sequence of caldecrin fragments
purified from rat pancreas completely matched that encoded by cDNA. Furthermore, the
partial amino acid sequence of purified porcine caldecrin was closely related to that of
the corresponding fragments of purified rat caldecrin. However, the amino acid sequence
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of rat and porcine caldecrin differed from the deduced amino acid sequence of rat ELA4
cDNA. Amino acid sequences of caldecrin showed higher homology with elastase than
chymotrypsinogen A and B, although the N-terminal amino acid sequence of caldecrin
revealed that the mature form has a disulfide-linked activation peptide, which is charac-
teristic of chymotrypsin. In 1995, Gomis-Rüth et al. reported the crystalline structure of
bovine chymotrypsinogen C [14]. The amino acid sequence of chymotrypsinogen C was
very close to that of rat caldecrin, suggesting a high degree of similarity between caldecrin
and chymotrypsin C (CTRC).

In 1996, human caldecrin genes were cloned [15]. We transfected the insect cell
line Sf9 with a recombinant baculovirus harboring human caldecrin cDNA. Recombinant
human caldecrin was purified from the culture medium by using hydroxyapatite col-
umn chromatography. Subsequently, the purified recombinant human caldecrin showed
hypocalcemic activity. To address whether ELA4 is transcribed and translated in vivo
and has proteolytic activity, we constructed rat ELA4 cDNA by combinational PCR and
compared the recombinant rat ELA4 with the recombinant rat caldecrin synthesized in
a baculovirus expression system [16]. We detected recombinant caldecrin protein in the
medium. However, in the case of ELA4, we could not detect ELA4 protein in the cells
and the medium. Furthermore, we detected caldecrin mRNA expression in rat pancreas
but no ELA4, suggesting that ELA4 might be a single nucleotide polymorphism of the
caldecrin gene. It is now known that chymotrypsin C, caldecrin, and ELA4 are the same
protein encoded by the CTRC gene. The CTRC gene is located on chromosome 1p36.21 of
the human genome [17]. The rat and mouse CTRC genes are located on 5q36 and 4E1 of
each genome, respectively [18].

3. Protein Structure and Protease Activity of Caldecrin

3.1. Structure of Chymotrypsin C (Caldecrin)

Chymotrypsin C, also termed caldecrin, is a 268-amino acid-long protein. Its sequence
comprises a signal peptide (16 amino acids long, from residues 1 to 16), pro-peptide
(13 amino acids, residues 17–29), and mature protein (239 amino acids, residues 30–268).
The crystal structure of bovine Ctrc [14] revealed that rat and human caldecrin have five
disulfide bridges: Cys17–Cys141, Cys59–Cys75, Cys155–Cys222, Cys186–Cys202, and
Cys212–Cys243 [10,15] (Figure 2).

Figure 2. Schematic for domain structure of caldecrin. Black box (signal peptide: amino acid
residue number 1–16); yellow box (pro-peptide:17–29 including 26–29 or 27–29 peptide removed by
autoactivation); blue box (mature protein: 30–268); red lines (disulfide bridges with cysteine number);
His74, Asp121, and Ser216 (charge relay system for serine protease activity).

Chymotrypsin C possesses two barrel structures, between which the charge-relayed
catalytic triad (His74, Asp121, and Ser216) is located. The activation peptide is first cleaved
at the Arg29–Ile30 peptide bond by trypsin, and further cleaved at Asp25–Leu26 [10] or
Leu26–Ser27 [19] by the autoactivation of chymotrypsin C. The cleaved Cys17–Asp25 or
Cys17–Leu26 long peptide remains attached to the mature protein by a disulfide bridge
such as Cys17–Cys141, a structure that resembles chymotrypsin [10,14,15,19,20].

3.2. Proteolytic Activity and Specificity of Chymotrypsin C (Caldecrin)

The enzyme classification of chymotrypsin C (caldecrin) is EC 3.4.21.2. It shows hy-
drolytic activity that can cleave leucyl, tyrosyl, phenylalanyl, methionyl, tryptophanyl,
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glutamine, and asparagine bonds. Chymotrypsin C preferentially hydrolyzes leucyl bonds
compared to chymotrypsin A [21]. Humans have five other chymotrypsin-like elastase
genes that encode the structurally similar proteins chymotrypsin-like elastase family, mem-
ber 1 (CELA1, EC3.4.21.36), pancreatic CELA2A and 2B (EC3.4.21.71), and pancreatic
CELA3A and 3B (EC3.4.21.70). The protease activity of CELA2 preferentially cleaves
leucine, methionyl, and phenylalanyl residues and hydrolyzes elastin [22]. CELA3B pref-
erentially cleaves alanyl residues, but has little elastolytic activity [23]. Human caldecrin
was more similar to CELA2A (63.4%), 2B (59.6%), 3A (52.2%), and 3B (53.0%) than with
chymotrypsin B (42.5%) [15]. The altered protease activity of chymotrypsin C revealed that
it can be a risk factor for chronic pancreatitis, a role that is described in detail in Section 3.3.

3.3. Chymotrypsin C (Caldecrin) and Pancreatitis

Chronic pancreatitis is a progressive inflammatory disease of the pancreas. It is char-
acterized by acinar cell atrophy, fibrotic tissue replacement, and duct irregularities with
calcifications [24]. The pathological mechanism of pancreatitis is uncontrolled trypsin
activity [25]. Cationic trypsinogen (PRSS1) mutations are gain-of-function mutations that
stimulate the autoactivation of the proform to trypsin, which are associated with autoso-
mal dominant hereditary pancreatitis [26]. Loss-of-function mutations in serine protease
inhibitor Kazal-type 1 (SPINK1), which can inactivate intrapancreatic trypsin activity, are
associated with pancreatitis risk [27]. Therefore, the inactivation of irregularly produced
intrapancreatic PRSS1 by SPINK1 or by an unidentified serine protease (Rinderknecht’s
enzyme Y) has been proposed to protect against pancreatitis [28–30]. In 2006, Nemoda
and Sahin-Tóth reported that chymotrypsin C (caldecrin) stimulates the autoactivation
of human cationic trypsinogen [31]. In 2007, Szmola and Sahin-Tóth reported that the
unidentified enzyme Y was identified as chymotrypsin C (caldecrin), in which the main
role of chymotrypsin C is trypsinogen activation and trypsin degradation [32]. In 2008,
Rosendahl et al. reported that loss-of-function variants in the CTRC gene were risk factors
for chronic pancreatitis [33]. Masson et al. also identified a CTRC mutation in patients with
idiopathic chronic pancreatitis [34]. Thus, loss-of-function mutations in CTRC can cause a
decrease in the catalytic activity of CTRC and impaired trypsinogen degradation, which
are causative risk factors for chronic pancreatitis [35]. CTRC is also a susceptibility gene
for tropical calcific pancreatitis associated with calcium deposition in the pancreas [36,37].
For genetic risk factors in chronic pancreatitis, see the www.pancreasgenetics.org (accessed
on 28 May 2021) website [38].

4. Non-Proteolytic Functions of Caldecrin

4.1. Caldecrin and Calcium Metabolism

As described above, purified porcine and rat caldecrin from the pancreas and pro-
duced recombinant rat and human caldecrin protein decreased serum calcium concentra-
tion in mice. Caldecrin dose-dependently decreased the serum calcium concentration. The
effect resulted in a maximum decrease of 15–20% with 20–100 μg (about 0.7–3.5 nmol)/kg
mice body weight. Procaldecrin did not exhibit serum calcium-decreasing activity, but
acquired serum calcium-decreasing and protease activity after trypsin treatment. PMSF
treatment after the trypsin activation of procaldecrin abolished its protease activity but did
not affect the serum calcium-decreasing activity [8] (Figure 3a). The calcium-decreasing
activity of porcine caldecrin was almost the same as that of porcine calcitonin (1 nmol/kg
body weight) (Figure 3b). Pretreatment with PMSF or recombinant caldecrin with point mu-
tations at positions coding for activity-related amino acids (Hm: His74Ala or Sm: Ser216Ala
substitution) decreased serum calcium concentration in vivo and bone destruction activity
in vitro and abolished the protease activity of caldecrin. Caldecrin not only decreased
calcium concentration but also hydroxyproline serum concentration, which is a marker
of bone resorption, suggesting that caldecrin inhibits bone destruction by osteoclasts [10].
Therefore, the mechanism by which caldecrin inhibits osteoclast formation and/or function
remains to be investigated.
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Figure 3. Characterization of the serum calcium-decreasing activity of caldecrin. (a) PMSF treatment does not inhibit the
serum calcium-decreasing activity of activated caldecrin; (b) comparison of the serum calcium decreasing activities of
porcine caldecrin and calcitonin.

In 1996, Izbicka et al. independently purified a calcium metabolism-regulating fac-
tor from a porcine pancreas by determining the inhibitory effect of the proliferation of
human osteosarcoma MG-63 cells and bone resorption in organ culture stimulated by
PTH [39]. The factor had a molecular weight of 28 kDa, and it showed 92% homology
with human elastase IIIB (CELA3B) in the N-terminus. Recombinant human elastase IIIB
inhibited bone resorption in organ cultures stimulated with 1,25-dihydroxyvitamin D3.
This anti-resorptive activity was abolished by PMSF treatment, highlighting the impor-
tance of the proteolytic activity of elastase IIIB in the inhibition of bone resorption. The
differences between the hypocalcemic mechanisms of caldecrin and elastase IIIB have not
yet been elucidated.

4.2. Caldecrin and Osteoclast
4.2.1. Caldecrin and RANK Signaling

The serum calcium concentration is affected by osteoclast activity. Osteoclasts execute
bone resorption, which is differentiated from bone marrow by key molecules such as
macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-
kappa B (NF-κB) ligand (RANKL) [40–44]. Osteoclast differentiation and maturation occur
in the following stages: (i) osteoclast precursor cells are produced from bone marrow cells
in response to M-CSF and begin to differentiate following stimulation by RANKL; and
(ii) osteoclasts fuse with each other to form multinucleated giant cells. Multinucleated cells
secrete protons and cathepsin K, which are required for bone resorption. Osteoclast dif-
ferentiation is tightly regulated by many molecules to maintain bone homeostasis [45–47].
(Figure 4). During the initial stage, RANKL binds to its receptor RANK, which induces
the recruitment of the adaptor protein, tumor necrosis factor receptor-associated factor
6 (TRAF6) [48]. Activated TRAF6 stimulates NF-κB by activating IκB kinase (IKK) [49].
TRAF adaptor proteins also activate mitogen-activated protein kinases (MAPKs) such as ex-
tracellular signal-regulated kinase (ERK), C-Jun N-terminal kinase (JNK), and p38 [50–53].
NF-κB and MAPK signaling activates activator protein-1 (AP-1) including c-Fos, which
in turn activates the master transcription factor in osteoclastogenesis, nuclear factor of
activated T-cell cytoplasmic 1 (NFATc1) [54–56].

5



Medicines 2021, 8, 41

 

Figure 4. Caldecrin inhibits RANKL signaling in the initial stage of osteoclast differentiation. RANKL
binding to RANK activates both NF-κB and MAPKs, such as ERK, JNK, and p38. Activation of
NF-κB and MAPK signals is then transmitted to c-Fos and NFATc1 induction. Caldecrin inhibits
RANK-stimulated phosphorylation of Syk and PLCγ, abolishing Ca2+ oscillation and activation
of calcineurin, and amplification of NFATc1 in the initial stage of osteoclast differentiation. AP-1:
activator protein-1; ERK: extracellular signal-regulated kinase; IKK: IκB kinase; JNK: C-Jun N-
terminal kinase; MAPK: mitogen-activated protein kinase; NFATc1, nuclear factor of activated T-cells
cytoplasmic 1; NF-κB: nuclear factor-κB; PLCγ: phospholipase Cγ; RANK: receptor activator of
NF-κB; RANKL: RANK ligand; Syk: spleen tyrosine kinase; TRAF6: tumor necrosis factor receptor-
associated factor 6.

RANK signaling also activates phospholipase Cγ (PLCγ)-dependent Ca2+ signaling
through splenic tyrosine kinase (Syk) [57–59]. Finally, calcineurin, a calcium/calmodulin-
dependent serine/threonine phosphatase activated by intracellular Ca2+ concentration,
causes the dephosphorylation of NFATc1 and induces translocation from the cytoplasm
into the nucleus [60]. Thus, TRAF6, NF-κB, c-Fos and NFATc1 are required for the initiation
stage of RANKL-induced osteoclast differentiation (Figure 4).

To understand the serum calcium-decreasing effects of caldecrin on osteoclast-mediated
bone resorption, we investigated whether caldecrin inhibits the initial stage of osteoclast
differentiation following RANKL exposure. In murine bone marrow macrophages and
macrophage-derived RAW264.7, protease-deficient caldecrin inhibited RANKL-stimulated
osteoclast differentiation [61]. The macrophage-type colonies formed from BMCs in the
absence or presence of caldecrin were not different, suggesting that caldecrin does not
affect macrophage formation. The frequency of osteoclast progenitor formation in the pres-
ence of M-CSF alone was not different from that in the presence of M-CSF and caldecrin.
Thus, caldecrin did not affect macrophage colony formation or osteoclast progenitors from
BMCs. However, caldecrin suppressed RANKL-stimulated mononuclear osteoclast differ-
entiation, assessed by tartrate-resistant acid phosphatase (TRAP) staining and enzymatic
activity, a specific osteoclast enzyme commonly used as a marker. Caldecrin inhibited
the RANKL-induced phosphorylation of Syk and PLCγ and abolished Ca2+ oscillations
within 5–10 min of caldecrin exposure. Caldecrin inhibited the activation of calcineurin, a
protein that enhances NFATc1 activity. Finally, caldecrin inhibited the RANKL-stimulated
nuclear translocation of NFATc1 and its mRNA accumulation, whereas other RANKL-
stimulated transcription factors such as NF-κB κ and c-Fos were unaffected. Thus, we
found that caldecrin inhibits osteoclast differentiation by suppressing NFATc1 activity via
the RANKL-mediated calcium signaling pathway at the initial stage of osteoclastogenesis
(Figure 4).

In the late stage of osteoclastogenesis, amplified NFATc1 induces the expression of
osteoclast-specific genes, leading to osteoclast differentiation (Figure 5). Mature osteo-
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clasts create a unique cytoskeletal structure, termed the sealing zone, which consists of
an actin ring attached to the bone surface [62,63]. The integrin vitronectin receptor αvβ3
binds to vitronectin present in the bone matrix, inducing the recruitment of c-Src tyrosine
kinase to the integrin receptor. Activated c-Src phosphorylates Syk, which phosphory-
lates the DNAX-activating protein of 12 kDa (DAP12) [64], and SLP-76, which induces
cytoskeletal organization and bone resorption [65]. Calcium-dependent proline-rich tyro-
sine kinase (PYK2) is an adhesion kinase localized in the sealing zone, which is activated
by binding to αvβ3 integrin and subsequent phosphorylation by Src kinase [66]. TRAF6-
induced cytoskeletal changes are mediated by interactions with cytoplasmic c-Src [67].
Thus, RANKL–RANK signaling enhances the TRAF6–c-Src interaction, which activates the
formation of the Src–Syk and Src–Pyk2 complexes that induce the cytoskeletal organization
of mature osteoclasts.

Figure 5. Caldecrin inhibits RANKL signaling in mature osteoclasts. RANKL–RANK binding
activates c-Fos and NFATc1. RANK also activates c-Src and the c-Src–Syk complex. Activated Syk
phosphorylates PLCγ via SLP-76, which leads to the activation of TRPV4 channels and evokes
Ca2+ influx. Increased Ca2+ levels activate Pyk2 and are associated with Src, leading to cytoskeletal
organization. Caldecrin inhibits RANKL-induced phosphorylation of c-Src, Syk, PLCγ, SLP-76,
and Pyk2 in mature osteoclasts. Caldecrin also abolishes Ca2+ entry into the cytoplasm through
the TRPV4 channel and TRAF6–c-Src interaction. Akt: AKR mouse thymoma kinase; Src, sarcoma;
SLP-76:SH2 domain containing leukocyte protein of 76kDa; TRPV4: Transient Receptor Potential
Vanilloid 4.

Calcium signaling pathways have been shown to play a role in bone resorption,
exerting effects on actin metabolism, cytoskeletal organization, and cell–matrix interac-
tions. RANKL signaling activates PLCγ and enhances the production of inositol trispho-
sphate (IP3), which results in the release of Ca2+ from the ER through transient receptor
potential vanilloid channel 2 (TRPV2), which subsequently causes oscillations in Ca2+

concentration [68]. Ca2+ oscillations disappear during differentiations and are replaced
by RANKL-evoked Ca2+ influx via TRPV4 and 5 [69,70]. Thus, RANKL-triggered Ca2+

influx in multinucleated osteoclasts through TRPV channels maintains NFATc1 activity
and activates Pyk2, which is essential for actin filament organization (Figure 5).

Next, we investigated whether caldecrin inhibits RANKL-induced mature osteoclast
function. Caldecrin inhibited RANKL-stimulated osteoclastic bone resorption in vitro,
but did not induce apoptosis [71]. In addition, caldecrin inhibited the RANKL-induced
phosphorylation of c-Src, Syk, PLCγ, SLP-76, and Pyk2 in mature osteoclasts but not
the phosphorylation of ERK, JNK, and Akt. Furthermore, caldecrin inhibited RANKL-
induced Ca2+ entry through TRPV4 and actin ring formation in mature osteoclasts, RANKL-
stimulated c-Src kinase activity, and integrin–c-Src–Syk association and RANKL-mediated
TRAF6–c-Src association. Thus, we found that caldecrin suppresses RANKL-mediated Ca2+
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signaling and actin ring formation in mature osteoclasts via suppression of the TRAF6–c-
Src—Syk signaling pathway, resulting in the suppression of bone resorption (Figure 5).

In this section, we conclude that protease activity-deficient caldecrin inhibits both
RANKL-stimulated osteoclast formation from bone marrow progenitors and pre-existing
mature osteoclastic bone resorption, resulting in the serum calcium-decreasing activity
of caldecrin in vivo. Next, we investigated the role of caldecrin in inflammation-induced
bone loss.

4.2.2. Caldecrin and TLR4 Signaling

Inflammation is known to cause bone loss. Bacterial lipopolysaccharide (LPS), a
major constituent of the outer membrane of Gram-negative bacteria, is a potent inducer
of bone loss in inflammatory diseases, including periodontal disease, bacterial arthritis,
and dental implant infections [72,73]. Toll-like receptor (TLR) family members, which
are proteins homologous to the Drosophila Toll protein, play a critical role in the innate
immune system. TLR (TLR1–9) is expressed in osteoclast progenitors, of which TLR2 and 4
are also expressed in osteoclasts [74]. LPS has been shown to stimulate osteoclast formation
and bone resorption in vivo through TLR4 [75,76].

The signaling cascade of TLR4 has been extensively studied in macrophages [77–79].
LPS induces inflammation upon the production of pro-inflammatory cytokines, such as
interleukin-1 (IL-1) β, TNF-α, and IL-6 in macrophages and lymphocytes. Activated TLRs,
except for TLR3, induce pro-inflammatory cytokine production through the canonical
myeloid differentiation factor 88 (MyD88), which recruits TRAF6 downstream and activates
IKK and the NF-κB pathway [80], leading to osteoclast formation in vitro. Although LPS is
known to induce bone loss in vivo, LPS can both inhibit and stimulate osteoclastogenesis
in vitro. The simultaneous activation of TLR4 and RANK signaling by LPS and RANKL,
respectively, inhibits osteoclast formation in BMMs [74,81]. In this context, LPS/TLR4
activates NF-κB, p38, ERK1/2, and JNK, but inhibits RANKL-induced Nfatc1 expression.
In contrast, LPS treatment enhanced the osteoclast differentiation of BMMs primed with
M-CSF and RANKL [81,82]. The expression of Nfatc1 in RANKL-committed preosteoclasts
is no longer affected by subsequent LPS treatment [82]. Therefore, RANKL-primed NFATc1
expression is a prerequisite for LPS-stimulated osteoclast formation.

RANKL/RANK and LPS/TLR4 signaling pathways in osteoclast formation share
TRAF6, a ubiquitin E3 ligase, and downstream signaling pathways such as NF-κB activa-
tion. The LPS response is regulated by negative feedback with an NF-κB-inducible A20,
which is a deubiquitinating protease encoding tumor necrosis factor alpha-induced protein
3 (TNFAIP3) [83]. A20 removes lysine 63 (K63)-linked polyubiquitin chains from TRAF6 and
promotes K48-polyubiquitination for proteasomal degradation; thus, NF-κB-stimulated
A20 plays an anti-inflammatory role by inhibiting IκB phosphorylation and NF-κB activa-
tion [84]. LPS induces osteoclast formation from RANKL-pretreated macrophages and the
expression of A20, which is associated with TRAF6 degradation and NF-κB inhibition [85].
The overexpression of A20 inhibits osteoclastogenesis in a TRAF6-dependent manner,
whereas the silencing of A20 restores TRAF6 expression and NF-κB activation, resulting in
LPS-enhanced bone resorption [86]. Thus, the induction of NFATc1 by RANKL–TRAF6 is
necessary before the increase in the levels of A20 by LPS. Therefore, the anti-inflammatory
molecule A20 acts as a barrier to uncontrolled activation during osteoclast differentiation.

We investigated whether caldecrin inhibited LPS-induced osteoclastogenesis. Osteo-
clast progenitors from mouse BMMs and RAW264.7 cells were primed with a low dose
of RANKL for 40 h and subsequently exposed to LPS in the absence of RANKL, which
caused osteoclast formation [87]. LPS stimulated the phosphorylation of ERK, JNK, p38,
and IκB. Furthermore, LPS stimulated the expression of osteoclast differentiation markers,
such as ACP5 (tartrate-resistant acid phosphatase 5), CTSK (cathepsin K), and DCSTAMP
(dendrocyte expressed seven transmembrane protein) in RANKL-primed RAW264.7 cells
and osteoclast progenitors. When RANKL priming was combined with protease-deficient
caldecrin treatment, caldecrin inhibited the LPS-stimulated phosphorylation of IκB and
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that of JNKs, MAPKs, ERKs, and p38 to a lesser extent, leading to the inhibition of the
marker gene expression.

Interestingly, pretreatment with RANKL and caldecrin increased A20 mRNA and
protein levels. Furthermore, a reduction in the levels of A20 by means of RNA interference
(RNAi) in RAW264.7 cells pretreated with caldecrin and RANKL resulted in enhanced
osteoclast formation in response to LPS stimulation. These results indicate that caldecrin
enhances A20 expression at the RANKL priming stage, which interferes with LPS-evoked
NF-κB activation. Caldecrin alone did not activate the IκB, ERKs, JNKs, and p38 signaling
pathways, unlike LPS, suggesting that A20-induced caldecrin may be an anti-inflammatory
protein. The mechanism of A20 induction by caldecrin was further elucidated.

4.2.3. Caldecrin and TREM2 Signaling

Recent studies revealed that tissue macrophages, including osteoclasts, express DAP12
and its pairing triggering receptor on myeloid cell 2 (TREM-2), and participates in diverse
cell processes, including osteoclastogenesis, inflammation [88–90]. TREM-2 in mouse
macrophages and RAW264.7 cells stimulated by anti-TREM-2 antibody cross-linking en-
hanced RANKL-stimulated osteoclast formation, whereas silencing TREM-2 resulted in
the inhibition of bone differentiation, indicating that TREM-2 is a positive regulator of
osteoclast differentiation and function [91]. DAP12-deficient mice also show impaired
osteoclastogenesis in vitro [92]. In contrast, TREM2-deficient mice show accelerated os-
teoclastogenesis in vitro [93,94]. There are conflicting results regarding the relationship
between TREM-2, DAP12, and osteoclastogenesis in humans and mice, suggesting that
TREM-2′s contribution to osteoclasts’ biology may vary depending on the influence of other
receptors such as TREM-1 and/or on the presence of TREM-2 ligands with variable avid-
ity/affinity; for example, complete or partial DAP12 phosphorylation by TREM-2 ligand
binding may induce either activating or inhibitory signaling through TREM-2/DAP12 [93].

TREM2/DAP12 signaling contributes to macrophage activation. Tissue macrophages
have two key functions: (1) to interact with pathogens such as LPS and modulate the
adaptive immune responses, and (2) to facilitate tissue repair and tissue regeneration. These
macrophage polarizations, categorized as M1 and M2, are modulated by the chemokine
system [95–97]. Macrophages activated by LPS or interferon-γ alone or in combination
are differentiated as classical M1 activation, which produces pro-inflammatory cytokines,
whereas Th2-related cytokines IL-4 or IL-13, and anti-inflammatory molecules such as
IL-10 and TGF-β, promote alternative M2 activation, which shows an anti-inflammatory
and pro-healing phenotype [97,98]. TREM-2/DAP12 signaling contributes to the negative
regulation of LPS/TLR4-mediated M1 macrophage polarization [99]. TREM-2-deficient
macrophages enhanced the expression of pro-inflammatory cytokines and suppressed
phagocytosis following TLR4 stimulation with LPS, demonstrating that TREM-2 suppresses
inflammation and promotes bacterial clearance.

To address whether caldecrin inhibits osteoclast formation via TREM-2, we pre-
pared TREM-2 gene knockout (KO) RAW264.7 cells. Based on the study showing that
TREM-2/DAP12 signaling is essential for RANKL-induced osteoclastogenesis, TREM-2-
KO RAW264.7 cells were impaired to differentiate them into osteoclasts following RANKL
stimulation. Therefore, to elucidate the effect of caldecrin on LPS-induced M1 macrophage
polarization through TREM-2, BMMs and TREM-2-KO RAW 264.7 cells were incubated
with LPS and IFN-γ [100]. LPS induced the phosphorylation of p38, JNKs, and ERKs, the
degradation of IκB and the expression of pro-inflammatory cytokines such as IL-1β, IL-6,
and TNF-α in mouse BMMs, whereas caldecrin suppressed LPS-induced IκB degradation
and pro-inflammatory cytokine production but did not affect p38, JNKs, and ERKs signal-
ing pathways. Caldecrin also inhibited M1 macrophage polarization in BMMs stimulated
with LPS and IFN-γ. In RAW264.7 cells, caldecrin also inhibited LPS-induced IκB degrada-
tion, pro-inflammatory cytokine expression, and M1 macrophage polarization, while in
Trem2-KO RAW264.7, caldecrin-mediated suppression was not observed. These results
suggest that caldecrin is a negative regulator of LPS-induced inflammatory responses via
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TREM2. Taken together, our findings suggest that the inhibitory mechanism of caldecrin in
RANKL/RANK-mediated osteoclast formation and LPS/TLR4-mediated inflammation in
macrophages relies, at least in part, on TREM2. However, this is a mere hypothesis and
requires further testing (Figure 6).

Figure 6. Caldecrin inhibits RANKL/RANK stimulated osteoclastogenesis from macrophages (a) and
LPS/TLR4-stimulated macrophage activation through TREM-2 (b). (a) RANKL/RANK-stimulated
osteoclast differentiation from macrophages is promoted with the activation of MAPKs, NF-κB, and
the TREM-2/DAP12 axis. Caldecrin inhibits the RANKL/RANK/TRAF6 co-stimulatory TREM-
2/DAP12 signal which is critical for NFATc1 activation. (b) LPS/TLR4 stimulates the TRAF6/NF-kB
and MAPK pathways in macrophages, resulting in the activation of macrophages to M1 polarization
with increased production of pro-inflammatory cytokines such as TNF-α, IL-1, and IL-6. Caldecrin
inhibits LPS-induced M1 macrophage polarization through TREM-2/DAP12 signaling with the
induction of A20.

4.3. Caldecrin and Inflammation-Related Diseases

Rheumatoid arthritis (RA) is an autoimmune disease characterized by osteoclast-mediated
bone and cartilage destruction resulting from inflammation in the synovium [101–103]. Os-
teoclast precursor cells are identified in areas of pannus invasion into the bone in RA.
RANKL is expressed by both synovial fibroblasts and activated T lymphocytes derived
from synovial tissues from patients with RA [104–106]. Pro-inflammatory cytokine levels,
including TNF-α, IL1α, IL-1β, and IL-6, induce RANKL expression in synovial fibroblasts
in RA, resulting in the enhancement of osteoclastogenesis in RA [107–110]. The A20 is
decreased in monocytes and synovium from RA patients, suggesting that A20 may have a
protective role in RA [111–113].

We investigated whether caldecrin could improve inflammation-related bone diseases.
Therefore, we investigated whether caldecrin suppresses RANKL expression in synovium
derived from patients with RA. TNF-α treatment increased RANKL expression in synovial
fibroblasts from patients with RA but not in those from healthy individuals [114]. Caldecrin
inhibited TNF-α-stimulated RANKL overexpression in RA fibroblasts, suggesting that
caldecrin inhibits inflammatory cytokine-induced RANKL expression in RA.

Osteoporosis is associated with estrogen deficiency and bone loss in postmenopausal
women. The decrease in bone mass is due to enhanced or imbalanced bone resorption by
osteoclasts vs. osteoblastic bone formation in osteoporosis [115,116]. While basal levels of
RANKL and M-CSF are essential for physiological osteoclast formation, T-cell-derived pro-
inflammatory cytokines, such as TNF-α, are responsible for the upregulation of osteoclast
formation in estrogen deficiency [117,118]. The ovariectomy fails to induce bone loss in
TNF-α-deficient mice and in p55 TNF receptor KO mice [119]. Ovariectomized mice are
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an animal model commonly used to study postmenopausal osteoporosis, as they exhibit
increased serum calcium levels due to elevated bone resorption.

To address whether caldecrin improves OVX-induced osteoporosis, we transfected
plasmids encoding wild-type caldecrin or the protease-deficient mutant caldecrin in the
femoral muscle of OVX model mice [120]. Caldecrin abolished changes in calcium serum
concentration and collagen degradation in OVX mice, and restored bone resorption pa-
rameters to normal levels by micro-CT analysis, which decreased the bone surface to
bone volume ratio, trabecular separation, increased bone volume density, and trabec-
ular thickness and number, indicating that caldecrin suppresses estrogen deficiency-
induced osteoporosis.

These findings, taken together with our in vitro experiments, suggest caldecrin as a
possible therapeutic target in arthritis and osteoporosis.

4.4. Caldecrin and Muscular Dystrophy

Takaoka et al. [11,12] administered pancreatic extract to patients diagnosed with
myasthenia gravis and muscular dystrophy, including patients with fascio-scapulo-humeral
muscular dystrophy (FSHD). FSHD is an autosomal dominant disease, and it is the third
most common muscular dystrophy (1:15,000 to 1:20,000). It is characterized by weakness of
the skeletal muscles of the face, shoulders, and upper arms. The symptoms often progress
towards the lower body, and in the latest stages of the disease, the humeral, truncal, and
leg muscles are also affected [121]. Takaoka et al. reported that extract administration
improved the symptoms of FSHD, suggesting that the hypocalcemic effect of the pancreatic
extract could contribute to slowing down the progression of muscular dystrophy [12]. In
2005, Lefkowitz D.L. and Lefkowitz S.S. reported that Ca2+-triggered TNF-α induction,
and the overexpression of adenine nucleotide translocator-1 protein, which is a component
of the mitochondrial permeability transition pore, was observed in FSHD [122]. They used
the Ca2+ channel blocker, diltiazem, for the treatment of FSHD, resulting in the prevention
of the progression of muscle wasting, and proposed the use of diltiazem and a TNF-α
inhibitor for the treatment of FSHD. In 2011, we investigated the effect of caldecrin in
a naturally occurring mutant model of human congenital muscular dystrophy, a dy/dy
mouse model. These mice lacked the laminin gene and exhibited defective muscle basement
membranes. The peritoneal administration of caldecrin protein or the muscular ectopic
expression of caldecrin improved the muscular destruction seen in dy/dy mice [123]. In
2012, Lefkowitz et al. reported that the administration of anti-RANKL reagent, denosumab,
in FSHD patients improved muscle strength and dystrophic symptoms [124]. Recently,
RANKL was reported to reduce muscular function when expressed in muscle cells. Anti-
RANKL antibody treatment inhibits the NF-κB pathway and reduces muscle inflammation
and damage in dystrophic mice [125]. Osteoprotegerin KO mice, which lack a secreted
decoy receptor for RANKL, displayed reduced locomotor activity and signs of muscle
weakness. Inhibiting RANKL improved the selective weakness and atrophy of fast-twitch
IIb myofibers [126]. In addition, RANKL inhibition improved muscle strength and insulin
sensitivity in osteoporotic mice and humans [127]. Therefore, caldecrin, by virtue of its
anti-RANKL and anti-inflammatory activities, could be a suitable therapeutic approach for
skeletal muscle dysfunction.

5. Concluding Remarks

We have highlighted the serum calcium-decreasing factor caldecrin, which was first
discovered in the pancreas, and its structure and protease activity were identical to those
of chymotrypsin C (CTRC). Protease-deficient caldecrin inhibits RANKL-stimulated os-
teoclast differentiation of BMMs and bone resorption mediated by mature osteoclasts.
Additionally, caldecrin inhibits osteoclast differentiation stimulated by LPS and inflam-
matory M1 macrophage polarization stimulated by LPS and IFNγ through the TREM-2
pathway. Furthermore, caldecrin ameliorates the symptoms of several diseases, including
osteoporosis, RA, and muscular dystrophy. Thus, caldecrin is a protease with chymotryp-
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tic hydrolysis activity and non-proteolytic functions, which modulate physiological and
pathological bone metabolism and inflammation via the TREM2 pathway.
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Abstract: Background: Granules are a popular way of administrating herbal decoctions. However,
there are no standardised quality control methods for granules, with few studies comparing the
granules to traditional herbal decoctions. This study developed a multi-analytical platform to
compare the quality of granule products to herb/decoction pieces of Angelicae Sinensis Radix
(Danggui). Methods: A validated ultra-performance liquid chromatography coupled with
photodiode array detector (UPLC-PDA) method quantitatively compared the aqueous extracts.
Hierarchical agglomerative clustering analysis (HCA) and principal component analysis (PCA)
clustered the samples according to three chemical compounds: ferulic acid, caffeic acid and
Z-ligustilide. Ferric ion-reducing antioxidant power (FRAP) and 2,2-Diphenyl-1-picrylhydrazyl
radical scavenging capacity (DPPH) assessed the antioxidant activity of the samples. Results: HCA
and PCA allocated the samples into two main groups: granule products and herb/decoction pieces.
Greater differentiation between the samples was obtained with three chemical markers compared to
using one marker. The herb/decoction pieces group showed comparatively higher extraction yields
and significantly higher DPPH and FRAP (p < 0.05), which was positively correlated to caffeic acid
and ferulic acid, respectively. Conclusions: The results confirm the need for the quality assessment of
granule products using more than one chemical marker for widespread practitioner and consumer use.

Keywords: Angelicae Sinensis Radix; antioxidant; Danggui; granules; herb; multivariate analysis;
ultra-performance liquid chromatography

1. Introduction

Granule formulations have become the most popular delivery form for Chinese medicinal herbs
and are used as an alternative to herb and decoction pieces in herbal prescriptions worldwide including
China, Japan, USA and Europe [1]. For practitioners and consumers, granules are convenient in terms
of easier administration (granules are added to water instead of boiling herbs in water which are then
strained), transport (less bulky than herbs) and storage (protected from microbes and moisture). There is
potential for better quality control of granules using good manufacturing practice (GMP) processes
which would assure the reproducibility of products. This would promote clinical consistency as solvent
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ratios to herbs and boiling times of herbs/decoction pieces are not patient-dependent [2,3]. However,
standardised quality control procedures for granules are limited. In recent times, ultra-performance
liquid chromatography (UPLC) has analysed the granule formulations of popular herbs such as
Panax ginseng (Araliaceae), Salvia miltiorrhiza (Lamiaceae), Panax notoginseng (Araliaceae) and other
common composite formulae [2,4–7]. However, there are few comparative studies regarding the
actual quality and efficacy of granules compared to the traditional herbal decoction, and the variations
between granule formulations from different manufacturers [2–4]. This calls for a simple and rapid
multi-method approach to guarantee the reliability and bioequivalence of herbal products to ensure
their clinical efficacy [8].

In this study, the herb/decoction pieces and granule products of Angelicae Sinensis Radix, also
known as Danggui in Chinese, are evaluated [9]. Danggui, the dried root of Angelica (A.) sinensis
(Oliv.) Diels (Umbelliferae), is one of the most popular Chinese materia medica and is used in dietary
supplements and cosmetics globally [10]. Originally listed as top grade in the Shennong’s Classic of
Herbology and nowadays described as ‘female ginseng’, Danggui is used in gynaecological disorders
such as painful dysmenorrhea, postpartum weakness and treating menopause [11]. The herb is known
to regulate blood circulation, have antioxidant activity, and is widely used in cardiovascular diseases
such as atherosclerosis and hypertension [12]. Danggui is present in over 80 composite formulae of
traditional Chinese medicine (TCM).

Despite the popularity of Danggui, there is no quality assessment of Danggui granules [13].
With the general consensus of using a multi-method approach in assessing the quality of herbal products,
the present study evaluated the differences between the Danggui samples using chromatography,
chemometrics and antioxidant activity. Three chemical markers (ferulic acid, caffeic acid and
Z-ligustilide) were quantified using the developed UPLC method. Hierarchical agglomerative
clustering analysis (HCA) and principal component analysis (PCA) grouped the samples according to
the content of the three markers. The results were compared to using either ferulic acid or Z-ligustilide
as the single chemical marker as specified by the Pharmacopoeia of the People’s Republic of China
(PPRC) [9] and World Health Organisation (WHO) guidelines, respectively [14]. Coupled with
the statistical clustering analysis, correlating the chemical markers to antioxidant activity provided
a comprehensive study of the differences between the products. Any variations between the products
may imply possible pharmacological differences which need to be addressed in terms of correct dosages
to patients.

2. Materials and Methods

2.1. Plant Materials and Reagents

Ten commercial Danggui granule products (coded as G1–G10) were produced by companies
in mainland China, Hong Kong and Taiwan, and were either purchased from their distributors
in Australia or directly from the manufacturers. Product names have been omitted as consent for
disclosure was not sort. One herb (coded as R2) and four decoction piece samples (coded as R1, R3,
R4, R5) were sourced from Min Xian, Gansu Province in China [9]. The region where the herbal
material was sourced from is well known for Danggui and considered the best quality according to
TCM. They were purchased from Australia, mainland China and Hong Kong. The samples were
authenticated by Dr George Li from the Faculty of Pharmacy, The University of Sydney, Australia.
The taxonomic identification was carried out macroscopically and microscopically according to the
descriptions in the Pharmacopoeia of People’s Republic of China (PPRC) [9]. Voucher specimens
were deposited at NICM Health Research Institute, Western Sydney University, Australia. They were
labelled as for granules: G(number)(company)(date)AS and raw materials: R(number)(date)AS.

The three reference chemical markers (caffeic acid, ferulic acid and Z-ligustilide) were purchased
from Chengdu Biopurify Phytochemicals Ltd. (Sichuan, China) and were graded > 98% HPLC
purity. The compounds were verified with liquid chromatography–mass spectrometry (LC–MS).
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Chloroform, formic acid and acetonitrile were obtained from Ajax Finechem (Taren Point, Australia).
Methanol was purchased from Fisher Scientific (Loughborough, UK) and ethyl acetate was purchased
from Biolab Ltd. (Scoresby, Australia). Water was obtained from a Milli-Q Reagent Water System
(Millipore, Burlington, MA, USA). All the solvents mentioned were HPLC-grade. For the antioxidant
assays, DPPH, Trolox, sodium acetate trihydrate, glacial acetic acid, TPTZ (2, 4, 6-tripyridyl-s-triazine),
hydrochloric (HCl) acid and ferric chloride hexahydrate were purchased from Sigma-Aldrich Corp
(St. Louis, MO, USA).

2.2. Preparation of the Extracts and Standards

In this study, it was anticipated that the granule manufacturing process involved the large-scale
extraction of herbs with boiling water to reflect the traditional decoction, followed by spray-drying or
fluidised bed drying and formulation with excipients [5]. Thus, to remove most of the water-soluble
excipients, 1 g of the Danggui granule sample was suspended in methanol (10 mL) and sonicated for
30 min at 40 ◦C. The sonicated mixture was centrifuged at 4000 rpm for 10 min and the supernatant
removed. The extraction was repeated two more times. The combined supernatants were concentrated
by a rotary evaporator to dryness at 50 ◦C. Here, the residue obtained from the granules after the
methanol extraction was assumed to be equivalent to the raw herb water extract without excipients.

The herb and decoction pieces of Danggui were ground by an electric blender and passed through
a 500 μm aperture sieve. The powder (1 g) was refluxed with boiling water (30 mL) for 30 min and
the extraction repeated two more times. The sample was then centrifuged at 4000 rpm for 10 min.
The supernatant was transferred and evaporated to dryness at 50 ◦C. This was followed by the same
extraction procedure as described for the granule samples to allow comparison of the samples as
methanol extracts. The solutions were prepared by re-dissolving the dry extract residues with methanol
followed by filtrating into the final testing samples through the filter syringes (0.2 μm).

The individual standard stock solutions of the chemical markers caffeic acid, ferulic acid and
Z-ligustilide were prepared at the concentration of 2 mg/mL in methanol. To minimise the impact
of the stability, the standards and samples were freshly prepared each day and protected from heat,
moisture and light.

2.3. Determination of Chemical Marker Content

UPLC analyses were performed using a Waters Acquity ultra performance liquid chromatography
(UPLC)® H series consisting of a H class quaternary solvent manager, an Acquity sample
manager-FTN, an Acquity column oven and an Acquity Photodiode Array Detector (PDA)
detector. The chromatographic separation was achieved using an Acquity UPLC BEH C18 column
(50 mm × 2.1 mm, 1.7 μm) maintained at 40 ◦C [15].

The UPLC condition was based on our in-house HPLC method with modifications to the gradient
condition [16–18]. The mobile phase consisted of 1% formic acid in water (A) and acetonitrile (B) (95:5,
v/v), with a gradient elution as follows: 0–10 min, 5–12% B; 10–15 min, 12–20% B; 15–20 min, 20–100% B,
100% B for 5 min and reconditioning the column isocratically with 5% B for 4.5 min. The flow rate
was 0.3 mL/min. The injection volume was 2 μL and the detection wavelength was set at 325 nm,
which was similar to previous studies which monitored for ferulic acid and Z-ligustilide [15,17,19].

The UPLC method was validated in terms of linearity, repeatability and accuracy according
to ICH guidelines [20]. Linearity testing was carried out by running six different concentrations of
each chemical marker (caffeic acid (0.005–2 mg/mL), ferulic acid (0.005–2 mg/mL) and Z-ligustilide
(0.01–0.3 mg/mL) in triplicate. Partial least square regression method was used to obtain the regression
equations in the form of y = ax + b, where x is the concentration of the reference chemical marker and
y was the peak area [21]. The limit of detection (LOD) and the limit of quantification (LOQ) were
determined by standard deviation (SD) approach, where LOD = 3.33 × (SD of y-intercept/mean of
slope) and LOQ = 10 × (SD of y-intercept/mean of slope). For repeatability, the intra-day precision
was evaluated by running six concentrations of each marker three times within a day, whilst inter-day
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precision was examined on three separate consecutive days. To determine the accuracy of the method,
a recovery assay was performed in triplicate by spiking two known concentrations (100 and 150 μg/mL)
of the mixed standards (caffeic acid, ferulic acid) to one representative decoction piece and granule
sample [22]. Percentage recovery (%) ± RSD was calculated by the equation: % = ((mean detected
content −mean original content)/mean of spike content) × 100%.

2.4. Antioxidant Activity Assays

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was performed as previously described [23].
The test samples were mixed with DPPH radical solution (0.24 mg/mL DPPH in methanol)
and incubated for 30 min in the dark. The absorbance was determined at 515 nm.
(±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) was used for the calibration
curve. All values were expressed as milligrams Trolox equivalents (TE) per gram of dried weight (DW)
(mg TE/g DW).

The ferric ion reducing antioxidant power (FRAP) assay was performed as previously
described [24]. The FRAP working solution was prepared by mixing 10 volumes of 300 mM acetate
buffer (pH 3.6), 1 volume of 10 mM 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) in 40 mM HCl and 1 volume
of 20 mM ferric chloride (FeCl3·6H2O). The test samples were mixed with pre-warmed FRAP reagent
(37 ◦C) and incubated for 30 min at 37 ◦C. The absorbance was measured at 595 nm. The standard
curve and the results of TE were obtained by the same approach as described above.

2.5. Statistical Analyses

The yields (reported as percentage of the dry weight of the herb) is the mean of three extractions.
One of the extracts from the same sample was analysed three times by UPLC, with the final quantitative
results from UPLC analyses expressed as the mean ± standard deviation (SD). Quantitative results
were reported as milligrams per grams of the DW of the raw herb (mg/g) equivalent. Non-parametric
test (SPSS 20.0 software, IBM, Chicago, IL, USA) was conducted to determine whether the content of
each chemical marker analysed by UPLC was significantly different between individual samples.

The chosen markers were considered as variables in the following HCA and PCA statistical
analysis. HCA grouped the individual Danggui samples into clusters based on the degree of the
similarity of the variables. The HCA results were expressed as a dendrogram using Ward’s linkage
algorithm and squared Euclidean distances (SPSS 20.0 software, IBM, Chicago, IL, USA). The different
linkage criteria applied in the dendrogram revealed the degree of similarity between each sample.
The length of the linkage between each sample/group represents the degree of similarity. Thus,
the shorter the linkage, the more similarity there is between each group. PCA was performed using
XLSTAT 2019.1 by Addinsoft (New York, USA) which reduced the original variables into two major
principal components (PCs). These two PCs maintained the greatest possible variance of the original
variables (three chemical markers) [7]. The PCA results were represented in a biplot (score plot and
loading plot), where the score plot showed the clusters and outliers of the samples, and the loading plot
demonstrated the correlation of the PC to the original variables. In the biplot, a point represented each
individual sample, and the distance allocated between samples revealed the degree of their similarity
in terms of the content of the chemical markers.

For the antioxidant assays, the data were expressed as the mean ± standard deviation (SD) of
three repeat measurements and was analysed using independent-samples t-test and non-parametric
analysis by SPSS. For this study, p < 0.05 was considered as statistically significant. Pearson correlation
coefficient (r) by SPSS (20.0 software, IBM, Chicago, IL, USA) evaluated the strength of the correlation
of the chemical markers to the antioxidant activities.
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3. Results

3.1. Extraction Yields

The mean yield of each sample is shown in Table 1. The yield results of the granule products were
converted according to their concentrated ratio (as listed on the package) so that comparison to the
original herbal material could be made. The yields of the herb/decoction pieces (33.2–44.8%) as a group
were comparatively higher than that of the granules (2.7–12.9%).

Table 1. Average contents (mg/g, means ± SD, n = 3) of the chemical markers in the ten Danggui
granule samples (G1–G10) and the five herb/decoction piece samples (R1–R5) analysed by UPLC-PDA.

Sample Origin
Granule to

Herb Ratio c
Yield d %

(with Ratio)

Caffeic Acid
(mg/g)

Ferulic Acid
(mg/g)

Z-Ligustilide
(mg/g)

G1 a Guangxi 1:3 12.7
(4.2) 0.0153 ± 0.001 0.111 ± 0.008 0.0105 ± 0.001

G2 b Guangdong 1:5 31.7
(6.3) 0.0155 ± 0.000 0.0631 ± 0.002 0.0359 ± 0.001

G3 b China 1:5 28.5
(5.7) 0.0142 ± 0.000 0.0772 ± 0.002 0.0284 ± 0.001

G4 b Sichuan 1:10 27.3
(2.7) 0.00491 ± 0.000 0.0300 ± 0.001 0.00460 ± 0.000

G5 b Taichung 1:6 31.3
(5.2) 0.00598 ± 0.000 0.145 ± 0.008 0.526 ± 0.032 ***

G6 a Beijing 1:5 27.1
(5.4) 0.0179 ± 0.000 0.0764 ± 0.003 0.0367 ± 0.001

G7 a Jiangsu 2:5 32.3
(12.9) 0.0394 ± 0.002 ** 0.299 ± 0.014 ** 0.0810 ± 0.004

G8 a Guangdong 3:10 28.2
(8.5) 0.0122 ± 0.001 0.0688 ± 0.004 0.00923 ± 0.001

G9 a Sichuan 1:5 35.4
(7.1) 0.0113 ± 0.001 0.0808 ± 0.009 0.0129 ± 0.001

G10 a Guangdong 1:3.3 29.5
(8.9) 0.0312 ± 0.002 ** 0.206 ± 0.015 ** 0.183 ± 0.012 ***

R1 44.8 ND 0.274 ± 0.008 0.0262 ± 0.003

R2 42.1 0.0407 ± 0.008 * 0.503 ± 0.074 * 0.0245 ± 0.003

R3 42.3 ND 0.284 ± 0.013 0.0215 ± 0.003

R4 41.8 0.00455 ± 0.000 0.361 ± 0.006 0.0168 ± 0.001

R5 33.2 0.00396 ± 0.001 0.299 ± 0.013 0.0177 ± 0.002

G = granule; SD = standard deviation; ND = not detected. a Hospital-grade, use as directed by doctor, b Available in
Australia; c Granule to raw herb ratio as specified by the manufacturer, thus 1 g granule is produced by 3 g herb etc.;
d Average yield converted by granule ratio; * Significantly different within the raw samples (p < 0.05); ** Significantly
different within the granule samples (p < 0.05); *** Significantly different within the granule samples (p < 0.05).

3.2. UPLC-PDA Quantification of the Chemical Markers

The representative chromatograms of the mixed chemical markers, the granule (G1) and herb (R2)
extracts are shown in Figure 1, with a total run time of 30 min. In this study, the three chemical markers,
caffeic acid, ferulic acid and Z-ligustilide and their calibration curves produced good correlations
between the peak area and concentration as shown in Table 2, with the correlation coefficients r2 > 0.997
for all analytes. The LODs and LOQs were in the range of 0.701–3.268 μg/mL and 2.106–9.813 μg/mL,
respectively. The intra-day and inter-day RSD were 1.5–2.77% and 2.6–4.11%, respectively (Table 2).
This suggests that the method had reasonable instrumental and method precision [22].

The addition of known amounts of the compounds to the samples is recommended for recovery
testing of herbal compounds [22]. Granule sample 2 (G2) and decoction piece sample 3 (R3) were
randomly chosen as representative Danggui samples from each group. The average recoveries (%)
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were for G2: 89.3 ± 1.1% (caffeic acid) and 99.7 ± 1.2% (ferulic acid); R3: 94.1 ± 2.1% (caffeic acid) and
99.6 ± 2.1% (ferulic acid).

The developed UPLC-PDA method simultaneously quantified the three marker compounds in
the Danggui water extract herb and granule samples, and the results are shown in Table 1. In this study,
the amount of caffeic acid, ferulic acid and Z-ligustilide in all the samples ranged from 0.004–0.041,
0.030–0.503 and 0.005–0.526 mg/g DW, respectively. In the granule samples, G5 and G10 had a relatively
higher amount of Z-ligustilide (0.526 mg/g DW and 0.183 mg/g DW, respectively) compared to the rest
of the samples.

Nonparametric independent-samples t-testing of the raw herb samples revealed that R2 had
significantly higher ferulic acid (p < 0.05) and caffeic acid (p < 0.05), and there was no significant
difference in Z-ligustilide content (p > 0.05).

Both caffeic acid and Z-ligustilide were not significantly different between the granule and
decoction piece/raw herb groups (p > 0.05). However, the amount of ferulic acid was found to be
significantly different (p < 0.05) between the two groups. In terms of ferulic acid and caffeic acid, G7
(higher content) and G10 were significantly different (p < 0.05). In terms of Z-ligustilide, G5 (higher
content) (p < 0.05) and G10 (p < 0.05) were significantly different.

 
(a) 

 
(b) 

 
(c) 

Figure 1. UPLC chromatograms detected under the developed mobile phase system at 325 nm.
These chromatograms show: (a) three marker compounds: 1 = caffeic acid (0.1 mg/mL), 2 = ferulic acid
(0.2 mg/mL), 3 = Z-ligustilide (0.1 mg/mL); (b) granule 1 (G1) sample (10 mg/mL); (c) raw herb 2 (R2)
sample (10 mg/mL). AU = absorbance units.
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Table 2. Calibration curves, detection limits and quantification limits (n = 6) of the three chemical
markers in Danggui by UPLC-PDA.

Compound Regression Equation R2 LOD (μg/mL) LOQ (μg/mL)
Intra-Day RSD (%)

(n = 6)
Inter-Day RSD (%)

(n = 3)

Caffeic
acid y = 1.9561x + 0.0108 0.998 1.496 4.492 2.770 2.598

Ferulic
acid y = 1.9915x − 3.1394 0.999 0.701 2.106 1.496 2.790

Z-Ligustilide y = 0.6409x − 0.0103 0.997 3.268 9.813 2.725 4.108

Relative standard deviation RSD (%) = 100 × standard deviation (SD)/mean; y, peak area; x, the concentration of
each reference chemical marker (mg/mL); R2, coefficient of determination; LOD, limit of detection (3.33 × (SD of
y-intercept/mean of slope)); LOQ, limit of quantification (10 × (SD of y-intercept/mean of slope)).

3.3. Multivariate Analysis Using HCA and PCA

According to the dendrogram generated from HCA, the majority of the samples were divided
into two main clusters. Specifically, R1, R3, R4, R5, G7 and G10 (relatively higher amounts of caffeic
acid and ferulic acid) were classified into one cluster (Group 1), whereas G1–G4, G6, G8 and G9 were
grouped into another cluster (Group 2) representing relatively lower amount of the marker acids.
G5 (highest amount of Z-ligustilide) and R2 (highest amount of ferulic acid) were different to these
two main groups (Figure 2).

 
Figure 2. Hierarchical agglomerative clustering analysis (HCA) dendrogram of Danggui samples using
SPSS 20.0 software (Chicago, USA). Ward’s method as amalgamation rule and the squared Euclidean
distance as metric were employed to set up the clusters. The length of the linkage between each
sample/group represents the degree of similarity. G: granule samples; R: raw herbs/decoction piece
samples. Group 1: R1, R3, R5, G7, R4, G10; Group 2: G1, G2, G3, G4, G6, G8, G9. R2 and G5 are outliers.

PCA was also performed to determine the main chemical markers influencing the equivalence of
Danggui raw materials and granules. Based on eigenvalues > 1, the first two principal components
(PC), PC1 and PC2, were used to differentiate the samples according to the input data. From the result,
the first two PCs could explain 53% and 47% of the variance of the three chemical markers, respectively.
According to the loading matrices from the PCA biplot, the test samples were separated in PC1 by the
differences in the chemical content of ferulic acid and caffeic acid, whilst PC2 was mainly due to the
chemical content of Z-ligustilide. Similar to the results of hierarchical clustering, two major groups are
set up in the PCA biplot (Figure 3). The decoction pieces and G7 (Group 1) were in close proximity and
showed a higher content of caffeic acid and ferulic acid, with R2 demonstrating the highest amount of
caffeic acid and ferulic acid. G5 was considered as an outlier of the samples due to its excessively high
amount of Z-ligustilide. The PCA loading plot indicates that the Z-ligustilide content may have more
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influence on the discrimination of G5 and G10. The rest of the granules (Group 2) were near each other
and represented generally lower amounts of the three chemical markers.

 
Figure 3. Biplot from principal component analysis (PCA) of Danggui samples (PC1 vs. PC2) based on
the three components Z-ligustilide, caffeic acid and ferulic acid using Unscrambler 10.3 from Camo AS
software (Trondheim, Norway). In the biplot, a point represented each individual sample, and the
distance allocated between samples, revealed the degree of their similarity in terms of the content of
the chemical markers. PC: principal component. G: granule samples; R: raw herbs/decoction piece
samples. Group 1: R1, R3, R5, G7, R4; Group 2: G1, G2, G3, G4, G6, G8, G9.

The HCA plot of the three markers was compared to using a single marker and the combination of
the markers (Supplementary Material). Ferulic acid as the sole marker grouped G5 with the granules,
showing no distinct difference (Figure S1). The HCA of the two markers (ferulic acid and Z-ligustilide)
showed similar results to the original three marker HCA, with R2 showing more similarity to the
decoction pieces (Figure S2). Using Z-ligustilide, all samples were grouped together, with G5 on its
own (Figure S3). Using caffeic acid, there were three groups: G7 and G10 grouped with R2; G4 and G5
was with the rest of the herb/decoction pieces, with G5 showing some similarity with the granules
(Figure S4).

3.4. Antioxidant Activity

In the DPPH and FRAP assays (Table 3), all the samples showed antioxidant activity,
with R2 (highest amount of ferulic acid) showing significantly higher activity in both assays using
independent-samples t-test (p = 0.017 and 0.002, respectively), whereas G5 (highest amount of
z-ligustilide) was comparable (p = 0.421 and 0.483, respectively). A significant difference in antioxidant
activity was shown between the herb/decoction piece samples as a group and the granules as a group
(p < 0.05) in the FRAP assay. For the two major groups established by HCA and PCA, DPPH and FRAP
antioxidant activities were compared by independent-samples t-test and found a significant difference
(p = 0.027) between Group 1 and 2 in the FRAP assay.

Pearson correlation coefficient analysis investigated the correlation between antioxidant activity
and the chemical markers of all the Danggui samples (Table 4). Positive and significant correlations
were observed between the amount of ferulic acid and the antioxidant activities of the FRAP assay
(0.791, p < 0.01). Caffeic acid showed significant correlation with the antioxidant activities of Danggui
as measured by the DPPH assay (0.582, p < 0.05). In contrast, the amount of Z-ligustilide and samples’
antioxidant activity was negatively and not significantly correlated to either DPPH and FRAP assay
(−0.202 and −0.229, p > 0.05).

26



Medicines 2020, 7, 35

Table 3. Trolox equivalent (TE) of the granule and herb/decoction piece samples of dried weight (DW)
using DPPH and FRAP assays, respectively.

DPPH Assay a FRAP Assay a

Sample mg TE/g of DW ± SD mg TE/g of DW ± SD

G1 1.79 ± 0.27 9.96 ± 4.90
G2 3.32 ± 0.29 13.60 ± 0.41
G3 2.83 ± 0.20 9.29 ± 0.27
G4 1.76 ± 0.04 6.21 ± 0.62
G5 2.29 ± 0.45 10.75 ± 0.30
G6 3.02 ± 0.44 10.28 ± 0.45
G7 6.33 ± 0.54 26.30 ± 0.36
G8 7.33 ± 0.32 30.82 ± 1.71
G9 4.02 ± 0.92 16.03 ± 0.05
G10 3.34 ± 0.66 13.09 ± 0.19
R1 3.26 ± 0.81 50.34 ± 10.21
R2 8.10 ± 0.59 69.38 ± 1.82
R3 3.05 ± 0.36 23.04 ± 5.21
R4 4.76 ± 0.42 25.73 ± 4.48
R5 2.76 ± 0.09 32.06 ± 4.07

a Values were the average of triplicate tests; SD = standard deviation.

Table 4. Pearson correlation between the three chemical markers and antioxidant activities of the
samples in the DPPH and FRAP assays.

Markers

Assay
DPPH FRAP

Caffeic acid 0.582 * 0.257

Ferulic acid 0.507 0.791 **

Z-ligustilide −0.202 −0.229

* Correlation is significant at the 0.05 level (two-tailed). ** Correlation is significant at the 0.01 level (two-tailed).

4. Discussion

As demand grows for traditional Chinese medicines, so does the need for efficient ways of
administrating herbal medicines. Thus, it is important to compare new formulations such as granules
to the original herb. This is the first study that compares Danggui granules to the raw products.
The yield (reported as percentage of the dry weight of the herb) is indicative of the herb dosage
a patient is consuming. The yields were higher for the herb/decoction pieces and were lower than the
48% water-soluble extractives in the Hong Kong Chinese Materia Medica Standards (HKCMMS) [25].
In comparison, the yield of the granule products was lower. Granule size was nonuniform in the
samples, and this will affect the extraction process above. Smaller particles may be extracted more
efficiently or be missed as they make their way to the bottom of the bottle. To minimise this variability,
each granule bottle was shaken before sampling to redistribute the particles [26,27].

The quality control of traditional Chinese medicines and their products is a challenge for industry
due to the complexity of the formulations (using a holistic approach to treat disease), as well as high
outlay costs for analytical instrumentation. Danggui has a complex chromatogram because of the
number of individual constituents, the possible degradation and isomerisation of the organic acids and
phthalides present [28,29]. Qualitative approaches such as thin layer chromatography (TLC) are highly
recommended by pharmacopoeias and monographs to compare fingerprints of samples; however, it is
does not usually allow for the quantification of compounds which will confirm their quality [25,30].
For this quality study on Danggui, the visual analysis of the TLC result failed to accurately determine
the quantitative difference between the compounds of the samples as the LOD and concentrations of
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the compounds were low and close to signal noise, and calibration curves could not be constructed
(data not shown).

Other studies have used UPLC coupled with MS to investigate the chemical profile of
A. sinensis [15,31]. This analysis would have expensive set up costs for examining herbal material.
To separate the polar and non-polar constituents within a reasonably short running time, a UPLC
condition was determined and optimised in this study. By adding 1% formic acid to water, the solvent
system showed good separation of the constituents simultaneously, with a run time of 30 min
(compared to 60 min for high-performance liquid chromatography methods) and good separation [32].
The optimised UPLC method and resulting chromatograms were able to quantify caffeic acid, ferulic
acid and Z-ligustilide.

The disparity of the ferulic acid, caffeic acid and Z-ligustilide content between the granule samples
indicates differences in the manufacturing processing of Danggui which may not mimic traditional
water decoctions of TCM. It is interesting to note that R2 was a raw herb sample rather than a decoction
piece (which has gone through a processing procedure such as smoke-drying). Its extraction in water
favoured the polar compounds such as the organic acids. However, it has been reported that techniques
such as steam distillation and other solvents such as ethanol may be used to enhance the extraction of
the less polar components in the herb for granule production at the expense of the polar acids such as
ferulic acid. Spray or vacuum drying may be used for heat sensitive compounds and for compounds
in trace amounts [33]. For water insoluble compounds such as Z-ligustilide, one company mentions
the use of carbon dioxide extraction [34]. Studies have established pharmaceutical approaches using
methanol and hexane extraction to obtain a high content of Z-ligustilide as a lead compound for
pharmacological studies [17,28,35]. Another issue could be adulteration, in which the extracts may be
spiked with the known marker compound to reach the regulatory amount [14].

As differences in the chemical content of Danggui products could affect their efficacy,
the identification and quantification of chemical markers is necessary to determine the quality
of Danggui granules. In the study, the amount of ferulic acid in the samples (0.003–0.05%) was less
than the 0.05% minimum requirement as stated in the PPRC for the quality assessment of Danggui [9].
In the PPRC, 70% ethanol is the nominated solvent, with no less than 45% ethanol-soluble extractives.
This solvent will give a different chemical profile compared to water as a solvent which is used in home
decoctions. However, no information is given in the PPRC regarding the standard amount of caffeic
acid and Z-ligustilide for Danggui. The monograph for Radix Angelicae Sinensis states that a “sample
contains not less than 0.6% (of Z-ligustilide) calculated with reference to the dried substance” [25].
In this study, Z-ligustilide in most of the samples were lower than the monograph and the standard
range of 0.5–5% as reported by the WHO which is based on 100% methanol as the solvent [14,28].
In addition, the amount of Z-ligustilide detected in the extracts (0.005–0.526 mg/g DW) was lower
due to the extraction in water (traditional decoction) than the content (1.26–37.7 mg/g from non-water
solvents) found in previous studies [17,29,36].

HCA and PCA differentiated the Danggui samples based on the contents of caffeic acid, ferulic acid
and Z-ligustilide on their own and in combination. In this study, a minimum of two chemical marker
compounds (ferulic acid and Z-ligustilide) was required to differentiate Danggui products. This agrees
with our previous findings where five rather than the nominated three chemical markers were required
to differentiate raw and granule products of Panax notoginseng [7]. Thus, it is recommended that the
WHO, the PPRC and other pharmacopoeias/monographs incorporate a minimum percentage value of
at least two chemical standards, which will reflect traditional water extracts.

DPPH, along with FRAP, are commonly used to measure antioxidant activity and the methods
with other herbal products have been widely published. Unlike biological cell assays, these assays have
stable reaction responses and are cheap and quick for industry use. The contribution of caffeic acid and
ferulic acid to antioxidant activity of Danggui was confirmed in a previous study [37]. Our findings
indicated that phenolic acids such as ferulic acid are the key determinants influencing the antioxidant
activities of Danggui as found in a previous study [38]. Thus, the chemical content of ferulic acid is
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an important chemical marker to ensure the correlation of the antioxidant activities to the different
Danggui samples. One study revealed that Danggui extracts prepared with either water or 20% ethanol
with an extraction time of 15 min yielded the best antioxidant activity [39]. As expected, Z-ligustilide
did not correlate to antioxidant activity.

A limitation of the present study is that the Danggui was sourced from one region which is the
region recommended for quality Danggui. As expected, the results showed that the decoction pieces
were consistent in composition. Future studies could include comparing granules to raw decoctions in
clinical trials to gauge clinical efficacy.

5. Conclusions

In the present study, UPLC coupled with multivariate analysis and antioxidant activity provided
a rapid method for assessing differences in Danggui products. Comprehensive quality standardisation
processes in pharmacopoeias and monograph publications are required to guide the regulation and
standardisation of the production of commercial herbal granules. With the increased use of herbal
medicinal granules around the world, this study will provide important information for standardisation
committees, industry, practitioners and consumers on the quality control of herbs and its medicinal
products. It is vital that patients are better informed about their health and treatment choices and are
aware of what they are consuming. More importantly, practitioners will need to determine the correct
dosages for their patients so that they do not undermine the efficacy of the herb and the patient’s care.
Thus, granule dosages would need to equate to the decocted raw product.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-6320/7/6/35/s1,
Hierarchical agglomerative clustering analysis (HCA) dendrograms of Danggui samples using SPSS 20.0
software (IBM, Chicago, IL, USA). Dendrograms show different combinations of the markers. Ward’s method as
amalgamation rule and the squared Euclidean distance as metric were employed to set up the clusters. G: granule
samples; R: raw herbs/decoction piece samples. Figure S1: Ferulic acid as the single marker, Figure S2: Ferulic
acid and Z-ligustilide as the two markers, Figure S3: Z-ligustilide as the single marker, Figure S4: Caffeic acid as
the single marker.
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Abstract: A current research topic of great interest is the study of the therapeutic properties of
plants and of their bioactive secondary metabolites. Plants have been used to treat all types of health
problems from allergies to cancer, in addition to their use in the perfumery industry and as food.
Hedychium species are among those plants used in folk medicine in several countries and several
works have been reported to verify if and how effectively these plants exert the effects reported in
folk medicine, studying their essential oils, extracts and pure secondary metabolites. Hedychium
coronarium and Hedychium spicatum are the most studied species. Interesting compounds have been
identified like coronarin D, which possesses antibacterial, antifungal and antitumor activities, as well
as isocoronarin D, linalool and villosin that exhibit better cytotoxicity towards tumor cell lines than the
reference compounds used, with villosin not affecting the non-tumor cell line. Linalool and α-pinene
are the most active compounds found in Hedychium essential oils, while β-pinene is identified as
the most widespread compound, being reported in 12 different Hedychium species. Since only some
Hedychium species have been investigated, this review hopes to shed some light on the uncharted
territory that is the Hedychium genus.

Keywords: Hedychium; traditional medicine; coronarin D; villosin; anti-acetylcholinesterase;
antidiabetic; anti-inflammatory; antimicrobial; antioxidant; antitumor

1. Introduction

Since the beginning of the history of mankind there was always a connection between plants and
human health, as they were used as food and medicines [1]. The traditional herbal medicine outlined
the foundations from which modern medicine developed and is still largely practiced around the
world [2], particularly in Asian and developing countries [3,4]. This popular knowledge, also known
as folk medicine, gives a good indication to scientists looking for sources of new compounds with
pharmaceutical potential. Thus, medicinal plants and their derived natural compounds have become
an increasing topic of investigation and interest [5,6].

According to “The Plant List” database [7], the genus Hedychium (Zingiberaceae family) comprises
93 species with accepted scientific plant names that, with the exception of Hedychium peregrinum N.E.Br.
that is endemic to Madagascar [8], are native to wooded habitats in tropical and temperate Asia
(i.e., China, Indian subcontinent and Southeast Asia) [8–10]. Members of this genus are well distributed
worldwide, being easily found particularly throughout tropical Asia, Australia, Fiji, New Caledonia,
New Guinea, New Hebrides, Samoa and the Solomon Islands [8,10,11], with some species being
considered invasive in some places: e.g., Hedychium coronarium J. Koenig in Brazil [12] and Hedychium
gardnerianum Sheppard ex Ker-Gawl. in Azores Archipelago [13] and Hawaii [14].
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33



Medicines 2020, 7, 23

Hedychium species are medium-size rhizomatous perennial monocotyledonous plants that can be
easily recognized by their characteristic striking foliage and terminal spikes that produce diversified
numerous short-lived flamboyant flowers with several hues and fragrances varying depending on the
species [15]. These features give them a high ornamental value, being cultivated worldwide mostly for
this purpose and for its use in the perfumery industry, since, besides the aromatic flowers, Hedychium
species rhizomes also originate strongly scented oils [16,17].

The use of Hedychium species in folk medicine is common in several countries since they are
easily harvested directly from nature or obtained at local markets [18]. These plants are reported to
possess analgesic, antimicrobial, antidiabetic, anti-inflammatory, antitumor, anti-allergic, anthelmintic
and antioxidant properties [19–22]. In Table 1, it is summarized the different Hedychium species with
reported traditional medicinal use in literature over different geographic areas.

Table 1. Hedychium species with reported traditional medicinal use.

Hedychium Species
Geographical Origin

of the Reported
Traditional Use

Traditional Medicinal Use
Preparation and/or

Administration

Hedychium sp. [23] Myanmar [23]
Cuts and wounds [23] Cataplasms of crushed leaves and

rhizomes [23]

Weak blood circulation and to
accelerate postpartum recovery [23]

Decoction of rhizomes is
drunk [23]

Hedychium coccineum
Buch.-Ham. ex Sm. India [24] Jaundice [24] Decoction of rhizomes [24]

H. coronarium

Brazil [25,26]
Anti-inflammatory and sedative [25]

Leaves infusion [25,26]
Headache and fever [26]

China [27] Diabetes, headache, inflammation,
rheumatism and skin diseases [27] Rhizomes [27]

Colombia [28] Snake bites [28] Decoction of rhizomes [28]

India [16,29–31]

Stimulant tonic, carminative,
headache, fever, diphtheria and

diabetes [16,29,30]
Grinded rhizomes [16,29,30]

Abdominal pain [31] 10 g of sun-dried rhizome powder
mixed with cooked vegetables [31]

Malaysia [32] Indigestion and abdominal pain [32] Boiled leaves with betel nut are
eaten [32]

Mauritius [33]

Carminative, cordial,
emmenagogue, diuretic and

toothache [33]
Decoction of rhizomes [33]

Rubefacient [33] Cataplasm of fresh rhizomes [33]

Rheumatism [33]

Rub affected areas with paste from
crushed rhizomes cooked in
mustard oil with garlic and
crushed camphor bark [33]

Nicaragua [34] Snake bites [34] Decoction of rhizomes [34]

Peru [35] Soothing and rheumatism [35] Bath is prepared with the aerial
part [35]

Thailand [16,36]

Sore and stiff joints [16] Application of boiled leaves in
affect areas [16]

Tonsillitis [16] Decoction of the stem is
gargled [16]

Mosquito repellent [36] Oil from the plant [36]

Vietnam [37] Diabetes, headache, inflammation,
rheumatism and skin diseases [37] Rhizomes [37]
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Table 1. Cont.

Hedychium Species
Geographical Origin

of the Reported
Traditional Use

Traditional Medicinal Use
Preparation and/or

Administration

Hedychium
cylindricum Ridl. Malaysia [38]

Antirheumatic, febrifuge, tonic,
treatment of skin diseases and

wounds [38]
Rhizomes [38]

Hedychium ellipticum
Buch.-Ham. ex Sm. Nepal [39] Fever [39] Five teaspoons twice a day of

rhizome juice [39]

Hedychium flavescens
Carey ex Roscoe

Madagascar [40] Caries [40]
Squeezed leaves liquid is applied
in cotton and then placed in the

affected cavity [40]

Mauritius [33] Rheumatism [33]
Rub affected areas with paste from

crushed rhizomes cooked in
mustard oil [33]

Hedychium
longicornutum Griff.

ex Baker
Malaysia [41] Intestinal worms and earache [41] Macerated roots or the whole

plant [41]

Hedychium spicatum
Sm.

India [21,42–44]

Bad breath, bronchitis,
blood diseases, hiccough and

vomiting [42]

3 to 4 g of rhizome powder two
times a day [42]

Asthma, body pain, inflammation
and laxative [43]

1 g dried rhizome powder twice a
day [43]

Diarrhea, fever, liver problems and
pain [21]

Spoonful of dried rhizome
powder thrice a day [21]

Expectorant, stimulant, stomachic,
tonic and vasodilator [21] Cup of the rhizome decoction

twice a day [21]
Snake bites [44]

Nepal [39] Indigestion and high fever [39] Decoction of rhizome three to five
teaspoons twice a day [39]

In addition to the traditional medicinal uses stated in Table 1, Hedychium species are also included
in the diet of some populations, like in Thailand where the flowers of Hedychium forrestii Diels can be
boiled to become a beverage [45] or in India where the fruit of H. spicatum may be cooked and eaten
with lentils in savory dishes [42]. Moreover, the rhizome of H. coronarium is also included in the diet of
some populations of South East Asia, being consumed as a vegetable or as a food flavoring spice [46].

The traditional uses mentioned above show that several Hedychium species are used to treat a
wide spectrum of diseases. These uses also show that Hedychium species should be considered as
promising sources of new bioactive natural compounds and that is why these species have been the
target of research by the scientific community. In recent years, several studies have been published on
the phytochemical characterization of Hedychium species, as well as on the evaluation of the biological
activities exhibited by their organic extracts, essential oils and pure compounds, with some of them
showing very interesting results. Recently, literature reviews have been published focusing only
on specific species, i.e., H. coronarium [20,47] and H. spicatum [21,48]. This work aims to update the
available information that were not mentioned in the previous reviews, as well as involving all the
other Hedychium species, their bioactivities and their bioactive isolated compounds. The research for
this review was made combining the terms Hedychium, phytochemical and biological activities in
the databases Web of Science, PubMed and Scopus and were considered only the published works
involving Hedychium species whose binominal Latin name is an accepted name on the The Plant List
database [7].

2. In Vitro and In Vivo Activities of Hedychium Extracts and Essential Oils

Taking into account the traditional uses of Hedychium species, several works have been carried
out to elucidate how effectively plants can exert the reported biological effects. The following is a
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compilation and discussion of the most current works on this subject, in which essential oils and
extracts of Hedychium species are studied and their biological activities are ascertained.

2.1. Anti-Acetylcholinesterase

The inhibition of the enzyme acetylcholinesterase (AChE) is one of the pathways to countering
the cholinergic deficit associated with cognitive dysfunction diseases like in Alzheimer’s disease [49].
Arruda and colleagues [50] showed that the leaf essential oil of H. gardnerianum collected from four
different locations could inhibit AChE action, mainly mixed inhibition, presenting IC50 values ranging
from 1.03 ± 0.14 mg/mL to 1.37 ± 0.27 mg/mL, a value not statistically different from the value displayed
by the AChE inhibitor standard compound α-pinene that presented an IC50 value of 1.43 ± 0.07 mg/mL.
This work showed no statistically significant difference between the activity of samples taken in
different geographical areas [50].

2.2. Antidiabetic

Deficiency in insulin secretion, insulin action or both, results in chronic hyperglycemia, the main
characteristic of diabetes mellitus [51], the main treatment to this condition being the use of anti-diabetic
drugs that can control glucose levels in the blood [52].

An in vivo study [53] was carried out to assess the effect of H. coronarium aqueous extract to
lower blood glucose level in induced-type 2 diabetes mellitus (T2DM) animal models (streptozotocin
(STZ)-induced T2DM Wistar rats and C57BKSdb/db mice, a mice model with a mutation that results
in chronic hyperglycemia, pancreatic beta cell atrophy, low insulin level and obesity). After 28 days,
the daily dose of H. coronarium aqueous extract (8.928 mg/kg for the STZ-induced T2DM rats and
17.71 mg/kg for the C57BKSdb/db mice) significantly increased glucose tolerance in both diabetic models,
when compared with the group treated with distilled water (control group). In addition, the treatment
also helped to maintain optimal β-cell structure, moderately increased insulin, improved the lipid
profile and decreased aldosterone level in STZ-induced T2DM model.

In another in vivo assay [54], after 14 days of treatment, using an oral dose of 0.3 mL of essential
oil from rhizomes of H. spicatum, was observed the reduction of blood glucose and urea levels in rats
with diabetes induced by intraperitoneal injection of a solution of alloxan monohydrate (150 mg/kg).
This result is similar to those obtained in the group of rats treated with the reference drug glibenclemide.
Furthermore, it was noticed that the Islets of Langerhans regained their normal shape after the treatment
period [54].

2.3. Anti-Inflammatory

Inflammation is a vital defense mechanism that works to ensure good health [55], but uncontrolled
inflammation may lead to serious repercussions [56] and so it is important to continue research into
products that can help in its control.

An in vivo study [57] with rats demonstrated the anti-inflammatory effect of a single oral dose
(200 mg/kg) of aqueous and ethanolic extracts of H. spicatum rhizome against carrageenan-induced
paw edema. Measurements of the edema volume were taken in a successive interval of 1 h, 2 h
and 3 h and significant decrease in paw edema volume was detected since the beginning, with the
aqueous extract reporting a 28.10% decrease in inflammation and the ethanolic extract a 25.62%
decrease in inflammation. Although none of the extracts performed as well as the positive control
compound indomethacin (41.32% decrease in inflammation), they both proved to present no acute
toxicity in a concentration as high as 2000 mg/kg, with the rats never showing secondary toxic effects
like coma, convulsion, salivation, increased motor activity or death. This dose of 2000 mg/kg was
previously utilized in a similar work [58] where the ethanolic extract of H. spicatum reported a 55.54%
of anti-inflammatory activity inhibition against carageenan-induced edema in rats.
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2.4. Antimicrobial

A healthy human body is a symbiosis between human and microbial components [59]. However,
sometimes that symbiotic balance can be disturbed, and human health can be impaired by pathogenic
microorganisms (i.e., bacteria, fungi, parasites or viruses), the use of effective antimicrobial drugs being
needed to restore health normality [60,61].

Noriega et al. [62] showed that, among five different plants, the essential oil of H. coronarium rhizome
exhibited the most relevant antibacterial activity against Listeria grayi (MIC value = 0.45 mg/mL) and
Streptococcus mutans (MIC value = 0.18 mg/mL) and even against the Gram-negative bacteria Klebsiell
oxytoca (MIC value = 0.90 mg/mL). The authors point out the compounds 1,8-cineole and terpinen-4-ol
as responsible for the reported activity [62]. In another work [63], H. coronarium leaves essential oil
was also pointed out to have antibacterial activity against different bacterial strains, i.e., Escherichia
coli (MIC value = 3.90 μL/mL), Staphylococcus aureus (MIC value = 7.81 μL/mL) and Pseudomonas
aeruginosa (MIC value = 15.62 μL/mL). These two works are presented here also as examples of
two constraints which are common in a variety of scientific papers. First, no work reports, as a
comparative term, the activity exhibited by a standard antibacterial compound, determined under the
same experimental conditions as the essential oil samples. Without these data it is very difficult to
assess the true potential of the samples tested. Second, the MIC values are expressed in non-comparable
units. Fortunately, one of the works [62] presents the density of the essential oil, making it possible to
convert one of the sets of results [against Listeria grayi (MIC value = 0.50 μL/mL), Streptococcus mutans
(MIC value = 0.20 μL/mL), Klebsiell oxytoca (MIC value = 1.0 μL /mL)], allowing to conclude that the
essential oil from rhizome is more active as antibacterial agent than leaves essential oil. Regrettably,
some papers do not present enough experimental data to allow a unit conversion. Additionally,
Ray et al. [64] reported that the essential oil extracted from the rhizome of H. coronarium is an effective
antifungal agent since it exhibited activity against Candida albicans (MIC = 3.12 μg/mL), Aspergillus
flavus and Fusarium oxysporum (MIC value of 6.25 μg/mL for both species), these MIC values being
much lower than those reported for antibacterial activity by Noriega et al. [62].

Another work [65] found that 20 μL of Hedychium matthewii S. Thomas, B. Mani & S. J. Britto
rhizome essential oil could be as effective as 30 μg of the standard antibiotic amoxicillin, since it exerted
nearly the same growth inhibition effect against several strains of Gram- positive and Gram-negative
bacteria (viz. Bacillus cereus, Staphylococcus aureus, Enterobacter aerogens, Salmonella paratyphi, Salmonella
typhii, Escherichia coli, Vibrio parahaemolyticus, Proteus vulgaris, Klebsiella pneumoniae and Pseudomonas
aeruginosa). Furthermore, it could be pointed out that Streptococcus haemolyticus and Vibrio cholerae were
more susceptible towards the essential oil (20 μL) than towards amoxicillin (30 μg).

The activity of H. spicatum flowers essential oil was evaluated against the Gram-negative bacteria
Borrelia burgdorferi in stationary phase cycle and it was found out that a 0.1% (v/v) essential oil
concentration could eradicate B. burgdorferi (100 μL) with no regrowth [66]. This is one of the few
published works that evaluates the antibacterial activity in the stationary-phase of growth.

A different work [67] found that a combination treatment using essential oil of H. spicatum
rhizomes and γ-radiation was effective against Fusarium graminearum, inhibiting both the fungal
growth in maize grains and the production of the toxic mycotoxins deoxynivalenol and zearalenone
in a dose-dependent way, with a complete inhibition at the concentration of essential oil 1.89 mg/g
and 4.1 kGy of γ-radiation. Combinational treatment proved to be better than individual treatment,
since complete inhibition of F. graminearum required the essential oil concentration of 3.15 mg/g or
6 kGy of γ-radiation.

It is not just the essential oils of Hedychium species that have been evaluated concerning
antimicrobial activity. Arora and Mazumder [68] evaluated the activity of H. spicatum rhizomes
methanolic extract and the antibiotic ciprofloxacin against different bacterial strains (viz. Shigella boydii,
Shigella soneii, Shigella flexneri, B. cereus, V. cholerae, E. coli, S. aureus, Ps. aeruginosa and K. pneumoniae) at
the concentrations of 200 to 1200 μg/mL. The results showed a similar inhibition effect for both antibiotic
and extract, B. subtilis being the bacteria with greater susceptibility to the extract and antibiotic.
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Another work [69] evaluated the anthelmintic activity of methanolic, ethanolic, hydromethanolic,
hydroethanolic and aqueous rhizome extracts of H. spicatum against Hemonchus contortus, with the
results showing that the methanolic extract were as effective as the positive control compound
thiabendazole on time taken for paralysis and time taken for death (tested concentrations 20, 40 and
60 mg/mL).

2.5. Antioxidant

Oxygen metabolism is fundamental for human life but its reaction products, like reactive oxygen
species (ROS), can increase oxidative stress, causing damage to cells and tissues [70] that, with time,
leads to the development or aggravation of several chronic diseases [71]. Thus, therapeutic antioxidant
agents are key to mitigate the oxidative stress impact in human health, with natural plant-derived
products being the main investigation focus of search [72].

Noriega et al. [62] evaluated the antioxidant activity of the essential oil extracted from the
rhizome of H. coronarium, reporting IC50 values of 9.04 ± 0.55 mg/mL and 2.87 ± 0.17 mg/mL for
1,1-Diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid
(ABTS) assays, respectively. In a similar work, Ray and colleagues [64] also evaluated the antioxidant
activity of the essential oil from H. coronarium rhizome, but from ten distinct regions of India, obtaining
activity values higher than those indicated in the work of Noriega et al. [62] (IC50 values range from
0.57 to 2.19 mg/mL for the DPPH assay; and 0.12 to 0.67 mg/mL for the ABTS assay), but lower than
the positive control 2,6-di-tert-butyl-4-methylphenol (BHT) (IC50 = 0.12 ± 0.01 mg/mL on the DPPH
assay, and 0.08 ± 0.01 mg/mL on the ABTS assay). It could be pointed out that Ray et al. [64] also
demonstrate, very clearly, that the geographical origin of the samples is a relevant variable for the level
of activity displayed. The same conclusion can be drawn from the results obtained by Arruda et al. [50],
where the DPPH antioxidant activity of H. gardnerianum leaf essential oil collected from four different
locations ranged from EC50 = 8.46 ± 0.90 μg/mL to 31.14 ± 2.70 μg/mL (EC50 = 31.00 ± 0.19 μg/mL
for BHT). In a more recent work, Ray et al., [73] studied the antioxidant activity of Hedychium greenii
W. W. Smith. and Hedychium gracile Roxb. rhizomes essential oils by the same methodology (DPPH and
ABTS assays), with H. greenii showing higher antioxidant activity (IC50 values of 16.73 ± 0.19 μg/mL for
DPPH and 12.18 ± 0.16 μg/mL for ABTS assays) than H. gracile sample (IC50 values of 46.94 ± 0.6 μg/mL
for DPPH and 31.13 ± 0.29 μg/mL for ABTS assays), and slightly higher than the positive control BHT
(IC50 = 18.94 ± 0.3 μg/mL and IC50 = 14.21 ± 0.27 μg/mL for DPPH and ABTS assays, respectively).
These results [73], when compared with those obtained in the works mentioned above [50,64], show that
the level of antioxidant activity of essential oils exhibits variability between different Hedychium species
(IC50 values range from 8.46 to 2190 μg/mL) higher than geographical variability (IC50 values range
from 0.57 to 2.19 mg/mL for the DPPH assay).

Zhao et al. [74] compared essential oils and ethanolic extracts from rhizomes of different species
from the Zingiberaceae family in terms of its antioxidant capacity by DPPH assay. The ethanol extracts
of H. coronarium and H. gardnerianum proved to be the best antioxidant samples presenting IC50

values of 0.94 μg/mL and 1.59 μg/mL, respectively, even better than the reference compounds trolox
(IC50 = 10.19 μg/mL) or ascorbic acid (IC50 = 8.37 μg/mL). Essential oils of these plants were also tested
but unfortunately the authors presented the results as a graphic which does not allow the reading of
numerical values of antioxidant activity.

Usha et al. [75] compared the hydromethanolic rhizome extract of different species also from
Zingiberaceae family in terms of its antioxidant capacity and found out that Hedychium sp. reported the
best results, with the lowest IC50 value on DPPH assay (36.4 μg/mL). This activity was correlated with
its high phenol and flavonoid content. Unfortunately, the authors do not specify neither the Hedychium
species that was used nor the IC50 value of the ascorbic acid used as positive control, which makes
impossible to compare with other published works.

Another work [69] evaluated, through ABTS, DPPH and nitric oxide (NO) free radical scavenging
assays, the antioxidant activity of methanolic, ethanolic, hydromethanolic, hydroethanolic and aqueous
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rhizome extracts of H. spicatum. The results showed the methanolic extract as the most antioxidant
extract, presenting the lowest EC50 values for all the assays (EC50 ABTS value = 24.93 mg/mL, EC50

DPPH value = 8.31 mg/mL and EC50 NO value = 3.57 mg/mL). However, this extract is much less
active than the positive control ascorbic acid (EC50 = 1.63 mg/mL to ABTS assay, EC50 = 0.049 mg/mL
to DPPH assay and EC50 = 0.10 mg/mL to NO assay) and since the extract EC50 values are very high,
it should be considered an inactive extract.

In an in vivo study, Choudhary and Singh [76] demonstrated the antioxidant potential of
H. spicatum rhizome, since an improvement in the oxidative stress state of white leghorn cockerels
(Gallus gallus domesticus) was observed after the rhizome powder was added to the animal diet,
following chronic exposure to indoxacarb.

2.6. Antitumor

Cancer is a complex disease that is a major cause of death worldwide [77], with several treatments
but no cure [78]. In the light of the aggressive and not always effective treatments in current medicine,
the demand for safer and better anticancer compounds have turned the search to natural products as
another therapeutic approach to cancer [79].

Ray and colleagues [80] demonstrated the antiproliferative time-dependent effect of H. coronarium
rhizome ethanol extract against human cervical carcinoma HeLa cells, without affecting the viability
of non-tumor human umbilical vein endothelial cells (HUVEC). After 24, 48 and 72 h of incubation,
the observed IC50 values were 17.18 ± 0.46, 15.32 ± 0.68 and 12.57 ± 0.32 μg/mL, respectively.
Although the positive control drug camphothecin presented a far greater inhibitory effect against
HeLa cells (IC50 values of 0.82 to 0.98 μg/mL), it is also more toxic to the HUVEC cells (IC50 value for
24 h = 10.13 ± 0.62 μg/mL) than the H. coronarium ethanol extract (IC50 value for 24 h > 320 μg/mL),
which means that the extract presents a higher selective cytotoxicity. In addition, the same study
shed some light on the mechanism whereby the extract exerts its antitumor activity. It denotes
the modulation of the expression of proapoptotic and antiapoptotic protein levels together with an
increase of ROS generation and consequent oxidative stress induction in HeLa cells that led to an
apoptosis-mediated G1 phase cell arrest as the main cause of HeLa cells migratory capacity inhibition.

In another study [81], the methanolic extract of H. spicatum rhizomes was described as possessing
a dose-dependent cytotoxicity activity against human liver hepatocellular carcinoma cell line HepG2,
testing concentrations in the range of 25 to 3000 μg/mL. The concentrations tested and the IC50 value
(281.917 μg/mL) are very high, and the authors do not provide the cytotoxicity of a positive control
nor do they evaluate the effects of such concentrations on non-tumor cells. The results obtained in
the studies performed in these conditions, should be considered with many reservations as the effects
observed using such high concentrations are non-specific. On the other hand, the researchers should
take into account that 20 μg/mL is the limit established by the National Cancer Institute to consider an
extract active enough to justify continuing its study [82], so the tested extract should be considered
inactive against HepG2 cells line.

The in vitro cytotoxicity, by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, of H. spicatum rhizome chloroform extract was assessed against colorectal adenocarcinoma
(Colo-205) cell line, human epidermoid carcinoma (A-431) cell line, human breast adenocarcinoma
(MCF-7) cell line, human lung adenocarcinoma (A549) and Chinese hamster ovary (CHO) cell lines [83].
The results show that the extract presented cytotoxicity against all cell lines exhibiting IC50 values
ranging from 37.45 ± 0.90 μg/mL to 63.21 ± 1.19 μg/mL, including against non-tumor cell line CHO
(39.52 ± 0.06 μg/mL), indicating that the H. spicatum rhizome chloroform extract have small potential
as a good anticancer drug since it affected in a similar way both tumor and non-tumor cell lines.
Results like these shows how difficult it is to find an ideal anti-tumor drug that affect only the tumor
cells, leaving the non-tumor cells undamaged. In addition, it would have been interesting if the authors
had also tested a reference compound, since it would have enriched their work.
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2.7. Hepatoprotective

The liver is a vital organ, capable of detoxifying the body from endogenous and/or exogenous
substances detrimental to the organism, and which is responsible for the regulation of diverse functions
and physiological processes, such as the metabolism of carbohydrates and fats and the secretion of
bile [84]. Exposure to drugs and chemicals can cause liver injury which, taking into account all the
functions inherent to the liver, is a major health problem [85]. Thus, compounds that can protect the
liver, stimulate hepatic function or help to regenerate hepatic cells, while simultaneously being less
toxic and more effective are of great interest, with natural sources being identified as good search
option [86].

A study [87] indicated that H. spicatum possess hepatoprotective properties since its three
rhizome extracts (methanolic, ethanolic and aqueous) exerted protection on HepG2 cells against
paracetamol-induced toxicity. The IC50 values were 282, 356 and 515 μg/mL for the methanolic,
ethanolic and aqueous extracts, respectively, which translates in a cytoprotection percentage of 16%,
13% and 9%, respectively. Compared to the 19% cytoprotection provided by the control substance
silymarin (IC50 = 110 μg/mL), the hepatoprotective effect of the extracts is not huge but it is worth
mentioning at least the methanolic extract.

A study which was also carried out to evaluate the potential hepatoprotective effect was the
in vivo study [88]. where cockerels were fed for 16 weeks with rhizome powder of H. spicatum,
while simultaneously receiving a dose of indoxacarb intended to cause chronic toxicity. The results of
the liver analysis show that, when compared with the control group (indoxacarb administration without
the added H. spicatum rhizome powder to the cockerels diet), H. spicatum rhizome ameliorated the
damages caused in cockerels by indoxacarb in the duration of the experiment. Apparently, the treatment
with H. spicatum modulated the expression levels of several different hepatic genes, such as those
involved in metabolization of indoxacarb (cytochrome P450 1A1), in the immune system (interleukin
6 (IL-6)) and in antioxidant function (catalase (CAT), superoxide dismutase (SOD) and glutathione
peroxidase (GPx)).

2.8. Insecticide

Control of mosquito population is crucial, particularly in developing countries, since they act as
vectors of several pathogens and parasites responsible for various worrisome diseases, e.g., dengue,
filariasis, malaria, West Nile or yellow fever [89,90]. In order to reduce or eliminate the human
contact with the vector, a wide range of methods exists with insecticides being a top choice in case of
mosquitoes [91]. However, with insecticide resistance being a problem in recent years [92], the search
for better substances with insecticide potential is imperative.

Kalimuthu and colleagues [93] carried out an interesting work where H. coronarium-synthesized
silver nanoparticles (AgNPs) were produced and their toxicity towards larvae and pupae of the dengue
vector Aedes aegypti was assessed, as well as their synergy with Mesocyclops formosanus predation over
A. aegypti larvae. The toxicity of aqueous H. coronarium rhizome extract was also assessed. The results
indicate that both H. coronarium formulations tested, aqueous rhizome extract and AgNPs, were toxic
against A. aegypti in a dose-dependent manner. Aqueous H. coronarium rhizome extract caused toxicity
with LC50 values from 0.688% against larval instar I to 1.882% dose against pupae stage of A. aegypti,
while AgNPs demonstrated its toxicity with LC50 values varying from 24.264 ppm for larval instar I till
348.68 ppm for pupae of A. aegypti. Once again, we are faced with a work whose authors express results
in non-comparable units and do not provide the necessary data for their conversion, significantly
reducing the impact of this work. Nevertheless, AgNPs were found to be stable over time in aquatic
environment and since a positive synergy was reported with M. formosanus predation on young
A. aegypti larvae, its combined use could lead to a higher efficacy in removing the larval population of
dengue mosquitoes from aquatic areas.

In another work [94], Hedychium larsenii M. Dan and C. Sathish Kumar rhizomes essential oil
was evaluated regarding its toxicity against larvae of mosquito vectors of diseases, namely Anopheles
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stephensi (malaria), A. aegypti (dengue) and Culex quinquefasciatus (St. Louis encephalitis). The results
demonstrate that the essential oil exerted larvicidal activity over the different larvae with the LC50

values of 82.02, 88.60 and 96.40 μg/mL for A. stephensi, A. aegypti and C. quinquefasciatus, respectively.
Again, the lack of a tested reference compound impairs any conclusion taken from these results.

3. Secondary Metabolites from Hedychium Species and Its Activities

The diverse bioactivities observed on different Hedychium species/extracts are intrinsically linked
to the compounds present in each one, so the need and interest in the phytochemical study of these
extracts/species becomes clear. Several relevant works managed to isolate compounds from Hedychium
extracts and carried out different assays to ascertain the bioactive potentials of those compounds.
In Table 2 the compounds isolated from Hedychium extracts are gathered, as well as their bioactivities
and the Hedychium species where they have already been identified. A figure with the chemical
structures of the compounds (Figure 1) listed in this table is present after Table 2. It should be clarified
that, for each compound in Table 2, only the highest activity value for each activity from each reference is
presented, with some values converted from μg/mL to μM to facilitate comprehension and comparison
of the different activities.

Table 2. Secondary metabolites isolated from Hedychium extracts with proven activities.

Compound Extract Hedychium Source Activity *

Hedyforrestin B
(1) Hexane [95]

H. gardnerianum
rhizome [95]; Hedychium
longipetalum X.Hu and

N.Liu rhizome [96]

Antitumor against NCI-H187 cell line (IC50 = 3.10 μM;
Vero cell line IC50 = 45.07 μM with SI of 14.5; Ellipticine

IC50 = 1.79 μM) [95];
Anti-inflammatory by NO inhibition (IC50 = 20.60 μM **;

MG132 # IC50 = 0.17 μM **) [96]

Hedyforrestin C
(2)

Dichloromethane [95];
Methanol [37]

H. gardnerianum
rhizome [95]; H. coronarium

rhizome [37];
H. longipetalum

rhizome [96]

Antitumor against NCI-H187 cell line (IC50 = 2.46 μM;
Vero cell line IC50 = 11.88 μM with SI of 4.8; Ellipticine

IC50 = 1.79 μM) [95];
Anti-inflammatory by NO inhibition (IC50 = 8.33 μM **;

MG132 # IC50 = 0.17 μM **) [96]

Hedylongnoid A
(3) † H. longipetalum rhizome

[96]
Anti-inflammatory by NO inhibition (IC50 = 22.84 μM **;

MG132 # IC50 = 0.17 μM **) [96]

Hedylongnoid B
(4) † H. longipetalum rhizome

[96]
Anti-inflammatory by NO inhibition (IC50 = 16.79 μM **;

MG132 # IC50 = 0.17 μM **) [96]

Hedylongnoid C
(5) † H. longipetalum rhizome

[96]
Anti-inflammatory by NO inhibition (IC50 = 17.50 μM **;

MG132 # IC50 = 0.17 μM **) [96]

Yunnancoronarin
A (6)

Chloroform [83];
Hexane [95]

H. gardnerianum
rhizome [95]; H. spicatum

rhizome [83];
H. longipetalum

rhizome [96]

Antitumor against NCI-H187 cell line (IC50 = 36.78 μM;
Vero cell line IC50 = 108.61 μM with SI of 2.9; ellipticine

IC50 = 1.79 μM) [95];
Antitumor against Colo-205 cell line

(IC50 = 90.35 ± 0.10 μM **) [83];
Antitumor against CHO cell line
(IC50 = 59.55 ± 3.93 μM **) [83];

Anti-inflammatory by NO inhibition (IC50 = 1.86 μM **;
MG132 # IC50 = 0.17 μM **) [96]

Coronarin D (7)

Dichloromethane [97];
Ethanol [80];
Hexane [98];

Methanol [99]

H. coronarium rhizome
[80,97–99]

Antitumor against S102 cell line (IC50 = 25.13 μM **) [98];
Antitumor against P388 cell line (IC50 = 4.40 μM **;

Etoposide IC50 = 0.12 μM **)
[97];

Antibacterial against B. cereus (MIC = 19.63 μM **;
oxacillin MIC = 62.28 μM **) [100];

Antifungal against Cryptococcus albidus (MIC = 78.52 μM
**; Amphotericin B MIC = 0.84 μM **) [100]

Coronarin D
ethyl ether (8)

Hexane
[98] H. coronarium rhizome [98] Antitumor against HepG2 cell line (IC50 = 46.18 μM **)

[98]

Coronarin B (9) Dichloromethane [97];
Hexane [98]

H. coronarium rhizome
[97,98]

Antitumor against MOLT-3 cell line (IC50 = 1.32 μM **;
Etoposide IC50 = 0.03 μM **) [97]

Coronarin D
acetate (10) Dichloromethane [97] H. coronarium rhizome [97]

Antitumor against P388 cell line (IC50 = 4.72 μM **;
etoposide IC50 = 0.12 μM **)

[97]
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Table 2. Cont.

Compound Extract Hedychium Source Activity *

Isocoronarin D
(11)

Dichloromethane [97];
Ethanol [101];
Hexane [98]

H. coronarium rhizome
[97,98,101]

Antitumor against P388 cell line (IC50 = 2.14 μM **;
etoposide IC50 = 0.12 μM **) [97]; Antitumor against

HepG2 cell line (IC50 = 54.7 ± 0.3 μM) [101]

Benzoyl eugenol
(12) Ethanol [101] H. coronarium

rhizome [101]
Antitumor against HEK293 by NF-kB inhibition

(IC50 = 32.5 ± 4.9 μM) [101]

Ethoxycoronarin
D (13) Ethanol [101] H. coronarium

rhizome [101]

Cancer chemo preventive by COX-1 inhibition
(IC50 = 3.8 ± 0.1 μM) [101]

Antitumor against HEK293 by NF-kB inhibition
(IC50 = 3.2 ± 0.3 μM) [101]

Methoxy-coronarin
D (14) Ethanol [101] H. coronarium

rhizome [101]

Cancer chemo preventive by COX-1 inhibition
(IC50 = 0.9 ± 0.0 μM) [101]

Antitumor against HEK293 by NF-κB inhibition
(IC50 = 7.2 ± 0.3 μM) [101]

Hedychiumin
(15) Methanol [102] H. coronarium aerial

part [102]
Antitumor against P388D1 cell line (IC50 = 17.15 ± 1.92

μM **; doxorubicin IC50 = 0.74 ± 0.11 μM **) [102]

Calcaratarin A
(16) Methanol [102] H. coronarium aerial

part [102]
Antitumor against P388D1 cell line (IC50 = 24.56 ± 1.92

μM **; doxorubicin IC50 = 0.74 ± 0.11 μM **) [102]

Coronarin A (17) Hexane [95];
Methanol [102]

H. gardnerianum
rhizome [95]; H. coronarium

aerial part [102]

Antitumor against NCI-H187 cell line (IC50 = 40.77 μM;
Vero cell line IC50 = 150.45 μM with SI of 3.7; ellipticine

IC50 = 1.79 μM) [95];
Antitumor against DLD-1 cell line (IC50= 41.61 ± 6.32
μM **; doxorubicin IC50 = 0.39 ± 0.07 μM **) [102]

9-Hydroxy
hedychenone (18) Chloroform [83] H. spicatum rhizome [83]

Antitumor against Colo-205 cell line
(IC50 = 76.40 ± 0.03 μM **) [83];

Antitumor against CHO cell line
(IC50 = 49.87 ± 0.29 μM **) [83]

Hedychilactone B
(19) Chloroform [83] H. spicatum rhizome [83]

Antitumor against Colo-205 cell line
(IC50 = 86.55 ± 0.06 μM **) [83];

Antitumor against CHO cell line
(IC50 = 60.94 ± 0.25 μM **) [83]

Hedychilactone C
(20) Chloroform [83] H. spicatum rhizome [83]

Antitumor against Colo-205 cell line
(IC50 = 111.73 ± 0.09 μM **) [83];
Antitumor against CHO cell line
(IC50 = 70.82 ± 0.24 μM **) [83]

Hedychilactone
D (21) Chloroform [83] H. spicatum rhizome

[83]

Antitumor against Colo-205 cell line
(IC50 = 36.41 ± 0.09 μM **) [83];

Antitumor against CHO cell line
(IC50 = 23.27 ± 3.39 μM **) [83]

Chrysin (22) Chloroform [83] H. spicatum rhizome
[83]

Antitumor against Colo-205 cell line
(IC50 = 117.25 ± 0.24 μM **) [83];
Antitumor against CHO cell line
(IC50 = 83.94 ± 4.37 μM **) [83]

Teptochrysin (23) Chloroform [83] H. spicatum rhizome
[83]

Antitumor against Colo-205 cell line
(IC50 = 122.63 ± 0.11 μM **) [83];
Antitumor against CHO cell line
(IC50 = 110.86 ± 0.15 μM **) [83]

Hedychin C (24) Ethanol [103] H. forrestii rhizome [103] Antitumor against XWLC-05 cell line (IC50 = 53.6 μM)
[103]

Coronarin E (25) Hexane [95] H. gardnerianum rhizome
[95]

Antitumor against NCI-H187 cell line (IC50 = 49.73 μM;
Vero cell line IC50 = 164.19 μM with SI of 3.3; ellipticine

IC50 = 1.79 μM) [95]

Villosin (26) Dichloromethane [95] H. gardnerianum rhizome
[95]

Antitumor against NCI-H187 cell line (IC50 = 0.40 μM;
Vero cell line IC50 > 166.42 μM with SI > 416; ellipticine

IC50 = 1.79 μM) [95]

Yunnancoronarin
B (27) Hexane [95] H. gardnerianum rhizome

[95]

Antitumor against NCI-H187 cell line (IC50 = 44.57 μM;
Vero cell line IC50 = 106.21 μM with SI of 2.4; ellipticine

IC50 = 1.79 μM) [95]

1-Hydroxyxanthone
(28) Acetone [104] H. gardenerianum rhizome

[104]
Anti-depressant by MAO-A inhibition

(IC50 = 0.31 ± 0.05 μM) [105]

Salicylic acid (29) Acetone [104] H. gardenerianum rhizome
[104] Anti-hemorrhagic (IC50 = 0.20 μM) [106]

* Only the highest activity value; ** Value after unit conversion from μg/mL to μM;
# MG132-carbobenzoxy-Leu-Leu-leucinal positive control; † The authors do not indicate the extract prepared.
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Figure 1. Chemical structure of the compounds referred on Table 2.

Taking the information of Table 2 into account, it is possible to identify that H. coronarium provided
the highest number of isolated compounds and that the antitumor activity is the most reported
bioactivity in the above-mentioned studies. On the other hand, the labdane-type diterpene is the most
frequent family of compounds in the genus Hedychium, and some flavonoids and simple phenolic
compounds are also identified.

Villosin (26) can be pointed out as the most promising antitumor compound, since it presented a
highest and selective cytotoxicity against NCI-H187 cell line with an IC50 value of 0.40 μM, without
toxicity against the non-tumor Vero cell line at 166.42 μM and presenting better results than the positive
control compound ellipticine (i.e., IC50 value against NCI-H187 of 1.79 μM and IC50 value against Vero
of 7.47 μM). Coronarin D (7) appears also as one interesting compound, since recent works report its
antibacterial activity against B. cereus to be better than the positive control oxacillin.
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In addition to these compounds, hedyforrestin B (1) and hedyforrestin C (2) should also be
noted, since their antitumor activities against the NCI-H187 cell line are slightly lower (less than
1.7 times) than that shown by the reference compound ellipticine and with selectivity indices of 14.5 and
4.8, respectively.

On the other hand, compound isocoronarin D (11) should be highlighted since it exhibits
activity against a broad spectrum of tumor cell lines (i.e., A549, human cervical carcinoma (HeLa),
human hepatocellular carcinoma (HepG2), human acute promyelocytic leukemia (HL-60), human
cholangiocarcinoma (HuCCA-1), human epidermoid carcinoma (KB), human breast adenocarcinoma
(MDA-MB-231), human acute lymphoblastic leukemia T-lymphoblasts (MOLT-3), mouse lymphoma
neoplasm (P388), human hepatocellular carcinoma (S102) and human hormone-dependent breast
cancer (T-47D)), with IC50 values between 2.14 to 36.1 μM, better than etoposide or doxorubicin which
are toxic only to some of these cell lines, and being more active against HepG2 (IC50 = 16.6 μM) than
the reference compound etoposide (IC50 = 23.8 μM) [98].

Bearing in mind that all these compounds have hydroxyl groups and double bonds in their chemical
structure, it is suggested that these compounds could be lead compounds, and researchers in the field
of medicinal chemistry should use these labile functional groups to carry out structural modifications,
in order to obtain more active derivatives and to determine the structure/activity relationships.

In addition, there are some works which require a critical analysis. Zhao and colleagues [96]
isolated six labdanes from H. longipetalum rhizome that exhibited NO production inhibitory effects in
lipopolysaccharides (LPS) and interferon gamma (IFN-γ)-induced murine macrophages RAW 264.7 cell
line. The most active compound is yunnancoronarin A (6) (IC50 = 1.86 μM), but less active than the
positive control carbobenzoxy-Leu-Leu-leucinal (MG132) (IC50 = 0.17 μM). Unfortunately, the authors
do not mention the extraction and chromatographic procedures they carried out to isolate these
compounds, which would have been a valuable information.

Another study that looks promising, but which actually shows very questionable results,
is the one carried out by Kiem and colleagues [37]. They isolated compounds from rhizomes of
H. coronarium methanol extract and investigated their anti-inflammatory potential through inhibition
of pro-inflammatory cytokines production in LPS-stimulated bone marrow-derived dendritic cells
(BMDC). The results are not acceptable and do not allow to infer conclusions since they are presented
with associated standard errors greater than 20% (e.g., IC50 IL-6 inhibition value = 7.57 ± 2.02 μM)
and in some cases close to 100% (e.g., IC50 IL-12p40 inhibition value = 0.19 ± 0.11 μM). This work [37]
was only mentioned here to point out to all authors the need to present reliable data in their works,
aiming always to show results with standard error less than 10%.

In other lines of work, several studies (e.g., Reddy et al. [83], Chimnoi et al. [98] and
Endringer et al. [101]) assessed the antitumor potential of isolated compounds from Hedychium extracts
without following the best guidelines for evaluating the cytotoxic potential of compounds. In fact,
the authors did not test a reference compound in the same experimental conditions, and did not test
the isolated compounds against a non-tumor cell line, which makes it difficult to draw conclusions.
Regrettably, without these results, it is not possible to conclude about the efficacy and selectivity of the
isolated compound compared to the drugs already available on the market.

In addition to compounds 28 and 29 (Figure 1), Carvalho and colleagues [104] also isolated the
compounds 3-(2-hydroxyethoxy)xanthone (30) and oplopanone (31) from H. gardenerianum rhizome
acetone extract, but the two compounds (Figure 2) do not present any reported activity and, therefore,
were not included in Table 2. Since they belong to families of organic compounds well-known for
their broad spectrum of activities (flavonoids and terpenes) [107], it would be worth investigating the
biological activity of these compounds.

It is a fact that the availability of a specific compound in a plant can depend on several
factors, like the geographic location where the plant developed [108] and/or the season when it
was harvested [109]. Thus, different studies can present different percentages of the total content
of the same compound which makes it difficult sometimes to make comparisons between the same
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plants. This fact is particularly relevant with regard to essential oils, where the majority of published
studies refers to quantitative chemical analysis. These studies reveal a complex composition and a
huge variability in the content of each compound, depending on geographic, seasonal and species
factors, which is reflected in the variability of the biological activity level of the respective essential oils,
already highlighted in point 2.

 
Figure 2. Chemical structure of the compounds 30 and 31.

Hedychium species are not different, with several compounds being identified with distinct
percentages on its essential oils. However, a deeper analysis of the published works allows to
identify some compounds that, with some slight differences, appear repeatedly as the most abundant
compounds in their essential oils. In Table 3 are gathered the five most abundant compounds identified
in essential oils from Hedychium species as well as their activities and the species where they have
already been identified. The respective structures are presented on Figure 3.

Table 3. The five most frequent and abundant chemical compounds identified in essential oils from
Hedychium species.

Compound Activity * Hedychium Source

1,8-Cineole
(32)

Antifungal against C. albicans (MIC = 203 μM **; nystatin
MIC = 135 μM **) [110]; Insecticide against Rhodnius

prolixus (KT50 = 117.2 min for 100 μL dose) [111]

H. coronarium rhizome [16,112]; Hedychium flavescens
Carey ex Rosc. rhizome [112]; Hedychium flavum

Roxb rhizome [112]; H. gardnerianum rhizome
[74]; H. gracile rhizome [73,112]; H. greenii rhizome

[73]; H. larsenii rhizome [94]; H. spicatum
rhizome [67,109,112]

α-Pinene (33)

Anti-acetylcholinesterase (IC50 = 10.50 ± 0.51 μM **;
ursolic acid IC50 = 0.416 ± 0.003 μM **) [50]; Anti-allergic
(dose of 10 mg/kg on mouse) [113]; Antidiabetic (dose of

0.25 mL/kg on mouse) [114]; Anti-inflammatory
(mouse ED50 = 0.039 mL/kg) [114]; Antimicrobial against

Streptococcus pneumoniae (MIC = 5 μL/mL; gentamicin
MIC = 21 μM **) [115]; Antitumor against A549 cell line

(IC50 = 161.56 ± 12.85 μM ** [116]

H. coccineum (syn. Hedychium aurantiacum Roscoe)
rhizome [112]; H. coronarium flower [117] and
rhizome [16,112]; H. flavescens rhizome [112];

H. flavum rhizome [112]; H. gardnerianum flower [118],
leaf [118] and rhizome [112]; H. greenii rhizome
[73,112]; H. matthewii rhizome [65]; H. spicatum

rhizome [109]

β-Pinene (34)
Antimicrobial against S. pneumoniae (MIC = 20 μL/mL;
gentamicin MIC = 21 μM **) [115]; Antitumor against

HCT-8 cell line (IC50 = 176.9 ± 2.9 μM **) [119]

H. coccineum (syn. H. aurantiacum) rhizome [112];
H. coronarium flower [117] and rhizome [16,108,112];

H. ellipticum rhizome [112]; H. flavescens rhizome
[112]; H. flavum rhizome [112]; H. gardnerianum flower
[118], leaf [118] and rhizome [112]; H. gracile rhizome
[73,112]; H. greenii rhizome [73]; H. larsenii rhizome
[94]; H. matthewii rhizome [65]; H. spicatum rhizome
[67,109]; Hedychium thyrisiforme Smith. rhizome [112]

Linalool (35)

Antibacterial against Bacillus mycoides (10 μL cause
11 mm inhibition zone; 10 μL of penicillin = 12 mm

inhibition zone) [120]
Antidepressive (dose of 100 mg/kg on mouse) [121];

Anti-inflammatory
(dose of 30 mg/kg on mouse) [122]; Antitumor against

U937 cell line (IC50 = 2.59 μM; 5-FU IC50 = 4.86 μM) [123];
Fumigant against Tribolium confusum larvae

(LC50 = 14.198 μL/L of air) [124];
Neuroprotective (100 μM reduced 30% OHSC cell death)

[125]

H. coronarium flower [117] and rhizome [108];
H. flavum rhizome [112];
H. larsenii rhizome [94];

H. matthewii rhizome [65];
H. spicatum rhizome [67,109]
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Table 3. Cont.

Compound Activity * Hedychium Source

Terpinen-4-ol
(36)

Antibacterial against Burkholderia pyriocinia (10 μL cause
8 mm inhibition zone; 10 μL of penicillin cause 9 mm
inhibition zone) [120]; Antifungal against Histoplasma

capsulatum (MIC = 129.70 μM **; AMB MIC = 0.54 μM **)
[126]; Antitumor against MCF-7 cell line (IC50= 18.02 μM

**; doxorubicin IC50 = 1.29 μM **) [127]

H. ellipticum rhizome [112];
H. gracile rhizome [73,112];

H. larsenii rhizome [94];
H. matthewii rhizome [65];

H. thyrisiforme rhizome [112]

* only the highest activity value; ** Value after unit conversion from μg/mL to μM.

 
Figure 3. Chemical structure of the compounds referred on Table 3.

As it is possible to see on Table 3, linalool (35) proved to have promising antitumor potential since
it presented cytotoxicity against U937 cell line (i.e., IC50 = 2.59 μM), better than the positive control
5-FU against the same cell line (i.e., IC50 = 4.86 μM). It would have been interesting if the authors
had tested the compounds cytotoxicity against a non-tumor cell line, but unfortunately that was not
the case.

From the five most abundant and most frequent present compounds in essential oils of Hedychium
species,β-pinene (34) is the most widespread compound among species being identified in 12 Hedychium
species, mainly rhizomes but also in some cases from flower and leaf essential oil. The compounds
α-pinene (33) and linalool (35), exhibit a broad range of bioactivities, being anti-acetylcholinesterase,
anti-allergic, antidepressive, antidiabetic, anti-inflammatory, antimicrobial, antitumor, fumigant and
neuroprotective agents.

The antimicrobial activity of α-pinene (33), β-pinene (34) reported by Leite et al. [115] presented
in Table 3 should be noted, which appears as μL/mL and the authors do not provide the necessary
data to convert it to μM or μg/mL. Thus, it is impossible to compare the exhibited activity with other
published results and even to compare with the positive control used in this study.

Despite not being so abundant as the compounds referred in Table 3, the isolation of two
compounds from H. larsenii rhizomes essential oil could be mentioned, i.e., ar-curcumene (37) and
epi-β-bisabolol (38) (Figure 4), that presented insecticide properties against diseases mosquito vectors
larvae A. stephensi, A. aegypti and C. quinquefasciatus [94]. The results show that the most affected
vector was A. stephensi with compounds 37 and 38 presenting a LC50 values of 51.65 and 66.02 μM,
respectively. Unfortunately, the lack of a tested reference compound is a handicap in this work.

 
Figure 4. Chemical structure of the compounds 37 and 38.

Taking together, Tables 2 and 3 offer a summary view point of the works carried out in recent
years that permitted the isolation of some compounds from Hedychium genus, being ascertained their
bioactivities. This allows to easily identify where there is work already successfully developed and
which paths have not yet been explored.

46



Medicines 2020, 7, 23

4. Conclusions

Hedychium genus is undoubtedly proven to be a valuable group of medicinal plants, being present
in several folk medicines around the world where it is known to treat allergies, cancer, diabetes,
inflammation, rheumatism and skin problems, as well as being also used as an analgesic, antimicrobial,
anti-helminthic, antioxidant and insect repellent. In addition, some Hedychium species are part of
human diet, being cooked as a vegetable, used as a spice or drunk as a beverage.

Several works explored Hedychium species in order to confirm if and how effectively these plants
exert the reported biological effects on folk medicine, studying their essential oils, extracts and their
isolated compounds. Taking into account the results of the literature in recent years, Hedychium
species have been proven to possess interesting pharmaceutical activities, i.e., anti-acetylcholinesterase,
antidiabetic, anti-inflammatory, antimicrobial, antioxidant, antitumor and hepatoprotective, as well as
having potential to develop insecticides.

Phytochemical works have been carried out in Hedychium, mainly on H. coronarium and H. spicatum,
but also on other less known species, leading to the isolation of interesting compounds that, in some
cases, proved to be better than reference compounds. An example is coronarin D (7), possessing
antifungal, antitumor and antibacterial properties, being more effective than the positive control
oxacillin against B. cereus in antibacterial assays. Isocoronarin D (11), villosin (26) and linalool (35)
can be pointed out as very promising antitumor compounds since they exhibited better cytotoxicity
towards tumor cell lines than the reference compounds used, and in case of villosin (26) without
toxicity on non-tumor cell line. Furthermore, the most bioactive compounds found in Hedychium
essential oils can be highlighted as α-pinene (33) and linalool (35), since they are reported as presenting
a wide spectrum of bioactivities. In addition, being identified in 12 different Hedychium species to this
date, β-pinene (34) is the most widespread compound in Hedychium essential oils.

Hedychium species as proved to be a very rich genus that can still have a lot to offer to the scientific
community. Moreover, the discovery in recent years of four new Hedychium species (i.e., Hedychium
chingmeianum N.Odyuo and D.K.Roy [128], Hedychium putaoense Y.H.Tan and H.B.Ding [129], Hedychium
viridibracteatum X.Hu [130] and Hedychium ziroense V.Gowda and Ashokan [131], may bring new
compounds with pharmaceutical potential to the equation.
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Abbreviations

A-431 Human epidermoid carcinoma
A549 Human lung adenocarcinoma
ABTS 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
AChE Acetylcholinesterase
AgNPs H. coronarium-synthesized silver nanoparticles
BHT 2,6-di-tert-butyl-4-methylphenol
BMDC Bone marrow-derived dendritic cells

C57BKSdb/db Strain of laboratory mouse with a mutation that results in chronic hyperglycemia, pancreatic
beta cell atrophy, low insulin level and obesity

CAT Catalase
CHO Chinese hamster ovary cells
Colo-205 Colorectal adenocarcinoma
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COX-1 Cyclooxygenase 1
DLD-1 Human colorectal carcinoma
DPPH 1,1-Diphenyl-2-picrylhydrazyl
EC50 Half maximal effective concentration
ED50 Half maximal effective dose
GPx Glutathione peroxidase
HeLa Human cervical carcinoma
HepG2 Human hepatocellular carcinoma
HL-60 Human acute promyelocytic leukemia
HuCCA-1 Human cholangiocarcinoma
HUVEC Human umbilical vascular endothelial cells
IC50 Half maximal inhibitory concentration
IFN-γ Interferon gamma
IL-6 Interleukin 6
Il-12p40 Interleukin-12 subunit p40
KB Human epidermoid carcinoma
KT50 Knockdown time 50%
LC50 Lethal concentration that kills 50% of exposed organisms
LNCaP Human prostate adenocarcinoma
LPS Lipopolysaccharide
MAO-A Monoamine oxidase A
MCF-7 Human breast adenocarcinoma
MDA-MB-231 Human breast adenocarcinoma
MG132 Carbobenzoxy-Leu-Leu-leucinal
MIC Minimum inhibitory concentration
MOLT-3 Human acute lymphoblastic leukemia T-lymphoblasts
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NCI-H187 Human classic small cell lung carcinoma
NF-κB Nuclear factor kappa-B
NO Nitric oxide
OHSC Organotypic hippocampal slice cultures
P388 Mouse lymphoma neoplasm
P388D1 Murine macrophage-like lymphoma
RAW 264.7 Murine macrophage
ROS Reactive oxygen species
S102 Human hepatocellular carcinoma
SI Selectivity index
SOD Superoxide dismutase
STZ Streptozotocin
T2DM Type 2 diabetes mellitus
T-47D Human hormone-dependent breast cancer
TNF-α Tumor necrosis factor α
U937 Human histiocytic lymphoma
Vero African green monkey kidney epithelial cells
XWLC-05 Human lung adenocarcinoma
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Abstract: Background: Genista tridentata L. is an endemic species from the Iberian Peninsula
used in Portuguese traditional medicine to treat inflammation-related diseases; this and other
health-promoting effects are usually associated with the flavonoids produced by this species. In fact,
anti-inflammatory properties were established for several of these flavonoid derivatives. Methods:

A careful survey of the reported data, using mainly the Scopus database and Genista tridentata and
Pterospartum tridentatum as keywords, was done. We have examined the papers involving the plant
and those about the most relevant flavonoids anti-inflammatory activity. Results: The literature
survey demonstrates that species are used to treat several health problems such as antihyperglycemia,
hypertension, and inflammatory episodes. It was also possible to establish its richness in flavonoid
derivatives, from which several are potential anti-inflammatory agents. Conclusions: From our
described and discussed analysis, it can be concluded that Genista tridentata is an excellent source of
bioactive flavonoids. Moreover, its traditional use to treat inflammation episodes may be due to its
flavonoid content, from which genistein, biochanin A, rutin, and daidzein can be emphasized.

Keywords: Genista tridentata; Pterospartum tridentatum; isoflavones; flavonols; anti-inflammatory;
genistein; biochanin A; rutin; daidzein

1. Introduction

Inflammation is a natural defense mechanism involved in the body’s healing process, in which
the body is protected from pathogens or abnormal cells [1]. However, if the inflammation is prolonged
in time or serious, it can damage the healthy tissues and cause several diseases, such as cancer [2],
Alzheimer’s and Parkinson’s diseases [3]. Therefore, the development of new anti-inflammatory drugs
is still a demand, and plant secondary metabolites are considered a priority—in particular, those found
in medicinal plants [4].

Among the plants used in Portuguese traditional medicine, Genista tridentata L. can be highlighted
due to the important applications reported [5]; in fact, the plant, locally named carqueja, is in several
regions called the “plant that heals everything” [5], and among its applications is the use to treat
inflammatory diseases [6].

Flavonoids, a large family of natural compounds, are usually associated with anti-inflammatory
activity [7], and most recently, we demonstrated that G. tridentata is rich in flavonoid derivatives [8],
including some for which anti-inflammatory activities have been described. As examples, genistein,
daidzein [9,10], and biochanin A [11,12] can be highlighted.

The most promising anti-inflammatory flavonoids that can be isolated from G. tridentata will be
discussed in this review, emphasizing their mode of action and in vivo studies. Hopefully, this will help
the scientific community to understand their involvement in inflammatory processes and consequently
endorse the design for novel derivatives. Furthermore, the traditional medicine applications of
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G. tridentata will also be addressed and discussed. To accomplish this survey, we used mainly the Scopus
database (69 articles), but also Web of Science (61 articles) and PubMed, mostly for the anti-inflammatory
activity. The keywords used were the accepted name (Genista tridentata), the most common synonym
(Pterospartum tridentatum), and also the less common one (Chamaespartium tridentatum). Naturally, in the
survey there were also the flavonoid names combined with anti-inflammatory activity. Relevance was
given to the most recent biological evaluations and the in vivo studies and the clinical trials. In all cases,
the papers involving both the plant and the most relevant flavonoids anti-inflammatory activities.

2. Genista tridentata: Traditional Applications and Biological Activities

Genista tridentata L. is a bush endemic to the Iberian Peninsula where it grows wildly. Unfortunately,
its taxonomy is a little controversial, and consequently, the literature survey is more complicated.
The most found scientific name is Pterospartum tridentatum (L.) Willk., which is considered by some
taxonomists [13] as the correct name, but other authors used Chamaespartium tridentatum (L.) P.E.
Gibbs [14]. However, according to the Plant List database [15], these are synonyms of Genista tridentata
L. and there are eleven other synonyms and three infraspecific taxa [15]. However, in our survey,
only the abovementioned synonyms were found—it seems that the other synonyms and infraspecific
taxa are not used in articles involving chemical profile and/or anti-inflammatory evaluations. Although
we used all names in the literature survey, herein, we will refer the species by the accepted name
reported in the Plant Lista database [15].

Genista tridentata is an Angiosperm belonging to the Leguminosae family [15], which grows
spontaneously under Mediterranean thermal conditions, where it is known as carqueja [16]. G. tridentata
is a perennial shrub that can reach up to one meter in height, with stems of woody and rigid consistency.
The roots are well-liked and quite long and sometimes intertwine in the roots of other companion
species. The stems are woody, erect or prostrate with laterally winged branches, forming false leaves of
dark green color, cut out and of coriaceous consistency. Thus the branches have a flattened shape with
two or three wing-shaped expansions, with an articulated appearance, ending with two or three teeth.
The leaves, persistent, alternating, unifoliolate and triangular, appear to be tridentate, by the leaflets
being united to the stipulations. The flowers are of an intense yellow and are arranged in corymbiform
inflorescences, in groups of 3 to 10, gathered in small and tight bouquets. They have an induction in
the sepals that line them. The fruit is an oblong-linear pod 10 to 12 mm long [17].

Despite the abovementioned disagreement in the G. tridentata taxonomy, the vernacular
designation, carqueja, is referred to in the ethnopharmacological surveys. Consequently, it is possible
to mention here that G. tridentata is used in the Iberian Peninsula, particularly in Portugal, in traditional
medicine, mainly to treat influenza, cold, cough, stomach troubles, and nervousness, and is also
used as a tonic, hepatic protector, sedative, cicatrizant, and diuretic [6,14,18,19]. In these applications,
the population mainly uses extracts of the plant flowers, leaves, or the aerial parts. Consequently,
it is suggested that the plant presents several therapeutic properties, from which antispasmodic,
antihypertensive, and anti-inflammatory properties can be emphasized [6,14].

The flowers are used in folk medicine for the treatment of various disorders, including those
relating to the respiratory system, digestive tract, nervous system, urinary system and dermatology;
it has also been indicated for diabetes control [16,20] and is sometimes used in mixtures with other
plants for this purpose [20]. Some authors referred to the use of P. tridentatum for the treatment of
colds, stomach pains, intestinal problems, kidney disease, liver and gallbladder problems and also for
rheumatism [21]. It was also indicated for pneumonia, bronchitis and tracheitis, headaches, cough,
for low blood pressure levels and high levels of cholesterol, diabetes and even in weight loss programs.
This species is known for its diuretic, purgative, laxative, hypotensive, hypoglycemic effects, and for
its digestive properties [14,22]. The infusion of dried flowers is considered an excellent emollient [21].

One vital point that should be herein mentioned is the obligation to have scientific validations of
the claimed properties, an aspect that it is not at all strange to the scientific community [23]. In this
regard, several evaluation studies involving G. tridentata extracts were reported and will be herein
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presented and discussed. Most of the studies were performed using the flowers or the aerial parts
extracted with polar solvents and in vitro antioxidant evaluations (Table 1).

Table 1. Biological assays of Genista tridentata extracts.

Plant Part Solvent Activity Tested Method Ref.

Aerial parts Ethanol and water
Antioxidant (ethanol, IC50 =

60.39 ± 1.79 μg/mL; water, IC50
= 42.97 ± 1.69 μg/mL)

DPPH scavenging
β-Carotene bleaching test [24]

Flowers,
stems and leaves Methanol

Antioxidant (flowers, IC50 = 26.1
± 1.3 mg/L; stems and leaves,

IC50 = 69.7 ± 11.9 mg/L)

DPPH scavenging
β-Carotene bleaching test [25]

Flowers Methanol Antioxidant

DPPH scavenging (IC50 =
0.15 ± 0.01 mg/mL)

β-Carotene bleaching test
(IC50 = 0.14 ± 0.02 mg/mL)

Reducing power (IC50 = 0.13
± 0.00 mg/mL)

TBARS inhibition (IC50 =
0.12 ± 0.02 mg/mL)

[26]

Flowers and leaves Hydroethanolic
Antioxidant (flowers,

IC50 = 1016 mg/L; leaves,
IC50 = 704 mg/L

DPPH scavenging
β-Carotene bleaching test

Reducing power
ABTS scavenging

[27]

Purchased plant
material Water Antioxidant

(%AA = 169.5 ± 17.2)
β-Carotene bleaching test

ABTS scavenging [28]

Purchased plant
material Methanol Antioxidant

DPPH scavenging (IC50 =
0.18 ± 0.01 mg/mL)

β-Carotene bleaching test
(IC50 = 0.48 ± 0.09 mg/mL)

Reducing power
(IC50 = 0.11 ± 0.00 mg/mL)

TBARS inhibition
(IC50 = 1.18 ± 0.06 mg/mL)

[29]

Purchased plant
material Hot water Antioxidant

DPPH scavenging (IC50 = 50
± 1 μg/mL)

β-Carotene bleaching test
(IC50 = 266 ± 25 μg/mL)

Reducing power
(IC50 = 105 ± 2 μg/mL)

TBARS inhibition
(IC50 = 93 ± 4 μg/mL)

[30]

Flowers Hot water
Antioxidant (TABARS, IC50 =

8.4 ± 0.2 μg/mL; OxHLIA,
IC50 = 37.7 ± 0.9 μg/mL)

TBARS inhibition
Oxidative haemolysis

inhibition
[31]

Flowers Hydromethanolic
Antifungal (Candida albicans, 10

mm inhibition zone; Candida
glabrata, 11 mm inhibition zone)

Disc diffusion test [32]

Aerial parts Hydromethanolic Antibacterial (Staphylococcus
aureus, MIC = 39.1 μg/mL) Microplate bioassay [33]

Flowers Hot water

Antimicrobial (Escherichia coli,
MIC = 0.5 mg/mL; Salmonela

typhimurium, MIC = 1 mg/mL;
Bacillus cereus, MIC = 1 mg/mL;
Listeria monocytogenes, MIC =

1 mg/mL; Aspergillus niger, MIC
= 8 mg/mL; Aspergillus versicolor,

MIC = 0.5 mg/mL; Penicillium
funiculosum, MIC = 0.5 mg/mL;

Penicillium verrucosum,
MIC = 0.5 mg/mL)

Disc diffusion test [31]

Flowers Hot water
Cytotoxicity (HeLa,

GI50 = 242 ± 10 μg/mL; HepG2,
GI50 = 262 ± 11 μg/mL)

Against tumor cells HeLa,
HepG2, MCF-7 and

NCi-H460 and non-tumor
cells PLP2

[31]
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Table 1. Cont.

Plant Part Solvent Activity Tested Method Ref.

Inflorescences Hot water Immunostimulatory (significant
activity for 200 μg/mL)

Macrophage cell viability
and NO production [34]

Purchased plant
material Water Toxicity (non toxic at 375 mg/L) MTT assay; mitochondrial

swelling, [28]

Flowers, leaves,
stems and roots Ethanol Toxicity (non toxic at 100 μg/mL) Resazurin assay [8]

Flowers Hot water Anti-inflammatory
(>400 μg/mL)

Determination of
LPS-induced NO production

by Murine macrophage
(RAW 264.7) cell lines

[31]

Flowers, leaves,
stems and roots Ethanol Anti-inflammatory (significantat

100 μg/mL)

LPS-induced transcription of
pro-inflammatory genes

IL-1β, Nos2, Ptgs2, IL-6, and
TNF-α; Western blot analysis

[8,35]

AA, antioxidant activity; GI50, values correspond to the concentration that causes 50% inhibition of cell proliferation;
IC50, values corresponded to the extract concentration that inhibits in 50% the oxidation and inflammatory process;
MIC, minimum inhibitory concentration.

The authors achieved the extract antioxidant activity index or antioxidant potential through several
assays, from which DPPH• (2,2-diphenyl-1-picrylhydrazyl radical) scavenging assay and β-carotene
bleaching test are the most common. However, it is interesting to note that some authors used other
less common tests, such as lipid peroxidation inhibition, through the decrease in TBARS (thiobarbituric
acid reactive substances) [26,29–31], and, more recently, the oxidative hemolysis inhibition assay [31].
These diversifications in the assays are, in our opinion, very good because they can establish in more
detail the G. tridentata health-promoting potential. Altogether, the reported results show that this
species presents moderate to strong antioxidant activity, and apparently, the flower extracts and the
water extracts are more active [25,27].

Another interesting feature in these reports is the fact that all authors obtained the total phenolic
content and/or the total flavonoid content, and some established the polyphenolic profile or identified
some of the phenolic compounds present [25,28–31]. In doing so, they associated the antioxidant
activity to the polyphenolic content. On the other hand, some aspects of these reports are less
enthusiastic, since the reported values are in different units; the positive controls used are different,
making it impossible to perform comparisons.

Other evaluations, such as antifungal [32], antibacterial [31,33] agents, cytotoxicity activity
in tumor and non-tumor cells [31], and even the immunostimulatory activity of the G. tridentata
polysaccharides [34] were also performed. Additionally, Ferreira et al. also performed in vivo and
in vitro toxicological assays and concluded that short-term use is safe [8,28].

The anti-inflammatory evaluation of the G. tridentata extracts and mainly those reports which
were recently achieved [8,31,35] will be the focus of this review. In the most recent evaluations,
the authors tested parts of the plant separately and established that the anti-inflammatory effects of
plant extracts could occur through different mechanisms. Moreover, the roots, which are not used in
traditional medicine, also presented strong anti-inflammatory activity [8]. Likewise, the antioxidant
and anti-inflammatory activity is associated with the species richness in polyphenolic compounds,
particularly flavonoids.

3. Structural Pattern of the Flavonoids Isolated from Genista tridentata

Several authors demonstrated that G. tridentata produces several flavonoids; these metabolites are
those that most contribute to the plant anti-inflammatory activity. Therefore, herein the flavonoids that
were isolated from G. tridentata extracts or identified in will be discussed.

From the several established profiles, it is evident that the only classes of flavonoids detected were
isoflavones 1, flavones 2, flavonols 3, flavanones 4 and flavanonols 5 (Figure 1), and the major ones are
isoflavones and flavonols (Tables 2 and 3).
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Figure 1. Structure of the classes of flavonoid derivatives found in G. tridentata.

Table 2. Isoflavones and flavones produced by G. tridentata.

No Name R1 R2 R3 R4 R5 R6 R7 Ref.

1a Sissotrin H OGlc H OH H OMe H [8,20,29,30,36]
1b Genistin H OGlc H OH H OH H [20,29,30,33,36]

1c
5,5′-Dihydroxy-3′-metoxi-

-isoflavone-7-O-β- glucoside H OGlc H OH OMe H OH [8,20,29–31,36]

1d Prunetin H OMe H OH H OH H [8,20,29,30,36]
1e Genistein H OH H OH H OH H [8,27,29–31,33,36]
1f 7-Methylorobol H OMe H H OH OH H [29,30,36]
1g Genistein-8-C-glucoside Glc OH H OH H OH H [29–31]
1h Biochanin A H OH H OH H OMe H [8,29,30]

1i
5-Hydroxy-4′,7-dimethoxy-

-isoflavone H OMe H OH H OMe H [8]

1j Daidzein H OH H H H OH H [8]
2a Luteolin-O-glucuronide H OGlc H OH OH OH H [28]

2b
Luteolin-O-(O-

acetyl)glucuronide H OGlcA-Ac H OH OH OH H [28]

2c Apigenin H OH H OH H OH H [33]

Glc = glucoside unit; GlcA = glucuronide unit; Ac = acetyl.

Table 3. Flavonols produced by G. tridentata.

No Name R1 R2 R3 R4 R5 R6 R7 R8 Ref.

3a Isoquercitrin Glc H OH H OH OH OH H [20,29–31,33,36]
3b Myricetin-6-C-glucoside H H OH Glc OH H OH OH [8,29,30,36]
3c Rutin Rha-Glc H OH H OH OH OH H [29–31,33,36]
3d Isorhamnetin-O-glucoside Glc H OH H OH OMe OH H [28]

3e
Myricetin-3,4′-di-O-

-glucoside Glc H OH H OH OH OGlc OH [28]

3f Astragalin Glc H OH H OH H OH H [8]

3g
Isorhamnetin-3-O-

-glucoside Glc H OH H OH OMe OH H [8]

3h Kaempferol H H OH H OH H OH H [8]

Glc = glucoside unit; Rha = rhamnoside unit.

As far as we could find, the first report on the G. tridentata flavonoids allowed the isolation of four
isoflavone derivatives 1a to 1d, and one flavonol 3a (Tables 2 and 3) [20]. Four years later, the same
research group found two other isoflavones 1e and 1f, and flavonols 3b and 3c, (Tables 2 and 3) [36].
The first flavone derivatives were just reported in 2012 and were luteolin derivatives 2a and 2b
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(Table 2) [28]. Flavanonols were just uncovered, for the first time, in 2014 and are taxifolin derivatives,
whereas flavanone derivatives were only reported in 2020 (Figure 2) [8,29].

Figure 2. Structure of some flavonoid derivatives found in G. tridentata.

Our literature survey showed that the compounds indicated in Table 2 were found by several
authors, with the exception of isoflavones 1i and 1j, and all the flavone derivatives that were just
reported once [8,28,33]. Furthermore, through the analysis of Table 2, it is possible to detect that most
of the flavonoids present one or more hydroxy groups and almost all are linked to saccharide units.
Usually, this substitution pattern is associated with the anti-inflammatory property of a flavonoid [37].

It is important to complement the information listed in Table 2 with the information that
other isoflavone glycosides were described, namely biochanin A hexoside [8,29,31,33] and genistein
hexoside [8,31], but the authors did not identify the hexose nor its position in the isoflavone ring.
There are also references describing the presence of a methylbiochanin A or a methylprunetin [8,29–31]
derivative. In all of these cases, although this is important information about the G. tridentata profile,
it was not included in Table 2 because its structure is not fully established. This suggests that some
investment in phytochemical studies involving G. tridentata extracts is still needed.

The substitution pattern of flavanonol derivatives includes several hydroxy groups and glucosides,
as well as a disaccharide unit. The most referred derivatives were isoquercitrin 3a and rutin 3c (Table 3),
and again we are in the presence of compounds having the required substitution pattern for being
promising anti-inflammatory agents [37]. Additionally, quercetin hexoside derivatives were also found,
but the authors were again unable to identify the hexose or its position [29–31].

Finally, we can find the identification and isolation of flavanonols and flavanones (Figure 2).
Some authors have reported the presence of taxifolin [33] or its glucosides [8], whereas others
just mention hexoside derivatives [29–31]. One fact is consistent—G. tridentata produces taxifolin
derivatives. The last examples were recently reported and apart from being slightly different, they were
isolated from the plant roots [8], which is also uncommon due to the fact that most of the works
were performed using flowers or aerial parts. This highlights that some parts of the plant should still
be studied.

4. Flavonoids with Anti-Inflammatory Activity

In the previous section, we showed the richness of at G. tridentata in flavonoids; additionally,
the major class, that is isoflavones, is commonly associated with beneficial anti-inflammatory
properties [10]. Yu et al. discussed, in their excellent review [10], the possible isoflavones
anti-inflammatory mechanisms, of which herein we highlight the main points (Table 4). Still, we suggest
that our readers consult the original review for details. According to the authors, isoflavones may be
involved in the scavenging of reactive oxygen species and, in doing so, they prevent the production of
peroxynitrite, species that can oxidize low-density lipoproteins. With this effect, isoflavones can prevent
cell membrane damage. However, they can also act by inhibiting the production of pro-inflammatory
cytokines and chemokine species such as IL-1β, IL-6, IL-12 and TNF-α, or by inhibiting pro-inflammatory
enzymes, such as cyclooxygenase, nitric oxide synthases, lipoxygenase and phospholipase A2, enzymes
involved in the production of inflammatory mediators. Finally, there is also evidence that isoflavones
can be involved in the regulation of NF-κB factor signaling and, through that regulation, decrease the
production of pro-inflammatory cytokines (Table 4) [10,38,39].
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Spagnuolo et al. discussed the flavonoids neuroprotective potential, in particular flavonols,
another family well represented in G. tridentata [40]. There is some evidence, at least in in vitro studies,
that these flavonoids reduce neuroinflammation also by regulating important signaling pathways such
as NF-κB and MAPKs (Table 4) [40].

Table 4. Anti-inflammatory effects of the selected flavonoids.

Flavonoid Model Mechanisms

Biochanin A

In vitro: cytokine release from keratinocytes and
HMEC-1 endothelial cells in serum from patients with
Behçet’s disease [41]
In vitro: LPS-induced inflammation in HUVED cells [42]

In vivo: focal cerebral ischemia–reperfusion model [43]
In vitro: LPS-induced pro-inflammatory responses in
murine BV2 microglial cells [44]
In vitro: LPS-induced inflammatory cytokines and
mediators production in murine BV2 microglial cells [45]
In vivo: LPS/GalN-induced liver injury [46]

Ex vivo: interleukin-1β-induced catabolic inflammation
through the modulation of NFκB cellular signaling in
primary rat chondrocytes [47]
In vitro and in vivo: LPS-induced damage of
dopaminergic neurons [48]
In vivo: cisplatin induced acute kidney injury in
mice [49]
In vivo: ritonavir induced hepatotoxicity [50]
In vivo: transient coronary ligation in Sprague-Dawley
rats [51]
In vivo: LPS-induced acute lung injury in mice [52]
In vitro: LPS-induced NO production, LPS-induced IKK
activity, LPS-induced phosphorylation of IκBα and p38
MAPK [53]
In vitro: CCl4-induced hepatotoxicity in rats [54]

In vivo: Sprague-Dawley rat subarachnoid
hemorrhage [55]
In vitro: barrier function of intestinal epithelial
CaCo-2/TC-7 cells via TEER measurements [56]

In vitro: LPS-stimulated macrophages [57]

In vivo: focal cerebral ischemia established by middle
cerebral artery occlusion [58]

↓IL-8

↓IL-8, TNF-α, VCAM-1, ICAM-1, E-selection
↑PPAR-γ
↓IL-8, TNF-α, P38 expression

↓IL-1β, TNF-α, NO, phosphorylation of JNK,
ERK and p38
↓IL-1β, TNF-α, NO, PGE2, NF-κB
↑PPAR-γ

IL-1β, TNF-α, ALT, AST, MDA, TXNIP, NLRP3
inflammasome
↑SOD, GPx, catalase, HO-1, Nrf2
↓IL-1β, TNF-α, IL-6, IL-1α, INFγ, IL- 2, GM-CSF,
fractalkine, MCP-1, MIP-3α, LIX

↓IL-1β, TNF-α, IL-6, phosphorylation of JNK,
ERK and p38,
↓IL-1β, TNF-α, caspase-3, p53 protein

↓IL-1β, IL-6
↑IL-10

↓IL-1β, IL-18, IL-6, TNF-α
IL-1β, IL-6, TNF-α, TLR4/NF-κB
↑PPAR-γ

IL-6, TNF-α
PPAR-γ, PPAR-α
iNOS, COX2, TNF-α

sTNFR1, TNF-α, NF-κB, ERK, tyrosine
phosphorylation
↑SOD, GSH-Px, HO-1, Nrf2
↓iNOS, phosphorylation of IκBα and p38 MAPK
↓TLR/NF-κB

Prunetin

In vitro: barrier function of intestinal epithelial
CaCo-2/TC-7 cells via TEER measurements [56]
In vitro: LPS-stimulated RAW 264.7 macrophage [59]
In vivo: LPS-induced septic shock [59]
In vitro: LPS-induced in- flammatory response and
MUC5AC expression [60]

↓sTNFR1, TNF-α, NF-κB, ERK, tyrosine
phosphorylation
↓iNOS, PGE2, COX2, NF-κB, p38, IL-1β, TNF-α
IL-1β, TNF-α
IL-8, IL-6, MUC5AC, TLR4/MyD88

Daidzein

In vitro: LPS-stimulated macrophages [57]
In vivo: angiotensin II-induced AAA [61]

In vivo: 5-fluorouracil-induced intestinal mucositis [62]
In vivo: cisplatin-induced kidney injury [63]

In vivo: ischemia/reperfusion injury-induced
neurological function deficits in Sprague-Dawley [64]

↓IL-6
↓IL-1β, TNF-α, NF-κB, iNOS, COX-2, p38MAPK,
TGF-β1
↓IL-1β, IL-6, TNF-α, NO, COX-2

↓IL-6, TNF-α, MDA, NO, COX-2, MAPK
↑SOD, GSH

↓TNF-α, NF-κB subunit p65
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Table 4. Cont.

Flavonoid Model Mechanisms

Genistein

In vitro: LPS-stimulated macrophages [57]

In vitro: homocysteine-induced endothelial cell
inflammation [65]
In vivo: cyclophosphamide - induced hepatotoxicity [66]
In vivo: LPS-induced microglial activation in murine
BV2 microglial cell line and primary microglial
culture [67]
In vivo: imiquimod- induced psoriasis-like lesions in
mice [68]
In vivo: DSS-induced murine colitis [69]

In vivo: NASH mouse model [70]
In vivo: chronic sleep deprivation [71]

In vitro: barrier function of intestinal epithelial
CaCo-2/TC-7 cells via TEER measurements [56]
In vivo: mouse model of periodontitis [72]

In vivo: high-fat high-fructose diet-induced NASH
rats [73]
In vitro: angiotensin II-stimulated CRP and MMP-9
expression in VSMC [74]

↓IL-6, TNF-α
PPAR-γ, PPAR-α
NF-κB subunit p65, IL-6, ICAM-1

↓IL-1β, COX-2, MPO

↓IL-1β, IL-6, COX-2, iNOS, TNF-α, NF-κB, MAPK

↓IL-1β, IL-6, IL-8, TNF-α, IL-17, IL-23, CCL2,
NF-κB, VEGFA
↓IL-1β, IL-18, TNF-α, MPO, NLRP3
inflammasome
↓IL-6, TNF-α,
↓IL-1β, IL-6, COX-2, iNOS, TNF-α, NF-κB p65
↑HO-1, Nrf2
↓sTNFR1, tyrosine phosphorylation

↓TNF-α, COX-2, Nos2, ICAM-1, MMP-2, MMP-9
↓TNF-α, NF-κB

↓p-ERK1/2, p-p38, NF-κB
↑PPAR-γ,

Rutin

In vivo: HMGB1-induced inflammation and
CLP-induced sepsis model [75]
In vivo: LPS-induced acute endotoxemic kidney injury
in C57BL/6 mice [76]
In vivo: NaF-induced neurotoxicity [77]
In vivo: HgCl2-induced nephrotoxicity [78]
In vivo: HgCl2-induced hepatotoxicity [79]

In vitro: PMA-induced neutrophil stimulation [80]

↓TLR 4, RAGE, p38 MAPK, VCAM-1, ICAM-1,
ERK1/2, NF-κB
↓TLR 4, COX-2, TNF-α, IL-6, SIRT1, NF-κB

↓IL-1β, IL-6, TNF-α
↓IL-1β, IL-33, TNF-α, NF-κB, Bcl-3
↓IL-1β, TNF-α, NF-κB, Bcl-3, Bcl-2, Bax, p53, p38
MAPK, caspase-3
↓NO, TNF-α, MPO

Taxifolin

In vitro: osteoclastogenesis [81]
In vivo: and ovariectomy-induced osteoporosis [81]
In vivo: osteolysis model [82]
In vitro: on IgE/Ag-stimulated mast cells including
BMMCs [83]
In vivo: acetaminophen-induced liver injury [84]

↓AKT, RANKL
↓TNF-α, IL-1β, NF-κB, MAPK, NFATc1, MMP-9,
cathepsin K, TRAP
↓MAPK, p38, ERK, JNK; RANKL, NF-κB
↓LTC4, IL-6, COX-2, TNF-α, NF-κB

↓ inhibiting metabolic activation mediated by
CYP450 enzymes

Considering all these pieces of evidence and the fact that several flavonoids were found in
G. tridentata, we selected some significative examples to discuss their anti-inflammatory potential,
and Table 4 summarizes the effect and mechanism of action of the selected flavonoids.

4.1. Biochanin A and Prunetin

Biochanin A 1h and prunetin 1d are isomeric natural isoflavones (Figure 3) produced by G. tridentata
not as the major components, but in small amounts, 4.8% (μg/g) for biochanin A 1h and 4.1% (μg/g)
for prunetin 1d [29]. Some derivatives are also reported, and in particular, the methyl derivative that
was not fully identified [29]; in fact, if there is no evidence of mass spectra fragments containing the
characteristic A ring fragment [8] or the compound was isolated [20], it is possible to confuse these
isomers. One fact is consistent—G. tridentata produced one or both.

Figure 3. Biochanin A 1h and prunetin 1d structures.
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As far as we could find, prunetin 1d was isolated for the first time in 1952 from Pterocarpus
angolensis DC. [85] and biochanin A 1h was isolated from Cicer arietinum L. in 1945 [86]. Although
these isoflavones’ natural occurrence seems to be similar, from the biological evaluation point of
view, biochanin A 1h has been extensively studied, and several health benefits were attributed to its
consumption as well as its possible use to develop new drugs [87,88], and anti-inflammatory activity is
among those biological properties.

In this century, several evaluations regarding the biochanin A 1h anti-inflammatory activity have
been performed (Table 4), and the first example is the study of Kalayciyan et al. [41], in which the
compound potential to treat the Behçet’s disease was established. The main anti-inflammatory effect
of the compound is to decrease the secretion of interleukin-8 (IL-8), a potent leukocyte chemotactic
factor known to induce inflammation [41]. More recently, it was also proved that biochanin A 1h

inhibits the IL-8 expression in lipopolysaccharides (LPS)-stimulated human vascular endothelial
cells in a dose-dependent manner [42], as well as in focal cerebral ischemia/reperfusion in rats [43].
The biochanin A 1h effects on other interleukins levels, such as IL-1β, IL-6, IL-10, and IL-18, were
evaluated in the last feew years, with IL-1β being the most studied one [44–54]. All these studies proved
the inhibitory effect that biochanin A 1h has on these inflammatory cytokines. However, the most
important aspect is the fact that some of the studies were performed in vivo [43,46,49–52], which is a
forward step to establish this compound pharmacological potential.

The inhibition of another important pro-inflammatory species, such as TNF-α, was also evaluated
by several authors [42–49,52–56], as well as the inhibiting pro-inflammatory enzymes [49,55] and
key phosphorylation steps [44,48,56,57]. All of these studies suggested that biochanin A 1h’s
anti-inflammatory effect occurs by suppressing the pathways NF-κB and MAPK [53,56–58], but is also
associated with the up-regulation of PPAR expression [43,45,53,54]. Prunetin 1d, a much less studied
compound, also presents potent in vitro [56,59,60] and in vivo [59] anti-inflammatory activity, and
apparently, its mechanism of action is also associated with the inhibition of the NF-κB pathway [59].

It should be highlighted that several of the studies mentioned above included the evaluation of
cytotoxic effects, and all demonstrated that both isoflavones do not affect the viability of the cells,
and in the subsequent tests the authors used noncytotoxic concentrations. From these studies, essential
facts arose—prunetin 1d should be subjected to more evaluations. Moreover, pharmacodynamic and
pharmacokinetic parameters of both isoflavones should be evaluated in order to implement some
clinical trials in the future.

4.2. Daidzein

Daidzein 1j (Figure 4) is a natural isoflavone with a significant occurrence, mainly in fruits and
nuts [89], which is the reason why humans are exposed to it and also to its health benefits [90]. In fact,
several pharmacological properties are attributed to this isoflavone [91], including anti-inflammatory
potential [10,91]. Although daidzein 1j occurrence in G. tridentata is rare, only one report on its
identification was reported (Table 2), we decided to include here the most recent works on its
anti-inflammatory activity, since its occurrence seems to be exclusively in the plant roots [8]. This fact
gives importance to that part of the plant, while importance usually is only given to the flowers and
aerial parts, which are the ones used traditionally.

Figure 4. Daidzein 1j structure.

The most recent studies involved in vivo studies with daidzein 1j—the reasons why are herein
highlighted. Due to its occurrence in common fruits [89], daidzein 1j is present in mankind’s diet, and it
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is a nontoxic compound [52]. These recent studies confirmed daidzein 1j’s strong anti-inflammatory
activity as well as settling on its mechanism of action (Table 4). Mainly, daidzein 1j strongly affects
various pathways, including NF-κB, p38MAPK, and TGF-β1. Regardless of this potential as an
anti-inflammatory drug, as far as we could find, daidzein 1j is not involved in clinical trials.

4.3. Genistein

Genistein 1e (Figure 5), like daidzein 1j, occurs naturally in everyday food, such as fruits and
nuts [89], and as far as we could find, it is non-toxic for humans [92], which was also recently
reinforced by Kumar et al. [93]. The pharmacological potential of genistein 1e is well documented [94];
more recently, an overview regarding their mechanism of action in cancer models was published [95],
and in some aspects, the anticancer and the anti-inflammatory activities are associated.

Figure 5. Genistein 1e structure.

Regarding the anti-inflammatory activity studies, it should be emphasized that, recently, there are
more in vivo studies, meaning that scientists are interested in giving this natural isoflavone new
medicinal applications. From the reported results, we select a few (Table 4) that demonstrategenistein
1e’s potential to become an anti-inflammatory drug.

It can be seen that like the isoflavones mentioned above, genistein 1e targets the same pathways,
with an emphasis on the upregulation of the PPARγ signaling pathway and downregulation of
the NF-κB signaling pathway, as well as the decrease in several inflammatory mediators (Table 4).
In light of the referred studies, genistein 1e is a candidate to be used in the prevention or treatment of
inflammation-related diseases. For example, it could be used to target microRNAs, which is considered
a therapeutic target for liver disease. In fact, the results show that the anti-inflammatory activity of
genistein 1e downregulated microRNA expression of liver inflammation [70] but also pro-inflammatory
cytokines species such as IL-1β and TNF-α [70,73]. Another interesting example is its ability to attenuate
NF-κB inflammatory signaling in the brain with consequent inhibition of pro-inflammatory cytokines
release, which gives genistein 1e the possibility to become a new drug able to relieve chronic sleep
deprivation’s adverse effects [71]. Furthermore, there is some evidence supporting that genistein 1e can,
through its anti-inflammatory activity, prevent cardiovascular diseases [74]. Altogether, these findings
suggest that genistein is a good candidate for future clinical trials.

4.4. Rutin

Rutin 3c (Figure 6) is amongst the most found flavonoids in G. tridentata (Table 3), for which
several biological and pharmacological properties have been established and reviewed through the
years [96–100]. Some more specific activities, such as antidiabetic effects [101], reestablishment of the
immune homeostasis [96,102], neuroprotective effects [98,103,104] and anticancer effects [98,99,105]
were also addressed. Furthermore, some toxicological studies were also performed [98,106] as well as
pharmacokinetic [98], bioavailability [99] and formulation development [100]. It should be emphasized
that the mentioned properties prompted some clinical trials using rutin 3c [107,108] and although the
results are not remarkable, they at least confirm that it is safe to use rutin 3c.
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Figure 6. Rutin 3c structure.

Obviously, rutin 3c‘s anti-inflammatory activity was also evaluated and several interesting
results were reported (Table 4). It is known that in general, flavonoids decrease the production of
pro-inflammatory interleukins, mainly IL-1β, IL-6, and IL-8, but also tumor necrosis factor α (TNF-α).
There is evidence that rutin 3c anti-inflammatory mechanism also involves the downregulation of these
pro-inflammatory species [76–80]. The results show that rutin 3c can also exert its anti-inflammatory
activity through other mechanisms (Table 4), from which can be highlighted the inhibition of the
HMGB1 signaling pathway through the downregulation of TLR4 and RAGE expressions [75] and
also the inhibition of the MPO activity [80]. The last one is an important example because it provides
evidence that rutin 3c can be a possible therapeutic agent for autoimmune diseases [80].

Collectively, the results demonstrate that rutin 3c attenuates inflammation through several
mechanisms and is a nontoxic compound, so clinical trials more focused on its anti-inflammatory
potential should be implemented. In this regard, Kalita and Das [109] studied the efficiency of a rutin
3c formulation to be used in the treatment of inflammations through the long-term delivery via the
skin. Their results, although preliminary, are sufficiently good to encourage future investigations.

4.5. Taxifolin

Our last example is taxifolin (Figure 2), which, as shown in the previous section, occurs in
G. tridentata, mainly linked to sugar moieties. Nevertheless, we specify here some interesting
studies due to the fact that in a living organism, it is possible to obtain the aglycone. The taxifolin
anti-inflammatory potential has been known, at least, since 1971 [110] and recently Sunil and Xu
published an interesting review on taxifolin’s health benefits [111]. Some important aspects arose from
this review: the first is the broad biological potential of taxifolin, mainly using in vitro evaluations,
but also that the anti-inflammatory and toxicological evaluations are still scarce. The few examples
(Table 4) suggest that its mechanism of action is similar to the one reported for the other flavonoids, that
is also mainly targets the NF-κB and MAPK pathways. Although, the anti-inflammatory assessments
are scarce, they suggest taxifolin’s potential to be a drug candidate for the treatment of inflammations,
suggesting that it should be further investigated.

5. Conclusions

This survey demonstrates beyond any doubt that G. tridantata is a source of bioactive metabolites,
some of which present interesting anti-inflammatory activities which, in turn, contribute to the extracts’
anti-inflammatory activity. Amongst our findings, the toxicological evaluations of both extracts and
pure compounds are important and contribute to establishing G. tridentata’s medicinal value as well as
the secondary metabolites’ pharmacological value. However, in our opinion, some efforts on the plant
taxonomy should be made to prevent confusion in the data reported. Moreover, we think that an extra
effort on clinical trials, mainly concerning the pure compounds used as drugs, should be performed.
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Abbreviations

AAA abdominal aortic aneurysm
ABTS 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
Ag antigen
AKT serine/threonine kinase
Bax Bcl-2 associated X protein
Bcl-2 B-cell lymphoma-2
Bcl-3 B-cell lymphoma-3
BMMCs bone marrow derived mast cells
caspase-3 cysteine aspartate specific protease-3
CCL2 chemokine ligand 2
CLP cecal ligation and puncture
CRP C-reactive protein
CXC α-chemokines
CYP450 Cytochrome P450
DPPH• 2,2-diphenyl-1-picrylhydrazyl radical
DSS dextran sulfate sodium
E-selection endothelial cells
ERK extracellular signal-regulated protein kinase
G. Genista
GalN D-galactosamine
GM-CSF granulocyte-macrophage colony-stimulating factor
GPx glutathione peroxidase
HMEC-1 human dermal microvascular endothelial cell-1
HMGB1 high mobility group box 1
HO-1 heme oxygenase-1
HUVEC human umbilical vein endothelial
ICAM-1 intercellular adhesion molecule-1
IFNγ interferon gamma
IgE immunoglobulin E
IKK IκB kinase
IL-10 interleukin-10
IL-12 interleukin-12
IL-18 interleukin-18
IL-1α interleukin-1α
IL-1β interleukin-1β
IL-2 interleukin-2
IL-6 interleukin-6
IL-8 interleukin-8
iNOS inducible nitric oxide synthase
JNK c-jun N-terminal kinase
LIX lipopolysaccharide-induced CXC chemokine
LPS lipopolysaccharides
LTC4 cysteinyl leukotriene 4
MAPK mitogen-activated protein kinases
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MCP-1 monocyte chemoattractant protein-1
MDA malondialdehyde
MIP-3α macrophage inflammatory protein 3 α

MMP matrix metalloproteinases
MPO myeloperoxidase
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MUC5AC mucin 5AC glycoprotein
MyD88 myeloid differentiation primary response 88
NASH nonalcoholic steatohepatitis
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NFATc1 nuclear factor-activated T cells c1
NLRP3 NRL pyrin domain containing 3
Nos2 nitric oxide synthase 2
Nrf2 nuclear factor erythroid 2
NRL nucleotide-binding, leucine-rich repeat containing proteins
PGE2 prostaglandin E2
PMA phorbol 12-myristate 13-acetate
PPAR-γ peroxisome proliferator-activated receptor gamma
Ptgs2 prostaglandin-endoperoxide synthase 2
RAGE receptor for advanced glycation end-products
RANKL receptor activator of nuclear factor-κB ligand
SIRT1 sirtuin 1
SOD superoxide dismutase
sTNFR1 soluble tumor necrosis factor receptor-1
TBARS thiobarbituric acid reactive substances
TEER transepithelial electrical resistance
TGF-β1 transforming growth factor β1
TLR 4 toll-like receptors 4
TNF-α tumor necrosis factor alpha
TRAP tartrate-resistant acid phospha- tase
TXNIP thioredoxin-interacting protein
VCAM-1 vascular cytoadhesion molecule-1
VEGF vascular endothelial growth factor
VEGFA vascular endothelial growth factor A
VSMC vascular smooth muscle cells
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Abstract: Background: The genus Stachys L. (Lamiaceae) includes about 300 species as annual
or perennial herbs or small shrubs, spread in temperate regions of Mediterranean, Asia, America
and southern Africa. Several species of this genus are extensively used in various traditional
medicines. They are consumed as herbal preparations for the treatment of stress, skin inflammations,
gastrointestinal disorders, asthma and genital tumors. Previous studies have investigated the chemical
constituents and the biological activities of these species. Thus, the present review compiles literature
data on ethnomedicine, phytochemistry, pharmacological activities, clinical studies and the toxicity of
genus Stachys. Methods: Comprehensive research of previously published literature was performed
for studies on the traditional uses, bioactive compounds and pharmacological properties of the genus
Stachys, using databases with different key search words. Results: This surey documented 60 Stachys
species and 10 subspecies for their phytochemical profiles, including 254 chemical compounds and
reported 19 species and 4 subspecies for their pharmacological properties. Furthermore, 25 species and
6 subspecies were found for their traditional uses. Conclusions: The present review highlights that
Stachys spp. consist an important source of bioactive phytochemicals and exemplifies the uncharted
territory of this genus for new research studies.

Keywords: Stachys L.; traditional uses; pharmacological activities; phytochemicals; bioactive compounds

1. Introduction

The genus Stachys L., a large member of the Lamiaceae family, comprises more than 300 species,
dispersing in temperate and tropical regions of Mediterranean, Asia, America and southern Africa [1–3].
Up to now, the most established and comprehensive classification of the genus is introduced by
Bhattacharjee (1980), categorizing into two subgenera Betonica L. and Stachys L. [2,3]. The subgenus
Stachys includes 19 sections, while the subgenus Betonica comprises 2 sections [1]. However, the two
subgenera present important botanical and phytochemical differences which differentiate them [1,4,5].

Stachys species grow as annual or perennial herbs or small shrubs with simple petiolate or sessile
leaves. The number of verticillate ranges from four to many-flowered, usually forming a terminal
spike-like inflorescence. Calyx tubes are tubular-campanulate, 5 or 10 veined, regular or weakly
bilabiate with five subequal teeth. Corolla has a narrow tube, 2-lipped; upper lip flat or hooded and
generally hairy, while the lower lip is 3-lopped and glabrous to hairy. The nutlets are oblong to ovoid,
rounded at apex [6].

The genus name derived from the Greek word «stachys (=στάχυς) », referring to the type of
the inflorescence which is characterized as “spike of corn” and resembles to the inflorescences of the
species of genus Triticum L. (Gramineae). In ancient times, the name “stachys” referred mainly to the
species Stachys germanica L. whose inflorescence is like an ear and is covered with off-white trichome [7].
The Latin name of the genus is trifarium (=tomentose) [8].
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Historically, Dioscorides mentioned the species S. germanica L. with the name “stachys” [9].
However, in late Byzantine era, ‘Nikolaos Myrepsos’ included some species of the genus Stachys
(S. germanica L., S. officinalis (L.) Travis, S. alopecuros (L.) Benth.) in his medical manuscript “Dynameron”.
Precisely, S. officinalis and S. alopecuros were probably included in 11 recipes, under the names vetoniki,
drosiovotanon, lauriole, kakambri, while S. germanica was added in 1 recipe referred as stachys [10].

Many species of the genus are extensively used in traditional medicine of several countries, having
various names. For instance, the species S. recta, known as yellow woundwort, is called as “erba
della paura” (=“herb that keeps away fear”) in Italy, attributing to the anxiolytic properties of its
herbal tea, while S. lavandulifolia Vahl is called as “Chaaye Koohi” in Iran [11–13]. In addition, herbal
preparations of Stachys spp. are widely consumed in folk medicine to treat a broad array of disorders
and diseases, including stress, skin inflammations, stomach disorders and genital tumors [3,14,15].
Specially, the herbal teas of these plants, known as “mountain tea”, are used for skin and stomach
disorders [12,16]. The latter common name could lead to a misinterpretation since the herbal remedies
of any Sideritis species are globally known with the same name.

In the international literature, Stachys species have been broadly studied through several
phytochemical and pharmacological investigations, justifying their ethnopharmacological uses.
Of special pharmacological interest are considered the anti-inflammatory, antioxidant, analgesic,
renoprotective, anxiolytic and antidepressant activity [3,17–19]. The range of the therapeutic properties
attributed to these species have been associated to their phytochemical content. Therefore, genus
Stachys has received much attention for the screening of its bioactive secondary metabolites from
different plant parts. In general, more than 200 compounds have been isolated from this genus,
belonging to the following important chemical groups; terpenes (e.g., triterpenes, diterpenes, iridoids),
polyphenols (e.g., flavone derivatives, phenylethanoid glycosides, lignans), phenolic acids and essential
oils [3,5,14,20–22].

Consequently, plants of genus Stachys are considered a great source of phytochemicals with
therapeutic and economic applications. Given the increasing demand for natural products, many Stachys
species have been cultivated for uses in traditional medicine, in food market, in cosmetic industry and
for ornamental reasons [21,22]. Despite the widely uses of the specific species and the large amount
of research studies, there has been no recent comprehensive review including all the latest data of
the specific genus and its contribution in medicine. Up to now, the available reviews are centered to
the phytochemical profile and biological activities of Stachys spp. in correlation to chemotaxonomy
approach [3,21–23]. Thus, this review summarizes the current state of knowledge on the traditional
uses, phytochemistry, pharmacological activities, clinical studies and toxicity of the genus Stachys L.

2. Materials and Methods

A comprehensive search on previous studies was conducted on scientific databases such as
PubMed, Scopus, Google scholar and Reaxys, including the years 1969–2020. The search terms
“Stachys”, “Stachys compounds”, “Stachys phytochemicals”, “Stachys pharmacological” and “Stachys
traditional uses” were used for data collection. Searches were performed for other potential studies
by manual screening references in the identified studies. In total, 161 publications describing the
traditional uses, bioactive compounds, pharmacological properties and the toxicity of the genus
Stachys were included, excluding articles focuses on taxonomy, botany and agronomy. The traditional
medicinal uses of Stachys species were reported in Table 1, while the isolated specialized products were
categorized by species in Tables 2–15, with the attempt of the discrimination between publications
describing metabolites′ isolation (including NMR data) or identification/screening (by means of HPLC,
LC-MS, etc.). The chemical structures of the bioactive compounds were showed in Tables 16–29.
The reported biological activities of extracts/compounds of the last five years were mentioned by
Stachys species in Table 30. The general characteristics of the analyzed studies in the current review
are showed in Table 31. According to recent publications which support the division of the genus
Stachys based on Bhattacharjee (1980), the classification in the present review is formed on this latter
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study. The species name and their synonyms are quoted as reporting in databases “Plant list” or
“Euro +Med” or “IPNI” [24–26].

3. Traditional Medicinal Uses of Genus Stachys

Several Stachys spp. have been used in various ethnomedicines for thousands of years. A plethora
studies mentioned their diverse traditional medicinal uses. In the current review, a detailed description
of the available data of the traditional uses of Stachys spp. is shown in Table 1, reporting 25 species and
6 subspecies of this genus. A careful overview of the specific table reveals that the ethnomedicinal
use of Stachys spp. is particularly in the area covering of Mediterannean to Iran. Most of the species
are consumed as herbal teas for the treatment of infections, common cold, gastrointestinal disorders,
inflammation, skin disorders/wounds, asthma and anxiety.

The species S. affinis is widely used in Chinese traditional medicine for several uses such as common
cold, heart disease, pain relief, antioxidant activity, ischemic brain injury, dementia and gastrointestinal
related diseases [27–30]. Another species applied in Chinese folk medicine is S. geobombycis, known as
DongChongXiaCao, which is recommended as tonic and interestingly, this species is also used in
Europe and Japan [22].

In Iran, several species are applied as traditional therapeutic agents in various conditions, including
S. acerosa [31], S. fruticulosa [32], S. byzantina (known in Farsi as “lamb’s ear” or “lamb’s tongue” or “sonbolehe
noghrehi” or “zabanehe bare”) [33–35], S. inflata (local names; ′′poulk′′ or “Ghol-e-Argavan”) [31,36,37],
S. lavandulifolia (known as “Chaaye Koohi”) [12,13,31,38–44], S. pilifera [31,45], S. schtschegleevii [32,34,46],
S. sylvatica [47] and S. turcomanica [34]. Of considerable interest, S. sylvatica (common name “hedge
woundwort”) is recommended for the treatment of women with polycystic ovary syndrome (PCOS) [47].

Furthermore, in Turkish folk medicine, the species S. cretica subsp. anatolica, S. cretica subsp.
mersinaea, S. iberica subsp. georgica, S. iberica subsp. stenostachya, S. kurdica, S. lavandulifolia and S. obliqua
are used mainly to treat colds, cough, stomach ache and as antipyretic agents, while S. sylvatica is
applied in cardiac disorders [22,48–50].

In Italy, the infusions of the leaves of S. annua and S. recta are used to wash the face to
reveal headache [51], whereas the aerial parts of the subspecies S. annua subsp. annua, known as
“stregona annual” or “erba strega”, are consumed as anti-catarrhal, febrifuge, tonic and vulnerary [52].
The decoction of the aerial parts of S. recta is also consumed as purative and for bad luck/spirit [53,54].
Interestingly, S. annua and S. arvensis, as well as the subspecies S. recta subsp. recta are applied against
evil eye [11,51,52,55]. Moreover, in an area of central Italy, the species S. officinalis is used as oily extract
to treat wounds and to dye wood yellow [29,54]. To be mentioned that S. recta is listed in the European
Pharmacopeia, as well as S. officnalis is mentioned in Anthroposophic Pharmaceutical Codex (APC) [22].
However, Gören (2011) reported that some species (e.g., S. annua, S. recta and S. sylvatica) have been
mentioned to be poisonous [22].

In North Greece, the infusion and decoction of S. iva are consumed against common cold and
gastrointestinal disorders [56]. In addition, Fazio et al. (1994) reported different formulations of the
Greek species S. mucronata applied in Greek tradition medicine. Precisely, the decoction of this species
is consumed as an antirheumatic and antineuralgic agent, as well as the juice of fresh leaves is applied
in wounds and ulcers. Moreover, the infusion of fresh leaves has antidiarrhoic effect, while the infusion
of roots is purgative [57].

In addition to traditional medicinal uses, some species of genus Stachys are also consumed as edible
plants, vegetables and food additives like the tubers of S. affinis (known as Chinese artichoke/chorogi;
China/Japan) in China and Japan [22,27], the aerial parts of S. lavandulifolia in Iran [31], or the S. palustris
in Poland [22,58]. The latter species is also included in the diet in Sweden, Ukraine and Great Britain [22].
Moreover, the dried powder of S. palustris is used as an additive for bread in Europe, thus it is known
as “mayday flour” [22].
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The infusion of the aerial parts of Stachys sp. LAM is used as traditional remedy for colic, gases
and swollen stomach in Peru [22,59]. It is noteworthy to mention that a few species have been used in
veterinary such as S. germanica and S. officinalis [30,54].
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4. Chemical Composition

Various non-volatile chemical constituents have been reported from different species of
genus Stachys, categorizing into important chemical groups including fatty acids, alkaloids
(e.g., stachydrine, turiaine), triterpenes, phytosterols, phytoecdysteroids, diterpenes, iridoids,
flavonoids, phenylpropanoid glucosides, acetophenones, phenylethanoid glycosides, lignans, phenolic
acids, megastigmanes and polysaccharides [3,20,21,23,67]. The present survey was focused on
all the above groups, excluded fatty acids and alkaloids due to the limited available studies.
This section summarizes the phytochemicals from the genus Stachys which are mainly responsible
for its pharmacological benefits, presented in Tables 2–15. To be mentioned that large number of
phytochemicals were mainly discovered from the aerial parts, leaves and a few were found in stems
and roots.
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Table 3. Poly-methylated flavonoids from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Ambleia

S. aegyptiaca Pers.

Aerial parts

Xanthomicrol (69), Sideritiflavone (70),
5-Hydroxy-6,7,8,3′,4′-pentamethoxyflavone (75),

5,4′-Dihydroxy - 6,7,8,3′-tetramethoxyflavone (76),
5,3′,4′-Trihydroxy-3,6,7,8-tetramethoxyflavone (82),

Calycopterin (83), Chrysosplenetin (84),
5-Hydroxy-3,6,7,8,4′- pentamethoxyflavone (88),

5,4′-Dihydroxy -3,6,7,8,3′- pentamethoxyflavone (89)

[68]

Aerial parts 5,7,3′-Trihydroxy-6,4′-dimethoxyflavone (67),
5,7,3′-Trihydroxy-6,8,4′-trimethoxyflavone (68) [70]

Aerial parts

Xanthomicrol (69), Eupatilin-7-methyl ether (73),
Calycopterin (83), 5-Hydroxy-3,6,7,4′-tetramethoxy

flavone (85), 5,8-Dihydroxy-3,6,7,4′-tetramethoxy flavone
(86), 5-Hydroxy-auranetin (88), 4′-Hydroxy-3,5,7,3′-

tetramethoxy flavone (90)

[106]

S. schtschegleevii Sosn.
ex Grossh. Stems Cirsimaritin (66), Xanthomicrol (69) [74]

Section Aucheriana

S. glutinosa L. Xanthomicrol (69), Sideritiflavone (70),
8-Methoxycirsilineol (71), Eupatilin (72a) [107]

Section Candida

S. candida Bory &
Chaubard Aerial parts Xanthomicrol (69), Calycopterin (83) [77,78]

S. chrysantha Boiss. and
Heldr. Aerial parts Xanthomicrol (69), Calycopterin (83) [77]

Section Swainsoniana

S. swainsonii Benth.
subsp. swainsonii Aerial parts Eupatorin (72), Penduletin (81), 5-Hydroxyauranetin (88) [102]

S. swainsonii subsp.
argolica (Boiss.) Phitos

and Damboldt
Aerial parts Xanthomicrol (69), Eupatorin (72),

Salvigenin (74) [102]

S. swainsonii subsp.
melangavica D. Persson Aerial parts Eupatorin (72), 5-Hydroxyauranetin (88) [102]

S. swainsonii subsp.
scyronica (Boiss.) Phitos

and Damboldt
Aerial parts Eupatorin (72), Penduletin (81), 5-Hydroxyauranetin (88) [102]

S. ionica Halácsy Aerial parts Xanthomicrol (69), Salvigenin (74), Chrysosplenetin (84),
5-Hydroxy-3,6,7,4′-tetramethoxyflavone (85), Casticin (87) [20]

S. lavandulifolia Vahl. Aerial parts

Velutin (Luteolin 7,3′-dimethyl ether) (65), Viscosine
(5,7,4′-trihydroxy-3,6-dimethoxyflavone (78),

Kumatakenin (Kaempferol 3,7-dimethyl ether) (79),
Pachypodol (Quercetin 3,7,3′-trimethyl ether) (80),

Penduletin (81), Chrysosplenetin (84),

[13]

Subgenus Betonica

Section Betonica

S. officinalis (L.) Trevis =
(Betonica officinalis L.) 5,4′-Dyhydroxy-7,3′,5′-trimethoxyflavone (77) [20]
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Table 4. Flavonols from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Eriostomum

S. cretica subsp. smyrnaea Rech. f. Aerial parts # Kaempferol (91) [81]

Section Olisia

S. tetragona Boiss. & Hayek Aerial parts Kaempferol (91) [100]

Section Swainsoniana

S. swainsonii Benth. subsp. swainsonii Aerial parts Isorhamnetin (92) [99]

S. swainsonii subsp. argolica (Boiss.)
Phitos and Damboldt Aerial parts Isorhamnetin (92) [99]

Section Stachys

S. palustris L. Leaves # Quercetin-3-O-rutinoside (93),
Isorhamnetin-3-O-rutinoside (94) [5]

# identified compounds by means of HPLC, LC-MS, etc.

Table 5. Flavanones from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Ambleia

S. aegyptiaca Pers. Aerial parts Naringenin (96) [69]

Section Eriostomum

S. cretica subsp. smyrnaea Rech. f. Aerial parts # Hesperidin (97) [81]

Section Swainsoniana

S. swainsonii Benth. subsp. swainsonii Aerial parts Eriodictyol (95) [102]

S. swainsonii subsp. argolica (Boiss.) Phitos and Damboldt Aerial parts Eriodictyol (95) [102]

S. swainsonii subsp. melangavica D. Persson Aerial parts Eriodictyol (95) [102]

S. swainsonii subsp. scyronica (Boiss.) Phitos and Damboldt Aerial parts Eriodictyol (95) [102]

Table 6. Biflavonoid from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Ambleia

S. aegyptiaca Pers. Aerial Parts Diapigenin-7-O-(6′′-trans,6′′-cis-p,
p′-dihydroxy-μ-truxinyl)glucoside (stachysetin) (98) [69]

Section Eriostomum

S. lanata Crantz.
(=S. germanica L. subsp.

germanica)
Aerial parts Stachysetin (98) [82]

Section Candida

S. iva Griseb. Flowering
aerial parts Stachysetin (98) [56]
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Table 7. Phenolic derivatives from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Candida

S. candida Bory & Chaubard Aerial parts Chlorogenic acid (103) [78]

S. iva Griseb Flowering aerial parts Chlorogenic acid (103) [56]

Section Eriostomum

S. cretica subsp. smyrnaea Rech. f. Aerial parts # Chlorogenic acid (103) [81]

S. cretica subsp. vacillans Rech. f. Aerial parts #
Vanillic acid (100),
Syringic acid (101),

Chlorogenic acid (103)
[105]

S. cretica subsp. mersinaea (Boiss.) Rech. f. Aerial parts # Chlorogenic acid (103) [108]

S. lanata Crantz. (=S. germanica L. subsp. germanica) Roots Chlorogenic acid (103) [82]

S. tmolea Boiss Aerial parts # 4-Hydroxybenzoic acid (99),
Chlorogenic acid (103) [85]

S. thirkei K. Koch Aerial parts # Chlorogenic acid (103) [84]

S. germanica L. subsp. salviifolia (Ten.) Gams. Aerial parts Arbutin (107) [109]

Section Olisia

S. atherocalyx C. Koch.
Neochlorogenic acid (105),

p-Coumaric acid (106),
Caffeic acid (108)

[110]

S. recta L. Aerial parts #
1-Caffeoylquinic acid (102),

Chlorogenic acid (103),
4-Caffeoylquinic acid (104)

[14]

Section Stachys

S. palustris L.

1-Caffeoylquinic acid (102),
Chlorogenic acid (103),

4-Caffeoylquinic acid (104),
Caffeic acid (108)

[104]

Cryptochlorogenic acid (104),
Neochlorogenic acid (105) [23]

Subgenus Betonica

Section Betonica

S. officinalis L. (=Betonica officinalis L.) Leaves # Chlorogenic acid (103) [111]
# identified compounds by means of HPLC, LC-MS, etc.

Table 8. Acetophenone glycosides from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Eriostomum

S. lanata Crantz. (=S. germanica L.
subsp. germanica) Roots Androsin (109), Neolloydosin (110),

Glucoacetosyringone (111) [82]

Table 9. Lignans from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Stachys

S. mialhesii Noé Aerial Parts (+) -Sesamin (112), (+) -Paulownin (113) [103]

Section Olisia

S. tetragona Boiss. & Heldr. Aerial parts (7S-8R)-Urolignoside (114) [100]
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Table 11. Phenylpropanoid glucosides from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Eriostomum

S. lanata Crantz. (=S. germanica L. subsp. germanica) Roots Coniferin (144), Syringin (145) [82]

Table 12. Iridoids from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Ambleia

S. inflata Benth. Ajugol (146), Ajugoside (147), [121]

Section Aucheriana

S. glutinosa L. Aerial parts

Harpagide (148),
Acetylharpagide (150), Monomelittoside (165),

Melittoside (166),
Allobetonicoside (161),

5-Allosyloxy-aucubin (167)

[122]

Section Campanistrum

S. ocymastrum (L.) Briq.
(=S. hirta L.) Leaves

6β-Acetoxyipolamiide (172),
6β-Hydroxyipolamiide (173), Ipolamiide (174),

Ipolamiidoside (175), Lamiide (176)
[123]

Section Candida

S. iva Griseb. Flowering Aerial
parts

Harpagide (148),
8-Acetylharpagide (150),
8-Epi-loganic acid (157),

Gardoside (160),
8-Epi-loganin (159),

Monomelittoside (165),
Melittoside (166)

[56]

Section Corsica

S. corsica Pers. Harpagide (148),
Acetylharpagide (150) [79]

Section Eriostomum

S. alpina L. Stems, Leaves #
Ajugoside (147),

Harpagide (148), Acetylharpagide (150),
Harpagoside (154), Aucubin (164), Catalpol (163)

[124]

S. balansae Boiss. & Kotschy Ajugol (146), Ajugoside (147) [125]

S. germanica L.

Harpagide (148) [125]

Leaf,
Inflorescence #

Ajugoside (147),
Harpagide (148), Acetylharpagide (150),

Harpagoside (154), Aucubin (164), Catalpol (163)
[124]

S. spectabilis Choisy ex DC. Ajugol (146), Ajugoside (147), Harpagide (148) [125]

S. byzantina K. Koch. Aerial parts #

Ajugoside (147),
Harpagide (148), Acetylharpagide (150),

Harpagoside (154), Catalpol (163),
Aucubin (164)

[124]
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Table 12. Cont.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Eriostomum

S. germanica L. subsp. salviifolia
(Zen.) Gams

Flowering Aerial
parts Harpagide (148) [86]

Aerial parts

Ajugol (146),
Harpagide (148),

7-Hydroxyharpagide (149),
5-Allosyloxy-aucubin (167)

[109]

S. lanata Crantz. (=S. germanica
L. subsp. germanica)

Roots Stachysosides E (168), G (170), H (171) [82]

Aerial parts Stachysosides E (168), F (169) [82]

S. tymphaea Hausskn.
(=S. germanica subsp. tymphaea
(Hausskn.) R. Bhattacharjee)

Aerial parts Harpagide (148) [86]

Section Olisia

S. angustifolia M. Bieb. Ajugoside (147), Acetylharpagide (150),
Harpagide (148), Melittoside (166) [92]

S. annua (L.) L.
Ajugoside (147),

Acetylharpagide (150),
Melittoside (166)

[92]

S. atherocalyx C. Koch.
Ajugol (146), Harpagide (148), Acetylharpagide

(150),
Melittoside (166)

[92,
125]

S. beckeana Dörfl. & Hayek
Harpagide (148), Ajugol (146), Acetylharpagide

(150),
Melittoside (166)

[92]

S. iberica M. Bieb. Ajugol (146), Ajugoside (147), Harpagide (148),
Acetylharpagide (150) [121]

S. recta L.

Ajugol (146), Harpagide (148),
Acetylharpagide (150), Melittoside (166) [92]

Leaves 8-Acetylharpagide (150), Melittoside# (166) [14]

Aerial parts #

Ajugoside (147), Harpagide (148),
Acetylharpagide (150),

Harpagoside (154), Catalpol (163),
Aucubin (164)

[124]

S. baldaccii (Maly) Hand-Mazz
(=S. recta L. subsp. baldaccii (K.

Maly) Hayek)

Ajugol (146), Ajugoside (147), Harpagide (148),
Acetylharpagide (150), Melittoside (166) [92]

S. subcrenata Vis.
(=S. recta subsp. subcrenata)

Ajugol (146), Harpagide (148),
Acetylharpagide (150), Melittoside (166) [92]

S. labiosa Bertol. Ajugol (146), Harpagide (148), Acetylharpagide
(150), Melittoside (166) [92]

S. leucoglossa Griseb. Ajugol (146), Harpagide (148), Acetylharpagide
(150), Melittoside (166) [92]

S. spinosa L. Aerial parts Ajugol (146), Harpagide (148),
7-O-Acetyl-8-epi-loganic acid (158) [98]

S. tetragona Boiss. & Heldr. Ajugol (146), Ajugoside (147), Harpagide (148),
Acetylharpagide (150), Melittoside (166) [92]

Aerial parts 8-Acetyl-harpagide (150),
5-O-Allopyranosyl-monomelittoside (167) [100]
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Table 12. Cont.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Stachys

S. affinis Bunge
(= S. sieboldii Miq.) Tubers Harpagide (148), Acetylharpagide (150),

Melittoside (166), 5-Allosyloxy-aucubin (167) [27]

S. palustris L. Aerial parts #
Ajugoside (147), Harpagide (148),

Acetylharpagide (150),
Harpagoside (154), Catalpol (163), Aucubin (164)

[124]

S. sylvatica L. Aerial parts #

Ajugoside (147), Harpagide (148),
Acetylharpagide (150),

Harpagoside (154), Catalpol (163),
Aucubin (164)

[124]

Section Swainsoniana

S. anisochila Vis. & Pancic Acetylharpagide (150),
Melittoside (166) [92]

S. ionica Halácsy 8-epi-loganic acid (157),
Gardoside (160) [20]

S. menthifolia Vis.
(= S. grandiflora Host.)

Ajugol (146), Harpagide (148),
Acetylharpagide (150),

Melittoside (166)
[92]

Aerial parts #
Ajugoside (147) Harpagide (148),

Acetylharpagide (150),
Harpagoside (154), Catalpol (163), Aucubin (164)

[124]

Section Zietenia

S. lavandulifolia Vahl.
Ajugol (146), Ajugoside (147) [125]

Aerial parts Melittoside (166), Monomelittoside (165),
5-O-Allopyranosyl-monomelittoside (167) [12]

Subgenus Betonica

Section Betonica

S. alopecuros (L.) Benth subsp.
divulsa (Ten.) Grande

Flowering
aerial parts

Harpagide (148), Acetylharpagide (150),
4′-O-β-D-galactopyranosyl-teuhircoside (162) [119]

S. foliosa Rupr. (=S. betoniciflora
Rupr.; Betonica foliosa Rupr.) Harpagide (148), Acetylharpagide (150) [126]

S. betonicaeflora Rupr. Harpagide (148), Acetylharpagide (150) [126]

S. macrantha (C. Koch.) Stearn
(=Betonica grandiflora Steph.

ex Willd.)
Aerial parts

Ajugol (146),
Ajugoside (147),
Harpagide (148),

8-O-Acetyl-harpagide (150),
Reptoside (153),

Macranthoside [=8-O-
(3,4-dimethoxy-cinnamoyl-harpagide)] (156),

Allobetonicoside (161)

[117]

S. officinalis (L.) Trevis.
(=Betonica officinalis L.)

Aerial parts

Acetylharpagide (150),
Reptoside (153),

6-O-Acetylmioporoside (155),
Allobetonicoside (161)

[127]

Harpagide (148), Acetylharpagide (150) [128]

Aerial parts #
Ajugoside (147), Harpagide (148),

Acetylharpagide (150),
Harpagoside (154), Catalpol (163), Aucubin (164)

[124]
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Table 12. Cont.

Species Plant Parts Compound Ref

Unknown Section

S. grandidentata Lindl. ** Aerial parts

Ajugol (146), Harpagide (148),
Acetylharpagide (150), 5-Desoxy-harpagide (151),

5-Desoxy-8-acetyl-harpagide (152),
Monomelittoside (165),

Melittoside (166)

[129]

# identified compounds#identified compounds by means of HPLC, LC-MS, etc; ** endemic species of Chile.

Table 13. Diterpenes from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Ambleia

S. aegyptiaca Pers.

Stachysolone (177),
11a,18-Dihydroxy-ent-kaur-16-ene (210) [130]

Aerial parts Stachysperoxide (189), Stachysolone (177),
7,13-Diacetyl-stachysolone (180) [131]

Aerial parts

Stachaegyptin A-C (190–192),
Roseostachenone (184),

Stachysolone (177),
7,13-Diacetyl-stachysolone (180)

[106]

Aerial parts Stachaegyptins D, E (193, 194) [132]

Aerial parts Stachaegyptins A (190), F-H (195–197),
Stachysperoxide (189) [133]

S. inflata Benth. Annuanone (181), Stachylone (182),
Stachone (183) [134]

Section Aucheriana

S. glutinosa L. Aerial parts Roseostachenone (184),
3α,4α-Epoxyroseostachenol (188) [107]

Section Eriostomum

S. balansae Boiss. & Kotschy Annuanone (181), Stachylone (182) [134]

S. lanata Crantz. (=S. germanica
L. subsp. germanica)

Ent-3α-acetoxy-kaur-16-en-19-oic acid (207),
Ent-3α,19-dihydroxy-kaur-16-ene (208),

Ent-3α-hydroxy-kaur-16-en-19-oic
acid (209)

[135]

Section Mucronata

S. mucronata Sieb. Aerial parts
Ribenone [=3β-hydroxy-13-epi-ent-manoyl

oxide] (198), Ribenol
[=3-keto-13-epi-ent-manoyl oxide] (199)

[57]

Section Olisia

S. annua (L.) L.
Stachysolone (177) [136,137]

Annuanone (181), Stachylone (182),
Stachone (183) [138]
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Table 13. Cont.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Olisia

S. atherocalyx C. Koch.
Annuanone (181),
Stachylone (182),
Stachone (183)

[134]

S. distans Benth Aerial parts (+)-6-Deoxyandalusol (201) [139]

S. iberica M. Bieb.
Annuanone (181),
Stachylone (182),
Stachone (183)

[134]

S. recta L. Aerial parts
7,13-Diacetate stachysolone (180),

7-Acetate stachysolone (178),
13-Acetate stachysolone (179)

[140]

Section Roseostachys

S. rosea Boiss. Aerial parts
Roseostachenone (184),

Roseostachone (185), 13-epi-sclareol (200),
Roseostachenol (186), Roseotetrol (187)

[141]

Section Stachys

S. mialhesii Noé Aerial parts Horminone (211) [103]

S. palustris L. Annuanone (181) [134]

S. sylvatica L.

Stachysic acid (204) [142]

Annuanone (181),
Stachylone (182),
Stachone (183)

[134]

Stachysic acid (204),
6β-Hydroxy-ent-kaur-16-ene (205),

6β,18-Dihydroxy-ent-kaur-16-ene (206)
[142]

Betolide (214) [143]

Section Swainsoniana

S. ionica Halácsy Aerial parts (+)-6-Deoxyandalusol (201) [139]

S. plumosa Griseb. Aerial parts
(+)-6-Deoxyandalusol (201),

13-Epi-jabugodiol (202),
(+)-Plumosol (203)

[144]

Section Zietenia

S. lavandulifolia Vahl. Aerial parts Stachysolone (177) [116]

Subgenus Betonica

Section Betonica

S. officinalis (L.) Trevis.
(=Betonica officinalis L.)

Betolide (214) [145]

Betonicolide (215),
Betonicosides A-D (216–219) [145]

Roots Betolide (214) [143]

S. scardica (Griseb.) Hayek
(=Betonica scardica Griseb.) Roots Betolide (214) [143]

Former Stachys species

S. parviflora Benth.
(=Phlomidoschema parviflorum

(Benth.) Vved.)
Whole plant Stachyrosane 1 (212)

Stachyrosane 2 (213) [133]
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Table 14. Triterpene derivatives, Phytosterols and Phytoecdysteroids from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Eriostomum

S. byzantina K. Koch
Aerial parts Stigmasterol (220), [17]

β-Sitosterol (221), Lawsaritol (223),
Stigmastan-3,5-dien-7-one (224) [35]

S. hissarica Regel -

20-Hydroxyecdysone (239), Polipodin B (240),
Integristeron A (241),

2-Desoxy-20-hydroxyecdysone (242),
2-Desoxyecdyson (243)

[67]

Section Olisia

S. annua (L.) L. Aerial parts β-Sitosterol (221), Ursolic acid (226) [95]

S. spinosa L. Aerial parts
Stigmasterol (220),

β-Sitosterol (221), Oleanolic acid (227),
12α-Hydroxy-oleanolic lactone (228)

[99]

S. tetragona Boiss. & Heldr. Aerial parts
Stigmasterol (220),
β-Sitosterol (221),

Oleanolic acid (227),
[100]

Section Stachys

S. palustris L. β-Sitosterol (221),
α-amyrin (225) [146]

S. riederi Cham. Whole plant Stachyssaponins I-VIII (231–238) [147]

Subgenus Betonica

Section Betonica

S. alopecuros (L.) Benth subsp.
divulsa (Ten.) Grande

Flowering
aerial parts 3-O-β-Sitosterol-glucoside (222) [119]

Former Stachys species

S. parviflora Benth.
(=Phlomidoschema parviflorum

(Benth.) Vved.)
Aerial parts Stachyssaponin A (229),

Stachyssaponin B (230) [63]

Table 15. Megastigmane derivatives from Stachys spp.

Species Plant Parts Compound Ref

Subgenus Stachys

Section Eriostomum

S. byzantina K. Koch. Aerial parts

Byzantionoside A (244),
Byzantionoside B (245), Icariside B2 (246),

(6R, 9R)- and (6R, 9S)-3-oxo-α-ionol
glucosides (247), Blumeol C glucoside (248)

[148]

S. lanata Crantz (=S. germanica
L. subsp. germanica)

Aerial parts Vomifoliol (249), Dehydrovomifoliol (250) [82]

Roots Citroside A (251) [82]

4.1. Flavonoids

The genus Stachys consists a rich source of flavonoids. Accumulating studies have reported
the several types of flavonoids occurring in Stachys spp., including flavones (Tables 2 and 16),
poly-methylated flavones (Tables 3 and 17), flavonols (Tables 4 and 18), flavanones (Tables 5 and 19)
and one biflavonoid (Tables 6 and 20).

Regarding the flavone derivatives (Tables 2 and 16), 18 flavone 7-O-acetylallosylglucosides were
mentioned in the most species of subgenus Stachys (31 species). The flavone 7-O-glucosides were
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also found in many species through the two subgenera. Marin et al. (2004) reported that tricetin
3′,4′,5′-trimethyl-7-O-glucoside (62) consists a chemotaxonomic marker for the subgenus Betonica [5].
Precisely, selgin 7-O-glucoside (59), tricin 7-O-glucoside (61) and tricetin 3′,4′,5′-trimethyl-7-O-
glucoside (62) were identified from the leaves of three species of the latter subgenus; S. alopecuros
(section Betonica), S. officinalis (section Betonica) and S. scardica (section Macrostachya) [5]. Furthermore,
derivatives of apigenin p-coumaroyl glucosides and chrysoeriol p-coumaroyl glucosides were reported
in Stachys species, though some p-coumaroyl glucosides (not determined) were also identified [5,75].
To be mentioned that chrysoeriol 7-O-glucoside (43), chrysoeriol p-coumaroyl glucosides (46,47) and
chrysoeriol 7-O-[6′′′-O-acetyl-allosyl]-(1→2)-glucoside (stachyspinoside) (44) were mainly isolated
from wild Greek taxa of the subgenus Stachys [3,77,98,99,102], apart from the Greek species S.
ionica [20], S. tetragona [100] and the cultivated species S. iva [56]. Nazemiyeh et al. (2006)
investigated the phytochemical profile of the stems of S. schtschegleevii, reporting four flavonoids,
among them were also two p-coumaroyl derivatives of apigenin and chrysoeriol [74]. Moreover, flavone
7-O-mannosylglucosides were reported from the two species S. atherocalyx (section Eriostomum) and
S. spectabilis (section Olisia) [72,89,90]. Few flavone C-glucosides were mentioned in the species S.
aegyptiaca (subg. Stachys; sect. Ambleia), S. officinalis (subg. Betonica; sect. Betonica), and S. scardica (subg.
Betonica; sect. Macrostachya) [5,68,104]. Zinchenko (1973) reported the existence of two derivatives
of methoxybaicalein, namely palustrin (63) and palustrinoside (64), from the species S. palustris of
subgenus Stachys (section Stachys) [104]. Notably, the subterranean organs of S. annua were investigated
and the isolation of two flavone derivatives was reported, namely 4′-O-methyl-isoscutellarein (12) and
4′-O-methyl-isoscutellarein-7-O-(6′′′-O-acetyl)allopyranosyl-(1→2)-glucopyranoside (21) [95].

Furthermore, our survey revealed the presence of poly-methylated flavones in the genus Stachys
(Tables 3 and 17). Precisely, six species and four subspecies from subgenus Stachys, as well as one
species from subgenus Betonica, are found to contain poly-methylated flavones. The most common
representative was xanthomicrol (69) which was mentioned in seven Stachys species and subspecies
of different sections from the subgenus Stachys [20,68,74,77,78,102,107]. In the stems of the species
S. schtschegleevii, apart from xanthomicrol (69), was also found circimaritin (66) [74].

A few studies mentioned the existence of flavonols in Stachys spp. (Tables 4 and 18), mainly
in species occurred in Greece. Afouxenidi and colleagues (2018) isolated kaempferol (91) from the
n-butanol residue of the aerial parts of S. tetragona [100], which was also identified in the aerial
parts of S. cretica subsp. smyrnaea [81]. Moreover, isorhamnetin (92) was isolated from the methanol
extract of the aerial parts of S. swainsonii subsp. swainsonii and S. swainsonii subsp. argolica [102].
A study conducted by Marin et al. (2004) identified the presence of quercetin 3-O-rutinoside (93) and
isorhamnetin 3-O-glucoside (94) from the aerial parts of S. palustris [5].

In addition, three flavanones were isolated from three species of the genus Stachys (Tables 5 and 19).
Eriodictyol (95) was mentioned in S. cretica [108] and in one subspecies of S. swainsonii [102],
while naringenin (96) was isolated from the aerial parts of the species S. aegyptiaca [104]. A flavanone
rutinoside, known as hesperidin (97), was identified as one of the major compounds of the aerial parts
of S. cretica subsp. smyrnaea [81].

Of great interest is the isolation of a rare diflavone ester of μ-truxinic acid, namely stachysetin (98).
It is well-known that diglycoside flavone esters of dicarboxylic acids are rare compounds in plant
kingdom. Stachysetin was firstly isolated from the ethanol extract (70% v/v) of the aerial parts of
S. aegyptiaca [69]. Then, Murata and co-workers (2008) reported it in the methanol residue (80% v/v) of
the aerial parts of S. lanata [82]. In a current study carried out by Pritsas et al. (2020), stachysetin was
isolated from the methanol: aqueous (5:1) extract from the flowering aerial parts of the cultivated S. iva
(Tables 6 and 20) [56]. Up to now, there is no report of this secondary metabolite in the species of the
subgenus Betonica. The presence of this rare natural compound in the sections Ambleia, Eriostomum
and Candida of the subgenus Stachys might be considered as a chemotaxonomic marker among the
two subgenera and of the genus Stachys.
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Table 17. Chemical structures of poly-methylated flavonoids from Stachys spp.

Name R1 R2 R3 R4 R5 R6 R7

R=OH

Velutin (luteolin 7,3′-dimethyl ether) (65) H H OCH3 H OCH3 OH H
Cirsimaritin (66) H OCH3 OCH3 H H OH H

5,7,3′-Trihydroxy-6,4′-dimethoxyflavone (67) H OCH3 OH H OH OCH3 H
5,7,3′-Trihydroxy-6,8,4′-trimethoxyflavone (68) H OCH3 OH OCH3 OH OCH3 H

Xanthomicrol (69) H OCH3 OCH3 OCH3 H OH H
Sideritiflavone (70) H OCH3 OCH3 OCH3 OH OH H

8-Methoxycirsilineol (71) H OCH3 OCH3 OCH3 OCH3 OH H
Eupatorin (72) H OCH3 OCH3 H OH OCH3 H
Eupatilin (72a) H OCH3 OH H OCH3 OCH3 H

Eupatilin-7-methyl ether (73) H OCH3 OCH3 H OCH3 OCH3 H
Salvigenin (74) H OCH3 OCH3 H H OCH3 H

5-Hydroxy-6,7,8,3′,4′-pentamethoxyflavone (75) H OCH3 OCH3 OCH3 OCH3 OCH3 H
5, 4′-Dihydroxy - 6,7,8,3′-tetramethoxyflavone (76) H OCH3 OCH3 OCH3 OCH3 OH H

5, 4′-Dihydroxy-7,3′,5′-trimethoxyflavone (77) H H OCH3 H OCH3 OH OCH3
Viscosine (5,7,4′-trihydroxy-3,6-dimethoxyflavone) (78) OCH3 OCH3 OH H H OH H

Kumatakenin (kaempferol 3,7-dimethyl ether) (79) OCH3 H OCH3 H H OH H
Pachypodol (quercetin 3,7,3′-trimethyl ether) (80) OCH3 H OCH3 H OCH3 OH H

Penduletin (81) OCH3 OCH3 OCH3 H H OH H
5,3′,4′-Trihydroxy-3,6,7,8-tetramethoxyflavone (82) OCH3 OCH3 OCH3 OCH3 OH OH H

Calycopterin (83) OCH3 OCH3 OCH3 OCH3 H OH H
Chrysosplenetin (84) OCH3 OCH3 OCH3 H OCH3 OH H

5-Hydroxy-3,6,7,4′-tetramethoxyflavone (85) OCH3 OCH3 OCH3 H H OCH3 H
5,8-Dihydroxy-3,6,7,4′-tetramethoxyflavone (86) OCH3 OCH3 OCH3 OH H OCH3 H

Casticin (87) OCH3 OCH3 OCH3 H OH OCH3 H
5-Hydroxy-3,6,7,8,4′- pentamethoxyflavone

(5-hydroxyauranetin) (88) OCH3 OCH3 OCH3 OCH3 H OCH3 H

5,4′-Dihydroxy -3,6,7,8,3′- pentamethoxyflavone (89) OCH3 OCH3 OCH3 OCH3 OCH3 OH H

R=OCH3

4′-Hydroxy- 3,5,7,3′-tetramethoxyflavone (90) OCH3 H OCH3 H OCH3 OH H

Table 18. Chemical structures of flavonols from Stachys spp.

Name R1 R2 R3 R4

Kaempferol (91) OH OH H OH
Isorhamnetin (92) OH OH OCH3 OH

Quercetin 3-O-rutinoside (93) O-rut OH OH OH
Isorhamnetin 3-O-rutinoside (94) O-rut OH OCH3 OH

rut: rutinoside.
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Table 19. Chemical structures of flavanones from Stachys spp.

 

Name R R1 R2

Eriodictyol (95) OH OH OH
Naringenin (96) H OH OH
Hesperidin (97) OH OCH3 O-rut

rut: rutinoside.

Table 20. Chemical structure of biflavonoid from Stachys spp.

Stachysetin (98)

 

4.2. Phenolic Derivatives; Acetophenone Derivatives

Regarding the phenolic derivatives of genus Stachys (Tables 7 and 21), mainly chlorogenic acid (103)
was appeared in nine Stachys species; S. candida [78], S. iva [56], S. cretica (S. cretica subsp. smyrnaea [81],
S. cretica subsp. mersinaea [108], S. cretica subsp. vacillans [112]), S. lanata [82], S. tmolea [85], S. thirkei [84],
S. recta [14], S. palustris [104] and S. officinalis [111]. The isomers of chlorogenic acid (102, 104, 105) also
reported in S. atherocalyx [110], S. recta [14] and S. palustris [23,104]. Caffeic (108) and p-coumaric (106)
acids were found in two Stachys spp. [104,110]. Moreover, Kirkan (2019) identified vanillic (100) and
syringic (101) acids from the aerial parts of S. cretica subsp. vacillans [112]. Though, 4-hydroxybenzoic
acid (99) was reported from S. tmolea [85]. Arbutin (107) was also identified in the aerial parts of
S. germanica subsp. salviifolia [109]. One study also reported the presence of acetophenone derivatives
from the roots of S. lanata, namely androsin (109), neolloydosin (110) and glucoacetosyringone (111)
(Tables 8 and 22) [82]. The isolation of the latter compounds might be attributed to the different
investigated plant parts (roots).
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Table 21. Chemical structures of phenolic derivatives from Stachys spp.

 

4-Hydroxybenzoic acid R=H, R1=H, R2=H (99)
Vanillic acid R=H, R1=H, R2=OCH3 (100)

Syringic acid R=H, R1= OCH3, R2=OCH3 (101)

 

1-Caffeoylquinic acid R1=caffeoyl-, R2=R3=R4=H (102)
3-Caffeoylquinic acid (Chlorogenic acid) R1=H,

R2=caffeoyl-, R3=R4=H (103)
4-Caffeoylquinic acid (cryptochlorogenic acid) R1=R2=H,

R3=caffeoyl-, R4=H (104)
5-Caffeoylquinic acid (neohlorogenic acid) R1=R2=R3=H,

R4=caffeoyl- (105)

 
p-Coumaric acid (106)

 
Arbutin (107)

 
Caffeic acid (108)

Glc: glucose.

Table 22. Chemical structures of acetophenone glycosides from Stachys spp.

Androsin R=R1=H (109)
Neolloydosin R=H, R1=Xyl (110)

Glucoacetosyringone R=OCH3, R1=H (111)

Xyl: xylose.

4.3. Lignans

Lignans are types of polyphenols with diverse structures. Although these bioactive compounds
were presented in Lamiaceae family [149], a few studies reported their existence in plants of genus
Stachys. Specifically, three lignans categorizing into two furanofuran-type derivatives (sesamin and
paulownin) and one benzofuran-type lignan (urolignoside) were reported in two species of the
subgenus Stachys (Tables 9 and 23). Laggoune et al. (2016) isolated sesamin (112) and paulownin (113)
from the aerial parts of S. mialhesii [103], while urolignoside (114) was isolated from the aerial parts
of S. tetragona [100]. Given that up to now there is no study reported the presence of lignans in the
subgenus Betonica, the identification of lignans might be considered as a chemotaxonomic difference
between the two subgenera Stachys and Betonica.
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Table 23. Chemical structures of lignans from Stachys spp.

 
 

Sesamin R=H (112)
Paulownin R=OH (113) (7S-8R)-Urolignoside (114)

4.4. Phenylethanoid Glycosides; Phenylpropanoid Glucosides

The present review unveiled 29 phenylethanoid glycosides in 17 Stachys species (Tables 10 and 24).
Acteoside or verbascoside (118) was the most abundant found in 16 Stachys spp. of all sections through
this survey. Additional phenylethanoid glycosides isolated and identified from this genus includes
martynoside, leucosceptoside A and lavandulifoliosides. Lavandulifolioside A (or stachysoside A)
(129) was firstly isolated from the methanol extract of the aerial parts of S. lavandulifolia in 1988 [115],
while in 2011 Delazar et al. (2011) isolated lavandulifolioside B (130) from the same plant, for the
first time [12]. Moreover, three phenylethanoid glycosides were reported from the aerial parts of
S. byzantina (section Eriostomum), including verbascoside (118), 2′-O-arabinosyl verbascoside (122)
and aeschynanthoside C (133) [35]. Among them, the first and the last compound has been isolated
only from the specific species. A survey conducted by Murata and co-workers (2008) reported ten
phenylethanoid glycosides from different plant parts [82]. In the aforementioned study, leonoside B
(or stachysoside D) (134) and martynoside (135) were mentioned from the aerial parts of S. lanata,
while from the roots of the specific species were reported eight phenylethanoid glycosides, namely
rhodioloside (115), verbasoside (116), 2-phenylethyl-D-xylopyranosyl-(1→6)-D-glucopyranoside (117),
verbascoside (118), isoacteoside (119), darendoside B (120), campneoside II (121) and campneoside I
(136). It is remarkable to point out that compounds 115, 117 and 120 haven′t been reported in other
Stachys species. This might be attributed to the fact that the plant material was roots. Another study
carried out by Karioti et al. (2010) focused on the phenolic compounds from the aerial parts of
S. recta, and reported many phenylethanoid glycosides from its aerial parts, including acteoside (118),
isoacteoside (119), β-OH-acteoside (121), betunyoside E (127), campneoside I (136), forsythoside B
(137), β-OH-forsythoside B methyl ether (138) [14]. Furthermore, lamiophloside A (141) was isolated
with some other phenylethanoid glycosides from the aerial parts of S. tetragona [100]. Of great interest
is that our survey revealed that this constituent is mentioned only in the specific species. Two rare
phenylethanoid glycosides, parviflorosides A-B (142–143) were isolated from the whole plant of
S. parviflora [120]. These two compounds are characterised by the presence of a third saccharide
(rhamnose) linked to the proton H-2′ of glucose, comparing to others common phenylethanoid
glycosides where the connection of the third saccharide is in proton H-3′ of glucose. Of great interest
is that S. parviflora is now considered as the monotypic genus Phlomidoschema (only P. parviflorum
(Benth.) Vved.) [2]. Furthermore, leonoside A (or stachysoside B) (139) was isolated with other three
phenylethanoid glucosides from the whole plant of S. riederi [114]. To be mentioned that phenylethanoid
glycosides were reported in both subgenera of genus Stachys.

Apart from phenylethanoid glucosides, Murata et al. (2008) mentioned two phenylpropanoid
glucosides in the roots of S. lanata (subg. Stachys; sect. Eriostomum), coniferin (144) and syringin (145)
(Tables 11 and 25) [82]. It is worth to mention that the isolation of phenylpropanoid glucosides only
from the specific plant, might be assigned to the different studied plant material (roots).
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Table 25. Chemical structures of phenylpropanoid glucosides from Stachys spp.

 
Coniferin R=H (144) Syringin R=OCH3 (145)

4.5. Iridoids

Iridoids are among the major chemical compounds found in genus Stachys. According to
Tundis et al. (2014), iridoids are considered as good chemotaxonomic markers of this genus [3].
Accumulating phytochemical studies have reported diverse types of iridoids [3]. The present
review summarises all these studies, exemplifying 38 Stachys species which their iridoid cargo
has been investigated (Tables 12 and 26). Harpagide (148; 31 species) and its acetyl derivative;
8 acetyl-harpagide (150; 28 species) are of common occurrence in genus Stachys and might be
considered as characteristic iridoids of these plants. Furthermore, ajugol (146; 18 species), ajugoside
(147; 18 species), melittoside (166; 17 species), monomelittoside (165; 4 species) and 5-allosyloxy-aucubin
or 5-O-allopyranosyl-monomelittoside (167; 4 species/1 subsp.) were also mentioned in various species.
Allobetonicoside (161) was firstly isolated from the aerial parts of S. officinalis [127] and then from the
aerial parts of S. glutinosa [122] and of S. macrantha [117]. The latter study also mentioned the isolation
of cinnamoyl-harpagide derivative, macranthoside (156), for the first time. To be mentioned that
Jeker et al. (1989) also isolated 6-O-acetylmioporoside (155) from the aerial parts of S. officinalis [127].
In addition, two species revealed the presence of 8-epi-loganic acid (157), 8-epi-loganin (159) and
gardoside (160) [20,56], as well as 7-O-acetyl-8-epi-loganic acid (158) was only mentioned from the
aerial parts of S. spinosa [98]. Of note, Iannuzzi et al. (2019) isolated from the leaves of S. ocymastrum (syn.
S. hirta L.) five iridoids which haven′t been documented in other species, namely 6β-acetoxyipolamiide
(172) 6β-hydroxyipolamiide (173), ipolamiide (174), ipolamiidoside (175) and lamiide (176) [123].
A study conducted by Háznagy-Radnai (2006) examined the phytochemical profiles of Stachys spp.
growing in Hungary, reporting the iridoid content of ten taxa [124]. Murata and co-workers (2008)
isolated five new esters of monomelittoside from the aerial parts and roots of S. lanata [82]. In particular,
stachysosides E (168), G-H (170–171) were found in roots, while stachysosides E (168) and F (169) were
discovered from the aerial parts of the specific species. It is important to be mentioned the detection of
a new iridoid diglycoside, 4′-O-β-D-galactopyranosyl-teuhircoside (162), which was isolated from
the flowering aerial parts of S. alopecuros subsp. divulsa [119]. Muñoz et al. (2001) reported the
presence of 5-desoxy-harpagide (151) and 5-desoxy-8-acetyl-harpagide (152) from the aerial parts of
S. grandidentata [129]. Notably, this review unveiled some differences in iridoids among subgenera
Stachys and Betonica. Firstly, it was observed that there is no report for the presence of monomelittoside
or melittoside derivatives in the subgenus Betonica. Secondly, reptoside (153) was found in two species
of subgenus Betonica (S. macrantha and S. officinalis) and not in the plants of subgenus Stachys.
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4.6. Diterpenes

A landmark study for diterpenes of genus Stachys is the review article of Piozzi and Bruno
(2011), including all the reported diterpenoids from roots and aerial parts of Stachys spp [21].
Up to now, several types of diterpenes have been mentioned, comprising types of neo-clerodane,
labdane, rosane and ent-kaurene skeleton (Tables 13 and 27). The most common type is the
neo-clerodane skeleton derivates, as they were found in various species. S. aegyptiaca has thoroughly
studied for its phytochemical profile. A study conducted by Hegazy et al. (2017) reported the
discovery of three new neo-clerodane diterpenoids from the aerial parts of the aforementioned
plant, namely stachaegyptins A-C (190–192) [106]. One year later, two new compounds were
mentioned; stachaegyptins D-E (193–194) [131], while in a current work stachaegyptins F-H were
isolated (195–197) [133]. Moreover, stachysperoxide (189) was isolated from the S. aegyptiaca [132].
These stachaegyptin derivatives and stachysperoxide reported only in the species S. aegyptiaca and
might be a characteristic chemical compound of the specific plant of the section Ambleia. Derkach
(1998) mentioned the compounds annuanone (cis-clerodane type) (181), stachylone (182) and stachone
(183) in five species of the subgenus Stachys; S. atherocalyx, S. inflata, S. iberica and S. sylvatica [134].
Other neo-clerodane type diterpenes which were found in many species are roseostachenone (184),
roseostachone (185), roseostachenol (186) and roseotetrol (187). Ruiu and co-workers (2015) explored
the aerial parts of S. glutinosa, isolating roseostachenone and the new neo-clerodane diterpene,
3α,4α-epoxyroseostachenol (188) [107]. Furthermore, labdane type derivatives were occurred in the
genus Stachys. Fazio et al. (1994) investigated the aerial parts of S. mucronata and isolated three labdane
skeleton compounds; ribenone (198), ribenol (199) and 13-epi-sclareol (200) [57]. The latter compound
has also been found in S. rosea [141]. Paternostro et al. (2000) studied the aerial parts of S. plumosa,
determining the following labdane type derivatives (+)-6-deoxyandalusol (201), 13-epi-jabugodiol
(202) and (+)-plumosol (203) [144]. The compound (+)-6-deoxyandalusol were also found in S. distans
and S. ionica [139]. Some ent-kaurene derivatives were reported in S. aegyptiaca [130], S. lanata [135]
and S. sylvatica [142]. Moreover, one abietane diterpenoid, horminone (211), was isolated from the
aerial parts of S. mialhesii [103]. It is noteworthy to be underlay the presence of two rare rosane type
diterpenes in the aerial parts of S. parviflora, namely stachyrosanes 1 (212) and 2 (213) [134]. In addition,
six diterpene lactone derivatives, i.e., betolide (214), betonicolide (215) and betonicosides A-D (216–219)
were found in the species S. officinalis [143,145] and S. scardica [143] of the subgenus Betonica.

In the context of chemotaxonomic significance, it could be observed that species of subgenus
Stachys product mainly neo-clerodane and labdane type derivatives, while the plants of subgenus
Betonica biosynthesized diterpene lactone derivatives. Thus, the latter derivatives might be recognised
as characteristic chemotaxonomic markers of subgenus Betonica. Another important chemotaxonomic
point is reported by Piozzi et al. (2002), mentioning that (+)-6-deoxyandalusol has been determined
only in three Stachys species of eastern part of the Mediterranean region [139].
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Table 27. Diterpenes from Stachys spp.

 
Name R1 R2

Stachysolone (177) H H
7-Monoacetyl-stachysolone (178) Ac H

13-Monoacetyl-stachysolone (179) H Ac
7,13-Diacetyl-stachysolone (180) Ac Ac

   
Annuanone (181) Stachylone (182) Stachone (183)

   
Roseostachenone (184) Roseostachone (185) Roseostachenol (186)

 
Roseotetrol (187) 3α,4α-Epoxyroseostachenol (188)

 
Stachysperoxide (189)
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Table 27. Cont.

  
Stachaegyptin A (190) Stachaegyptin B (191)

  
Stachaegyptin C (192) Stachaegyptin D (193)

Stachaegyptin E (194) Stachaegyptin F (195)

  

Stachaegyptin G (196) Stachaegyptin H (197)

  
Ribenone R=O (198)

Ribenol R=αOH,βH(199) 13-Epi-sclareol (200)

  
(+)-6-Deoxyandalusol (201) 13-Epi-jabugodiol (202)
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Table 27. Cont.

 
(+)-Plumosol (203)

 

Name R R′ R1 R2 R3

Stachysic acid (204) COOH CH3 H OAc H
6β-hydroxy-ent-kaur-16-ene (205) CH3 CH3 H OH H

6β,18-dihydroxy-ent-kaur-16-ene (206) CH2OH CH3 H OH H
Ent-3α-acetoxy-kaur-16-en-19-oic acid (207) CH3 COOH OAc H H

3α,19-Dihydroxy-ent-kaur-16-ene (208) CH3 CH2OH OH H H
Ent-3α-hydroxy-kaur-16-en-19-oic acid (209) CH3 COOH OH H H

11a,18-Dihydroxy-ent-kaur-16-ene (210) CH2OH CH3 H H OH

 
Horminone (211)

 
Stachyrosane 1 (212) Stachyrosane 2 (213)

 
Betolide (214)

 
Betonicolide (215)

 

Name R1 R2 R3

Betonicoside
A (216)

O-Glc CH2OH O-Glc

Betonicoside
B (217)

O-Glc CH2OH OH

Betonicoside
C (218)

OH CH2OH O-Glc

Betonicoside
D (219)

OH CH2O-Glc OH

Glc: Glucose.

4.7. Triterpene Derivatives, Phytosterols and Phytoecdysteroids

Triterpene derivatives and phytosterols are major secondary metabolites of Lamiaceae family.
In genus Stachys, five phytosterol derivatives (220–224) were found in S. byzantina [17,35], S. annua [95],
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S. spinosa [99], S. tetragona [100], S. palustris [146] and S. alopecuros subsp. divulsa [119] (Tables 14 and 28).
Furthermore, the triterpenoids; ursolic (226) and oleanolic (227) acids were only reported from the
section Olisia (subg. Stachys) [95,99,100]. Kotsos et al. (2007) isolated an oleanolic lactone derivative
(228) of the aerial parts of S. spinosa [99]. It is noteworthy to be mentioned the presence of saponin
derivatives in genus Stachys (Tables 14 and 28). The first saponins isolated from this genus were from
the water extract of the whole plant of S. riederi, including 8 stachyssaponins (I-VIII, 231–238) [147].
Afterwards, stachyssaponins A-B (229–230) were found from the methanol extract of the aerial parts of
S. parviflora [63].

Few Stachys spp. include phytoecdysteroids (Tables 14 and 28). Ramazanov and co-workers (2016)
isolated five phytoecdysteroids from S. hissarica [67], namely 20-hydroxyecdysone (239), polipodin B
(240), integristeron A (241), 2-desoxy-20-hydroxyecdysone (242) and 2-desoxyecdyson (243).

Table 28. Triterpene derivatives, Phytosterols and Phytoecdysteroids from Stachys spp.

 

Stigmasterol (220)

R=  
R1=H

β-Sitosterol (221)

R=  
R1= H

3-O-β-Sitosterol-glucoside (222)

R=  
R1=Glc

 
Lawsaritol (223)

 
Stigmastan-3,5-dien-7-one (224)

 
α-Amyrin R=CH3 (225)

Ursolic acid R=COOH (226)

 
Oleanolic acid (227)

 
12α-hydroxy-oleanolic lactone (228)

 
Stachyssaponin A (229) R=Glc-Rha, R1=H, R2=Glc-Ara, R3=H, R4=OH
Stachyssaponin B (230) R=Glc, R1=Ara, R2=H, R3=Glc, R4=H
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Table 28. Cont.

 

Stachyssaponin I R=OGlc-Ara, R1=Ara (231)
Stachyssaponin II R=OGlc-Ara, R1=Ara-Rha (232)
Stachyssaponin III R=OGlc-Xyl, R1=Ara-Rha (233)
Stachyssaponin IV R=OGlc-Ara, R1=Ara-Rha-Xyl (234)
Stachyssaponin V R=OGlc-Ara, R1=Ara-Rha-Xyl-3Ac (235)
Stachyssaponin VI R=OGlc-Ara, R1= Ara-Rha-Xyl-4Ac (236)
Stachyssaponin VII R=OGlc-Ara, R1=Ara-Rha-(3Glc)-Xyl (237)
Stachyssaponin VIII R=OGlc-Xyl, R1=Ara-Rha-Xyl (238)

 

20-Hydroxyecdysone (239) R1=R2=R3=R5=H, R4=OH, R6=CH3

Polipodin B (240) R1=R2=R5=H, R3=R4=OH, R6=CH3

Integristeron A (241) R2=R3=R5=H, R1=R4=OH, R6=CH3

 

2-Desoxy-20-hydroxyecdysone (242) R1=OH, R2=H

2-Desoxyecdyson (243) R1=R2=H

Glc: Glucose, Xyl: Xylose, Rha: Rhamnose, Ara: Arabinose.

4.8. Other Chemical Categories

Notable among the above-mentioned classes of compounds are the megastigmane derivatives
from Stachys spp. (Tables 15 and 29). Takeda and colleagues (1997) isolated from the aerial parts
of S. byzantina five bioactive compounds from this group, including byzantionosides A-B (244,245),
icariside B2 (246), (6R, 9R)- and (6R, 9S)-3-oxo-α-ionol glucosides (247) and blumeol C glucoside
(248) [148]. Furthermore, vomifoliol (249) and dehydrovomifoliol (250) were reported from the aerial
parts of S. lanata, while citroside A (251) was isolated from the roots of this species [82]. This study also
mentioned the presence of sugar ester (cistanoside F) from the roots of S. lanata [82]. At this point,
we should note that few studies reported some oligosaccharides from Stachys spp. [3]. For instance,
stachyose is a tetrasaccharide which consists one of the most common oligosaccharides in genus Stachys
and shows beneficial effects for the gastrointestinal system as it can be directly consumed [3,23,119,150].
Precisely, the species S. sieboldii is a major source of this constituent [27,151,152]. Stachyose is an
oligosaccharide, which can be directly consumed for the benefit of gastrointestinal system [150].
Furthermore, Yin and colleagues (2006) mentioned that the bitter taste of some Stachys species, such as
S. annua and S. balansae, might be attributed to their bitter diterpene derivatives, like stachylone [22,151].
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Table 29. Chemical structures of megastigmane derivatives from Stachys spp.

 
Byzantionoside A (244) Byzantionoside B (245)

  
Icariside B2 (246) (6R, 9R)- and (6R, 9S)-3-oxo-α-ionol glucosides (247)

  
Blumeol C glucoside (248) Vomifoliol (249)

 
 

Dehydrovomifoliol (250) Citroside A (251)

Glc: Glucose.

5. Pharmacological Activities

This section includes the most interesting pharmacological data of the last five years (from 2015
to 2020). Many studies exemplified the great antimicrobial, antioxidant and cytotoxic effects of the
essential oils of these plants [3,15]. Tundis et al. (2014) described in detail the biological studies (in vitro
and in vivo) of the essential oils, extracts and compounds [3]. Thus, in the present review, we focused
on the current available pharmacological researches of the extracts and isolated compounds from
Stachys spp. as they are presented in Table 30.
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5.1. Antioxidant Activity/Cytoprotective

Tundis et al. (2015) evaluated five extracts (n-hexane, dichloromethane, methanol, methanol
with Soxhlet apparatus and ethanol 70% extract) from the aerial parts of S. lavandulifolia for their
antioxidant activity, using β-carotene bleaching test, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid (ABTS), 1,1-Diphenyl-2-picrylhydrazyl (DPPH), and Ferric Reducing Antioxidant Power (FRAP)
assays [116]. The most polar extracts, ethanol 70% and methanol extracts, showed the highest
radical scavenging activity against ABTS radical (IC50 values of 19.9 and 22.8 μg/mL, respectively),
whereas the methanol extract Soxhlet apparatus was the most active in the DPPH method (IC50 of
25.0 μg/mL). In the β-carotene bleaching test, the methanol and ethanol extract demonstrated the
stronger activity after 30 min of incubation (IC50 = 29.3 and 33.0 μg/mL, respectively) and the IC50

values were of 60.3 and 34.6 μg/mL, respectively after 60 min of incubation. Moreover, they studied the
antioxidant activity of bioactive secondary metabolites; arbutin (107), acteoside (118), monomelittoside
(165), melittoside (166), 5-allosyloxy-aucubin (167), and stachysolone (177), reporting that in both
DPPH and ABTS assays the most active compounds was arbutin (107) with IC50 values of 62.5 and
45.7 μg/mL, respectively [116]. Another work investigated the antioxidant activity of three extracts of
S. guyoniana, through β-carotene–linoleic acid, DPPH, ABTS, CUPric Reducing Antioxidant Capacity
(CUPRAC) and metal chelating assays [155]. The chloroform extract had the highest antioxidant activity
(IC50 = 2.3 ± 1.27 μg/mL) in β-carotene–linoleic acid and in ABTS method (IC50 = 7.29 ± 0.23 μg/mL).
The n-butanol extract showed the better antioxidant capacity in DPPH test (IC50 = 2.91 ± 0.14 μg/mL)
compared to other extracts and to the reference compound α-tocopherol (IC50 = 7.31 ± 0.17 μg/mL),
as well as it demonstrated highest activity in CUPRAC method (A0.50 = 0.15 ± 0.05 μg/mL) and in
metal cheating assay (inhibition at 100 μg/mL: 48%). In addition, Laggoune et al. (2016) demonstrated
the great antioxidant properties in vivo of S. mialhesii [103]. Particularly, the n-butanol extract of
the specific plant showed IC50 value of 0.047 mg/mL in DPPH assay, while the IC50 value of the
isolated compound isoscutellarein-7-O-[6′′′-O-acetyl]-β-D-allopyranosyl-(1→2)-β-D-glucoside (15)
was 0.066 mg/mL and the reference compound quercetin was 0.012 mg/mL. Notably, they also
mentioned that the extract (up to 10 g/kg) did not show any toxicity in mice during 24 h after
administration. In addition, the antioxidant activity of three subspecies of S. cretica (i.e., S. cretica
subsp. mersinaea; S. cretica subsp. smyrnaea; S. cretica subsp. vacillans) were investigated in different
works [81,108,112]. The antioxidant capacity of the methanol extract of S. parviflora was measured,
exhibiting an IC50 value of 76.87 ± 0.57 μg/mL (DPPH method) and of 188.47 ± 0.76 μg/mL (β-carotene
bleaching test; BCB), while the standard compound, butylated hydroxytoluene (BHT), had stronger
activity in both tests (DPPH test: IC50 = 1.23 ± 0.02 μg/mL; BCB test: 34.31 ± 0.40 μg/mL) [64].
Guo et al. (2018) examined the antioxidant activity of five fractions from the 70% ethanol extract of
tubers of S. affinis by DPPH assay and superoxide radical scavenging activity [28]. The ethyl acetate
fraction showed extremely high antioxidant activity in DPPH method (IC50 = 0.85 ± 0.04 μg/mL)
with α-tocopherol as positive control (IC50 = 18.68 ± 0.51 μg/mL). They reported that this great
antioxidant activity was attributed to the high content in phenolics and flavonoids of this fraction
and confirmed the use of this plant as a natural antioxidant. Another work studied the antioxidant
activity of the extracts and fractions of the same Stachys species on reactive oxygen species (ROS)
production induced by H2O2 in HT-1080 cells [29]. In particular, the n-hexane fraction decreased
H2O2-induced ROS and oxidative stress-induced DNA damage, as well as it increased glutathione
(GSH) production. The species S. mucronata demonstrated strong anti-radical activity due to the
high content in polyphenols [156]. A recent study conducted by Aminfar et al. (2019) described a
chemometric-based approach in order to classify S. lanata by Gas Chromatography-Mass Spectrometry
(GC-MS) fingerprints and to correlate their chemical constituents with their antioxidant capacity [35].
They identified eight antioxidant markers which could also serve as volatile markers. In addition,
Elfalleh and co-workers (2019) demonstrated the differences of the antioxidant properties of the extracts
of S. tmolea, reporting that water extract exhibited highest activity than methanol extract, using DPPH,
ABTS, CUPRAC, FRAP, phosphomolybdenum and ferrous ion chelating methods [85]. A survey
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conducted by Hwang et al. (2019) demonstrated that the ethanol extract of S. riederi var. japonica
exhibited antioxidant effects on ultraviolet A (UVA)-irradiated human dermal fibroblasts (HDFs),
through suppression of ROS generation [160]. The antioxidant activity of the methanol extract of the
Lebanese species S. ehrenbergii was measured by ABTS radical cation decolorization assay and the
methanol extract showed an IC50 value of 52 ± 7.5 mg/mL [154]. Furthermore, the chemical profile
and some biological activities of three herbal teas in Anatolia were examined [84]. Among them,
the methanol extract of S. thirkei showed strongest antioxidant capacity, through β-carotene
(IC50 = 47.79 ± 0.59 μg/mL), DPPH (IC50 = 49.31 ± 0.38 μg/mL), ABTS (IC50 = 13.34 ± 0.02 μg/mL) and
CUPRAC (absorbance%: 1.88 ± 0.02 μg/mL) assays. Sadeghi et al. (2020) assessed the the antioxidant
properties of hydroalcoholic extract of S. pilifera on nephrotoxicity induced with cisplatin (CP)
in vivo (in rats), showing that the specific extract restored the antioxidant capacity, as well as it had
renoprotective activity [19].

5.2. Cytotoxicity and Antiproliferative Activity

Venditti et al., (2017) investigated the cytotoxic activity and the anti-reactive oxygen species
activity of the ethanol extract from tubers of the Chinese artichock (S. affinis) [27]. Regarding
the cytotoxicity, the specific extract didn′t demonstrate any activity in K562, SH-SY5Y and
Caco-2 cell lines, even at the highest concentrations (1.0 mg/mL). The cytotoxic activity of
extracts and isolated flavonoids from the aerial parts of S. lavandulifolia were studied by
Delnavazi et al. (2018) through the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay [13]. The dichloromethane extract showed the highest cytotoxic activity in brine shrimp
lethality test (BSLT) (LD50 = 121.8 ± 5.6 μg/mL), while as a positive control was used podophyllotoxin
(LD50 = 3.1 ± 0.6 μg/mL). Afterwards, they explored the cytotoxic activity of isolated flavonoids in
three cancer cell lines (MDA-MB-231, HT-29 and MRC-5), using as reference compound tamoxifen.
All the nine isolated flavonoids moderated the cytotoxicity activated on the studied cell lines. However,
chrysosplenetin (84) was reported as the most active compound in the first two cell lines. In MRC-5
cell line, apigenin (1) exhibited the greatest activity. It is remarkable to point out that the specific
study also mentioned the selective activity against cancer cells, reporting that chrysosplenetin (84),
kumatakenin (79) and viscosine (78) exhibited higher selective toxicity against MDA-MB-231 cell
line than tamoxifen. At this point, we should underlie that the great cytotoxic activity of these
compounds is attributed to their substitutions with (poly)-methylated groups which increase this effect.
Another study evaluated the methanol extract, the alkaloid and the terpenoid fractions of S. pilifera
for their cytotoxic and antiproliferative activity in vitro (HT-29 cell line), indicating great results [45].
The terpenoid fraction was found to have the best cytotoxic activity compared to the other fractions
and as reference compound was used cisplatin. Moreover, they investigated the antiproliferative
activity, studying the effects on the activity of caspase-8 and caspase-9, Nuclear factor-κB (NF-κB)
and Nitric Oxide (NO), reporting that the extract/fractions increased the activity of caspase-8/-9 and
decreased NF-κB and subsequently NO level. Of note, they compared their results with previous
data of cytotoxic activity in vitro of other Stachys species such as S. acerosa, S. benthamiana, S. floridana,
S. lavandulifolia, S. obtusicrena, S. persica, S. pubescens and S. spectabilis. Three isolated compounds from
the extract (CH2Cl2:MeOH 1:1) of the aerial parts of S. aegyptiaca were investigated for the cytotoxic
activity in HepG2 cell line, using MTT assay [132]. Precisely, the IC50 values of stachaegyptin D
(193), stachysolon monoacetate (178) and stachysolon diacetate (180) were 94.7, 63.4 and 59.5 μM,
respectively, with stachysolone diacetate being the most active. In another study, the cytotoxic effect
of the ethanol extract of S. riederi var. japonica on UVA-irradiated HDFs was evaluated at different
concentrations for 48 h by MTT assay, showing no or little cytotoxicity [160]. Shakeri et al. (2019)
mentioned that the methanol extract of S. parviflora demonstrated no cytotoxic activity toward the
cancer cell lines, namely A2780, HCT, and B16F10 in all tested concentrations (>100 μg/mL) [64].
Moreover, the genotoxic activity of the extracts from four different plants were investigated by Slapšytė
and colleagues (2019) [157]. They reported that all the plant extracts induced DNA damage, using
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the comet assay, whereas the extract of S. officinalis induced the increase of sister chromatid exchange
value. The methanol extract of the Lebanese species S. ehrenbergii was investigated for its antioxidant
and cytotoxic activity [154]. The cytotoxicity was examined by MTT assay where the methanol extract
showed the highest cytotoxicity (IC50 = 420 ± 104 μg/mL) at a concentration of 3000 mg/mL.

5.3. Polycystic Ovary Syndrome (PCOS)

In Iran, S. sylvatica is used for the treatment of women with polycystic ovary syndrome (PCOS).
A current study carried out by Alizadeh et al. (2020) evaluated the hydroalcoholic extract of this
plant in a rat model of PCOS [47]. It was observed that the extract at the dose of 500 mg/kg increased
gonadotropins FSH and LH (5.95 ± 0.02 mIU/mL; 6.48 ± 0.09 mIU/mL) and reduced the level of
estrogen (0.9 ± 0.07 mIU/mL) compared to the PCOS group (FSH level: 1.69 ± 0.08 mIU/mL; LH level:
6.29 ± 0.04 mIU/mL; estrogen level: 1.42 ± 0.05 mIU/mL), causing the ratio of LH/FSH to be close to
1:1 (6.48/5.59). According to the literature, this ratio LH/FSH is almost 1:1 in normal cases, while in
PCOS women is higher e.g., 2:1 or 3:1. They also mentioned that these great results of the extract of
S. sylvatica could be correlated to the flavonoid content of the plant. Previous studies showed that
flavonoids could decrease the level of estrogen and could also act as GABA receptor agonists, regulating
gonadotropins. Given that women with PCOS showed high concentrations of inflammation factors,
they assumed that the extract could act as anti-inflammatory and antioxidant agent as flavonoids and
iridoids demonstrated antioxidant and anti-inflammatory properties.

5.4. Anticholinesterase and Anti-Alzheimer’s Activity/Neuroprotective Activity

The aqueous extract from the tubers of S. sieboldii (“chorogi”) was studied in vivo in mice model
for its neuroprotective potential [152]. Specifically, the study examined the effects of chorogi’s extract on
celebral ischemia and scopolamine-induced memory impairment, using as positive control the extract
of Gingko biloba, proving that S. sieboldii improves the learning and memory dysfunction correlated with
ischemic brain injury. Another work examined the cholinesterase inhibitory activity of S. lavandulifolia
extracts and isolated compounds [116]. Specifically, the most active extract against anticholinesterase
(AChE) was the n-hexane extract with an IC50 value of 13.7 μg/mL. However, the dichloromethane
extract was the most effective against butyrylcholinesterase (BChE) (IC50 = 143.9 μg/mL) where its
major constituent, stachysolone (177), inhibited the activity of this enzyme with a percentage of
inhibition of 50% at 0.06 mg/mL. Among the studied polar extracts, the methanol extract exhibited
a selective inhibitory activity against AChE with an IC50 value of 211.4 μg/mL and the isolated
compounds, arbutin (107) and 5-allosyloxy-aucubin (167), showed a percentage of inhibition of 50 and
23.1% at 0.06 mg/mL, respectively, against AChE. Notably, the other constituents of this species were
inactive at the maximum concentration tested of 0.25 mg/mL. Ferhat et al. (2016) examined the AChE
activity of n-butanol, the ethyl acetate and the chloroform extracts of the aerial parts of S. guyoniana,
demonstrating that the n-butanol extract (IC50 = 5.78 ± 0.01 μg/mL) was a little less active than the used
standard drug against Altzheimer’s disease; galantamine (IC50 = 5.01 ± 0.10 μg/mL). Furthermore,
they exhibited that this extract inhibited the BChE, having an IC50 value of 39.1 ± 1.41 μg/mL which
was better than the standard (IC50 = 39.10 ± 1.41 μg/mL) [155]. Moreover, the anti-Alzheimer’s activity
of two subspecies of S. cretica (S. cretica subsp. smyrnaea; S. cretica subsp. mersinaea) were evaluated
in different works [81,108]. In addition, the potential effects of 20% ethanol extract of S. sieboldii was
evaluated against oxidative stress induced by H2O2 in SK-N-SH cells and memory enhancement in ICR
mice [162]. This study showed that the daily intake of the extract (dose: 500 mg/kg) through dietary
supplementation produced memory enhancing effects in animals. Recently, Ertas and Yener (2020)
reported that the acetone extract of S. thirkei demonstrated good activity against AChE and BChE with
a percentage of inhibition of 52.46 ± 1.26% and 75.04 ± 1.91%, respectively [84].
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5.5. Anti-tyrosinase Activity

The anti-tyrosinase activity of the ethanol and methanol Soxhlet apparatus extracts of the
aerial parts of S. lavandulifolia exhibited the best activity with IC50 values of 33.4 ± 0.8 and
42.8 ± 1.1 μg/mL [116]. They underlay that the specific extracts were characterized by the phenolic
compounds, acteoside (118) and arbutin (107), which are recognised as tyosinase inhibitors. Moreover,
they evaluated the anti-tyrosinase activity of the isolated iridoids among which monomelittoside
(165) and melittoside (166) showed IC50 values of 119.6 ± 2.2 and 163.1 ± 3.1 μg/mL respectively,
while 5-allosyloxy-aucubin (167) inhibited the enzyme with a percentage of 22.4% at a concentration of
200 μg/mL. In addition, current works investigated the anti-tyrosinase activity of three subspecies of
S. cretica (S. cretica subsp. smyrnaea; S. cretica subsp. mersinaea; S. cretica subsp. vacillans), reporting
that the ethyl actetate extract was the most effective in the first two susbspecies (2.45 mg KAEs/g;
16 mg KAEs/g, respectively) [81,108]. Though, the methanol extract of S. cretica subsp. vacillans had
the higher activity against tyrosinase (314.04 ± 2.05 mg KAE/g extract) [112].

5.6. Anti-diabetic Activity

Bahadori et al. (2018) evaluated the anti-diabetic activity of the extracts of S. cretica subsp.
smyrnaea [81]. Specifically, the methanol extract demonstrated strong anti-diabetic activity against
α-amylase (61.4 mg ACEs/g dry plant) and α-glucosidase (47.8 mg ACEs/g dry plant), following
by ethyl acetate extract. They assumed that the above good properties were attributed to the
phenolic constituents of the methanol extract since the anti-glucosidase activity is associated with
caffeic acid, trans-cinnamic acid, and vanillin, whereas the amylase inhibitory activity is related to
kaempferol and p-hydroxybenzoic acid. A year later, the anti-diabetic activity of the extracts of
S. cretica subsp. mersinaea was studied, reporting that the ethyl acetate extract had best activity
against α-amylase (396.50 mgACEs/g), while the methanol extract exerted strong activity against
α-glucosidase (734 mg ACEs/g) [108]. Furthermore, the α-amylase inhibition of the methanol and
water extract of S. cretica subsp. vacillans was evaluated, with the methanol extract exhibited stronger
activity (433.99 ± 5.10 mg ACE/g extract) [112]. Currently, Pritsas et al. (2020) studied the anti-diabetic
activity in silico of 17 isolated compounds from the cultivated S. iva, mentioning that stachysetin (98)
interacted with five out of ten proteins implicated in diabetes [56]. This is the only study reported a
pharmacological activity of this rare compound.

5.7. Antimicrobial Activity

Regarding the antibacterial activity, the n-butanol extract of S. guyoniana showed strong activity
against Staphylococcus aureus (MIC = 32 ± 0.90 μg/mL) and Enterobacter aerogenes (MIC = 32 ± 0.70 μg/mL),
while it was not active against Pseudomonas aeruginosa and Morganella morganii [155]. The ethyl acetate
extract demonstrated the best inhibition against Escherichia coli (MIC = 64 ± 0.60 μg/mL), whereas it
didn′t show any activity against P. aeruginosa and M. morganii. Shakeri et al. (2019) reported the
antimicrobial activity of the methanol extract of the aerial parts of S. parviflora which exerted the
highest activity against the Gram-positive bacterium, Bacillus cereus, with a MIC of 0.12 mg/mL [64].
Furthermore, the antimicrobial activity of extracts of S. thirkei against different microorganisms were
studied according to inhibition zone diameter and MIC value [84]. The acetone and methanol extract
demonstrated good activity against S. aureus, Streptococcus pyogenes and E. coli. Intriguingly, S. thirkeis′
extracts were not active against P. aeruginosa (Gram-negative bacterium) and Candida albicans (yeast).

5.8. Hepatoprotective

The hepatoprotective property of the ethanol extract of S. pilifera was studied in carbon tetrachloride
(CCl4)-induced hepatotoxicity in rats and indicated that this extract could act as hepatoprotective
agent [158]. They assumed that this property might be also related to the strong antioxidant activity of
the species. Later, Mansourian et al. (2019) exhibited the hepatoprotective and antioxidant activity
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of hydroalcoholic extract of S. pilifera on hepatotoxicity induced by acetaminophen (APAP) in male
rats [159]. Precisely, the extract reduced hepatotoxicity by decreasing liver function markers/enzymes,
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) and protein carbonyl (PCO)
compared to the APAP group. It also diminished the oxidative stress through inhibiting protein
oxidation and inducing the activity of glutathione peroxidase (GPX) enzyme. So, they assumed that
this great activity was attributed to the antioxidant activity of this plant.

5.9. Others

Ruiu et al. (2015) investigated the phytochemical profile of the dichloromethane extract of
S. glutinosa and studied the binding affinity to μ and δ opioid receptors (MOR and DOR) [107].
The extract showed an interesting binding affinity for MOR (Ki values of 10.3 μg/mL) and DOR
(Ki values of 9.0 μg/mL), while xanthomicrol (69) demonstrated the strongest opioid binding affinity
to both opioid receptors (Ki for MOR = 0.83 μM, Ki for DOR = 3.6 μM) with the highest MOR
selectivity with a ratio Ki (DOR)/Ki (MOR) = 4.4. Notably, they reported that the existence of a further
hydroxy group at the 3′ position like in sideritoflavone (70) reduced the binding affinity for MOR
(Ki = 18.5 μM), whereas the replacement of this group with a methoxy moiety, as in 8-methoxycirsilineol
(71), eliminated the affinity for MOR (Ki > 50 μM). Furthermore, they evaluated the antinociceptive
activity of xanthomicrol in an animal model (in mice) of acute pain (tail-flick test). In another study,
the n-butanol extract of S. mialhesii exhibited significant anti-inflammatory activity in vivo, reducing
the weight of edema: 52.03% induced by carrageenan in the rat’s paw, whereas indomethacin (dose:
5 mg/kg; decrease 83.36%) was used as a reference drug [103]. In the same study, the n-butanol extract
exerted antinociceptive effect at dose-dependent manner. Ramazanov et al. (2016) evaluated the
wound healing activity of the extract of S. hissarica on rats, showing that the extract improved the
healing process of linear skin wounds at an oral dose of 10 mg/kg [67]. Of note, the wound healing
activity of the extract was more effective than the known drug methyluracil (2,4-dioxo-6-methyl-1,2,3,4-
tetrahydropyrimidine), especially in case of alloxan induced diabetic animals. A study carried
out by Iannuzzi et al. (2019) studied the antiangiogenic activity in two in vivo models (zebrafish
embryos and chick chorioallantoic membrane assays) of the isolated compounds of the leaf extract
of S. ocymastrum. The isolated compounds with the best antiangiogenic activity in both assays
were β-hydroxyipolamiide (173) and ipolamiide (174) [123]. Recently, Lee et al. (2020) studied the
anti-obesity and anti-dyslipidemic property of the roots powder of S. sieboldii in rats, following a
high-fat and high-cholesterol diet (HFC) [161]. This powder demonstrated the anti-adipogenic and
lipid-lowering effects through enhancing lipid metabolism.

Taken together all the above pharmacological studies, we could observe that these findings
confirmed most of the traditional medicinal uses of Stachys spp. However, the present review unveiled
that there are still species pharmacologically uncharted.

6. Clinical Studies

Through our literature survey, four clinical studies for the species S. lavandulifolia were revealed.
The first clinical study carried out by Rahzani et al. (2013) reported the effects of the aqueous extract
of the specific plant (dose; infusion from 3 g aerial parts of plant, twice daily) on the oxidative
stress in 26 healthy humans, underlying that the participants demonstrated a significant reduction in
oxidative stress [163]. In parallel, another randomized clinical trial (33 women) examined the effects
of S. lavandulifolia and medroxyprogesterone acetate (MPA) in abnormal uterine bleeding (AUB) in
PCOS [164]. This study exemplified that the infusion of the aerial parts of wood betony (dose; 5 g of
plant in 100 mL boiling water; duration 3 months) showed a reduction of AUB, recommending its
consumption for the treatment of AUB related to PCOS. They also mentioned that this result might be
attributed to the flavonoid content of the plant and mainly to apigenin. In addition, Monji et al. (2018)
evaluated on a clinical trial the therapeutic effects of standardized formulation of S. lavandulifolia on
primary dysmenorrhea, indicating that the standardized capsules of plant’s extract could diminuish
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the menstrual pain, and might be recommended as an auxiliary therapy or an alternative remedy to
nonsteroidal antiinflammatory drugs (NSAIDs) with fewer side effects in primary dysmenorrhea [165].
Recently, a double-blind randomized clinical study mentioned the analgesic activity of the herbal
tea of S. lavandulifolia (10 g in 200 cc of boiling water) in 50 patients with migraine [166], showing
the capability of this herbal tisane to decrease and also improve the pain intensity in these patients.
In addition, Ashtiani et al. (2019) considered that the therapeutic properties of this plant associated with
its rich phytochemical profile which include iridoids, flavonoids and phenylethanoid glucosides [166].

To sum up, the above clinical studies confirm the ethnomedicinal uses of S. lavandulifolia as a
traditional medicine. Although these promising results, more clinical studies should be performed
for obtaining data for diverse Stachys spp. As a future prospective, further studies should strengthen
the research of bioavailability, dosage, toxicity and potential drug interactions in order to endorse the
observed pharmacological activities of these plants.

7. Toxicity

S. lavandulifolia is popularly claimed as an abortifacient agent by Iranian women. The effect of its
hydroalcoholic extract on fertility was investigated, revealing that the extract had a dose dependent
abortifacient activity. Thus, its use during pregnancy may cause abortion and consequently, the plant
should be considered as contraindicated or be used with caution [167]. In addition, the nephrotoxicity
of the same extract was studied on male Wistar rats and a mild degeneration of renal tubular epithelial
cell after one month was observed, while in the second month the histologic lesions were significantly
more. However, further studies need to evaluate renal complications of this plant in human [168].
Moreover, the acute and subchronic toxicological evaluation of S. lavandulifolia aqueous extract in
rats indicated that the high dose (2 g/kg) did not produce any symptoms of toxicity and there was no
significant difference in body weights between the control and treatment groups of the animals [169].

8. Conclusions

In the present review, we attempted to describe in detail all the current knowledge and research
advances of genus Stachys, focusing on pointing the significance of this genus as herbal supplement
and medicine.

Taken together with all the analyzed studies in the current review, we categorized the used
literature data into four categories according to their general characteristics; ethnobotanical (no of used
studies: 48), phytochemical (no of used studies: 91), pharmacological (no of in vitro studies: 22, no of
in vivo studies: 8 and 2 in silico study), clinical studies (no of used studies: 4) and reviews (no of used
studies: 4). The general characteristics of the analyzed studies in the current review are showed in
Table 31.

Table 31. General characteristics of the analyzed studies in the current review.

Type of Data No of Studies * Years of Publication

Ethnobotanical 48 since 1914

Phytochemical 91 since 1968

Pharmacological

22 (in vitro)

since 20158 (in vivo)

2 (in silico)

Clinical studies 4 since 2013

Reviews 4 since 1994

* N.B. It could be found more than one type of data in the same article.
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Several Stachys spp. have been used as traditional herbal medicines for thousands of years.
Therefore, accumulating studies have been performed in order to explore the chemical compounds
and the pharmacological properties of these species to validate their claimed ethnomedicinal
properties. However, the present review data shows that there are still species phytochemically
and pharmacologically unexplored. This comprehensive survey could serve as useful tool for scientists
searching uncharted and interesting species to study, as well as it could be an informative guide for
researchers aimed to identify leads for developing novel drugs. Although many pharmacological
studies have demonstrated the great properties of these plants, only the clinical effects of one species
have been investigated. As a result, further studies should be performed to validate the clinical
efficiency of several Stachys spp. and if there is any potential toxicity. To be mentioned that there are
still yet much to be done on the detailed documentation (safety and efficacy data) of genus Stachys in
order to be developed an official monograph as a traditional use or well-established use plants.
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characterization of phenolic acid composition and hepatoprotective effect of Stachys pumila. J. Food Biochem.
2016, 41, 12286. [CrossRef]

66. Kumar, D.; Bhat, Z.A. Apigenin 7-glucoside from Stachys tibetica Vatke and its anxiolytic effect in rats.
Phytomedicine 2014, 21, 1010–1014. [CrossRef]

67. Ramazanov, N.S.; Bobayev, I.D.; Yusupova, U.Y.; Aliyeva, N.K.; Egamova, F.R.; Yuldasheva, N.Y.; Syrov, V.N.
Phytoecdysteroids-containing extract from Stachys hissarica plant and its wound-healing activity. Nat. Prod. Res.
2016, 31, 593–597. [CrossRef]

68. El–Ansari, M.A.; Abdalla, M.F.; Saleh, N.A.M.; Barron, D.; Le Quere, J.L. Flavonoid constituents of
Stachys aegyptiaca. Phytochemistry 1991, 30, 1169–1173. [CrossRef]

69. El-Ansari, M.A.; Nawwar, M.A.; Saleh, N.A.M. Stachysetin, a diapigenin-7-glucoside-p,
p′-dihydroxy-truxinate from Stachys aegyptiaca. Phytochemistry 1995, 40, 1543–1548. [CrossRef]

70. El-Desoky, S.K.; Hawas, W.U.; Sharaf, M. A new flavone glycoside from Stachys aegyptiaca. Chem. Nat. Compd.
2007, 43, 542–543. [CrossRef]

71. Sharaf, M. Isoscutellarein 8-O-(6′′-trans-p-coumaroyl)-β-D-glucoside from Stachys aegyptiaca. Fitoterapia
1998, 69, 355–357.

72. Komissarenko, N.F.; Sheremet, I.P.; Derkach, A.I.; Pakaln, D.A. Stachyflaside from Stachys inflata and
St. atherocalyx. Chem. Nat. Compd. 1976, 12, 88. [CrossRef]

73. Komissarenko, N.F.; Derkach, A.I.; Sheremet, I.P.; Kovalev, I.P.; Gordienko, V.G.; Pakaln, D.A. Flavonoids of
Stachys inflata. Chem. Nat. Compd. 1978, 14, 445–446. [CrossRef]

74. Nazemiyeh, H.; Shoeb, M.; Movahhedin, N.; Kumarasamy, Y.; Talebpour, A.; Delazar, A.; Lutfun, N.; Sarker, S.
Phenolic compounds and their glycosides from Stachys schtscheglevii (Lamiaceae). Biochem. Syst. Ecol. 2006,
34, 721–723. [CrossRef]

75. Tomás-Barberán, F.A.; Gil, M.I.; Ferreres, F.; Tomás-Lorente, F. Flavonoid p-coumaroylglucosides and
8-hydroxyflavone allosylglucosides in some Labiatae. Phytochemistry 1992, 31, 3097–3102. [CrossRef]

76. Lakhal, H.; Boudiar, T.; Kabouche, A.; Laggoune, S.; Kabouche, Z.; Topçu, G. Antioxidant activity and
flavonoids of Stachys ocymastrum. Chem. Nat. Compd. 2011, 46, 964–965. [CrossRef]

77. Skaltsa, H.; Bermejo, P.; Lazari, D.; Silván, A.M.; Skaltsounis, A.-L.; Sanz, A.; Abad, M.J. Inhibition of
prostaglandin E2 and leukotriene C4 in mouse peritoneal macrophages and thromboxane B2 production in
human platelets by flavonoids from Stachys chrysantha and Stachys candida. Biol. Pharm. Bull. 2000, 23, 47–53.
[CrossRef]

78. Michailidou, A.-M. Phytochemical study of Stachys candida Bory & Chaub. Master’s Thesis, National and
Kapodistrian University of Athens, Athens, Greece, 2018.

79. Serrilli, A.; Ramunno, A.; Piccioni, F.; Serafini, M.; Ballero, M. Flavonoids and iridoids from Stachys corsica.
Nat. Prod. Res. 2005, 19, 561–565. [CrossRef]
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Abstract: Background: Herpes simplex virus (HSV) is usually dormant and becomes apparent when
body conditions decline. We investigated the anti-HSV activity of various natural and synthetic
compounds for future clinical application. Methods: Mock- and HSV-infected Vero cells were treated
for three days with various concentrations of samples. For short exposure, 100-fold concentrated
virus were preincubated for 3 min with samples, diluted to normal multiplicity of infection (MOI),
before the addition to the cells. Anti-HSV activity was evaluated by the chemotherapy index. Results:

Alkaline extracts of the leaves of Sasa sp. (SE) and pine cone (PCE) showed higher anti-HSV activity
than 20 Japanese traditional herb medicines (Kampo formulas), four popular polyphenols, and 119
chromone-related compounds. Exposure of HSV to SE or PCE for 3 min almost completely eliminated
the infectivity of HSV, whereas much longer exposure time was required for Kakkonto, the most
active Kampo formulae. Anti-HSV activity of PCE and Kakkonto could be detected only when they
were dissolved by alkaline solution (pH 8.0), but not by neutral buffer (pH 7.4). Anti-HSV activity of
SE and povidone iodine was stable if they were diluted with neutral buffer. Conclusions: The present
study suggests the applicability of SE and PCE for treatment of oral HSV and possibly other viruses.

Keywords: Kampo formulae; alkaline extract of Sasa sp.; pine cone extract; povidone-iodine; HSV;
HIV; loss of infectivity; solubilization method
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1. Introduction

In the oral cavity, there are many viruses including norovirus, rabies, human papillomavirus,
Epstein–Barr virus, herpes simplex viruses (HSVs), hepatitis C virus, and human immunodeficiency
virus (HIV). Viral infections have been diagnosed using an oral sample (e.g., saliva mucosal transudate
or an oral swab) based on the correlation of HIV anti-IgG/sIgA detection with saliva and serum
samples [1]. Oral herpes viruses, HSV-1 and HSV-2, are very common and infectious, and debilitate
patients, affect oral health, and have important psychological implications. The therapies currently used
for the treatment of HSV infection are pharmacological, topical, systemic, or instrumental, occasionally
with laser devices [2]. Many natural products have been investigated for their anti-HSV activity in vitro
or in vivo. These include low molecular weight polyphenols [3–6], water-extracts [7–10] including
Japanese traditional herb medicine (Kampo formulae) [11,12], and alkaline extracts [13] including a
lignin-carbohydrate complex [14–17].

We have already reported the anti-HSV activity of five plant extracts, 13 tannin-related
compounds determined by plaque assay [18], and the anti-HSV activity of eight licorice root extracts,
10 licorice flavonoids (including isoliquiritin apioside), five polymethoxyflavonoids (including tricin),
and five polyphenols (including epigallocatechin gallate, chlorogenic acid, p-coumaric acid, curcumin,
and resveratrol) determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method [19]. Quantitative structure-activity relationship (QSAR) analysis of these 19 polyphenols and
1705 chemical descriptors demonstrated that their anti-HSV activity correlated well with six chemical
descriptors that represent polarizability (MATS5p, GATS5p), ionization potential (GATS5i), number of
ring systems (NRS), atomic number (J_Dz(Z)) and mass (J_Dz(m) (r2 = 0.684, 0.627, 0.624, 0.621, 0.619,
and 0.618, respectively, p < 0.0001) [19]. However, most of lower molecular weight polyphenols showed
very low anti-HSV-activity.

In the present study, we report the in vitro anti-HSV activity of 20 Kampo formulas and
alkaline extracts of the leaves of Sasa sp. (SE) and pine cone combined with dextrin (PCE),
representative polyphenols, and a total of 119 chromones, esters, and amides [20–26], synthesized from
chromone (to search for new type of anti-HSV agents), a back-bone structure of flavonoids, together with
positive control acyclovir [27], representative polyphenols (resveratrol, p-coumaric acid, and curcumin
used as negative controls) [19] and povidone iodine (PVP-I), a popular gargle [28].

Since gargling time with mouth wash is usually a minute order, we investigated whether short
exposure of HSV (1.5 or 3 min) is enough to inactivate HSV. Since PCE and the Kampo formula
contain many acidic substances such as a lignin-carbohydrate complex and its degradation products,
it is expected that an alkaline solution may be useful to extract the active substances in higher yield
compared with the neutral buffer, although some elevation of degradation would be inevitable.
Therefore, we also compared the anti-HSV activity and its stability using either an alkaline solution
(1.39% NaHCO3, pH 8.0) or a neutral buffer [phosphate-buffered saline (PBS), pH 7.4].

2. Materials and Methods

2.1. Materials

The following chemicals and reagents were obtained from the indicated companies:
Eagles minimum essential medium (MEM) (Gibco BRL, Grand Island, NY, USA); fetal bovine
serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), resveratrol,
azidothymidine (AZT), 2’,3’-dideoxycytidine (ddC) (Sigma-Aldrich Inc., St. Louis, MO, USA);
dimethyl sulfoxide, dextran sulfate (DS) (5 kDa) (Wako Pure Chemical Ind., Ltd., Osaka, Japan);
acyclovir, curcumin, trans p-coumaric acid (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan);
tricin (Carbosynth Ltd., Berkshire, UK); curdlan sulfate (79 kDa) (Ajinomoto Co., Inc., Tokyo, Japan);
and PVP-I (Showa Seiyaku Co. Ltd., Tokyo, Japan). Twenty Kampo formula (Table 1) were provided
by Tsumura & Co, Tokyo, Japan. Culture plastic dishes and plates (96-well) were purchased from
Becton Dickinson Labware (Franklin Lakes, NJ, USA).
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Table 1. Twenty Kampo formulas used in this study.

S1 Unkeito (TJ-106) S11 Jumihaidokuto (TJ-6)
S2 Chotosan (TJ-47) S12 Yokuininto (TJ-52)
S3 Hochuekkito (TJ-41) S13 Shofusan (TJ-22)
S4 Hangebyakujutsutemmato (TJ-37) S14 Hainosankyuto (TJ-122)
S5 Kakkonto (TJ-1) S15 Jizusoippo (TJ-59)
S6 Shomakakkonto (TJ-101) S16 Unseiin (TJ-57)
S7 Sokeikakketsuto (TJ-53) S17 Rikkosan (TJ-110)
S8 Seijobofuto (TJ-58) S18 Keigairengyoto (TJ-50)
S9 Yokukansan (TJ-54) S19 Sansoninto (TJ-103)
S10 Orengedokuto (TJ-15) S20 Kakkontokasenkyushin’I (TJ-2)

2.2. Preparation of Sasa sp. (SE)

SE was prepared by iron ion substitution, alkaline extraction, and neutralization/desalting
(Figure 1A). Lyophilization and measurement of the dry weight of SE showed that it contained
58.2 ± 0.96 mg solid materials/mL [29]. The components of SE are shown in our previous
review article [30].

Figure 1. Scheme for large scale preparation of Sasa sp. (SE) (A) and pine cone extract (PCE) (B).

2.3. Preparation of Pine Cone Extract (PCE)

Pine cone extract was prepared by modification of the original method of preparation of the
lignin-carbohydrate complex [31,32]. In brief, pine cone of Pinus parviflora Sieb et Zucc. was washed
by hot water extract to remove contaminants and hot-water extractable materials, and then extracted
with 0.15 N NaOH to obtain the lignin-carbohydrate complex. The lignin-carbohydrate complex was
recovered by ethanol precipitation, and separated from salts and fat-soluble degradation products such
as phenylpropanoids. Nine volumes of dextrin were added and spry dried to yield PCE (Figure 1B).

2.4. Preparation of Chromones, Esters, and Amides

Twenty four 2-azolylchromone derivatives (E) were synthesized by the conjugated addition
reaction of 3-iodochromone derivatives with various azoles [20]. Seventeen 3-benzylidenechromanone
derivatives were synthesized by base-catalyzed condensation of the corresponding 4-chromanone
with substituted benzaldehyde derivatives [21]. Fifteen chalcone derivatives were synthesized
by base-catalyzed condensation of the corresponding acetophenones with various benzaldehyde
derivatives [22]. Ten cinnamic acid phenethyl esters were synthesized by the condensation of
cinnamic acid and its analogs such as caffeic acid, ferulic acid, and p-coumaric acid with the
corresponding phenethyl alcohols [23]. Ten 3-flavene derivatives were synthesized by the reductive
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intramolecular cycloaddition reaction of 2-hydroxychalcone derivatives [22]. Eleven piperic acid
amides were synthesized by the condensation of the acid chloride of piperic acid with various
amines. Piperic acid was prepared by alkaline hydrolysis of piperine [24]. Eighteen 2-styrylchoromone
derivatives were synthesized by base-catalyzed condensation of the corresponding 2-methylchromones
with selected benzaldehyde derivatives [25]. Fourteen 3-styrylchoromone derivatives were synthesized
by Knoevenagel condensation of the corresponding 3-formylchromones with various phenylacetic acid
derivatives [26]. All compounds were dissolved in DMSO at 40 mM and stored at −20 ◦C before use.

2.5. Assay for Anti-Herpes Simplex Virus (HSV) Activity

We dissolved the samples using the following three methods. (i) Method 1: Sample was dissolved
at 1 mg/mL with culture medium (MEM + 10% FBS) and then sterilized by passing through a Millipore
filter (pore size: 0.45 μm); (ii) Method 2: Sample was dissolved at 60 mg/mL with 1.39% NaHCO3

(pH 8.0) and then diluted to 3 mg/mL with medium and filtered; (iii) Method 3: Sample was dissolved
at 100 mg/mL with phosphate-buffered saline (PBS, pH 7.4) or 1.39% NaHCO3, vortexed, and shaken
overnight at 4 ◦C. After centrifugation, the supernatant was collected and then filtered (Figure 2A).

Figure 2. Experimental protocol. (A) Long treatment. (B) short treatment.

For the long treatment schedule (upper column in Figure 2B), Vero cells, isolated from the kidney
of African green monkey (Cercopithecus aethiops) were infected with HSV-1 (multiplicity of infection
(MOI) = 0.01). HSV-1 and test samples were mixed and stood for 20 min, and the mixture was then
added to the adherent Vero cells. After incubation for three days, the relative viable cell number was
determined by the MTT reagent.

For the short treatment schedule (lower column in Figure 2B), 100-fold concentrated HSV (MOI = 1)
was mixed with samples and stood for 1.5, 3, or 20 min. Then, virus concentration was reduced to 1/100
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(MOI = 0.01), added to the cells and incubated for three days. Mock-infected cells were first treated
for 1.5, 3, or 20 min with the same concentrations of test samples without HSV, then the sample was
removed by suction, washed once with PBS, and incubated for three days in the fresh culture medium.
The viability of both HSV-infected and mock-infected cells was determined by the MTT method as
described above.

From the dose-response curve, 50% cytotoxic concentration (CC50) in mock-infected cells, and the
50% effective concentration (EC50) in HSV-infected cells were determined. EC50-I was defined as
the concentration at which the viability was restored to the midpoint between that of HSV-infected
cells and that of mock-infected cells. EC50-II was defined as the concentration at which the viability
was restored to 50% of that of the mock-infected cells. The anti-HSV activity was evaluated by the
selectivity index (SI-I and SI-II), which was calculated using the following equation: SI-I = CC50/EC50-I;
SI-II = CC50/EC50-II (Figure 3).

Figure 3. Calculation of anti-herpes simplex virus (HSV) activity.

2.6. Assay for Anti-Human Immunodeficiency Virus (HIV) Activity

Human T-cell leukemia virus I (HTLV-I)-bearing CD4-positive human T-cell line MT-4, established
by Dr. Miyoshi [33], was cultured in RPMI-1640 medium supplemented with 10% FBS and infected
with HIV-1IIIB at a multiplicity of infection (MOI) of 0.01. HIV- and mock-infected MT-4 cells
(3 × 104 cells/96-microwell) were incubated for five days with different concentrations of extracts and
the relative viable cell number was determined by the MTT assay. The concentration that reduced
the viable cell number of the uninfected cells by 50% (CC50) and the concentration that increased the
viable cell number of the HIV-infected cells to 50% of the control (mock-infected, untreated) cells (EC50)
was determined from the dose-response curve with mock-infected and HIV-infected cells, respectively.
The anti-HIV activity was evaluated by the selectivity index (SI), which was calculated using the
following equation: SI = CC50/EC50 [34,35]. Since the viable cell number of HIV-treated cell reached
the baseline (zero), the EC50-I and SI-I were nearly identical to EC50-II and SI-II, respectively.

2.7. Statistical Treatment

Experimental values were expressed as the mean ± standard deviation (SD). The statistical
significance between the groups was assessed with analysis of variance (ANOVA) followed by
Dunette’s multiple comparison test. A p value less than 0.05 was considered significant.
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3. Results

3.1. Establishment of Assay Condition for Anti-HSV Activity

We have reported that the anti-HSV activity of most lower molecular weight polyphenols as
assessed by SI value (CC50/EC50) was very low (SI < 1) when compared with the positive control
(acyclovir and tricin) (SI > 27.3, 7.1) [19]. We conducted the accurate determination of anti-HSV
activity of natural products with low anti-HSV activity using two different plates: 96-well (for CC50

determination by the MTT method) and 6-well plates (for EC50 determination by plaque assay) may be
difficult, especially for short exposure experiments that require quick medium change. Therefore, it was
necessary to first investigate whether the infectivity of HSV-1 measured by the MTT method with the
96-well plate correlated with the plaque count of the 6-well plate under the light microscopy. We found
that this was the case. With the dilution fold of the virus solution increased, the viable cell number was
increased, reaching the plateau level where no plaque formation was observed (Figure 4A). We found
that the virus titer of MOI = 0.01 was much better than MOI = 0.1 for the quantitative determination of
the anti-HSV of acyclovir (ACV), one of the positive controls used in this study (Figure 4B). When we
used MOI = 0.1, accurate evaluation of the viable cell number was difficult due to the presence of too
much virus. Therefore, we used the fixed MOI = 0.01 during the cell treatment period to maintain the
viability of HSV-infected Vero cells at 20 ~ 40% (Figure 3). The selection of three days was the best
incubation time for the determination of anti-HSV activity. We had to use 100-fold concentrated HSV
solution (MOI = 1) to treat the virus with extremely higher concentrated samples. We reduced the MOI
100-fold during the days of cell culture (MOI = 0.01).

Figure 4. (A) Confirmation of correlation of optical density measurement with the MTT method and
plaque counting. Vero cells (10,000 cells) were inoculated on a 96-microwell plate and incubated
overnight at 37 ◦C. HSV-1 solution at the indicated dilution fold was then added. After incubation for
three days, viable cell number (absorbance at 595 nm) was determined by the MTT method, and plaque
formation was counted by light microscopy. (B) Effect of different MOI on the anti-HSV activity of
ACV. Each value represented as mean ± S.D. was determined (n = 3). Significant difference between
MOI = 0.01 and MOI = 0.1 (p < 0.05).
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3.2. Anti-HSV Activity of Natural Products

3.2.1. Hot-Water Extract (Kampo Formula) and Alkaline Extracts (SE, PCE)

It was important to first establish the method for dissolving the Kampo formulas. As a first step,
we directly mixed 20 Kampo formulas with culture medium (MEM+ 10% FBS), and then sterilized them
by passing through a Millipore filter (Method 1 in Figure 2A). Both mock-infected and HSV-infected
cells were incubated for three days without or with various concentrations of samples, and the viable
cell number was determined by the MTT method. From the dose-response curve, we determined the
50% cytotoxic concentration (CC50) and 50% protective concentration (EC50-I, EC50-II) and maximum
cell recovery (%) (MCR). The anti-HSV activity was assessed as the SI value (SI-I = CC50/EC50-I or
SI-I = CC50/EC50-II) (Figure 3). It was unexpected that any Kampo formula, except for S19 (SI-I > 2.2;
SI-II > 5.9) did not reduce the cytopathic effect of HSV infection (Supplementary Figure S1). We thought
that the failure to detect anti-HSV activity may be due to the interaction of Kampo ingredients and
medium components. Based on these data, we did not choose method I to solubilize the Kampo formula.
We found that higher anti-HSV activity of Kampo formulas was recovered by dissolving them with
1.39% NaHCO3 (pH 8.0) than with PBS (pH 7.4) (Supplementary Table S1, Supplementary Figure S2).
Therefore, we dissolved all Kampo formula with 1.39% NaHCO3 to make the initial concentration
of 60 mg/mL, diluted with culture medium to make a 3 mg/mL solution, and sterilized by passing
through a Millipore filter (Method 2 in Figure 2A).

Mock-infected and HSV-infected cells were incubated with increasing concentrations of samples
and determined for viability (Figure 5). Among the 20 Kampo formulas (S1 ~ S20), Kakkonto (S5)
showed the highest anti-HSV activity (SI-1 > 5.2; SI-II > 5.4; MCR = 78%), followed by Yokukansan (S9)
(SI-I > 1.0; SI-II > 1.6; MCR = 66%), Yokuininto (S12) (SI-II = 1.3; MCR = 52%) > Jumihaidokuto (S11)
(SI-II = 1.1; MCR = 52%). However, their anti-HSV activity was much lower than that of the alkaline
extract of Sasa sp. (SE) (Supplementary Table S2) (SI-1 = 4.5; SI-II = 6.8; MCR = 90%), alkaline extract of
pine cone of Pinus parviflora Sieb. et Zuc. (PCE) (SI-1 = 13.1; SI-II = 14.7; MCR = 82%) and acyclovir
(ACV) (SI-1 > 23.1; SI-II > 27.3; MCR = 108%) (Table 2).

3.2.2. Polyphenols and Chromone-Related Compounds

Among the four polyphenols, resveratrol (MCR = 20%), p-coumaric acid (MCR = 43%),
and curcumin (MCR= 42%) showed little or no anti-HSV activity, whereas tricin (SI-II= 7.1; MCR = 68%)
showed weak anti-HSV activity (Figure 5, Table 2).

Among the 119 chromone-related compounds, only 2-(1H-pyrazol-1-yl)-4H-1-benzopyran-4-one
(2a), 2-(1H-imidazol-1-yl)-6-methoxy-4H-1-benzopyran-4-one (3c), (3E)-2,3-dihydro-3-[(4-hydroxyphenyl)
methylene]-7-methoxy-4H-1-benzopyran-4-one (14), (2E,4E)-5-(3,4-methylenedioxyphenyl)-2,4-
pentadienoic acid (4-hydroxy-3-methoxyphenyl)methyl ester (2), 2-[(1E)-2-(4-fluorophenyl)ethenyl]-6-
methoxy-4H-1-benzopyran-4-one (8), and 2-[(1E)-2-(3,4-dimethoxy)ethenyl]-6-methoxy-4H-1-benzopyran
-4-one (12) showed weak anti-HSV activity (Figure 5). Chromone derivatives with higher antitumor
activity (assessed with tumor-specificity determined by the ratio of mean CC50 against four human
oral squamous cell carcinoma cell lines (Ca9-22, HSC-2, HSC-3, HSC-4) to that for three normal oral
cells such as human gingival fibroblasts, human periodontal ligament fibroblasts, and pulp cells
(indicated by red color) showed no anti-HSV activity. Similarly, chromones with higher anti-HSV
activity did not have higher antitumor activity (Supplementary Table S3).
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Figure 5. Anti-HSV activity of Kampo formulas, SE, PCE, and acyclovir (ACV). Mock-infected (�) and
HSV-infected (•) cells were treated for three days and viable cell number [%t of control (untreated,
uninfected cells)] were determined. Each value is represented as mean ± S.D. (n = 3).

Table 2. Quantification of anti-HSV activity of Kampo formulas with reference compounds.

Test Sample

Viability of
HSV-

Infected
Cells (%)

CC50 EC50-I EC50-II

Anti-
HSV

Activity

Max.
Cell

Recovery
(%)SI-I SI-II

Kampo formula (Supplementary Figure S2) (mg/mL)
S1 Unkeito 27 >3.0 (-) 1 (-) >3.0 51

S2 Chotosan 25 2.6 (-) >3.0 (-) <0.87 48
S3 Hochuekkito 25 >3.0 (-) >3.0 (-) ><1.0 44

S4 Hangebyakujutsutemmato 26 1.35 (-) >3.0 (-) <0.45 41
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Table 2. Cont.

Test Sample

Viability of
HSV-

Infected
Cells (%)

CC50 EC50-I EC50-II

Anti-
HSV

Activity

Max.
Cell

Recovery
(%)SI-I SI-II

S5 Kakkonto 29 1.65 0.58 0.56 >5.2 >5.4 78
S6 Shomakakkonto 34 2.1 (-) >3.0 (-) <0.70 46
S7 Sokeikakketsuto 29 >3.0 (-) >3.0 (-) ><1.0 46

S8 Seijobofuto 34 0.58 (-) >3.0 (-) <0.19 39
S9 Yokukansan 31 >3.0 2.9 1.9 >1.0 >1.6 66

S10 Orengedokuto 22 0.76 (-) >3.0 (-) <0.25 30
S11 Jumihaidokuto 25 3 (-) 2.8 (-) 1.1 52

S12 Yokuininto 21 >3.0 (-) 2.4 (-) 1.3 55
S13 Shofusan 21 2.5 (-) >3.0 (-) <0.83 34

S14 Hainosankyuto 24 2.6 (-) >3.0 (-) <0.87 33
S15 Jizusoippo 23 1.3 (-) >3.0 (-) <0.43 33

S16 Unseiin 23 1.5 (-) >3.0 (-) <0.5 29
S17 Rikkosan 21 1.8 (-) >3.0 (-) <0.60 34

S18 Keigairengyoto 26 1.6 (-) >3.0 (-) <0.53 34
S19 Sansoninto 23 1.6 (-) >3.0 (-) <0.53 47

S20 Kakkontokasenkyushin’I 32 2 (-) >3.0 (-) <0.67 45

Alkaline extracts (mg/mL)
SE (Supplementary Table S1) 20 2.6 0.7 0.5 4.5 6.8 90

PCE 19 2 0.19 0.17 13.1 14.7 82

Polyphenols (μM)
Resveratrol 16 18 (-) >1000 (-) <0.018 20

p-Coumaric acid 42 170 (-) >1000 (-) <0.17 43
Curcumin 22 16 (-) >100 (-) <0.16 42

Chromones (μM) (Supplementary Table S2)
(2a) (Ref. 20) 9 >600 450 400 >1.3 >1.5 59
(3c) (Ref. 20) 9 310 NT 300 NT 1.0 50
(14) (Ref. 21) 11 31 NT 29 NT 1.1 51
(2) (Ref. 24) 11 >1000 820 640 >1.2 >1.6 61
(8) (Ref. 25) 23 86 ND 180 ND >3.3 54

(12) (Ref. 25) 23 >600 ND 370 ND >1.6 64

Positive controls (μM)
ACV 23 >30 1.3 1.1 >23.1 >27.3 108
Tricin 18 10 (-) 1.4 (-) 7.1 68

Data were derived from Supplementary Figure S2 (for all 20 Kampo formula) and from Figure 4. (2a),
2-(1H-pyrazol-1-yl)-4H-1-benzopyran-4-one; (3c), 2-(1H-imidazol-1-yl)-6-methoxy-4H-1-benzopyran-4-one; (14),
(3E)-2,3-dihydro-3-[(4-hydroxyphenyl)methylene]-7-methoxy-4H-1-benzopyran-4-one; (2), (2E,4E)-5-(3,4-
methylenedioxyphenyl)-2,4-pentadienoic acid (4-hydroxy-3-methoxyphenyl)methyl ester; (8), 2-[(1E)-2-(4-
fluorophenyl)ethenyl]-6-methoxy-4H-1-benzopyran-4-one; (12), 2-[(1E)-2-(3,4-dimethoxy) ethenyl]-6-methoxy
-4H-1-benzopyran-4-one. Supplementary Tables S2 and S3 show the anti-HSV activity of SE (assayed 52 times) and
a total of 119 chromone derivatives, esters, and amides.

3.3. Augmentation of Antiviral Potential of Alkaline Extracts by Reducing the Treatment Time

3.3.1. Rapid HSV Inactivation by SE and PCE

Since SE and PCE showed approximately 10-fold higher anti-HSV activity (SI-II= 6.8, 14.7) than the
twenty Kampo formulas (mean SI-II < 1.1), 6-fold higher than four polyphenols (mean SI-II = 1.9),
and 6-fold higher than five of the most potent chromones (mean SI-II = 1.7) (Table 2), we next
investigated whether short exposure of HSV to these samples could instantly reduce the infectivity.

Exposure of HSV with SE (A) (1 or 3 mg/mL), PCE (C) (1 or 3 mg/mL) as well as povidone iodine
(B) (2.33 or 7 mg/mL) rapidly eliminated its infectivity within 3 min, whereas Kampo preparation (S5)
(D) took 20 min to express HSV inactivation (Figure 6).

The HSV inactivation effect of SE was reproducibly diminished by dilution with 1.39% NaHCO3

(pH 8.0), rather than (PBS, pH 7.4) in four independent experiments (compare left and right column in
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Figure 6A). Povidone iodine showed similar instability under alkaline conditions (compare left and
right column in Figure 6B). On the other hand, the anti-HSV activity of powders such as PCE and
Kakkonto (S5) was enhanced more than 21.4 (=3/0.14) and 1.25-fold (=3/2.4), respectively, when they
were first dissolved with 1.39% NaHCO3 rather than PBS (Figure 6C,D).

Figure 6. Effect of short exposure of HSV to SE (means of four independent experiments) (A),
povidone iodine (B), PCE (C) and Kakkonto (S5) (D). A 100-fold higher titer of HSV was exposed
to these samples for 0, 1.5, 3, or 20 min, and then added to the cells after dilution of 100-fold. After
incubation for three days, viable cells were determined. Each value represents mean ± S.D. (n = 3).

We next investigated the cytotoxicity (measured by CC50) and protective effect (measured by EC50)
of short exposure (3 min) of SE (A, B), PCA (C, D) and PV-I (E, F) (Figure 7). From the dose-response
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curve, we could calculate the SI values (Table 3). It is apparent that SE showed 2- to 3-fold higher
anti-HSV activity when it was diluted with PBS (SI-I = 26.1, SI-II = 31.6) (B), rather than with NaHCO3

(SI-I = 9.4, SI-II = 11.4) (A). On the other hand, PCE showed higher anti-HSV activity when it was
dissolved by NaHCO3 [SI-I > 222, SI-II > 322, MCR (maximum cell recovery) = 101.3%) (C), than by PBS
(SI-I > 62.5, SI-II > 76.9, MCV = 26.8%) (D). However, we could not calculate the SI value of Kakkonto
(S5) due to the lower protection effect. Povidone iodine (PVP-I) showed much lower anti-HSV activity,
whenever diluted by NaHCO3 (SI-I = 1.3, SI-II = 2.3) (E) or PBS (SI-I = 2.0, SI-II = 3.1) (F) (Figure 7).

Figure 7. Dose-response curve of cytotoxicity and protective effect of short exposure (3 min) to SE
(A, B), PCE (C,D), and PVP-I (E,F). Samples were dissolved and diluted either in 1.39% NaHCO3 or
PBS. HSV and Vero cells were preincubated for 3 min, and chased into fresh medium, and the viable
cell number was determined. The indicated concentrations in the abscissa is the concentration at the
time of contact to samples for 3 min. Each value is represented as mean ± S.D. (n = 3).

3.3.2. Rapid HIV Inactivation by SE

We investigated whether the short exposure with SE enhanced the anti-HIV activity. We found
that exposure of HIV to SE for as little as 1 ~ 30 min quickly inactivated the virus (Figure 8A).
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Table 3. Quantification of HSV inactivation by short exposure to SE and PCE.

Exposure
Time
(min)

Viability of
HSV-Infected

Cells (%)

CC50

(mg/mL)
EC50-I

(mg/mL)
EC50-II

(mg/mL)

Anti-HSV
Activity

Max. Cell
Recovery

(%)SI-I SI-II

SE 3 NaHCO3 21.3 5.8 0.62 0.51 9.4 11.4 101.7
(solution) 3 PBS 24.8 12.0 0.46 0.38 26.1 31.6 98.8

PCE 3 NaHCO3 25.9 >100 0.45 0.31 >222 >322 101.3
(powder) 3 PBS 25.9 >100 1.6 1.3 >62.5 >76.9 26.8

S5 3 NaHCO3 32.7 >100 (-) (-) (-) (-) 88.3
(powder) 3 PBS 25.0 >100 (-) (-) (-) (-) 40.6

PVP-I 3 NaHCO3 21.8 0.78 0.6 0.34 1.3 2.3 103.1
(solution) 3 PBS 20..2 0.28 0.14 0.09 2.0 3.1 94.3

Figure 8. Rapid inactivation of HIV by SE. (A) Effect of preincubation time. A 20-fold higher titer
of HIV (MOI = 0.2) was exposed to 0.2 mg/mL SE for 0, 1, 3, 10, or 30 min, and then added to the
cells after dilution of 20-fold to make the final MOI = 0.01. After incubation for five days, viable cells
were determined. Each value represented as the mean ± S.D. was determined (n = 3). HIV infection
significantly reduced the viable cell number (p < 0.05). (B) Effect of long (five days) and short (10 min)
exposure of HIV to SE, and popular anti-HIV agents on the cell viability. Each value represented as the
mean ± S.D. was determined (n = 3).
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Four popular anti-HIV agents (AZT, ddC, DS, CRDS, used as the positive controls) showed
potent anti-HIV activity (SI = 5082, 1913 > 29,485, 4666), verifying this system for measuring the
anti-HIV activity (lower panel in Figure 8B). Compared with regular long exposure (five days) (SI = 95),
short exposure to SE more effectively inactivated the virus (SI > 560, >369), yielding more than a
4 ~ 6-fold increase (upper panel in Figure 8B). We repeated the same experiment with more wider
dose ranges, and found that 10 min exposure of HIV with SE showed approximately 20-fold increase
of anti-HIV activity (25.1 and 16.6-fold in two different assays) when compared with regular longer
exposure (Table 4).

Table 4. Enhancement of anti-HIV activity of SE by shortening the treatment time.

CC50 (μg/mL) EC50 (μg/mL) SI n-Fold

SE (long exposure) 627.80 6.63 95 1
SE (short exposure 1) >500 0.894 >560 >5.9

Repeat 1067 0.447 2388 25.1
SE (short exposure 2) >500 1.35 >369 >3.9

Repeat 1067 0.677 1577 16.6
Positive controls

AZT (μM) 41.49 0.00817 5082
ddC (μM) 745.32 0.390 1913

DS >1000 0.0339 >29485
CRDS 704.96 0.151 4666

4. Discussion

The present study demonstrated that the anti-HSV activity of the Kampo formula solely depended
on the solubility. Kampo formulas are all powder, and therefore they have to be dissolved well
and sterilized before treatment. We found that when they were directly dissolved with medium,
no anti-HSV activity (Method 1) (Supplementary Table S1) and anti-HIV activity [36] were detected.
On the other hand, when they were dissolved in alkaline solution such as 1.39% NaHCO3 (pH 8),
some anti-HSV activity was recovered (Method 2). However, when they were dissolved with neutral
buffer such as PBS (pH 7.4), no anti-HSV activity was recovered. Using Method 3, contact with
Kakkonto for 20 min reduced the infectivity of HSV, consistent with previous reports of the anti-HSV
activity of Kakkonto [12]. We recently reported that most Kampo formulas including Kakkonto showed
protection against cisplatin and amyloid-β-induced neurotoxicity [36].

We have previously separated various polysaccharide fractions of the pine cone of Pinus parviflora
Sieb et Zucc by successive hot water and alkaline extractions. Hot water extract contains Fr. I (neutral),
Fr. II (uronic acid-rich), and Fr. V (tightly bound to diethylaminoethyl cellulose (DEAE) cellulose
chromatography). Alkaline extract contains Fr.VI (acid-precipitable), and Fr. VII, VIII, and IX (step-wise
precipitated by increasing amounts of ethanol). All of these fractions contain glucose, mannose,
galactose, and arabinose or fucose as the main component of polysaccharide. Chemical analysis
(infrared spectroscopy (IR), nuclear magnetic resonance (NMR), thin layer chromatography (TLC))
identified Frs. V, VI, VII, VIII, and IX as a lignin-carbohydrate complex [31]. We found that only Frs.
V, VI, VII, VIII, and IX showed potent anti-HIV activity whereas neutral and acidic polysaccharides
(Frs. I and II) were inactive [32]. It is reasonable that PCE was richer in lignified material than the
Kampo formula, and showed higher anti-HSV activity. Removal of dextrin from PCE power may
further increase the specific activity of anti-HSV.

SE itself is an alkaline solution containing a lignin-carbohydrate complex and its degradation
product such as p-coumaric acid, which has no anti-HSV activity. We found that dilution of SE
with 1.39% NaHCO3 reproducibly reduced the anti-HSV activity, possibly due to the degradation
of the lignin-carbohydrate complex under alkaline condition. We reported diverse biological
activity of SE (anti-inflammatory, antiviral, antibacterial, anti-UV, and anti-halitosis activity,
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and synergism with acyclovir or vitamin C), some of which overlapped that of the lignin-carbohydrate
complex [13,16,17,29,32,37–45] (Table 5).

Table 5. Diverse biological activity of SE and similarity with the lignin-carbohydrate complex.

Biological Activity SE Lignin–Carbohydrate Complex

Anti-inflammatory activity [37,38] [32]
Antiviral activity [29] [16,32]

Antibacterial activity [29,39]
Anti-UV activity [40] [41,42]

Synergism with acyclovir (Antiviral) [13]
Synergism with vitamin C (Anti-UV) [43]

Synergism with vitamin C (antitumor) [44]
Anti-halitosis activity [45]

There are three commercially available products of alkaline extract of Sasa sp. (products A,
B and C). SE (Product A) contains Fe (II)-chlorophyllin, whereas products B and C contain Cu
(II)-chlorophyllin and less lignin-carbohydrate complex. Product C is supplemented with ginseng and
pine (Pinus densiflora) leaf extracts. We found that SE (Product A) exhibited higher anti-HIV, anti-UV,
and hydroxyl radical-scavenging activities compared to those of products B and C [46]. This finding
further strengthens that major biological principles in SE may be the lignin-carbohydrate complex.
The lignin-carbohydrate complex can be extracted by alkaline solution, but, once isolated by the
alkaline solution, may be unstable under alkaline conditions [47–49], and gradually decompose into
phenylpropanoid monomers and oligomers with little or no antiviral activity [50,51]. Based on these
unique biological activities, we manufactured various medicines, cosmetics, toiletries, supplements,
and foods using SE (Figure 9). If we could remove lower molecular weight degradation products that
have essentially no antiviral activity, specific activity of SE may be further elevated. Considering that
saliva is neutral with a pH of 7.2 ~ 7.3 [52] or 7.0 ~ 7.2 [53], SE may be stable in the oral cavity.

It was unexpected that lower molecular weight polyphenols such as resveratrol, curcumin,
and p-coumaric acid had little or no anti-HSV activity. This may be due to their potent cytotoxicity
against Vero cells. We have previously reported that tricin, but not the other four polymethoxyflavonoids
(3,3’,4’,5,6,7,8-heptamethoxyflavone, nobiletin, tangeretin, and sudachitin), showed potent anti-HSV
activity, suggesting the importance of the 3D-structure of these polymethoxyflavonoids for expressing
anti-HISV activity [19]. It remains to be investigated whether short-term exposure of HSV to a higher
concentration of these polyphenols may inactivate HSV or not.

We recently found that many chromone derivatives, esters, and amides showed much
higher cytotoxicity against human oral squamous cell carcinoma cell lines when compared
with human normal mesenchymal oral cells (gingival fibroblast, periodontal ligament fibroblast,
pulp cells). Their tumor-specificity exceeded that of the lower molecular weight polyphenols.
Furthermore, they showed much less normal keratinocyte toxicity than conventional anticancer
drugs. Our preliminary study demonstrated that some of them alleviated the HSV-induced cytopathic
effects. However, there was no correlation between their tumor-specificity and anti-HSV activity
(Supplementary Table S3).

Recently, povidone iodine has been broadcasted to improve the symptoms of corona virus-infected
patients in TV ASAHI super-channel in Japan on August 5, 2020. However, many authorities of medical
sciences have shown cautionary stance, since it may kill the good bacteria that protect the mouth and
reduce thyroid function. The present study showed that it also rapidly reduced the infectivity of HSV.
Further study of the safety of this gargle as an antiviral agent should be performed.

We have previously demonstrated that 125I-labeled lignin-carbohydrate complex bound tightly to
the influenza virus with sucrose gradient centrifugation [54]. The lignin-carbohydrate complex [55] and
tannic acid [56] significantly inhibited the adsorption of 3H-labeled HSV to Vero cells [18]. Anti-HSV
activity of these substances was much greater when they were added during virus adsorption to
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the cells rather than before and after adsorption [18,52]. These data suggest that the target of these
substances may be virus or cell surface components. Since the lignin-carbohydrate complex significantly
enhanced the expression of dectin-2 [53], possible interactions with the cell surface receptor should be
investigated. Further study is necessary to identify the antiviral mechanisms of these substances.

 
Figure 9. Medicines, cosmetics, toiletries, supplements, and foods manufactured from SE. Right column:
Yatsugatake mountain peak (top), factory of the Daiwa Biological Research Institute Co. Ltd., Chino,
Nagano, Japan (middle), and the botanical garden in the “Sasa Rikyu (imperial villa)” (bottom).

5. Conclusions

The present study demonstrated for the first time that:

• Alkaline extracts of the leaves of Sasa sp. (SE) and pine cone extract (PCE) showed higher anti-HSV
activity than 20 Japanese traditional herb medicines (Kampo formulas), resveratrol, p-coumaric
acid, curcumin, tricin, and 119 chromone-related compounds. This confirms our previous finding
that the alkaline extract of tea and licorice root showed higher anti-HIV activity than the respective
hot water extract [57,58].

• Exposure of HSV to SE or PCE for 3 min almost completely eliminated the infectivity of HSV,
whereas a much longer exposure time was required for Kakkonto, the most active Kampo formulae.

• Anti-HSV activity of PCE and Kakkonto could be detected only when they were dissolved by an
alkaline solution (pH 8.0), but not by neutral buffer (pH 7.4).

• Anti-HSV activity of SE and povidone iodine was unstable if they were diluted with
alkaline solution.

• Anti-HSV activity of SE and PCE were one or two-orders higher than povidone iodide.
• Anti-HIV activity of SE was also enhanced when it was administered for a short period.
• The present study suggests the applicability of a short treatment of oral virus with SE and PCE.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2305-6320/7/10/64/s1,
Figure S1: Method I. Direct mixing of Kampo preparations with culture medium resulted in low recovery of
anti-HSV activity, Figure S2: Method 2: Weak anti-HSV activity was detected in S5, S9, S11 and S12, Table S1:
Higher anti-HSV activity of Kampo formulas was recovered by dissolving with 1.39% NaHCO3 than with
PBS, Table S2. Anti-HSV activity of SE from 52 experiments, Table S3. Anti-HSV activity of chromones, esters,
and amides (119 compounds).
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Some immunological properties of female saliva and its effect on sperm motility. Cas. Lek. Cesk. 2014, 153,
86–90. [PubMed]

54. Sakagami, H.; Takeda, M.; Kawazoe, Y.; Nagata, K.; Ishihama, A.; Ueda, M.; Yamazaki, S. Anti-influenza virus
activity of a lignin fraction from cone of Pinus parviflora Sieb. et Zucc. In Vivo 1992, 6, 491–496. [PubMed]

55. Fukuchi, K.; Sakagami, H.; Ikeda, M.; Kawazoe, Y.; Oh-hara, T.; Konno, K.; Ichikawa, S.; Hata, N.; Kondo, H.;
Nonoyama, M. Inhibition of herpes simplex virus infection by pine cone antitumor substances. Anticancer Res.
1989, 9, 313–318. [PubMed]

56. Kushida, T.; Makino, T.; Tomomura, M.; Tomomura, A.; Sakagami, H. Enhancement of dectin-2 gene
expression by lignin-carbohydrate complex from Lendinus edodes extract (LEM) in mouse macrophage-like
cell line. Anticancer Res. 2011, 31, 1241–1248. [PubMed]

57. Sakagami, H.; Ohkoshi, E.; Amano, S.; Satoh, K.; Kanamoto, T.; Terakubo, S.; Nakashima, H.; Sunaga, K.;
Otsuki, T.; Ikeda, H.; et al. Efficient utilization of plant resources by alkaline extraction. Altern. Integr. Med.
2013, 2, 133. [CrossRef]

58. Ohno, H.; Miyoshi, S.; Araho, D.; Kanamoato, T.; Terakubo, S.; Nakashima, H.; Tsuda, T.; Sunaga, K.;
Amano, S.; Ohkoshi, E.; et al. Efficient utilization of licorice root by alkaline extraction. In Vivo 2014, 28,
785–794. [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

169





medicines

Review

Development of Newly Synthesized Chromone
Derivatives with High Tumor Specificity against
Human Oral Squamous Cell Carcinoma

Yoshiaki Sugita 1,*, Koichi Takao 1, Yoshihiro Uesawa 2,*, Junko Nagai 2, Yosuke Iijima 3,

Motohiko Sano 4 and Hiroshi Sakagami 5,*

1 Department of Pharmaceutical Sciences, Faculty of Pharmacy and Pharmaceutical Sciences, Josai University,
Saitama 350-0295, Japan; ktakao@josai.ac.jp

2 Department of Medical Molecular Informatics, Meiji Pharmaceutical University, Tokyo 204-858, Japan;
nagai-j@my-pharm.ac.jp

3 Department of Oral and Maxillofacial Surgery, Saitama Medical Center, Saitama Medical University,
Kawagoe 350-8550, Japan; yoiijima@saitama-med.ac.jp

4 Division of Applied Pharmaceutical Education and Research, Hoshi University, Tokyo 142-8501, Japan;
m-sano@hoshi.ac.jp

5 Meikai University Research Institute of Odontology (M-RIO), 1-1 Keyakidai, Sakado, Saitama 350-0283, Japan
* Correspondence: sugita@josai.ac.jp (Y.S.); uesawa@my-pharm.ac.jp (Y.U.); sakagami@dent.meikai.ac.jp (H.S.);

Tel.: +81-492-717-254 (Y.S.); +81-424-958-983 (Y.U.); +81-492-792-758 (H.S.)

Received: 3 August 2020; Accepted: 24 August 2020; Published: 26 August 2020

Abstract: Since many anticancer drugs show severe adverse effects such as mucositis, peripheral
neurotoxicity, and extravasation, it was crucial to explore new compounds with much reduced
adverse effects. Comprehensive investigation with human malignant and nonmalignant cells
demonstrated that derivatives of chromone, back-bone structure of flavonoid, showed much higher
tumor specificity as compared with three major polyphenols in the natural kingdom, such as
lignin-carbohydrate complex, tannin, and flavonoid. A total 291 newly synthesized compounds of
17 groups (consisting of 12 chromones, 2 esters, and 3 amides) gave a wide range of the intensity of
tumor specificity, possibly reflecting the fitness for the optimal 3D structure and electric state. Among
them, 7-methoxy-3-[(1E)-2-phenylethenyl]-4H-1-benzopyran-4-one (compound 22), which belongs
to 3-styrylchromones, showed the highest tumor specificity. 22 induced subG1 and G2 + M cell
population in human oral squamous cell carcinoma cell line, with much less keratinocyte toxicity as
compared with doxorubicin and 5-FU. However, 12 active compounds selected did not necessarily
induce apoptosis and mitotic arrest. This compound can be used as a lead compound to manufacture
more active compound.

Keywords: chromone; tumor specificity; QSAR analysis; apoptosis; cell cycle analysis

1. Introduction

This review is composed of four parts. The first part reviews the adverse effect of chemotherapeutic
agents. The second part introduces our life-work research of development of chromone derivatives
that show comparable anticancer activity and lower keratinocyte toxicity, as compared with anticancer
drug. The third part describes the serious problems of neurotoxicity in G2 +M blocker. The fourth
part is the summary of our major findings and future direction of chromone research.
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2. Adverse Effects of Anticancer Drugs

2.1. Oral Mucositis Associated with Anticancer Drug

Oral mucositis is one of the most frequent adverse events in cancer drug therapy and hematopoietic
stem cell transplantation. Oral mucositis is reported to occur in 5–50% of patients receiving
standard-dose chemotherapy and 68–98% of high-dose chemotherapy related to hematopoietic
stem cell transplantation [1]. Oral mucositis not only lowers the patient’s QOL due to pain but also
lowers the oral intake, leads to undernutrition and dehydration, and deteriorates the general condition.
It also serves as a gateway for bacterial invasion and may trigger systemic infection. Decreased doses
and delayed schedules in chemotherapy lead to reduced efficacy and survival rates, but currently
there are no established preventive or curative methods for oral mucositis, hindering smooth cancer
treatment [2].

2.2. Neurotoxicity of Anticancer Drugs

Cancer drug therapy has contributed to the improvement of survival rate and QOL by the
development of cytocidal anticancer drugs and molecular targeted therapeutic agents, while the
adverse effect of cancer drug therapy causes a decrease in QOL, sometimes causing the discontinuation
of the drug therapy. Typical side effects include organ disorders such as bone marrow suppression,
physical disorders such as nausea and vomiting, and neuropathy represented by paresthesia.
Chemotherapy-induced peripheral neuropathy (CIPN) associated with an anticancer agent is not
recovered quickly by a drug withdrawal like myelosuppression, and some disorders may remain for
the lifetime. CIPN is a serious adverse event that interferes with the continuation of chemotherapy.
It was reported that the incidence of CIPN was 68.1% within 1 month after chemotherapy, 60.0%
after 3 months, and 30.0% after 6 months in a follow-up study of 4179 patients with colorectal cancer,
breast cancer, gynecologic cancer, and multiple myeloma [3]. However, there are a few reports
of preventive and therapeutic drugs for CIPN. Platinum, taxane, and vinca alkaloid are known as
causative agents of CIPN. Different drugs have different mechanisms that cause peripheral neuropathy.
For example, platinum-based cisplatin causes sensorineural deafness in the high range due to acoustic
nerve damage. It has been reported that it is cumulative and that symptoms often continue for a long
period of time after discontinuation of administration [4].

Oxaliplatin, a platinum drug, has acute and chronic symptoms. Acute symptoms are characterized
by paresthesia around the extremities and around the lips and chronic symptoms may persist for
months to years [5]. Carboplatin, a platinum drug, causes relatively few neurological symptoms
when used at normal doses, and high doses may cause symptoms similar to cisplatin [6]. Paclitaxel,
a taxane-based drug, mainly causes paresthesia of the extremities and is correlated with single dose
and total dose [7]. Docetaxel, a taxane-based drug, causes sensory and motor disorders but is less
frequent than paclitaxel [8]. Vincristine, a vinca alkaloid drug, causes sensory abnormalities in the
fingers and movements within a few weeks after the start of treatment and often persists for a long time
after the discontinuation of treatment [9]. CIPN pathological findings are classified into axonopathy,
neuronopathy, and myelinopathy. Axonopathy is the most common disorder in CIPN. Neuronal cell
body is relatively retained due to damage from thick and long axons. Clinically, glove and stocking
type sensory deficits often begin at the extremities. Representative agents are microtubule inhibitors,
vinca alkaloids, and taxanes. Neuronopathy is mainly cell bodies of lesions, mainly caused by cell death
of dorsal root ganglion cells, and secondary damage to axons and myelin sheaths. Clinically, nerve cell
bodies with short axons are also damaged, so sensory deficits occur not only on the extremities but also
on the trunk and face. Representative agents are platinum agents such as oxaliplatin and cisplatin [10].
The frequency of mucositis and peripheral neuropathy of various anticancer agents was summarized
from the interview form of the pharmaceutical company (Table 1).
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Table 1. Incidence of oral mucositis and peripheral neuropathy induced by anticancer drugs.

Reported Incidence (%)

Classification Drugs Oral Mucositis Peripheral Neuropathy

Vinca alkaloid Vinorelbine (VNR) 15.2 12.2

vinblastine (VBL) 0.4 2.2
Vincristine (VCR) 0.1 25.5

Microtubule inhibitor Eribulin (ERI) 39.5 24.7

Platinum CDDP (cisplatin) 2.6 1.5
L-OHP (oxaliplatin) 12.0 45.5

CBDCA (carboplatin) N.D. N.D.

Taxane DTX (docetaxel) N.D. N.D.

PTX (paclitaxel) 18.2 55.0
NabPTX (paclitaxel) 2.8 39.0

Antimetabolite 5-FU (fluorouracil) 6.7 0.2

GEM (gemcitabine) N.D. N.D.

Topoisomerase inhibitor IRT (irinotecan) N.D. N.D.
ETP (etoposide) N.D. N.D.

Anthracycline DOX (doxorubicin) 51.7 27.6

Molecular target drug Rmab (ramucirumab) 54.3 N.D.

Cmab (cetuximab) >10.0 0.5~10.0
Nmab (nivolumab) 1.0~5.0 3.1

Proteasome inhibitor Bmib (bortezomib) <5 28.3

N.D. no data reported.

2.3. Chemotherapy Extravasation

Systemic intravenous chemotherapy can cause multiple emergencies by local and systemic
reactions. Drug extravasation is one of the most devastating complications in chemotherapy.
Overall incidences of chemotherapy extravasation ranges from 0.01% to 6.5% [11–13], with reports of
extravasation occurrence via central venous catheters ranging from 0.3% to 10.3% [14–17]. The exact
incidence rate of extravasation varies greatly due to the general lack of reporting and absence of
centralized registry of extravasation events. Therefore, no benchmark existed for the incidence of
chemotherapy extravasations.

Extravasation is the accidental leakage of cytotoxic chemotherapy drugs that can cause severe
tissue damage, tissue necrosis, blistering, or sloughing into the subcutaneous or subdermal tissue at the
injection site [18,19]. Extravasated drugs are further classified into the three groups: vesicants, irritants,
and nonvesicants/nonirritants, according to their potential for causing damage as (Table 2) [12,13,19,20].

Vesicant drugs have the capability to induce the formation of blisters and/or cause tissue destruction.
Vesicant drugs may be subclassified into DNA-binding and non-DNA-binding compounds [20].
DNA-binding compounds are capable of producing more severe tissue damage and mainly include
anthracyclines and alkylating agents. Non-DNA-binding compounds are mainly vinca alkaloids
and taxanes.

Irritant drugs can cause pain at the injection site or along the vein, with or without an inflammatory
reaction. Some of these agents have the potential to cause soft tissue ulcers only if a large amount
of concentrated drug solution is inadvertently extravasated. Nonvesicant or nonirritant drugs,
if extravasated, rarely produce acute reactions or tissue necrosis.
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Table 2. Classification of chemotherapeutic drugs according to tissue damage after extravasation.

Type of Damages Principal Categories Drugs

Vesicants

DNA-binding compounds

Anthracyclines Amrubicin; Daunorubicin; Doxorubicin; Epirubicin;
Idarubicin; Mitoxantrone; Pirarubicin

Alkylating agents Bendamustine; Busulfan; Carmustine; Melphalan;
Nimustine; Ranimustine; Streptozocin

Antitumor antibiotic Actinomycin D

Other Trabectedin

Non-DNA-binding compounds

Taxanes Docetaxel; Paclitaxel; Nab-paclitaxel

Vinka alkaloids Vinblastine; Vincristine; Vindesine; Vinorelbine

Others

Antibody–drug conjugate Gemtuzumab ozogamicin

Antitumor antibiotic Mitomycin C

Irritants

Anthracyclines Aclarubicin; Liposomal doxorubicin

Alkylating agents Dacarbazine; Cyclophosphamide; Ifosfamide;
Temozolomide

Antibody–drug conjugate Trastuzumab emtansine

Antimetabolites Azacitidine; Gemcitabine; Fluorouracil; Tegafur

Antitumor antibiotics Bleomycin; Peplomycin

Platinum salts Carboplatin; Cisplatin Oxaliplatin; Nedaplatin;
Miriplatin

Proteasome inhibitor Bortezomib

Taxane Cabazitaxel

Topoisomerase I inhibitors Irinotecan; Topotecan

Topoisomerase II inhibitor Etoposide

Others Arsenic Trioxide; Nelarabine; Picibanil; Porfimer; sodium

Nonvesicants/
Nonirritants

Antimetabolites
Cladribine; Clofarabine; Cytarabine; Enocitabine
Fludarabine; Methotrexate; Pemetrexed

Antibody–drug conjugates Brentuximab vedotin; Ibritumomab tiuxetan

Antineoplastic agents Degarelix; Fulvestrant; Goserelin; Leuprorelin
Hormonal

Monoclonal antibodies
Alemtuzumab; Bevacizumab; Cetuximab; Ipilimumab;
Mogamulizumab; Ofatumumab; Panitumumab;
Pertuzumab; Ramucirumab; Rituximab; Trastuzumab

Monoclonal antibodies (immune
checkpoint inhibitors)

Atezolizumab; Avelumab; Durvalumab; Ipilimumab;
Nivolumab; Pembrolizumab

Others
BCG; Calcium folinate; Celmoleukin; Dexrazoxane;
Eribulin; Interferon; L-asparaginase; Levofolinate;
Octreotide; Pentostatin; Talaporfin sodium; Teceleukin

Tissue damage related to extravasation occurs by different mechanisms [3]. First, the drug is
absorbed by local cells in the tissue and binds to critical structures, causing cell death. After the
endocytolysis, surrounding cells can also die through the release of the drug from nearby dead cells.
The repetitive nature of this process impairs healing and may result in progressive and chronic tissue
injury. Second, the drug that does not bind to cellular DNA may metabolize and be cleared, limiting the
degree of tissue injury [21]. However, the literature addressing extravasation is limited to animal
studies, case reports, and small human studies. Classic randomized studies in humans for the treatment
of extravasations are unthinkable because of ethical reasons. On the whole, the highest possible grade
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of recommendation of each measure for extravasations would be low. Novel studies are clearly needed
to elucidate the mechanism of chemotherapy extravasations.

3. Development of Newly Synthesized Chromone Derivatives with High Tumor Specificity, but
Low Keratinocyte Toxicity

Our strategy to explore new compounds is composed with the following eight steps: search of
natural products that shows the highest tumor specificity (Step 1); QSAR analysis of chromone-related
compounds (Step 2); investigation of action mechanism (Step 3), identification of target molecules
(Step 4), exploration of more activity compounds by prediction, synthesis, and confirmation (Step 5);
check for adverse effects (Step 6); in vivo experiments with animals (Step 7); and clinical application
(Step 8) (Figure 1).

Figure 1. Strategy for exploring new anticancer drugs using chromone backbone structure.
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3.1. Why We Focused on the Chromones

For the quantification of anticancer activity of text samples, it was necessary to establish the
in vitro assay method (Figure 2) [22], using human malignant and nonmalignant cells: four human oral
squamous cell carcinoma (OSCC) cell lines (Ca9-22, HSC-2, HSC-3, and HSC-4), three human normal
oral mesenchymal cells (gingival fibroblast HGF, periodontal ligament fibroblast HPLF, and pulp cell
HPC), and two human normal oral epithelial cells (human oral keratinocyte HOK and primary human
gingival epithelial cells HGEP).

Epithelial cells:

Mesenchymal cells

Epithelial cells

Figure 2. In vitro assay system for the measurement of tumor specificity.

Tumor specificity (TS) was defined as the ratio of the mean of CC50 against normal cells to that
against OSCC cells). When mesenchymal or epithelial cells were used, TSM and TSE could be obtained,
respectively. TSE can be used as an index for neurotoxicity. (Figure 1). It would be the most ideal if
we could use human epithelial cells as target cells. However, most of anticancer drugs show potent
cytotoxicity against epithelial cells (as described later). Therefore, we used TSM value, rather than TSE

at the first stage of random screening. Using this method, we found that three major polyphenols,
i.e., lignin–carbohydrate complexes, tannins, and flavonoids, showed much lower TSM in comparison to
popular chemotherapeutic antitumor drugs (Table 3). On the other hand, the derivatives of chromone,
the backbone structure of various flavonoids such as flavonoid, flavone, flavanone, and isoflavone
(Figure 3) showed much higher TSM than the majority of polyphenols [22]. These findings encouraged
us to explore more active chromone derivatives.
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Table 3. Tumor specificity (TS) of polyphenols.

Compound Number of Compounds Mean TSM (Range)

Lignin–carbohydrate complexes 4 2.7 (1.7~4.1) 1

Flavones, flavonols 36 1.2 (0.3~3.2)
Flavonoids 31 3.2 (0.8~31.7)

Isoprenyl flavonoids 22 2.1 (1.6~3.0)
Tricin, morin, quercetin, kaempferol 4 1.5(1~2.2)
Isoliquiritigenin, datiscetin, galangin 3 2.0 (1~4)

Resveratrol, daidzein, genistein 3 2.1 (1.1~2.9)
Gallic acid, catechin, epigallocatechin gallate 3 2.1 (1.0~4.1)

Procyanidins 6 4.8 (1.0~7.4)
Hydrolyzable tannins (monomer) 7 1.5 (1.0~2.5)
Hydrolyzable tannins (oligomers) 3 1.4 (1.2~1.5)

Large circular ellagitannins 4 4.4 (2.3~8.2)
2-Styrylchromones 6 7.3 (1.1~17.4)
3-Styrylchromones 15 14.9 (1.6~69.0)

Anthracyclines 4 181 (47~259)
1 Cited from [22].

Figure 3. Chromone is a backbone structure of some flavonoids.

3.2. Synthesis of Chromones, Esters, and Amides

We have focused on the following three groups of compounds (Figure 4):

• Chromone derivatives:

having intact chromone ring: 3-styrylchromones (A), 2-styrylchromones (B),
2-(N-cyclicamino)chromones (C), 3-(N-cyclicamino)chromones (D), 2-azolylchromones (E),
3-benzylidenechromones (F), pyrano[4,3-b]chromones (G), furo[2,3-b]chromones (H).
having chromen ring: 3-styrylchromenes (I) and 3-flavens (J) (unpublished).
having cleaved chromone ring: aurones (K) and chalcones (L).

• Esters: cinnamic acid phenethyl esters (M) and piperic acid esters (N).
• Amides: phenylpronanoid amides (O), piperic acid amides (P), and oleoylamides (Q) (Figure 4).
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Figure 4. Structure of chromones (A~L), esters (M,N), and amides (O~Q).

As for chromone derivatives, 3-styrylchromones (A) were synthesized by Knoevenagel
condensation of the corresponding 3-formylchromones with various phenylacetic acid derivatives [23]
(Figure 5).

Here, 2-styrylchromones (B) were synthesized by base-catalyzed condensation of the
corresponding 2-methylchromones with selected benzaldehyde derivatives [24].

Then, 2-(N-cyclicamino)chromones (C) were synthesized by the nucleophilic substitution reaction
of 2-triazolylchromone derivatives, derived from 3-iodochromones and triazole, with the cyclic
secondary amines such as piperidine and piperazine derivatives [25].

Then, 3-(N-cyclicamino)chromones (D) were synthesized by the condensation of 2,3-epoxychromone
derivatives with the cyclic secondary amines [25].
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Then, 2-azolylchromones (E) were synthesized by the conjugated addition reaction of
3-iodochromone derivatives with various azoles [26].

Next, 3-benzylidenechromones (F) were synthesized by base-catalyzed condensation of the
corresponding 4-chromanone with substituted benzaldehyde derivatives [27].

Pyrano[4,3-b]chromones (G) were synthesized by the cycloaddition reaction of 3-formylchromones
with selected enol ethers [28].

Furo[2,3-b]chromones (H) were synthesized by the ring expansion-cycloaddition reaction of
methanochromanones with aldehydes or ketones [29].

Basically, 3-styrylchromenes (I) were synthesized by Horner-Wadsworth-Emmons reaction of the
corresponding 2H-chromene-3-carbaldehydes with commercially available diethyl benzylphosphonate
derivatives [30]. Additionally, 3-flavens (J) were synthesized by reductive intramolecular cycloaddition
reaction of 2-hydroxychalcone derivatives [31]. Aurones (K) were synthesized by base-catalyzed
condensation of 3(2H)-benzofuranones with selected benzaldehyde derivatives [32]. Chalcones (L)
were synthesized by base-catalyzed condensation of the corresponding acetophenones with various
benzaldehyde derivatives [31] (Figure 5).

As for esters and amides, cinnamic acid phenethyl esters (M) were synthesized by the condensation
of cinnamic acid and its analogs, such as caffeic acid, ferulic acid, and p-coumaric acid, with the
corresponding phenethyl alcohols. In addition, phenylpropanoid amides (O) were synthesized by the
condensation of the corresponding cinnamic acid derivatives with various biogenic amines.

Piperic acid esters (N) were synthesized by the condensation of piperic acid with the corresponding
alcohols. In addition, piperic acid amides (P) were synthesized by the condensation of the acid chloride
of piperic acid with various amines. Piperic acid was prepared by alkaline hydrolysis of piperine.

Oleoylamides (Q) were synthesized by the condensation of oleoyl chloride, derived from oleic
acid and oxalyl chloride, with the various corresponding biogenic amines (Figure 6).

 

Figure 5. Synthesis of chromone derivatives.
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Figure 6. Synthesis of esters and amides.

3.3. Tumor Specificity of Chromones, Esters, and Amides

We investigated a total 291 compounds from 17 different groups (A~Q) of their cytotoxicity
(assessed by CC50) against four human OSCC (Ca9-22, HSC-2, HSC-3, and HSC-4) and three human
normal mesenchymal cells (HGF, HPLF, and HPC), and then their tumor specificity (assessed by TSM,
calculated as describe in Figure 2, and potency-selectivity expression (PSE)) [33–52]. PSE, that reflects
both tumor specificity and cytotoxicity against tumor cells, was calculated by dividing the TSM by
CC50 for tumor cells, and then multiplying by 100. All these values are listed in Supplementary
Table S1. This demonstrated that only limited numbers of compounds show higher tumor specificity,
although their structures are very similar with each other. It is possible that such highly tumor-specific
compounds show the optimal 3D structure, since the tumor specificity of chromone compounds shows
the tight correlation with chemical descriptors that reflect the 3-D structure (Table 4) [33,35,37–53].

Table 4. Molecular shape is the key determinant of tumor specificity.

Chemical Descriptors That Correlate with Tumor
Specificity

Ref.

3-Styrylchromones (A) Molecular shape, electrostatic interaction, charge [33,35]
2-Styrylchromones (B) Molecular shape and flatness [37]

2-(N-Cyclicamino)chromones (C) Molecular shape, 3D-structure [38]
3-(N-Cyclicamino)chromones (D) 3D-structure, lipophilicity [39]

2-Azolylchromones (E) 3D/topological shape, size, polarizability, lipophilicity [40,41]
3-Benzylidenechromones (F) Molecular shape, size, polarization [42]
Pyrano[4,3-b]chromones (G) 3D structure, polarity, ionic potential, electric state [43]

Furo[2,3-b]chromones (H) Molecular flexibility, density, size and shape, lipophilicity [44]
3-Styrylchromenes (I) Molecular shape and flatness [45]

Aurones (K) Molecular shape, size, polarizability [46]
Chalcones (L) Molecular shape and polarization [47]

Cinnamic acid phenethyl esters (M) Shape, size and ionization potential [48]
Piperic acid esters (N) Molecular shape, size, ionization potential, electronegativity [49]

Phenylpronanoid amides (O) Molecular size (surface area), electrostatic interaction [50]
Piperic acid amides (P) Molecular shape, electrostatic interaction [51]

Oleoylamides (Q) Molecular polarization and hydrophobicity [52]

The most active compounds in each group are shown in Figure 7. Their cytotoxicity against
human four OSCC cell lines, and three human normal oral mesenchymal (HGF, HPLF, and HPC),
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two human epithelial cells (HOK and HGEP), and tumor specificity (TSM (determined with OSCC vs.
human normal mesenchymal cells), TSE) (determined with OSCC vs. human normal epithelial cells)
are shown in Table 5.

 

Figure 7. The most active compounds in each group, line-upped in the decreasing order of potency.
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Table 5. Tumor specificity and keratinocyte toxicity of chromones and anticancer drugs.

CC50 (μM)

Normal Oral Cells

Four Mesen- Epithelial

OSCCs Chymal HOK HGEP TSM TSE

Group Compd. (a) (b) (c) (d) (b/a) (c/a) (d/a) Ref.

3-Styrylchromones (A) 11 2.0 138 19.0 800 69.0 9.5 400.0 [33]
3-Styrylchromones (A) 22 0.6 182 400 301.1 662.1 [35]
2-Styrylchromones (B) 34 1.9 159 100 84.1 52.8 [37]
2-Styrylchromones (B) 40 3.8 336 89.1

2-(N-Cyclicamino)chromones (C) 62 5.5 348 357.7 63.4 65.2 [38]
3-(N-Cyclicamino)chromones (D) 69 32.3 >397 400.0 >12.3 12.4 [39]

2-Azolylchromones (E) 94 6.3 153 24.2 [40]
2-Azolylchromones (E) 95 1.5 36 24.1
2-Azolylchromones (E) 107 18.4 389 21.2 [41]

3-Benzylidenechromones (F) 136 7.3 >400 3.8 3.3 55.2 0.5 0.5 [42]
Pyrano[4,3-b]chromones (G) 154 5.0 240 20.3 47.8 4.1 [43]

Furo[2,3-b]chromones (H) 168 37.2 261 7.0 [44]
3-Styrylchromenes (I) 182 4.7 280 59.9 [45]

3-Flavens (J) 194 73.3 348 4.7
Aurones (K) 203 41.4 >400 >9.7 [46]

Chalcones (L) 228 <4.4 38 >8.6 [47]
Cinnamic acid phenethyl esters (M) 237 8.5 199 23.4 [48]

Piperic acid esters (N) 239 37.9 >400 >10.5 [49]
Phenylpronanoid amides (O) 252 122.0 378 >3.1 [50]

Piperic acid amides (P) 269 75.0 >800 >10.7 [51]
Oleoylamides (Q) 281 0.6 9.7 2.5 0.4 15.5 4.0 0.6 [52]

DXR 0.1 9.7 0.1 0.027 121.8 1.5 0.3
[35,
39]

5-FU 61.8 1000.0 24.7 18.8 16.2 0.4 0.3 [35]

Further, 7-methoxy-3-[(1E)-2-phenylethenyl]-4H-1-benzopyran-4-one (compound 22) showed the
highest TS value (TSM = 301.1), followed by 2-[(1E)-2-(3,4-dimethoxy)ethenyl]-4H-1-benzopyran-4-one
(compound 40) (TSM = 89.1) > 2-[(1E)-2-(4-methoxyphenyl)ethenyl]-4H-1-benzopyran-4-one
(compound 34) (TSM = 84.1) > (E)-3-(4-Hydroxystyryl)-6-methoxy-4H-chromen-4-one (compound
11) (TSM = 69.0) > 7-methoxy-2-(4-morpholinyl)-4H-1-benzopyran-4-one (compound 62)
(TSM = 63.4) > (E)-3-(4-cholorostyryl)-7-methoxy-2H-chromene (compound 182) (TSM = 59.9) >
(3E)-2,3-dihydro-3-[(3,4-dihydroxyphenyl)methylene]-7-methoxy-4H-1-benzopyran-4-one (TSM = 52.2)
(compound 136). It is noted that these compounds showed comparable TS values of doxorubicin
(DXR) and much higher TS value than 5-FU. It was unexpected that DXR and 5-FU showed potent
toxicity against human epithelial cells such as human oral keratinocyte (HOK) and human progenitor
of human gingival epithelial cells (HGEP) (c/a and d/a in Table 5). We have reported previously that
DXR induced apoptosis (characterized by the loss of cell surface microvilli, chromatin condensation,
nuclear fragmentation, and caspase-3 activation) in these keratinocytes [54]. On the other hand,
compounds 11, 22, 34, 62, and 69 showed much lower keratinocyte toxicity (Table 5).

3.4. Mechanism of Action

Compounds 11 and 22 in 3-styrylchromones (A), 34 and 40 in 2-styrylchromones (B), 95 in
2-azolylchromones (E), 228 in chalcones (L), and 237 in cinnamic acid phenethyl esters (M) induced
apoptosis [caspase-3 activation (assessed by western blot analysis) and subG1 cell accumulation
(assessed by cell sorter analysis)] in human OSCC cell lines. On the other hand, compounds 62 in
2-(N-cyclicamino)chromones (C), 95 in 3-(N-cyclicamino)chromones (D), 107 in 2-azolylchromones
(E), 154 in pyrano[4,3-b]chromones (G), and 168 in furo[2,3-b]chromones (H) did not induce apoptosis
(Table 6). Compounds 22, 34, 40, and 107 also induced G2 +M cell accumulation, but only the first 3
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compounds induced apoptosis. This indicated that the induction of G2 +M accumulation itself does
not guarantee the induction of apoptosis.

Table 6. The most active compounds in each group do not necessarily induce apoptosis in human oral
squamous cell carcinoma (OSCC) cell line.

Group Compd. Mechanism of Action Ref.

3-Styrylchromones (A) 11 Mitochondrial vacuolization caspase-3 ↑ [34]
3-Styrylchromones (A) 22 subG1↑ G2 +M↑ [35]
2-Styrylchromones (B) 34, 40 subG1↑ G2 +M↑ [37]

2-(N-Cyclicamino)chromones (C) 62 No apoptosis cytotoxic [38]
3-(N-Cyclicamino)chromones (D) 69 No apoptosis cytostatic [39]

2-Azolylchromones (E) 95 Caspase-3↑
2-Azolylchromones (E) 107 G2 +M phase cells↑No apoptosis cytostatic [41]

Pyrano[4,3-b]chromones (G) 154 No apoptosis cytostatic [43]
Furo[2,3-b]chromones (H) 168 No apoptosis [44]

Chalcones (L) 228 Caspase-3↑ [47]
Cinnamic acid phenethyl esters (M) 237 Caspase-3↑ [48]

3.5. Other Biological Actions of Chromones, Esters, and Amides

We searched other biological activities of chromones, esters, and amides (Supplementary Table S2).
Table 7 listed up the most potent compounds that showed biological activity higher than positive
controls. Compounds 10, 12, 15, 124, 136, 229, 231, 237, 258, and 261 scavenged the DPPH radical,
more potently than ascorbic acid, a well-known antioxidant [23], suggesting its antioxidant action.

Table 7. Oher biological activities of chromones, esters, and amides.

EC50 or IC50 (μM)

Group Inhibition of Compd. No Compd. Positive Control Ref.

3-Styrylchromones (A) DPPH radical 10, 12, 15 17, 22, 23 23 (ascorbate) [23]
α-glucosidase 10, 14, 15, 18 16, 9, 10. 16 >100 (acarbose) [23]

2-Styrylchromones (B) MAO-B 38, 39 0.017, 0.024 0.22 (Pargyline) [24]

2-Azolylchromones (E) MAO-B 87, 89 0.028, 0.019 0.22 (Pargyline) [26]

3-Benzylidenechromones (F) DPPH radical 124, 136 13, 13 12 (ascorbate) [27]
α-glucosidase 131, 132, 136 15, 25, 28 900 (acarbose) [27]

Pyrano[4,3-b]chromones (G) MAO-B 153 0.2 0.22 (Pargyline) [28]

3-Styrylchromenes (I) MAO-B 173, 177, 181 0.010, 0.015, 0.016 0.22 (Pargyline) [30]

Cinnamic acid phenethyl esters (M)
DPPH radical 229, 231, 237 18, 11, 18 23 (ascorbate) [55]

MAO-B 236 0.013, 0.22 (Pargyline) [55]
BChE 230, 235 4.9, 6.8 7.1 (Neostigmine) [55]

Phenylpronanoid amides (O) DPPH radical 258, 261 8.7, 8.1 12 (ascorbate) [55]
α-glucosidase 266, 267 30, 29 900 (acarbose) [56]

Compounds 10, 14, 15, 18, 131, 132, 136, 266, and 267 inhibited α-glucosidase (EC 3.2.1.20) that
is responsible in breaking down starch and disaccharides to glucose, more potently than acarbose.
This suggest their possible antihyperglycemic effect.

Compounds 10, 15, 124, and 136 show both α-glucosidase inhibitory and antioxidant actions,
suggestion that they can be lead compounds for manufacturing as antidiabetic drugs.

Compounds 38, 39, 87, 89, 153, 173, 177, and 236 inhibited monoamine oxidase (MAO-B)
more effectively than pargyline, an irreversible selective MAO-B inhibitor drug. This suggests
their application to treat the Parkinson’s disease and Alzheimer’s disease [24,27,28,30,55].
Halogen-containing compounds show more potent inhibitory activity. All compounds showed
higher MAO-B-specific inhibition than positive controls and, therefore, were not likely to exert adverse
effects due to MAO-A inhibition. Furthermore, they show reversible inhibition and thus were much
convenient for the sudden interruption of treatment, as compared with irreversible inhibitors.
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Compounds 230 and 235 inhibited the butyrylcholinesterase (BChE) more potently than
neostigmine, suggesting that they may serve as lead compounds for the development of novel
BChE inhibitors and candidate lead compounds for the prevention or treatment of Alzheimer’s
disease [55].

We found that all compounds tested showed no anti-HIV activity (SI < 1), in contrast to
popular anti-HIV substances (dextran sulfate, curdlan sulfate, azidothymidine, 2′,3′-dideoxycytidine,
azidothymidine, and 2′,3′-dideoxycytidine) (SI = 53–2512) (Supplementary Table S3).

4. Serious Problems of Neurotoxicity in G2 +M Blocker

We found that highly tumor-specific 3-styrylchromone derivatives [7-methoxy-3-[(1E)-2
-phenylethenyl]-4H-1-benzopyran-4-one (compound 22) and 3-[(1E)-2-(4-hydroxyphenyl)ethenyl]-
7-methoxy-4H-1-benzopyran-4-one (compound 29)] (TSM = 301 and 182, respectively)
(Supplementary Table S1) induced subG1 and G2 +M arrest [35]. We also have recently reported that
several G2/M blockers such as taxanes paclitaxel (Taxol®, the first microtubule stabilizing agent [57])
and docetaxel, show very high TSM values (>7267 and >86,122, respectively) [58]. Marinho et al.
reported recently that 4′-methoxy-2-styrylchromone induced mitotic arrest in human tumor (human
Caucasian breast adenocarcinoma MCF-7 and human lung adenocarcinoma NCI-H460) cell lines, in a
similar fashion to paclitaxel [59]. Soo et al. reported that cudraflavone C (Cud C), a naturally occurring
flavonol, induced apoptosis (caspase activation) in colorectal cancer cells (CRC) and tumor-selective
cytotoxicity by targeting the PI3K-AKT pathway [60].

However, many reports, including ours, demonstrated that microtubule-targeted agents have
potent neurotoxicity, adversely affecting the quality of life of patients on a long-term basis [61–64].
Iijima et al. recently reported that carboplatin (CBDCA) was highly neurotoxic (TSN = 0.11 (3.2/27.9)),
calculated using the data of Table 2 in Ref. [64]. It is urgent to investigate the neurotoxicity, extravasation
as well as stomatitis of chromone derivatives, esters, and amides.

5. Conclusions and Future Direction

We found that:

(i) Chromone showed much higher tumor specificity as compared with three major polyphenols.
(ii) A total 291 newly synthesized compounds of 17 groups (consisting of 12 chromones, 2 esters,

and 3 amides) gave a wide range of the intensity of tumor specificity.
(iii) Their tumor specificity is correlated with chemical descriptors that reflect 3D structure and

electric state.
(iv) 7-Methoxy-3-[(1E)-2-phenylethenyl]-4H-1-benzopyran-4-one (compound 22), which belongs to

3-styrylchromones, showed the highest tumor specificity. Compound 22 induced subG1 and G2
+M cell population in human OSCC cell line, with much less keratinocyte toxicity as compared
with doxorubicin and 5-FU. This compound can be used as a lead compound to manufacture
more active compound.

It is crucial to identify the target molecules (Step 4 in Figure 1). To accomplish this, 13C-labeled
compound 22 will be prepared, using 2-hydroxyacetophenone derivatives and 13C-dimethylformamide,
or using 13C-iodomethane as methylation agent, and then the differential incorporation of 13C into
malignant and nonmalignant cells will be investigated, with LC-MS. Compound 22, labeled with
fluorescence dye (Cy3, CY5, Cy7), will be tested to detect the intracellular uptake and distribution
into organelles, using confocal laser microscopy. Binding of cellular protein to and elution from
chromone-attached beads may be useful to identify the binding proteins.

In order to explore more potent chromone derivatives, the following three steps will be repeated:
(i) prediction by QSAR of the best fit substituents that yield the highest TSM and TSE, (ii) synthesis of
compounds introduced with such predicted substituents, and (iii) confirmation of antitumor potential
(Step 5). However, it is important to eliminate the compounds that show potent keratinocyte toxicity,
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neurotoxicity, and extravasation (Step 6), before animal experiment (Step 6) and clinical application
(Step 7).

The present study demonstrated that only selected compounds that have the optimal 3D structure
show the highest tumor specificity, whereas most of other analogs that have similar structure show much
less tumor specificity (Supplementary Table S1). This suggests the presence of binding components or
receptors for chromones. It remains to be investigated whether compounds 22 and 40 may interact
with estrogen receptors, since these compounds have structural similarity with isoflavones (such as
daidzein and genistein) and to some degree with tamoxifen, which have been used for the treatment of
oral squamous cell carcinoma that express estrogen receptors [65–67]. In addition, it seems that the
“para” like substitution is favorable, possibly because it mimics the structure of estrogen. It is highly
probable that different groups of chromone-related compounds have different anticancer mechanisms
depending on their structure (Table 6).

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-6320/7/9/50/s1,
Table S1: Tumor specificity of 291 compounds; Table S2: Radical scavenging and monoamine oxidase inhibitory
and cholinesterase inhibitory activities of chromones, esters, and amides; Table S3: Test for anti-HIV activity of
chromones, esters, and amides.
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Abstract: Background: Allergic rhinitis (AR) is well known to be an IgE-mediated chronic
inflammatory disease in the nasal wall, which is primarily mediated by Th2-type cytokines such
as IL-4, IL-5, and IL-13. Although quercetin is also accepted to attenuate the development of
allergic diseases such as AR, the influence of quercetin on Th2-type cytokine production is not well
understood. The present study was designed to examine whether quercetin could attenuate the
development of AR via the modulation of Th2-type cytokine production using an in vitro cell culture
technique. Methods: Human peripheral-blood CD4+ T cells (1 × 106 cells/mL) were cultured with
10.0 ng/mL IL-4 in the presence or absence of quercetin. The levels of IL-5, IL-13, and INF-γ in 24 h
culture supernatants were examined by ELISA. The influence of quercetin on the phosphorylation of
transcription factors NF-κB and STAT6, and mRNA expression for cytokines were also examined
by ELISA and RT-PCR, respectively. Results: Treatment of cells with quercetin at more than 5.0 μM
inhibited the production of IL-5 and IL-13 from CD4+ T cells induced by IL-4 stimulation through the
suppression of transcription factor activation and cytokine mRNA expression. On the other hand,
quercetin at more than 5.0 μM abrogated the inhibitory action of IL-4 on INF-γ production from CD4+

T cells in vitro. Conclusions: The immunomodulatory effects of quercetin, especially on cytokine
production, may be responsible, in part, for the mode of therapeutic action of quercetin on allergic
diseases, including AR.

Keywords: allergic rhinitis; quercetin; human CD4+ T cells; Th1/Th2 cytokine balance; modulation;
in vitro

1. Introduction

Allergic rhinitis (AR) is well accepted to be a chronic inflammatory IgE-mediated disorder of the
nasal wall and is characterized by multiple symptoms such as sneezing, itching, and nasal congestion,
among others [1,2]. AR is also accepted to be divided into two different phases of allergic reaction:
an initial sensitization phase in which allergen exposure results in IgE formation, and subsequent
clinical disease after repeated antigen exposure [3]. The clinical reaction is further subdivided into
early- and late-phase responses [1,2]. The development of these responses is orchestrated by Th2-type
helper T cells via the production of several types of cytokines and chemokines, which are responsible
for the migration and activation of inflammatory cells [1,2].

Current therapeutic agents against AR are limited to antihistamines, antileukotriene, and nasal
glucocorticoids that can mitigate allergic symptoms but fail to modulate the allergic reactions and
bring adverse side effects such as throat irritation and dry mouth [2,4,5]. Consequently, it is desirable
to develop safe and effective therapeutic agents for AR. Quercetin is well known to be one of the most
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abundant dietary flavonoids, found in various vegetables such as onions, broccoli, tomatoes, etc. [6].
For many years, quercetin has been studied for its possible health benefits, and it has been revealed that
quercetin attenuates oxidative stress responses through the suppression of free-radical generation [6,7];
increases in the production of thioredoxin [8] and glutathione [9,10]; quercetin–glutathione conjugate
formation [11]; and upregulation of glutamate–cysteine ligases [11], which are important endogenous
antioxidants [8–11]. In regard to allergic immune responses, quercetin has been reported to inhibit
the production of both inflammatory cytokines and chemokines such as IL-5, eotaxin, and RANTES
(regulated on activation normal T cell expressed and secreted) from eosinophils and mast cells after
immunological stimulation in vitro and in vivo [12–15]. It has also been reported that quercetin
inhibits the secretion of harmful chemical mediators, including histamine, leukotrienes, major basic
protein, and eosinophil cationic protein from mast cells and eosinophils in vitro and in vivo [14,15].
Furthermore, the influence of quercetin on the production of T-cell cytokines was investigated using
an asthmatic mouse model, and it was reported that quercetin could reduce the increased levels of
IL-4, and increased IFN-γ levels in bronchoalveolar lavage fluid after antigenic challenge via the
modulation of T-box protein expressed in T cells (T-bet) and GATA-3 gene expression, resulting in
significant attenuation of all asthmatic reactions [16,17]. Although these reports strongly suggest
that quercetin is a good candidate as a supplement for modulation of allergic diseases, including AR,
the mechanisms of the therapeutic action of quercetin on allergic responses is not fully understood.
There is much evidence that IL-4, one of the Th2-type T-cell cytokines, is a key player in immune
modulation of allergic responses and plays essential roles in the development of pathological changes
in allergic diseases [2,18]. Although it has been reported that quercetin can inhibit the ability of
human peripheral-blood mononuclear cells to spontaneously produce IL-4, but not IFN-γ in vitro
via inhibition of cytokine mRNA expression [19], the precise mechanisms of quercetin’ on cytokine
production are not well understood. In the present study, therefore, we examined the influence of
quercetin on IL-4-mediated immune responses by examining the secretion of cytokines from CD4+ T
cells in vitro.

2. Materials and Methods

2.1. Reagents

Quercetin was obtained from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA) as a preservative-free
pure powder. It was dissolved in dimethyl sulfoxide at a concentration of 10.0 mM and was then diluted
with RPMI-1640 medium (Sigma-Aldrich Co., Ltd.) supplemented with 10% heat-inactivated bovine
serum (RPMI-FBS; Sigma-Aldrich Co., Ltd.) at appropriate concentrations for experiments. It was
then sterilized by passing it through 0.2 μm filters, and stored at 4 ◦C until use. Recombinant human
IL-4 was purchased from R & D Systems, Inc. (Minneapolis, MN, USA) as a preservative-free pure
powder. IL-4 was also dissolved in RPMI-FBS, sterilized with 0.2 μm filters and stored at 4 ◦C until use.
mRNA isolation kits were purchased from Milteny Biotec (Bergisch Gladbach, Germany). The reagents
used for cDNA synthesis and the real-time reverse-transcription polymerase chain reaction (RT-PCR)
kit were obtained from Invitrogen Corp. (Carlsbad, CA, USA) and Applied Biosystems (Foster City,
CA, USA), respectively.

2.2. Preparation of CD4+ T Cells

Heparinized human venous blood was obtained from five healthy subjects (all male, 41.0 ± 10.1 years)
after obtaining their written informed consent, which was approved by the Ethics Committee
of Showa University (Approved No. 190613; Date of approval: 1 June 2019). Peripheral-blood
mononuclear cells (PBMCs) were then obtained after centrifugation (1000× g for 30 min) of blood
with lymphocyte separation medium (Organon Technica, Durham, NJ, USA). CD4+ T cells were
purified from PBMCs using a magnetic cell separator (Milteny Biotec, Bergisch Gladbach, Germany) as
described previously [20]. The cells were suspended in RPMI-FBS at a concentration of 1 × 106 cells/mL.
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The cell purity was more than 95%, as judged using a flow cytometer (FACScan; Becton Dickinson,
San Jose, CA, USA).

2.3. Cell Culture

CD4+ T cells (1 × 106 cells/mL) were introduced into each well of 24 well culture plates in triplicate,
where each well contained 10.0 ng/mL of IL-4 and various concentrations of quercetin in a final volume
of 2.0 mL [20]. The supernatants were collected 24 h later and stored at −40 ◦C until needed for assays
for the levels of cytokines. To prepare cells for examining transcription factor activation and mRNA
expression, CD4+ T cells were cultured in a similar manner for 1 and 4 h, respectively [20]. In all
experiments, quercetin treatment was started 1 h before IL-4 stimulation.

2.4. Assay for Cytokines

The levels of IL-5, IL-13, and IFN-γ in culture supernatants were measured in duplicate with
human cytokine ELISA kits (R & D) according to the manufacturer’s instructions. The sensitivity of
the ELISA kits for IL-5, IL-13, and IFN-γ was 3.0 pg/mL, 32.0 pg/mL, and 8.0 pg/mL, respectively.

2.5. Assay for Transcription Factor Activities

NF-κB and STAT6 activity in cultured cells were examined using ELISA test kits (Active Mortif
Co., Ltd., Carlsbad, Calif, USA) following the manufacturer’s recommended procedures.

2.6. Assay for mRNA Expression

Poly A+ mRNA was extracted from cells with oligo(dT)-coated magnetic micro beads (Milteny
Biotec, Bergisch Gladbach, Germany). mRNA samples (1.0 μg) were reverse-transcribed to cDNA
using a Superscript cDNA synthesis kit (Invitrogen Corp., Carlsbad, CA, USA). Polymerase chain
reaction (PCR) was then conducted using a GeneAmp 5700 Sequence Detection System (Applied
Biosystems, Forster City, CA, USA). The PCR mixture consisted of 2.0 μL of sample cDNA solution
(100 ng/μL), 25.0 μL of SYBR-Green Mastermix (Applied Biosystems), 0.3 μL of both sense and antisense
primers, and distilled water to give a final volume of 50.0 μL. The reaction was conducted as follows:
4 min at 94 ◦C, followed by 40 cycles of 4 min at 95 ◦C, 1 min at 60 ◦C, and 1 min at 70 ◦C [20].
GAPDH was amplified as an internal control. mRNA levels for IL-5 and IL-13 were calculated by using
the comparative parameter threshold cycle and normalized to GAPDH. The nucleotide sequences
of the primers were as follows: for IL-5, 5′-GCTTCTGCATTTGAGTTTGCTAGCT-3′ (sense) and
5′-TGGCCGTCAATGTATTTCTTTATTAAG-3′ (antisense); for IL-13, 5′-CCACGGTCATTGCTCTC
AGGCTGGACTG-3′ (sense) and 5′-CCTTGTGCGGGCAGAATCCGCTCA-3′ (antisense) [20]; and for
GAPDH, 5′-TGCACCACCAACTGCTTAGC-3′ (sense) and 5′-GGCATGGACTGTGGTCATGAG-3′
(antisense) [7].

2.7. Statistical Analysis

Statistical analyses were performed with ANOVA followed by Dunnett’s multiple-comparison
test. Values of p < 0.05 were considered statistically significant.

3. Results

3.1. Influence of Quercetin on the Production of T-Cell Cytokines

The first set of experiments was undertaken to examine whether quercetin could suppress the
production of Th-2-type cytokines IL-5 and IL-13, by CD4+ T cells after IL-4 stimulation. CD4+ T cells
(1 × 106 cells/mL) were cultured with 10.0 ng/mL IL-4 in the presence of 1.0 to 10.0 μM quercetin for
24 h. The levels of IL-5 and IL-13 in culture supernatants were measured by ELISA. Treatment of cells
with quercetin at lower than 2.5 μM did not inhibit IL-5 production: IL-5 levels in experimental culture
supernatants were similar (not significant) to those that received IL-4 stimulation alone (Figure 1a).
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On the other hand, higher concentrations of quercetin (more than 5.0μM) caused significant suppression
of IL-5 production, which was increased by IL-4 stimulation (Figure 1a). We then examined the influence
of quercetin on IL-13 production by CD4+ T cells after IL-4 stimulation. Quercetin suppressed IL-13
production as it did IL-5 production (Figure 1b). The minimum concentration of quercetin that caused
significant suppression of IL-13 production was 5.0 μM (Figure 1b). We finally examined the influence
of quercetin on Th-1-type cytokine production using IFN-γ. Stimulation of cells with IL-4 significantly
decreased IFN-γ levels in culture supernatants (Figure 2). Although addition of quercetin at less than
2.5 μM did not inhibit the suppressive activity of IL-4 on IFN-γ production, quercetin at more than
5.0 μM suppressed the downregulation of IFN-γ production induced by IL-4 stimulation (Figure 2).

 
Figure 1. Influence of quercetin on Th2-type cytokine production from human peripheral-blood CD4+

T cells in vitro. CD4+ T cells (1 × 106 cells/mL) were stimulated with 10.0 ng/mL IL-4 in the presence of
various concentrations of quercetin for 24 h. Cytokine levels in culture supernatants were examined
by ELISA. The results were expressed as the mean pg/mL ± SE of five subjects. (a): IL-5; (b): IL-13;
* p > 0.05 versus IL-4 alone; ** p < 0.05 versus IL-4 alone.

 

Figure 2. Influence of quercetin on interferon (IFN)-γ production from human peripheral-blood CD4+

T cells in vitro. CD4+ T cells (1 × 106 cells/mL) were stimulated with 10.0 ng/mL IL-4 in the presence of
various concentrations of quercetin for 24 h. IFN-γ levels in culture supernatants were examined by
ELISA. The results were expressed as the mean pg/mL ± SE of five subjects.
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3.2. Influence of Quercetin on Transcription Factor Activation and Cytokine mRNA Expression

The final set of experiments was carried out to examine the possible mechanisms by which
quercetin could inhibit Th2-type cytokine production from CD4+ T cells after IL-4 stimulation. CD4+ T
cells were stimulated with IL-4 in the presence of 1.0 to 10.0 μM quercetin. Activation of transcription
factors NF-κB and STAT6 in 1 h cultured cells was examined by ELISA. As shown in Figure 3a, lower
concentrations (1.0 and 2.5 μM) of quercetin did not affect NF-κB activation, which was increased by
IL-4 stimulation. However, treatment of cells with higher concentrations (5.0 to 10.0 μM) of quercetin
significantly inhibited IL-4–induced NF-κB activation. We then examined the influence of quercetin on
STAT6 activation after IL-4 stimulation. The data presented in Figure 3b clearly showed that quercetin
inhibited STAT6 activation, as was the case for NF-κB. The minimum concentration of quercetin that
caused significant suppression was 5.0 μM. The final experiments in this section were performed to
examine the influence of quercetin on Th2-type cytokine mRNA expression in 4 h cultured cells by
real-time RT-PCR (Figure 4). Addition of quercetin at 2.5 μM did not suppress mRNA expression for
either IL-5 or IL-13, but mRNA expression, which was increased by IL-4 stimulation, was significantly
inhibited when cells were treated with quercetin at more than 5.0 μM.

 

Figure 3. Influence of quercetin on transcription factor activation in CD4+ T cells in vitro. CD4+ T cells
(1 × 106 cells/mL) were stimulated with 10.0 ng/mL IL-4 in the presence of various concentrations of
quercetin for 1 h. Activation of transcription factors NF-κB (a) and STAT6 (b) was assessed by ELISA.
The results were expressed as the mean OD at 450 nm ± SE of five subjects. * p > 0.05 versus IL-4 alone;
** p < 0.05 versus IL-4 alone.

 

Figure 4. Influence of quercetin on mRNA expression for Th2-type cytokines in vitro. CD4+ T cells
(1 × 106 cells/mL) were stimulated with 10.0 ng/mL IL-4 in the presence of various concentrations of
quercetin for 4 h. mRNA expression for IL-5 (a) and IL-13 (b) was examined by real-time RT-PCR.
The results were expressed as the mean cytokine/GAPDH ± SE of five subjects. * p > 0.05 versus IL-4
alone; ** p < 0.05 versus IL-4 alone.
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4. Discussion

Quercetin, a natural compound belonging to the flavonol subgroup, has been shown to favorably
modify the clinical conditions of allergic diseases, including AR, through the inhibition of inflammatory
cell (e.g., mast cells and eosinophils) activation [12–15]. It has also been reported that quercetin exerts
suppressive effects on the production of neuropeptides, which are responsible for the development of
AR symptoms [21]. Although it is established that Th2-type T cells play a key role in triggering the
allergic inflammatory responses in AR [2,18], the influence of quercetin on Th2-type T-cell functions is
not clearly defined. The present study, therefore, was undertaken to examine the influence of quercetin
on Th2-type T-cell functions by examining Th2-type cytokine production.

The present results clearly showed that quercetin inhibited the ability of CD4+ T cells to produce
IL-5 and IL-13 after IL-4 stimulation through inhibition of the activation of transcription factors
NF-κB and STAT6, and inhibition of cytokine mRNA expression. It is also showed that quercetin
abrogated the suppressive activity of IL-4 on INF-γ production by CD4+ T cells. The minimum
concentration of quercetin that caused significant modulation of cytokine production was 5.0 μM.
After oral administration of quercetin at 1200 mg, which is a standard recommended dosage, plasma
levels of quercetin gradually increase and peak at 12 μM [22,23], which is a much higher level than
that which caused modulation of cytokine production by CD4+ T cells after IL-4 stimulation in vitro
in this study. From these reports, the findings of the present in vitro study may reflect the biological
function of quercetin in vivo.

AR is well known to consist of type I hypersensitivity allergic responses in nasal membranes
against several types of aeroallergens [1,2]. It is also accepted that type I allergic responses consist of
two different phases [2,3]. The sensitization phase comprises IgE formation against specific allergens
based on the Th2-type immune system. In the triggering phase, allergic symptoms are triggered by to
secretion of several kinds of chemical mediators from mast cells and eosinophils after re-exposure to
the same allergen [2,3] These two phases are orchestrated by T cells, especially Th2-type helper T cells,
through the secretion of several cytokines [1,2]. Among Th2-type cytokines, the first important cytokine
is IL-4, which promotes the special production of IgE from resting B cells [2,18]. IL-3 and IL-5 are other
important Th2-type cytokines, and have been shown to enhance the proliferation and differentiation
of mast cells and eosinophils from their precursors [24]. IL-13 is a pleiotropic cytokine produced
by activated Th2-type T cells [25]. It has a wide variety of effects on Th2-dominated inflammatory
disorders, such as enhancement of IgE production and vascular cell adhesion molecule 1 expression,
which increases the migration of inflammatory cells into the site of inflammation [26]. It has also
been reported that IL-13 as well as IL-5 can activate and inhibit the apoptosis of eosinophils [25].
On the other hand, IFN-γ, the principal Th1-type effector cytokine, initiates and maintains Th1-type
immune responses, which dampen diseases promoted by Th2-type immune responses through the
inhibition of Th2-tpe T-cell recruitment/differentiation, induction of apoptosis in eosinophils, and
blockage of IgE isotype switch in B cells, among other actions [27]. From these reports, the present
results strongly suggest that the beneficial immunomodulatory effects of quercetin may comprise,
in part, the therapeutic mode of action of quercetin on allergic diseases, including AR.

Although the present results clearly showed a favorable modification of quercetin on IL-4-mediated
Th1/Th2 cytokine balance, the precise mechanism(s) by which quercetin modulates cytokine balance
after IL-4 stimulation is not fully understood. IL-4 exerts its biological functions by binding to a
high-affinity receptor, IL-4 receptor α chain (IL-4Rα), on the cell surface [28,29], and this complex then
induces the activation of the tyrosine kinases, Janus kinase 1 and 3, which cause the phosphorylation of
the transcription factor STAT6, which is essential for cytokine production from Th2-type T cells [28,29].
These reports may suggest that the immunomodulatory effect of quercetin on cytokine production is
partially dependent on its suppressive activity on the STAT6 signal pathway. This speculation may
be supported by the observation that treatment of CD4+ cells with quercetin at more than 5.0 μM
inhibited STAT6 phosphorylation after IL-4 stimulation. In addition to IL-4Rα, IL-4 binds with the
common γ chain and induces phosphorylation of NF-κB, which is responsible for cytokine mRNA
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expression [30,31]. From these reports, there is another possibility that quercetin inhibits the NF-κB
signal pathway and results in suppression of Th2-type cytokine production from CD4+ T cells after IL-4
stimulation. This speculation may be supported by the present observation showing the suppressive
activity of quercetin at more than 5.0 μM on NF-κB activation induced by IL-4 stimulation.

Activation of Janus kinase 1 and 3 and STAT6 phosphorylation require an increase in intracellular
Ca2+ levels [32]. Quercetin has been reported to be able to inhibit an increase in intracellular free
Ca2+ levels in human mast cells after inflammatory stimulation in vitro [33]. Quercetin has also been
reported to inhibit the phosphorylation of several types of tyrosine kinases, which are responsible
for transcription factor activation [34,35]. On the basis of these reports, quercetin might inhibit the
phosphorylation of tyrosine kinases through the inhibition of an increase in Ca2+ levels in CD4+ cells
after IL-4 stimulation, resulting in suppression of Th2-type cytokine production. Further experiments
are required to clarify this point.

5. Conclusions

The present results strongly suggest that quercetin modulates IL-4-mediated immune responses,
especially Th1/Th2 cytokine balance, and results in attenuation of the development of allergic
immune responses.
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Abstract: Background: Considering the anti-inflammatory properties of the Japanese traditional
Kampo medicine Boiogito (BO), we aimed to investigate the therapeutic effect of BO to prevent
the development of knee osteoarthritis (KOA) in rats with surgically induced KOA. Methods:

Destabilization of the medial meniscus (DMM) was performed to induce osteoarthritis in the right
knees of 12-week-old Wistar rats under general anesthesia. The rats were orally administered
3% BO in standard powder chow for 4 weeks after surgery (controls: n = 6; sham group: n = 6;
DMM group: n = 5; DMM + BO group: n = 5). During this period, the rotarod test was performed to
monitor locomotive function. After 4 weeks, histological assessment was performed on the right
knee. Results: Oral administration of BO improved locomotive function in the rotarod test. Walking
time on postoperative days 1, 14, or later was significantly longer in the DMM + BO group than in
the DMM group. Histologically, the DMM group showed significant progression of KOA, which,
in the DMM + BO group, was strongly suppressed, as assessed by the Osteoarthritis Research Society
International score. Conclusions: Our results showed that oral administration of BO had a clinically
preventive effect on early stage posttraumatic KOA.

Keywords: boiogito; knee osteoarthritis; rat

1. Introduction

The number of osteoarthritis (OA) patients is >300 million worldwide. OA can affect any joint
of the body, such as the hip, spine, hand, and especially, the knee [1]. Knee osteoarthritis (KOA)
is characterized by the gradual progression of functional disorders, such as restricted range of motion
due to degenerative changes in the knee joints, often with pain and swelling, and KOA impairs the
daily life activities of patients [2,3]. Moreover, the pathophysiology of KOA is characterized not only
by abnormal articular cartilage but also by synovitis, osteophyte synthesis, excessive turnover of
subchondral bone, and periarticular soft tissue contracture, which all lead to malfunction of the affected
joint [4]. Although the etiology of KOA is not fully understood, obesity, age, metabolic syndrome,
and knee injury are considered to be risk factors [5,6], and posttraumatic KOA accounts for 12% of all
cases. Knee injury is apparently the main factor for development of KOA in younger people [7].
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Currently, KOA can be treated surgically and non-surgically. In non-surgical treatments,
oral or topical administration of non-steroidal anti-inflammatory drugs (NSAIDs) or oral selective
cyclooxygenase-2 (COX-2) inhibitors, intra-articular injection of hyaluronic acid, land-based exercise,
dietary weight management with physical exercise, and mind–body exercise (such as Tai Chi and
Yoga) have been recommended as effective strategies for KOA patients [8]. Surgical treatments,
such as total/uni-compartmental knee arthroplasty (or osteotomy around the knee), are generally
considered when non-surgical approaches have failed to control several clinical symptoms of KOA.
Since posttraumatic joint instability due to meniscal tear or anterior cruciate ligament (ACL) rupture
can cause destruction of the articular cartilage [9], orthopedic surgery aims to achieve meniscal repair
or ACL reconstruction. These operative procedures can delay KOA progression; however, they cannot
completely prevent the devastation of articular cartilage, even after ACL reconstruction [10]. In fact,
KOA degenerative changes tend to be worse when they coexist with meniscal tear due to ACL
rupture [11]. Although various kinds of biochemical mediators, such as interleukin-1β (IL-1β), tumor
necrotic factor-α (TNF-α), nitric oxide (NO), and proteolytic enzymes, reportedly can have important
roles in the progression of posttraumatic KOA [9], there are no effective preventive treatments for the
pathological changes caused by KOA.

Several compelling reports and a review article on pharmaceutical treatment for KOA by using
herbs or flavonoids have been published [12–14]. Some plant extracts, such as rosehip and curcumin,
have shown therapeutic roles for OA by suppressing inflammatory mediators, including IL-1β,
TNF-α, and NO; proteolytic enzymes, such as matrix metalloproteases; and/or a disintegrin and
metalloproteinase with thrombospondin motifs. Choi et al. [15] reported the preventive effect of SKI
306X, a mixture of three herbs, against collagenase-induced arthritis in rabbits. Interestingly, SKI 306X
potentially can inhibit proteoglycan degradation, unlike dexamethasone or NSAIDs.

Boiogito (BO), a traditional Japanese herbal medicine (Kampo) composed of six medicinal plants,
may also be a potent medication for preventing osteoarthritis. BO is effective for the symptoms
of chronic fatigue or hyperhidrosis, as well as leg edema or painful arthritis, and its use for these
indications has been approved by the Japanese Ministry of Health, Labour, and Welfare. Some clinical
studies have suggested that BO potentially can alleviate inflammation and hydrarthrosis in KOA [16,17].
Majima et al. [16] studied the effects of BO on KOA and joint effusion. Oral administration of BO
improved functional capacity while stair climbing, and significantly reduced joint effusion without
severe adverse effects. Although BO could have some therapeutic effects for KOA, there is no
evidence that BO suppresses KOA progression, especially when evaluating locomotive dysfunction
and structural destruction, such as articular cartilage devastation. If a preventive effect against KOA
can be demonstrated, BO may become a therapeutic option for early stage KOA. The study’s aim was to
evaluate the disease modifying effect of BO on osteoarthritis in a rat model of surgically induced KOA.

2. Materials and Methods

2.1. Animals

Male Wistar rats at 12 weeks old, average weight 300–350 g, were purchased from Nippon
Bio-Supp. Center (Tokyo, Japan). All rats were fed standard powdered rodent chow (CE-2; CLEA Japan,
Tokyo, Japan) and water ad libitum before and after the surgical procedure. The animals were housed
two to three per cage in an animal room with a controlled environment (12-h light/dark cycle,
temperature 20–25 ◦C, and humidity 50–60%). The experimental protocols (Figure 1) were approved
by the Institutional Ethics Committee for Care and Use of Animals of Showa University (certificate
number: 09056, date of approval: 1 April 2019).
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Figure 1. Experimental protocol of the present study. Destabilization of the medial meniscus (DMM)
and the sham surgery were performed on the right knee on day 0 (�). Boiogito (BO) was mixed in the
chow at a concentration of 3%. The rotarod test was performed prior to and 1, 3, 7, 14, 21, and 28 days
after the DMM surgery. The rats were sacrificed, and their right knees were harvested for histological
analysis on day 28.

2.2. Drug Administration

The dry powdered extract of BO was supplied by Tsumura & Co. (TJ-20; Tokyo, Japan)
and contained a dry extract of the mixed drug substances consisting of Sinomenium stem 5.0 g,
Astragalus root 5.0 g, Atractylodes lancea rhizome 3.0 g, Jujube 3.0 g, Glycyrrhiza 1.5 g, and Ginger 1.0 g.
These herbs were mixed and extracted with purified water at 95.1 ◦C for 1 h, and the soluble extract
was then separated from the insoluble residue and dried by removing water under reduced pressure.
The dry powdered extract of BO was mixed with powdered chow at a concentration of 3% and fed to
the BO-treated rats. The rats not treated with BO were fed powdered chow only. The concentration of
BO was chosen on the basis of the effective doses recommended by a previous report [18].

2.3. Surgery

Destabilization of the medial meniscus (DMM) was adopted as a KOA-inducing model [19].
We divided rats into four groups: control, sham, DMM, and DMM + BO-treated groups. DMM and
sham surgeries were performed on the right knee fixed in a flexed position under isoflurane (Fujifilm
Wako Pure Chemical Corp., Osaka, Japan) inhalation general anesthesia. A skin incision was made in
the midline of the right knee to expose the quadriceps muscle and patellar tendon. The medial edges
of the patella tendon and medial joint capsule were separated (Figure 2A), and then, the patella was
dislocated from the lateral femoral condyle (Figure 2B). The medial meniscotibial ligament (MMTL)
was then able to be observed. The MMTL was transected, and the medial meniscotibial joint capsule
was horizontally cut in the DMM and DMM + BO groups (Figure 2C) to induce meniscal extrusion out
of the bone contact area between the femur and tibia (Figure 2D). No cutting procedure was performed
in the sham group. Finally, the medial joint capsule and patella tendon were sutured with 6-0 Vicryl®

(Ethicon Inc., Somerville, NJ, USA), and the subcutaneous layer was sutured with 5-0 Vicryl®.

 

Figure 2. Surgical procedure of destabilization of the medial meniscus (DMM). (A) The medial edge of
the patella tendon and the medial joint capsule are separated. (B) The medial meniscotibial ligament
(MMTL) is detected. White arrow indicates the MMTL. (C) The MMTL is transected, and the medial
meniscotibial joint capsule is horizontally cut. (D) Meniscal extrusion is confirmed.
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2.4. Meniscus Extrusion Ratio

To assess the validity of the DMM operation, the degree of extrusion of the medial meniscus was
evaluated. The animals were intraperitoneally anesthetized with pentobarbital sodium (50 μg/kg;
Somnopentyl, Kyoritsu Seiyaku, Tokyo, Japan) and intracardially perfused with phosphate-buffered
saline at pH 7.4 until all the blood had been removed from the system. After perfusion with 4%
paraformaldehyde in 0.1 M phosphate-buffered saline, only the right leg was amputated because the
contralateral side of the knee joint may not yet have an osteoarthritic change [20]. Then, the right knee
joint was fixed with 4% paraformaldehyde for 3 days and decalcified with a 20% EDTA solution for
21 days. Then, the knee joint was cut in a coronal shape amid and along the medial collateral ligament
fiber, and the degree of meniscal lateral deviation out of the outer edge of the femoral condyle was
measured by using a Stemi 305 stereomicroscope (Carl Zeiss, Oberkochen, Germany) (Figure 3A).
This measurement was performed three times in each sample, and the average of these three was
finally defined as the meniscus extrusion (ME) ratio, which is the length of the extruded meniscus/the
length of the medial meniscus × 100 (%) [21] (Figure 3B). Specimens with <20% of the ME ratio in the
DMM and DMM + BO groups were excluded from this study because they were considered to indicate
failure of the DMM surgery.

 
Figure 3. Meniscus extrusion (ME) ratio. (A) Coronal view of the medial tibiofemoral compartment.
The medial collateral ligament and tibial footprint of the anterior cruciate ligament is confirmed.
MCL—medial collateral ligament; ACL—anterior cruciate ligament; MM—medial meniscus.
(B) Definition of ME ratio. White vertical line indicates the medial edge of the femoral condyle.
(C) ME ratio; quantitation of the extruded meniscus. Bars show the mean ± SD (n = 6 in the control and
sham groups, n = 5 in the DMM and DMM + BO groups). The stars indicate a significant difference
from the control group by the Tukey–Kramer test (†† p < 0.01 vs. Control).

2.5. Rotarod Test

The rotarod test easily validates the effects of drugs, brain disorders, and disease on rodent motor
coordination and fatigue tolerance [22,23]. The test was performed by a third person who was not
engaged in the surgery and did not know the grouping. The influences on locomotive performance
were assessed prior to and 1, 3, 7, 14, 21, and 28 days after the DMM surgery by using an automated
accelerating rotarod apparatus (LE8305), with a lane width of 75 mm and rod diameter of 60 mm
(Panlab Harvard Apparatus, Barcelona, Spain) (Figure 1). The rats were forced to make forward
walking movements to circumvent falling. The rat was trained 5 min per day for 2 days to stay on the
drum. The rotarod was accelerated 5–40 rpm over 30 s. The time that rats remained on the rotarod was
recorded. All values were averaged over three consecutive measurements. The cutoff time was set
at 45 s.
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2.6. Histological Analysis

After measuring the ME ratio with a stereomicroscope, decalcified knees were embedded in
paraffin, and specimen preparation and tissue staining were performed following the recommendations
of the Osteoarthritis Research Society International (OARSI) [24]. All sections were sliced 4-μm thick
every 200 μm from the center of the medial collateral ligament. The sections were visualized by using
an Olympus BX 53 microscope (Olympus, Tokyo, Japan) after toluidine blue staining was performed.
At least three tissue sections were prepared from each specimen. Histological assessment was
determined following the OARSI scoring system [24]. The slides were evaluated by two independent
histologists. Cartilage degeneration was evaluated on a scale of 0–15 points, subchondral bone
destruction was evaluated on a scale of 0–5 points, osteophyte formation was evaluated on a scale of
0–4 points, and the total score ranged from 0–24 points, in which a lower score indicated less joint
degeneration. The average value of the three slices with the poorest scores was taken as the OARSI
score of each knee.

2.7. Statistical Analysis

Data are represented as the mean ± SD of multiple repeats of the same experiment for the data of
ME ratio and rotarod test, and median and interquartile range for the histological analysis (control,
n = 6; sham, n = 6; DMM, n = 5; DMM + BO, n = 5). Statistical analysis was performed by using
one-way analysis of variance and the Tukey–Kramer method in JMP® Pro version 14.0 software
(SAS Inc., Cary, NC, USA). p values < 0.05 were taken as indicating statistically significant differences.

3. Results

3.1. Meniscus Extrusion Ratio

To assess the validity of the DMM operation, the degree of extrusion of the medial meniscus was
evaluated 4 weeks after the operation (Figure 3A,B). The ME ratios were 10.2 ± 2.3% in the control
group, 11.4 ± 3.0% in the sham group, 42.2 ± 7.3% in the DMM group, and 37.8 ± 5.8% in the DMM
+ BO group (Figure 3C). The differences were not significant between the control and sham groups.
However, the ME ratios were significantly higher in the DMM and DMM + BO groups than in the
control and sham groups, but the differences between the DMM and DMM + BO groups were not
significant. These findings strongly suggested that meniscal extrusion and displacement of the medial
meniscus out of the femoral condyle occurred with DMM surgery.

3.2. Rotarod Test

Rotarod performances were assessed prior to and 1, 3, 7, 14, 21, and 28 days after the DMM surgery
(Figure 4). In the acute phase (on days 1 and 3), although walking time on the rotarod apparatus was
slightly improved in the control group, there was no significant difference. The latencies to fall off the
rotarod apparatus (walking time) were significantly lower in the DMM group than in the control group
(p < 0.01). However, the decreases were inhibited in the DMM + BO group, especially significant on day
1 (p < 0.05). In the chronic phase (on days 14, 21, and 28), the latencies were significantly lower in the
DMM group than in the control and sham groups (p < 0.01) Those decreases were significantly inhibited
in the DMM + BO group (on day 14; p < 0.01, on days 21 and 28; p < 0.05). Furthermore, walking time
on day 28 in the DMM + BO group had no significant difference than that in the control group.
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Figure 4. Locomotive functional test with the rotarod test. The stars indicate a significant difference
from the DMM group by the Tukey–Kramer test († p < 0.05, †† p < 0.01 vs. DMM).

3.3. Histological Analysis

Histological assessment was determined by OARSI score 4 weeks after the operation [23]. Although
cartilage degeneration was significantly greater in the DMM group than in the control and sham groups,
the degeneration observed in the DMM group was alleviated in the DMM + BO group (Figure 5A).
The OARSI cartilage scores were 0.0 points (0.0–0.25) in the control group, 0.33 points (0.08–0.58) in the
sham group, 2.67 points (2.25–3.00) in the DMM group, and 0.67 points (0.33–2.33) in the DMM + BO
group. There was no significant difference in the OARSI cartilage scores between the control and sham
groups. The OARSI cartilage score was significantly higher in the DMM group than in the control and
sham groups (p < 0.01) but was significantly lower in the DMM + BO group than in the DMM group
(p < 0.05) (Figure 5B). The total OARSI scores, including the cartilage score, osteophyte formation
score, and subchondral bone damage score, were 0.0 points (0.0–0.25) in the control group, 0.33 points
(0.08–0.58) in the sham group, 5.00 points (3.00–5.25) in the DMM group, and 0.67 points (0.33–4.33)
in the DMM + BO group. As in the cartilage score results, there were no significant differences between
the control, sham, and DMM + BO groups; however, the total OARSI score was significantly higher in
the DMM group than in the other groups (vs. control and sham; p < 0.01, vs. DMM + BO; p < 0.05)
(Figure 5C).

 

Figure 5. Histological analysis of the medial tibial cartilage. (A) Representative images of coronal
sections of the medial tibial plateau stained with toluidine blue. Magnification: * 40. Scale bars = 500 μm
Arrow ( ) indicates degeneration of the extracellular matrix in articular cartilage. Asterisk (*) indicates
subchondral bone damage. Arrowhead (�) indicates osteophyte synthesis. (B) OARSI cartilage score.
(C) Total OARSI score. Boxplots denote median values and interquartile ranges. Vertical bars show
ranges (n = 6 in the control and sham groups, n = 5 in the DMM and DMM + BO groups). The marks
indicate a significant difference from the DMM group by the Tukey–Kramer test († p < 0.05, †† p < 0.01
vs. DMM).
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4. Discussion

Although the pathological mechanism of KOA has not been fully elucidated, KOA is a disease
involving articular cartilage but also synovium, subchondral bone, and periarticular soft tissue [25].
Inflammation of synovium is associated with alterations in the adjacent cartilage. Catabolic and
pro-inflammatory mediators, such as cytokines, NO, and prostaglandin E2, produced by the inflamed
synovial membrane, lead to excessive production of proteolytic enzymes associated with cartilage
degradation [26]. Current strategies for treatment of KOA are aimed at relieving clinical symptoms,
such as pain or swelling of the knee joint and disability of walking, and delaying the progression of
KOA, such as cartilage degradation, osteophyte synthesis, or subchondral bone destruction [27,28].

Considering the latency to fall off the rotating drum in the rotarod test in this study, administration
of BO improved walking ability in the DMM rat model. Although the rotarod test can detect general
locomotive function in experimental rodent models [29], it can also reflect, at least in part, pain-related
locomotive dysfunction derived from surgical invasion, especially within a few days after surgery.
In the present study, walking time on the rotarod apparatus was improved by administration of BO
not only on days 14–28 (chronic phase) but also a few days after the operation (acute phase) (Figure 4).
Among the crude drugs of BO, Astragalus root [30], Atractylodes lancea rhizome [31], Jujube [32],
Glycyrrhiza [33], and Ginger [34] have been reported to have analgesic actions in various kinds of
animal models of pain. BO can potentially relieve acute postoperative pain.

Meniscus extrusion is one of the factors for progression for KOA. In humans, medial meniscus
posterior root tear reportedly contributes to meniscus extrusion, possibly because of extensive
mechanical loading of the articular cartilage and subchondral bone [35]. The DMM rat was established
to develop KOA by transection of the MMTL, which induces medial meniscus extrusion. We confirmed
that the anterior part of the medial meniscus was completely dislocated from the femoral condyle in
rats with DMM surgery (Figure 3). In the present study, the patellar tendon and medial joint capsule
were split in the sham group, but KOA did not occur as evaluated by OARSI score. Surgical invasion
did not evidently induce osteoarthritic change in the knee joint. Therefore, it is considered that the
biomechanical disorder caused by meniscus extrusion strongly influences the development of KOA in
the DMM group. Surprisingly, BO inhibited progressive destructive damage of the knee joint, although
meniscus extrusion was observed as well in the DMM group. To the best of our knowledge, this is the
first report in which BO has been shown to have a preventive effect on posttraumatic KOA.

There has been some basic research suggesting that BO could have a therapeutic effect against
KOA, especially on joint fluid retention and the inflammatory response in KOA. Fujitsuka et al. [36]
showed that BO inhibited IL-1β secretion due to synovitis in an ACL-transected rat KOA model.
Indomethacin, an NSAID, also has been shown to decrease IL-1β in the synovial fluid but failed to
inhibit joint fluid retention in the rats’ knee joints. These results are similar to those in the clinical study
mentioned above [16]. Takenaga et al. [37] reported a suppressive effect of BO extract on MMP-13
production in rats with adjuvant-induced arthritis as well as an inhibitory effect on the secretion of
IL-1β and MMP-13 in cultured chondrocytes. These findings suggest that BO could inhibit the secretion
of pro-inflammatory cytokines, decrease excessive joint effusion, and stimulate proper irrigation of
the knee joint with joint fluid. Further study is needed to elaborate on the morphopathogenetic and
therapeutic mechanism of BO in the DMM-induced KOA model to prove the link between tissue and
clinical changes in the rats.

As mentioned above, BO is composed of six crude drugs and contains various kinds of chemical
components, but it is not clear which components contribute to the preventive effect against KOA
progression. Previous studies have investigated some potential components for alleviating the
development of KOA. Sinomenium stem, a principal crude drug of BO, has been shown to have
anti-inflammatory activity [38]. In animal models of adjuvant and collagen-induced arthritis,
Sinomenium stem improved symptoms and decreased the expressions of pro-inflammatory cytokines,
such as IL-1β and TNF-α [39]. Astragalus root also has been shown to have anti-inflammatory activity
by decreasing the pro-inflammatory cytokine, TNF-α, although in a rat autoimmune myocarditis
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model and mouse diabetic model [40,41]. Given those findings, a synergistic effect by combining the
anti-inflammatory activity of Sinomenium stem and Astragalus root may provide the characteristic
therapeutic effect of BO against early stage KOA. This ideal combination of chemical components in
BO can be applied clinically, such as in the perioperative period for meniscal tears and ACL ruptures,
to improve excessive joint effusion and prevent the progression of KOA. Further investigation is needed.

Several limitations of our study need to be considered. First, as mentioned above, we have to
elucidate the therapeutic mechanism to prove drug efficacy. We are performing subsequent studies such
as immunohistochemical staining and the gene expression of proteins related to cartilage metabolism,
including collagen type II and matrix metalloproteinase (MMP)-13. However, the results from this
study would be a proposal of a new strategy for posttraumatic KOA. Second, in this study, we estimated
the effect for 4 weeks after surgery to assess a preventive effect on the early stage of posttraumatic
KOA. However, we need to verify the efficacy longitudinally. When the disease state lasts long, the
contralateral side must also be influenced [20]. Therefore, in the future, we will follow the long-term
changes of both knees.

5. Conclusions

In conclusion, oral administration of BO was found to have some therapeutic effect on preventing
clinical osteoarthritic changes in a posttraumatic KOA-inducing rat model. BO potentially could
be applied in various clinical situations, such as for perioperative administration to relieve pain,
and prevent the future progression of KOA.
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Abstract: Background: Fentanyl can induce acute opioid tolerance and postoperative hyperalgesia
when administered at a single high dose; thus, this study examined the analgesic efficacy of
a combination of fentanyl and Yokukansan (YKS). Methods: Rats were divided into control,
formalin-injected (FOR), YKS-treated+FOR (YKS), fentanyl-treated+FOR (FEN), and YKS+FEN+FOR
(YKS+FEN) groups. Acute pain was induced via subcutaneous injection of formalin into the
paw. The time engaged in pain-related behavior was measured. Results: In the early (0–10 min)
and intermediate (10–20 min) phases, pain-related behavior in the YKS+FEN group was significantly
inhibited compared with the FOR group. In the late phase (20–60 min), pain-related behavior in the
FEN group was the longest and significantly increased compared with the YKS group. We explored
the influence on the extracellular signal-regulated kinase (ERK) pathway in the spinal cord, and YKS
suppressed the phosphorylated ERK expression, which may be related to the analgesic effect of YKS
in the late phase. Conclusions: These findings suggest that YKS could reduce the use of fentanyl and
combined use of YKS and fentanyl is considered clinically useful.

Keywords: Yokukansan; fentanyl; transient receptor potential ankyrin 1 (TRPA1) channel; phosphorylated
extracellular signal-regulated kinase (pERK); whole-cell patch-clamp recording; herbal medicine

1. Introduction

Fentanyl and remifentanil are potent ultra-short-acting μ-opioid receptor agonists widely used
for pain management in the perioperative period [1]. However, their use is limited because they can
induce acute opioid tolerance and a post-treatment state of heightened pain sensitivity, known as
opioid-induced hyperalgesia (OIH), when administered at a single high dose [2–5]. Development
of OIH causes several problems, including delayed recovery after surgery, higher consumption of
analgesics, and side effects associated with their administration. Remifentanil-induced hyperalgesia
(RIH) has been extensively investigated [6–11]. There is some evidence that glutamate release and
N-methyl-D-aspartate (NMDA) receptor activation may be important in the development of RIH [9–11].
In addition, remifentanil infusion downregulates μ-opioid receptors [12]. Moreover, glial activation is
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involved in RIH. Microglia and astrocytes are activated by chronic opioid use, and their inhibition
seems to reduce RIH [6,13]. Some clinical [14–17] and basic studies [18–22] reported that high-dose
fentanyl use may also cause hyperalgesia. Xuerong et al. [14] conducted a randomized controlled
trial on 90 women undergoing total abdominal hysterectomy. Patients in the control group who
were administered bupivacaine requested significantly less morphine postoperatively compared
with patients treated with fentanyl. However, the combined use of ketamine, an NMDA receptor
antagonist, and fentanyl significantly decreased the need for postoperative morphine administration.
Richeb é et al. [18] reported a similar phenomenon in fentanyl-treated rats. These results suggest that
NMDA receptor activation is involved in the development of fentanyl-induced hyperalgesia (FIH).

Yokukansan (YKS) is a Japanese traditional herbal (Kampo) medicine that comprises seven herbs
(Table 1). YKS is officially approved as an ethical pharmaceutical by the Japanese Ministry of Health,
Labor, and Welfare. The three-dimensional high-performance liquid chromatography (3D-HPLC) profile
chart of YKS was provided by Tsumura & Co. (Figure 1). YKS is administered to patients with symptoms,
such as emotional irritability, neurosis, and insomnia, and to infants who suffer from night crying and
convulsions [23,24]. Recently, it has been reported that YKS is effective against pain disorders, including
headache, post-herpetic neuralgia, fibromyalgia, phantom-limb pain, and trigeminal neuralgia [25–28].
Studies have demonstrated antinociceptive effects of YKS in animal models with chronic neuropathic
and inflammatory pain [29–32]. We previously reported that pre-administration of YKS attenuated the
development of antinociceptive morphine tolerance and that suppression of glial cell activation may be
one mechanism underlying this phenomenon [33,34]. YKS is also known to have an ameliorative effect on
glutamate clearance in astrocytes and an antagonistic action at the NMDA receptor [35–37]. As mentioned
above, NMDA receptor activation may be involved in FIH development [14,18]. Thus, we hypothesized
that YKS might inhibit FIH development.

Table 1. The component galenicals of Yokukansan (YKS).

Uncariae cum Uncis ramulus 3.0 g
Cnidii rhizoma 3.0 g
Bupleuri radix 2.0 g

Atratylodis Lanceae rhizoma 4.0 g
Poria 4.0 g

Angelicae radix 3.0 g
Glycyrrhizae radix 1.5 g

Weights indicate relative amounts mixed.

In the present study, we first evaluated the effect of combined treatment with YKS and fentanyl
using the well-established inflammatory pain model induced by formalin injection [38]. The injection
of formalin into the plantar surface of rodent paws induces acute nociceptive responses, such as lifting,
licking, and flinching of the paw, which are biphasic. In the initial period of about 10 min (phase I),
behavioral responses occur due to activated primary afferent nerve terminals and are mediated by
activation of the transient receptor potential ankyrin 1 (TRPA1) channel [39,40]. Thus, we performed
whole-cell patch-clamp recording in HEK293T cells expressing human TRPA1 to assess the influence
of YKS or fentanyl on the TRPA1 channel. Phase II (10–60 min) reflects central sensitization of neurons
in the dorsal horn and peripheral sensitization of nociceptors by the formalin-induced inflammatory
response [41]. Accordingly, the expression of phosphorylated extracellular signal-regulated kinase
(pERK) in the spinal dorsal horn was analyzed by immunofluorescent staining. ERK is an important
molecule in pain signaling and a potential novel target for pain treatment [42].
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Figure 1. Three-dimensional high-performance liquid chromatography (3D-HPLC) profile chart of the
major chemical compounds in Yokukansan (YKS).

2. Materials and Methods

2.1. Animals

Experiments were performed using 7–8-week-old male Wistar rats (Nippon Bio-Supp. Center,
Tokyo, Japan). Animals were housed two to three per cage (W 24 × L 40 × H 20 cm) under a 12 h
light/dark cycle in our animal facility at 25 ◦C ± 2 ◦C and 55% ± 5% humidity. Food (CLEA Japan,
CE-2, Tokyo, Japan) and water were provided ad libitum. The experiments were performed in
accordance with the guidelines of the Committee of Animal Care and Welfare of Showa University.
All experimental procedures were approved by the Committee of Animal Care and Welfare of Showa
University (certificate number: 07064, date of approval: 1 April 2017). Effort was made to minimize
the number of animals used and their suffering.

2.2. Administration of Drugs

Dry powdered extracts of YKS (Lot No. 2110054010) used in the present study were supplied by
Tsumura & Co. (Tokyo, Japan). The seven herbs comprising YKS (Table 1) were mixed and extracted
with purified water at 95.1 ◦C for 1 h; the soluble extract was separated from insoluble waste and
concentrated by removing water under reduced pressure. YKS was mixed with powdered rodent
chow (CE-2: CLEA Japan) at a concentration of 3% and fed to YKS-treated rats for 7 days prior to the
test. This dose was chosen on the basis of effective doses of YKS in our previous study [33]. Previous
studies have indicated that pre-administration of YKS may inhibit development of antinociceptive
tolerance to morphine [33,34,43]. Thus, in this study, YKS administration was started 7 days before
fentanyl injection. Rats that were not treated with YKS were fed powdered chow only.

Fentanyl (0.08 μg/kg) (Daiichisankyo, Tokyo, Japan) was injected intraperitoneally 10 min before
pain induction using a 27 G hypodermic needle. This dose was determined by performing a preliminary
experiment according to a previous study [38]. Rats not treated with fentanyl were intraperitoneally
administered saline.
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2.3. Assessment of Analgesia

The analgesic effects of fentanyl and YKS were examined using the formalin test and
immunofluorescence staining of pERK. Subcutaneous injections of formalin have been widely used as
an animal model of acute inflammatory pain [38–40].

2.3.1. Formalin Test

Rats were randomly divided into five groups as follows: control (n = 7), formalin-injected
(FOR; n = 7), YKS-treated + FOR (YKS; n = 9), fentanyl-treated + FOR (FEN; n = 9), and YKS + FEN
+ FOR (YKS + FEN; n = 9). The experimental protocol is shown in Table 2. Animals were housed
individually in wire observation cages and habituated for 30 min. Ten minutes prior to the formalin
test, animals were injected intraperitoneally with fentanyl or saline and returned to individual housing.
Acute inflammatory pain was induced via an intraplantar injection of formalin (5%, 50 μL, Polysciences,
Warrington, PA, US) into the right paw using a 30 G hypodermic needle. Rats in the control group
were administered saline instead of formalin. Immediately after the injection, animals were returned
to individual housing again, and the total time spent engaged in pain-related behavior was measured
for the first 10 min (early phase), between 10 and 20 min (intermediate phase), and between 20 and
60 min (late phase) following the intraplantar injection of formalin or saline. Pain-related behavior was
defined as paw shaking, licking, and lifting from the ground.

Table 2. The experimental protocol.

Groups Days 1–7
Day 8

10 min before Test Formalin Test

control Powdered chow Saline (i.p.) Saline (50 μL; s.c.)

Observation of
pain-related

behavior
(60 min)

FOR Powdered chow Saline (i.p.) Formalin (5%, 50 μL; s.c.)

YKS Powdered chow
mixed with YKS (3%) Saline (i.p.) Formalin (5%, 50 μL; s.c.)

FEN Powdered chow Fentanyl (0.08 μg/kg; i.p.) Formalin (5%, 50 μL; s.c.)

YKS+FEN Powdered chow
mixed with YKS (3%) Fentanyl (0.08 μg/kg; i.p.) Formalin (5%, 50 μL; s.c.)

Groups are as follows: control, formalin-injected (FOR), YKS-treated + FOR (YKS), fentanyl-treated + FOR (FEN),
and YKS + FEN + FOR (YKS + FEN). YKS was mixed with powdered rodent chow at a concentration of 3%
and fed to YKS-treated rats for 7 days prior to the test. YKS, Yokukansan; i.p., intraperitoneal injection; s.c.,
subcutaneous injection.

2.3.2. Immunofluorescent Staining

The appearance of pERK in the dorsal horn was investigated using immunofluorescent staining.
Rats were randomly divided into the same five groups (n = 4 in each group) and administered the
same drugs as the formalin test. Forty-five minutes after formalin injection, rats were intraperitoneally
anesthetized with pentobarbital sodium (50 μg/kg; Somnopentyl, Kyoritsu Seiyaku, Tokyo, Japan)
and intracardially perfused with phosphate-buffered saline at pH 7.4 until all the blood had been
removed from the system. After perfusion with 4% paraformaldehyde in 0.1 M phosphate-buffered
saline, fifth lumbar spinal cord (L5) samples were harvested. Tissue specimens were immersed in 20%
sucrose solution for 48 h and subsequently embedded in optimum cutting temperature compound
(Tissue-Tek OCT, Sakura Finetek, Torrance, CA, USA), frozen, and cut into 15 μm sections using a
cryostat (CM3050S, Leica Biosystems, Nussloch, Germany). Sections were incubated overnight at 4 ◦C
with rabbit anti-pERK antibody (1:500, #4370, Cell Signaling Technology, Danvers, MA, USA). Sections
were then incubated for 2 h with fluorophore-tagged secondary antibody (donkey anti-rabbit Alexa
Fluor 555, 1:1000, #A31572, Thermo Fisher Scientific, Waltham, MA, USA). Nuclei were counterstained
with DAPI (4′,6-diamidino-2-phenylindole, 1:1000, Thermo Fisher Scientific). Samples were imaged
using a confocal laser scanning fluorescence microscope (FV1000D, Olympus, Tokyo, Japan), and cell
co-localization of pERK and DAPI in the same area of laminae I–II were counted as pERK(+) cells by a
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third person who was not engaged in the staining process. The mean value was calculated using five
sequential sections from each rat.

2.4. Cell Culture

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (high glucose)
with L-glutamine and phenol red (FUJIFILM Wako Pure Chemical, Osaka, Japan) containing 10% fetal
bovine serum (#G121-6, JR Scientific, Woodland, CA, USA), penicillin/streptomycin (FUJIFILM Wako
Pure Chemical), and GlutaMax (Gibco, Massachusetts, NY, USA) at 37 ◦C in humidified air containing
5% CO2. Cells were transfected with human TRPA1 cDNA (a generous gift from Dr. Yasuo Mori,
Kyoto University) and 0.01 μg DsRed-express 2 vector (Takara Bio, Shiga, Japan) using Lipofectamine
3000 (Invitrogen, Waltham, CA, USA). Cells were replaced on cover slips after a 3 h incubation period
and used 24–36 h after transfection.

2.5. Whole-Cell Patch-Clamp Recording

Transfected cells were identified by the red fluorescence signal excited by an LED illuminator,
X-Cite XYLIS (Excelitas, Waltham, MA, USA). The bath solution contained 140 mM NaCl, 5 mM KCl,
2 mM CaCl2, 2 mM MgCl2, 10 mM glucose, and 10 mM HEPES (pH adjusted to 7.4 with NaOH).
Pipette solution contained 140 mM CsCl, 5 mM 1.2-bis(o-aminophenoxy)ethane –N,N,N′,N′-tetraacetic
acid (BAPTA), and 10 mM HEPES (pH adjusted to 7.4 with CsOH). Cells were treated with formalin
(0.003%), FEN (10 μM), and YKS (1 mg/mL). YKS was decocted in standard bath solution at 60 ◦C
for 15 min, and the supernatant after centrifugation (3000 rpm, 25 ◦C, 10 min) was used for the
experiment. The TRPA1 currents were recorded in voltage-clamp mode using a Multiclamp 700B
amplifier (Molecular Devices, California, USA), filtered at 1 kHz with a low-pass filter, and digitized
with a Digidata 1550 B digitizer (Molecular Devices, San Jose, CA, USA). Data were acquired with
pCLAMP 11 (Molecular Devices, California, USA). Pipette resistances were 3 ± 1 MΩ. The holding
potential was −60 mV, and ramp pulses from −100 mV to +100 mV were applied for 300 ms every 5 s.

2.6. Statistical Analysis

Experimental data are presented as mean± standard deviation. Statistical analyses were performed
using one-way analysis of variance with Tukey’s test or the Tukey–Kramer post hoc test for comparisons
(SPSS 24, IBM Japan, Tokyo, Japan). The p-value < 0.05 were considered statistically significant.

3. Results

3.1. Formalin Test

The analgesic effects of fentanyl and YKS were examined using the formalin test. The dose of
fentanyl (0.08 μg/kg) was determined according to a previous study using the same experimental
system. It is reported that 0.04 μg/kg of fentanyl has no effect on formalin-induced pain and 0.16 μg/kg
significantly inhibits it [38]. We then performed a preliminary confirmation test using the doses of 0.04,
0.08, and 0.16 μg/kg, and the dose (0.08 μg/kg) that provided a moderate non-significant analgesic
effect for the first 20 min was used because we would not be able to evaluate the effect of the drug
combination if the dose (≥0.16 μg/kg) that provides significant analgesic effect was administered.
With the formalin test, the effects are generally evaluated in two phases: phase I (0–10 min) and phase
II (10–60 min). In the present study, we divided the total evaluation time into three phases: the early
phase (0–10 min), the intermediate phase (10–20 min), and the late phase (20–60 min), because the effect
of a single intraperitoneal administration of fentanyl lasts for approximately 30 min and administration
was performed 10 min before pain induction.

In the early and intermediate phases, the duration of pain-related behavior was significantly
increased according to the formalin injection; however, the increase was significantly inhibited in the
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YKS+FEN group (early phase, p < 0.01; intermediate phase, p < 0.05), but no significant effect was
recognized in the YKS and FEN groups (Figure 2).

Figure 2. Duration of pain-related behavior with the formalin test. The combination of Yokukansan
(YKS) and fentanyl (FEN) significantly inhibited pain-related behavior during the early phase (0–10 min
after formalin injection) and the intermediate phase (10–20 min). The duration in the YKS group was
significantly shorter compared with the FEN group during the late phase. FOR, formalin-injected
group; YKS, YKS-treated+FOR group; FEN, fentanyl-treated+FOR group; YKS+FEN, YKS+FEN+FOR
group. Mean ± SD. ## p < 0.01 (vs. control), * p < 0.05, ** p < 0.01 (Tukey–Kramer test).

In the late phase, that is, after having lost the effects of fentanyl, the duration of pain-related
behavior in the FEN group (1835.8 ± 415.4 s) was the longest and significantly increased compared
with the YKS group (995.1 ± 220.3 s) (p < 0.01) (Figure 2).

3.2. Immunofluorescent Staining of pERK(+) Cells

The appearance of pERK in the late phase, 45 min after injection of formalin, was investigated to
evaluate central sensitization. As a result, a similar tendency was observed with the formalin test in the
late phase. Representative pictures are shown in Figure 3a. The number of pERK(+) cells in the FOR
(5.96 ± 1.86 cells), FEN (6.83 ± 1.49 cells), and YKS+FEN (4.88 ± 1.42 cells) groups was significantly
increased compared with the control group (0.83 ± 0.53 cells) (p < 0.01); however, the number of
pERK(+) cells in the YKS group (3.19 ± 0.44 cells) was significantly lower (p < 0.05 vs. FOR, p < 0.01 vs.
FEN) (Figure 3b).

Figure 3. Immunofluorescent staining of pERK(+) cells. (a) Appearance of pERK in the dorsal horn.
The upper row includes pERK and nuclei, and the lower row includes only pERK. Red, pERK; blue, DAPI
(nuclei). (b) The number of pERK(+) cells in the FOR, FEN, and YKS+FEN groups was significantly
increased compared with the control group (p < 0.01); however, the number of pERK(+) cells in the
YKS group was significantly lower (p < 0.05 vs. FOR, p < 0.01 vs. FEN). FOR, formalin-injected group;
YKS, YKS-treated+FOR group; FEN, fentanyl-treated+FOR group; YKS+FEN, YKS+FEN+FOR group.
Mean ± SD. ## p < 0.01 (vs. control), * p < 0.05, ** p < 0.01 (Tukey’s test).
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3.3. Whole-Cell Patch-Clamp Recording of TRPA1 Currents

The TRPA1 channel is involved in formalin-induced pain sensation [39,40]. To investigate the
pharmacological effects of fentanyl and YKS on TRPA1, we performed whole-cell patch-clamp recording
in HEK293T cells expressing human TRPA1 and DsRed (Figure 4). TRPA1 was activated by 0.003%
formalin, approximately the half maximal effective concentration according to a previous report [39].
First, we applied YKS and fentanyl, YKS, or fentanyl alone to check whether these medicines directly
activated TRPA1. In these cells, exposure to YKS or fentanyl did not evoke a change in basal currents
(Figure 4a,b) while the concomitant application of fentanyl and YKS slightly induced the current
(Figure 4c). Subsequent addition of formalin activated TRPA1 and evoked a current with two phases,
slow and rapid. However, the formalin-induced currents were observed in all experimental conditions.
Thus, TRPA1 could be not inhibited by both fentanyl and YKS.

 

Figure 4. Pharmacological effects of formalin, fentanyl, and Yokukansan on TRPA1. Typical traces
(left) and current–voltage relationships (right) of formalin-induced TRPA1 currents in HEK293T cells
expressing human TRPA1. The concentrations of formalin (For), fentanyl (FEN), and Yokukansan (YKS)
were 0.003%, 10 μM, and 1 mg/mL, respectively. YKS (a) or FEN (b), and YKS and FEN (c) were
pretreated for 1 min before the concomitant administration of formalin. TRPA1 was not inhibited by
both fentanyl and YKS. The holding potential was −60 mV, and ramp pulses (−100 to +100 mV, 300 ms)
were applied every 5 s.
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4. Discussion

Administration of fentanyl at a single high dose (e.g.,≥0.16μg/kg; i.p. [38]) can inhibit pain induced
by formalin; however, it may induce acute opioid tolerance and hyperalgesia [14–22]. We hypothesized
that if the dose of fentanyl could be reduced, the risks may be mitigated. The present study examined
the analgesic effect of a combination of fentanyl and YKS using a rat model of acute inflammatory
pain. The effect of a single intraperitoneal administration of fentanyl lasted for approximately
20 min following formalin injection. In the early (0–10 min) and intermediate (1–20 min) phases,
the combination of fentanyl and YKS significantly inhibited the time spent engaged in pain-related
behavior, though the administration of fentanyl alone did not work effectively (Figure 2).

In the late phase (20–60 min); that is, after the effect of fentanyl had subsided, the duration of
pain-related behavior in the YKS group was significantly decreased compared with the FEN group
(p < 0.01). Moreover, that in the YKS group tended to be reduced compared with the FOR group
(p = 0.061). However, when a strong analgesic effect is necessary, such as during the perioperative
period, the use of opioid analgesics cannot be avoided. Although there was no significant difference
(p = 0.057), that in the YKS+FEN group was shorter than the FEN group, and therefore combined use
of YKS and fentanyl is thought to be clinically useful.

To elucidate its mechanism of action, we investigated the expression of pERK in the dorsal horn
of the spinal cord. Moreover, we investigated the influence of YKS and fentanyl on TRPA1 in vitro.
TRPA1, a calcium-permeable non-selective cation channel, is activated by various chemicals, including
irritant exogenous ligands and endogenous ligands produced by inflammation [44]. TRPA1 expression
in the nociceptive primary sensory nerve is related to the reception of noxious stimuli and signal
transduction to the secondary sensory nerve, and activation of TRPA1 induces hyperalgesia [44].
Pain in phase I (0–10 min) of the formalin test is mediated by the activation of TRPA1, and is attenuated
by TRPA1-selective antagonists [39,40]. Therefore, the influence of YKS and fentanyl on TRPA1 was
investigated. According to the patch-clamp recording, both YKS and fentanyl had no antagonistic
activity on TRPA1 (Figure 4). One report suggested that morphine activates TRPA1 [45], and influences
of opioids on TRPA1 may be different depending on the type of opioid. In this study, we could not reveal
the mechanism of analgesic efficacy of the combination of fentanyl and YKS in the early (0–10 min)
and intermediate (10–20 min) phases. We previously reported that the administration of YKS increased
the secretion of oxytocin in rats with acute psychological stress [46], and Gamal-Eltrabily et al. [47]
reported the injection of oxytocin inhibited formalin-induced pain. Including this, further studies
concerning the action mechanism are needed.

Mitogen-activated protein kinase (MAPK) pathways play an important role in nociceptive and
neuropathic pain [42,48]. In phase II of the biphasic pain response caused by formalin, the ERK
pathway was activated in the central nucleus, which may be involved in nociceptive plasticity [49].
U0126, a specific inhibitor of the ERK pathway, suppressed persistent pain induced by formalin [50].
Moreover, pERK(+) neurons in the spinal cord were increased following remifentanil infusion [51].
Thus, we explored the influence on the ERK pathway as the mechanism underlying the therapeutic
effect of YKS. Our results show that YKS suppressed pERK expression, which may be related to the
analgesic effect of YKS in the late phase. The anti-inflammatory action of saikosaponin A isolated
from Bupleuri radix [52], the anti-inflammatory and anti-tumorigenic effects of total flavonoids from
Glycyrrhizae radix [53], and the neuroprotective effects of liquiritigenin isolated from Glycyrrhizae
radix [54] are exerted by inhibition of the ERK pathway. In the future, we will examine whether these
components inhibit the ERK pathway in the present experimental system.

OIH, including RIH and FIH, is thought to be a complex physiological response involving glial
cell activity [6,13], neuroinflammation [55], opioid receptor desensitization [12], and NMDA receptor
activation [9–11,18]. YKS has an ameliorative effect on glutamate clearance in astrocytes and an antagonistic
action at the NMDA receptor [35–37]. Additionally, we previously reported that administration of YKS
attenuated the development of antinociceptive morphine tolerance, and that suppression of glial cell activation
in the spinal cord and mesencephalon may be one mechanism underlying this phenomenon [33,34]. These
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mechanisms are also thought to contribute to the preventative effect of YKS on the development of FIH.
In this study, obvious FIH was not observed in the late phase, possibly because the dose of fentanyl was
low; thus, further studies should be conducted using higher doses of fentanyl.

With respect to the analgesic effect of YKS, almost all clinical and basic studies investigated chronic
pain [25–32], and no studies have investigated acute pain. The results from this study suggest that
combination use with opioid analgesics might contribute to a reduction in opioid dose and prevention
of paradoxical reactions following opioid use; however, YKS alone cannot be expected to provide a
sufficient analgesic effect against acute inflammatory pain.

5. Conclusions

Fentanyl may induce acute opioid tolerance and postoperative hyperalgesia when administered
at a single high dose. In this study, although fentanyl, the dose of which (0.08 μg/kg) cannot provide a
significant analgesic effect, was used, combined use of YKS and fentanyl could significantly inhibit
pain in the early and intermediate phases of the formalin test. Our findings suggest that YKS could
reduce the use of fentanyl and the combined use considered clinically useful.
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Abstract: Poly adenosine diphosphate-ribose polymerase inhibitors (PARPi) represent an effective
therapeutic strategy for cancer patients harboring germline and somatic aberrations in DNA damage
repair (DDR) genes. BRCA1/2 mutations occur at 1–7% across biliary tract cancers (BTCs), but a broader
spectrum of DDR gene alterations is reported in 28.9–63.5% of newly diagnosed BTC patients. The open
question is whether alterations in genes that are well established to have a role in DDR could be
considered as emerging predictive biomarkers of response to platinum compounds and PARPi.
Currently, data regarding PARPi in BTC patients harboring BRCA and DDR mutations are sparse and
anecdotal; nevertheless, a variety of clinical trials are testing PARPi as monotherapy or in combination
with other anticancer agents. In this review, we provide a comprehensive overview regarding the
genetic landscape of DDR pathway deficiency, state of the art and future therapeutic implications
of PARPi in BTC, looking at combination strategies with immune-checkpoint inhibitors and other
anticancer agents in order to improve survival and quality of life in BTC patients.

Keywords: biliary tract cancer; cholangiocarcinoma; PARP; BRCA; olaparib; rucaparib; liver cancer

1. Introduction

Biliary tract cancers (BTCs) are a relatively rare group of malignancies arising from different
anatomical locations of the biliary tree and including intrahepatic cholangiocarcinoma (iCCA),
extrahepatic cholangiocarcinoma (eCCA), gallbladder cancer (GBC), and ampulla of Vater cancer (AVC)
(Figure 1) [1,2].

BTC represents the second most frequent primary liver cancer after hepatocellular carcinoma (HCC),
accounting for about 3% of all gastrointestinal tumors [3,4]. The incidence of BTC has increased in both
western and eastern countries in the past two decades, concurrently with the rising incidence of iCCA,
probably related to changes in tumor classification and better disease recognition [5]. Despite recent
advances in the management of localized and metastatic disease, the prognosis of BTC patients remains
dismal since the majority of cases are often diagnosed when unresectable or metastatic and the 5-year
survival for patients with distant disease is about 5% [6]. To date, radical surgery is the only curative
treatment option for BTC, but unfortunately, these malignancies are frequently asymptomatic in early
stages, and approximately 40% of the patients considered resectable at the moment of diagnosis are
found to be unresectable during exploratory laparotomy [7,8]. Systemic chemotherapy is the backbone
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of palliative treatment for BTC patients, with the combination of cisplatin plus gemcitabine representing
the current standard of care in the front-line setting, following the results of the ABC-02 trial [9].
Although this phase III trial showed a survival advantage for cisplatin–gemcitabine over gemcitabine
monotherapy, nearly all BTC patients develop progressive disease during first-line treatment, with a
median overall survival (OS) of less than a year [10]. Thus, improving outcomes in patients affected by
advanced/metastatic BTC represents an urgent need.

Figure 1. Anatomical subvariants of biliary tract cancer. AVC: ampulla of Vater cancer; dCCA:
distal cholangiocarcinoma; eCCA: extrahepatic cholangiocarcinoma; GBC: gallbladder cancer; iCCA:
intrahepatic cholangiocarcinoma; pCCA: perihilar cholangiocarcinoma.

In recent years, an unprecedented amount of genomic studies has begun to unveil the
complex molecular landscape of BTC, shedding new light on novel therapeutic opportunities of
this poor-prognosis malignancy and opening the era of tailor-made oncology in BTC [11]. In fact,
the emergence of novel therapies is modifying previous treatment algorithms for BTC—especially in
iCCA, where targeting isocitrate dehydrogenase (IDH) mutations and fibroblast growth factor receptor
(FGFR) fusions is entering in clinical practice [12]. Comprehensive sequencing studies of BTC showed
that nearly 40% of patients harbor a potentially targetable genetic alteration, emphasizing the genomic
complexity of the disease, with several reports that have been focused on cell-cycle dysregulation,
DNA damage repair (DDR) pathway deficiency, and genomic instability [13].

BRCA1/2 are the most well-studied DDR genes, and their prevalence fluctuates from 1% to 7% in
patients affected by BTC [13], with BRCA2 suggested to be more frequent in GBC [14]. Although these
mutations generally correlate with poor response to standard treatments, previous reports about
BTC suggested a role for platinum salts and poly (ADP-ribose) polymerase-inhibitors (PARPi) as
successful therapeutic options in somatic and/or germline BRCA mutations (BRCAm) carriers [15].
Evidence from phase III clinical trials has led to PARPi approval in breast and ovarian cancers, and the
use of PARPi is going to be extended also to prostate and pancreatic cancer [16–18]. In fact, from the
first launch of the PARPi olaparib in 2014, recent years have seen the FDA approval of other PARPi,
including niraparib, rucaparib, and talazoparib in distinct settings [16,19]. More specifically, niraparib
can be actually used as maintenance therapy in recurrent platinum-sensitive epithelial ovarian cancer
following the results of the PRIMA/ENGOT-OV26/GOG-3012 trial [16]. In this randomized phase III
trial, median progression-free survival (PFS) was significantly longer in the niraparib arm compared to
that in the placebo group (21.9 versus 10.4 months) in patients affected by advanced ovarian cancer
experiencing response to platinum-based chemotherapy. Similarly, many other PARPi have also
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entered clinical practice, as in the case of breast cancer where the OlympiAD and the EMBRACA trials
have opened the doors of a new world, inaugurating the “PARPi Era” in HER2-negative BRCAm
metastatic breast cancer [20,21]. According to OlympiAD—comparing olaparib monotherapy with
single-agent chemotherapy of the physician’s choice (capecitabine, eribulin, or vinorelbine)—olaparib
treatment provided a significant benefit in terms of PFS, with risk of disease progression or death
42% lower with olaparib single-agent than with chemotherapy [20]. With a study design similar
to OlympiAD, the randomized phase III EMBRACA trial compared talazoparib versus standard
single-agent chemotherapy of the physician’s choice (capecitabine, eribulin, gemcitabine, or vinorelbine)
in advanced breast cancer patients with germline BRCAm, observing that talazoparib provided a
statistically significant benefit in terms of PFS (8.6 versus 5.6 months; Hazard Ratio 0.54; 95% CI,
0.41–0.71, p < 0.001) [21]. Moreover, PARPi have shown an overall manageable safety profile, with
hematological toxicity—mainly anemia—representing the most frequent adverse event [20,21]. In fact,
incidence of grade 3–4 anemia has been reported to be around 19% in subjects receiving olaparib or
rucaparib, 25% in niraparib, and 23% in patients treated with talazoparib [22] while neutropenia and
thrombocytopenia ranges from 10% to 27%; thus, a strict monitoring on blood cell counts should be
conducted in patients receiving these treatments [22].

As previously stated, previous experiences in ovarian and breast cancer have paved the way
toward a number of trials testing PARPi in several tumors, with PARPi that are currently under active
evaluation also in BRCA-mutated biliary malignancies [8–10]. However, a larger spectrum of genes
that compromise DDR pathway has been reported to occur in up to 28.9% of patients with newly
diagnosed BTC, and to date, the optimal therapeutic strategy in BTC tumors harboring Homologous
Recombination Deficiency (HRD) alterations is yet to be defined [23].

In this review, we provide a comprehensive overview regarding the genetic landscape of DDR
pathway deficiency, the emerging therapeutic role of PARPi in BTC, and current perspectives and
possible future therapeutic implications of DDR alterations across BTC.

2. HRD, the Role of PARP in DDR and Synthetic Lethality

DNA damage and DNA repair, or lack thereof, have central importance in the induction of
mutations. Additionally, since mutations drive the onset of nearly all malignancies, in physiological
conditions, cells activate to defend themselves through a series of molecular pathways, the DDR,
in order to handle genotoxic damage usually arising as single-strand breaks (SSBs) or double-strand
breaks (DSBs) (Figure 2) [24].

Figure 2. Overview of DNA repair mechanisms. BER: base excision repair; HR: homologous
recombination; MMEJ: microhomology mediated end-joining; MMR: mismatch mediated repair; NER:
nucleotide excision repair; NHEJ: non-homologous end-joining.

Critical pathways able to fix DSBs are homologous recombination repair (HRR)—a form of
DNA repair using homologous DNA sequences—microhomology mediated end-joining (MMEJ),
and non-homologous end-joining (NHEJ), which conversely often leads to genetic material loss,
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thus resulting in genetic alterations [25,26]. Conversely, SSBs are mainly repaired by mechanisms such
as base excision repair (BER), nucleotide excision repair (NER), or mismatch mediated repair (MMR)
(Figure 2) [27,28]. Key elements in the DDR are the PARP enzymes, having an important role in SSBs
repair and also taking part in HRR and NHEJ [29].

PARP (poly (ADP-ribose) polymerase) is a family of enzymes, including PARP1, PARP2, and
PARP3 [30]. Interestingly, PARP1 is responsible for almost 80–90% of DDR activity, and in terms of
structure, PARP1 presents a DNA binding domain at the N-terminus, with three zinc-finger-related
domains able to recognize sites of damaged sequences [31]; moreover, PARP1 has a catalytic domain
encompassing two subdomains: a helical domain and an ADP-ribosyltransferase catalytic transferring
the ADP-ribose from NAD+ to protein residues, generating poly(ADP-ribose) chains (PAR) [32,33].
In fact, PARP1 and PARP2 are DNA damage sensors and signal transducers, able to synthesize
branched PAR chains on target proteins through a process termed PARylation [34]. When PARP1 binds
DNA, the catalytic function of PARP1 is activated following several allosteric modifications, leading to
PARylation and recruitment of DNA repair effectors, including XRCC1 [35].

BRCA1 and BRCA2 are fundamental genes involved in HRR [36] and since they are critical in the
process of DSBs repair, BRCA1/2 germline mutations are associated with higher risk of carcinogenesis
due to a mutational event on the other allele [37]. The same occurs when other genes essential for HRR
are mutated, resulting in HRD [38–40].

PARPi are oral small-molecule inhibitors of PARP1, PARP2, and PARP3, whose action is based
on synthetic lethality, a well-known concept proposed nearly a century ago [41,42]. As schematically
represented in Figure 3, according to synthetic lethality the concurrent alteration of two different
genes results in cell death while the alteration of a single gene does not. In the specific case of cancer
treatment, with gene A representing a tumor suppressor gene or an oncogene, gene B could represent a
candidate therapeutic target which may be used in order to target cells with A dysfunction.

Figure 3. Schematic figure representing synthetic lethality. As outlined, the simultaneous alteration
of gene A and gene B results in cell death while the alteration of either gene does not. When the
concept of synthetic lethality is applied to poly adenosine diphosphate-ribose polymerase inhibitors
(PARPi) treatment, gene B represents a candidate therapeutic target used to target cells with gene
A dysfunctions.

The inhibition of PARP causes the persistence of SSBs, resulting in DSBs [43,44]. More specifically,
there are two main mechanisms of action of PARPi, both responsible for their antiblastic effect. First,
PARPi inhibit catalytic activity of the enzyme by avoiding both PARylation of the repair site and
autoPARylation [45]. The second and even more significant mechanism is represented by PARP
trapping activity; in fact, PARPi trap PARP at its DNA binding site preventing repair processes,
hesitating in cell death by mitotic catastrophe [46,47]. Moreover, the inhibition of this pathway
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can force cells to use alternative damage repair systems, namely non-homologous recombination
processes [48,49], which are more error-prone and can result in large-scale genomic rearrangements,
and finally, in apoptotic cell death [50].

3. DDR Deficiency and BRCAm in BTC

The role of DDR alterations is still widely unknown in BTC and only few data about their clinical
impact are currently available [51]. However, germline or somatic BRCAm are being increasingly
reported due to the possibility to identify a distinct subgroup of carriers that may benefit from
a personalized treatment strategy [52,53]. Curiously, BRCAm in BTC have been observed more
frequently as somatic rather than as germline mutations [54].

The prevalence of DDR defects in BTC has been described in a range between 28.9% and 63.5%,
and unfortunately, this range of frequencies depends on current lack of consensus regarding methods
for testing and defining DDR alterations in BTC [54,55]. The recent evolution of sequencing technologies
and the use of comprehensive gene sequencing panels has resulted in improved ability to detect
variations in DDR genes, beyond BRCA1/2 [56]. Nevertheless, two major limitations of these methods
are represented by the unclear functional role of variants of unknown significance in DDR genes and
the inability to identify epigenetic silencing of the same genes [57]. Moreover, the main open question
is whether defects in genes that are well established to have a role in DDR could be considered as
predictive biomarkers of response to platinum compounds and PARPi [58].

Another issue concerns how many germline and somatic pathogenic variants should be tested
in order to identify “BRCAness” phenotypes [59]. A panel of 17 germline and somatic DDR gene
alterations (ATM, BAP1, BARD1, BLM, BRCA1, BRCA2, BRIP1, CHEK2, FAM175A, FANCA, FANCC,
NBN, PALB2, RAD50, RAD51, RAD51C, and RTEL1) in addition to BRCAm has been recently proposed
in order to evaluate a correlation with genomic instability in patients affected by pancreatic ductal
adenocarcinoma (PDAC), thereby excluding potential emerging DDR genes such as ARID1A, ATR,
ATRX, CHEK1, RAD51L1, and RAD51L3 [60]. Notably, mutations in ARID1A have been reported in up
to 14% of cholangiocarcinomas (CCAs) [61], and interestingly, ARID1A—a chromatin remodeler of the
SWI/SNF (Switch/Sucrose Non-Fermentable) family—probably contributes to recruiting and stabilizing
the SWI/SNF complex at DSBs, thus regulating the DNA damage checkpoint [62,63]. Moreover,
evidence from in vivo and in vitro studies suggested that ARID1A deficiency may sensitize cancer cells
to PARPi [57]. Another gene involved in HR mechanisms is BAP1, a tumor suppressor gene and a
deubiquitinase promoting DNA DSBs repair [64]. Yu and colleagues suggested that BAP1-deficient
cells were sensitive to ionizing radiation and other agents that induce DNA DSBs [65], and additionally,
BAP1 mutant CCAs are likely to have poorer prognosis and a predisposition to bone metastasis
development [66].

Patients with BRCAm are predisposed for BTC, as BRCA1/2 alterations have been associated with
early onset BTC [51–54]. More specifically, data from the early 2000s by the Breast Cancer Linkage
Consortium (BCLC) suggested that BRCA2-carriers had higher relative risk (RR) of developing BTC
than patients affected by infection with liver parasites, hepatitis C virus, and hepatitis B virus (RR 4.97,
95% confidence interval (CI) 1.50–16.52) [67].

Importantly, defective DNA repair enhances tumor heterogeneity and promotes tumor
progression [68]. Hence, BRCAm generally correlate with poor response to standard treatments,
although notable responses to platinum-based treatment or PARPi have been reported [69]. In 2017,
Golan and colleagues published a retrospective analysis of 18 patients with confirmed BRCAm CCA [15].
Interestingly, the 44% of patients (8 of 18) had personal or family history of BRCA-associated malignancy
(breast, ovarian, prostate, and pancreatic cancer) [15]. Overall, clinical germline testing for BTC risk is
currently not recommended in clinical practice and more efforts are needed to better identify high-risk
groups that might benefit from screening, further exploring, and eventually confirming the potential
predictive and prognostic value of DDR gene alterations.
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4. PARPi in BTC

Available data regarding PARPi in BTC patients harboring BRCAm and DDR mutations are sparse
and anecdotal, with OS ranging from 11 to 65 months and sporadic cases of sustained response to
PARPi, which have been reported [15,70–72]. As previously stated, although based on a small number
of subjects, the multicenter retrospective study by Golan and colleagues suggested some clinical
features of patients affected by BTC with germline and/or somatic BRCAm [15]. The study included
18 patients, 5 with germline BRCA1/2m and 13 with somatic mutations; interestingly, 13 patients were
treated with platinum-based chemotherapy and 4 with PARPi. In terms of survival, BTC patients with
stage I–stage II presented a median OS of 40.3 months (95% CI, 6.73–108.15) and of 25 months in stage
III–stage IV BTC [15]. According to the results of this study, the presence of BRCA1/2m appeared to carry
a more favorable prognosis since patients experienced a prolonged survival compared to historical
data regarding BTC [15]. In a recent report by Chae et al., DDR gene mutations were observed in 55 out
of 88 (63.5%) patients receiving first-line platinum-based chemotherapy for advanced BTC, with DDR
gene mutations associated with longer OS (21.0 vs. 13.3 months, p = 0.009) and PFS (6.9 vs. 5.7 months,
p = 0.013) after treatment with platinum salts [52]. This association between platinum sensitivity
and DDR gene mutations has been widely described in other malignancies, including ovarian and
breast cancer [73–75]. Platinum salts such as carboplatin and cisplatin exert their cytotoxic effects
through distinct cellular mechanisms [76]; more specifically, after entrance into cells, platinum salts
react with DNA generating monoadducts, inter- and intraDNA strand cross-links, and are able to cause
SSBs and DSBs [77]. Consequently, DNA replication and transcription are blocked by this structural
distortion, resulting in cell cycle arrest, cell apoptosis, and necrosis [78]. In physiological conditions,
DNA lesions caused by platinum salts are properly repaired by DDR mechanisms; therefore, since
platinum salts are DNA cross-linking agents, it is readily apparent that these compounds are more
likely to be effective in BRCAm malignancies [79]. For example, higher rates of pathological complete
response have been observed in BRCAm, triple negative breast cancer patients treated with neoadjuvant
platinum salts compared to wild-type subjects [80]. Similarly, the randomized TNT trial highlighted a
notable response rate and PFS benefit in metastatic BRCAm breast cancer patients receiving carboplatin
compared to those receiving docetaxel [81]. This topic is particularly important if we look at BTC,
where platinum-based chemotherapy represents the mainstay of palliative treatment following the
results of the landmark ABC-02 trial and the more recent ABC-06 study [9,82,83].

To date, there is no evidence in literature regarding the efficacy of PARPi in BTC patients harboring
DDR gene alterations, with the exception of a recent case report demonstrating a clinical benefit with
olaparib monotherapy in a patient affected by gallbladder cancer with an Ataxia telangiectasia mutated
(ATM)-inactivating mutation [84]. Following several trials assessing PARPi in breast cancer and
ovarian cancer, recent studies have tested the role of PARPi in patients affected by HRD gastrointestinal
malignancies, with the pivotal POLO trial, which has provided important data in this setting [71].
In fact, this randomized phase III trial has suggested a novel option for precision oncology in PDAC by
evaluating the PARPi olaparib (300 mg twice daily) as maintenance in PDAC patients with BRCAm and
whose disease had not progressed during first-line platinum-based chemotherapy [71]. Among the
154 enrolled patients, PFS was significantly longer in the olaparib maintenance arm compared to that
in the placebo group, with 7.4 versus 3.8 months (Hazard Ratio 0.95; 95% CI 0.35–0.82, p = 0.004).
Meanwhile, in analogy to previous reports in other solid malignancies, olaparib maintenance treatment
has presented an acceptable and manageable safety profile, without a significant impact on quality of
life [85]. More recently, a recent randomized phase II trial showed impressive response rates (75% and
64%, respectively) and survival in BRCA1/2m PDAC patients receiving platinum-base chemotherapy
plus the PARPi veliparib or platinum-based chemotherapy alone as front-line treatment [86].

Considering the anatomical and histological analogies with PDAC, and in an attempt to translate
this experience, multiple clinical trials are now evaluating the potential role of PARPi in metastatic
BTC. We reviewed MEDLINE/PubMed and ClinicalTrial.gov for published or ongoing clinical trials
evaluating the efficacy of PARPi in BTC until 20th July 2020. The medical subject heading terms used for
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PubMed search were ((olaparib[Title]) OR (veliparib[Title]) OR (rucaparib[Title]) OR (niraparib[Title])
OR (talazoparib[Title]) OR (PARP[Title])) AND ((biliary[Title]) OR (cholangiocarcinoma[Title]) OR
(gallbladder[Title])). The medical subject headings terms used for the search in ClinicalTrials.gov
were (“Recruiting or not yet recruiting” as status), (“biliary tract cancer”, “biliary tract neoplasm”,
“cholangiocarcinoma”, “gallbladder cancer”, “Ampulla cancer” as condition/disease) and (“PARP”,
“olaparib”, “veliparib”, “niraparib”, “rucaparib”, or “talazoparib” as other terms). Table 1 summarizes
ongoing trials on PARPi in BTC registered on clinicaltrials.gov.

Table 1. Current ongoing trials involving PARP inhibitors in biliary tract cancer (BTC) registered on
clinicaltrials.gov.

Clinical Trial Design Cohort Agent(s)
DDR Defect
Screenings

Primary
Endpoint

NCT03212274 Phase II, single arm
Refractory, metastatic

CCA with IDH1 or
IDH2 mutation

Olaparib no ORR

NCT03207347
(UF-STO-ETI-001)

Phase II,
non-randomized

CCA after prior
standard systemic

treatment
Niraparib yes * ORR

NCT03991832 Phase II,
non-randomized

IDH-mutated BTC
after no more than 2
previous treatments

Olaparib +
durvalumab no ORR, DCR

NCT03878095 Phase II, single arm

CCA or other
IDH-mutated solid
tumors after prior

standard treatment

Olaparib +
ceralasertib no ORR

NCT03639935 Phase II, single arm
BTC after prior

standard systemic
treatment

Rucaparib +
nivolumab no

Proportion of
patients alive
and without
radiological
or clinical

progression at
4 months

NCT04042831 Phase II, single arm

BTC with
somatic/germline
mutations in DDR

genes after
platinum-based
chemotherapy

Olaparib yes ** ORR

NCT03337087 Phase I–II, single arm

Metastatic BTC after
no more than 1 line of
prior therapy in the
metastatic setting

Nal-IRI and
5-FU with
rucaparib

yes, only for
phase II (HRD
or BRCA1 or

BRCA2 or
PALB2)

dose limiting
toxicities, ORR

NCT04171700 Phase II, single arm

Unresectable, locally
advanced, or

metastatic solid tumor
after first-line

treatment (including
ampullary cancer)

Rucaparib yes *** ORR

CCA: cholangiocarcinoma; DCR: disease control rate; DDR: DNA damage repair; 5-FU: F-fluorouracil; HRD:
homologous recombination deficiency; IDH: isocitrate dehydrogenase; Nal-IRI: nanoliposomal irinotecan; ORR:
overall response rate; * somatic/germline mutation of ARID1A, ATM, ATR, BACH1 [BRIP1], BAP1, BARD1, BLM,
CHEK1, CHEK2,CDK2, CDK4, ERCC, FAM175A, FEN1, IDH1, IDH2, MRE11A, NBN [NBS1], PALB2, POLD1, PRKDC
[DNA-PK], PTEN, RAD50, RAD51, RAD52, RAD54, RPA1, SLX4, WRN, or XRCC; ** somatic/germline mutation of
ATM, ATR, CHEK2, BRCA 1/2, RAD51, BRIP1, PALB2, PTEN, FANC, NBN, EMSY, MRE11, ARID1A; *** deleterious
mutation of BRCA1, BRCA2, PALB2, RAD51C, RAD51D, BARD1, BRIP1, FANCA, NBN, RAD51, or RAD51B.
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5. Future Directions

With the aim to provide novel effective combinations, several ongoing clinical trials are evaluating
PARPi in combination with other agents, including cytotoxic chemotherapy, immune-checkpoint
inhibitors (ICIs), and tyrosine kinase inhibitors (Table 1) [87].

Early preclinical reports have suggested that PARP1 is implicated in STAT3 (Signal Transduced
and Activator of Transcription 3) dephosphorylation, thus resulting in a reduced transcriptional activity
of STAT3 and lower PD-L1 expression [88]. Conversely, inhibiting PARP would clearly result in
higher PD-L1 transcription in cancer cells and Programmed death-ligand 1(PD-L1) expression [88].
These preliminary findings have paved the way toward a number of studies assessing ICIs combined
with PARPi in several malignancies since PARP inhibition has been suggested to increase tumor
mutational burden, augmenting DNA damage processes and upregulating PD-L1 expression.
The combination of PARPi with PD-1 inhibitors highlighted interesting response rates and a manageable
safety profile in early reports evaluating this therapeutic strategy [89]. In a phase I trial assessing the
PARPi pamiparib with the PD-1 inhibitor tislelizumab in 25 patients affected by advanced solid tumors,
a response rate of 25% was observed, with two complete responses (4%) and eight partial responses
(16%) [89]. Interestingly, this study included highly pretreated patients, with 14 out of 25 harboring
a germline or somatic BRCA1/2 mutation. More recently, the report by Spizzo and colleagues on
1292 tumor samples of BTC patients suggested a potential association between BRCAm and ICIs
response, with tumor mismatch repair, microsatellite instability status, and PD-L1 overexpression
associated with BRCAm [54].

Another interesting strategy is based on angiogenesis. In fact, hypoxia decelerates the
downregulation of DNA repair processes, which in turn may result in genomic instability [90,91].
Therefore, the combination of PARPi and anti-angiogenic agents could enhance synthetic lethality,
as witnessed in other solid malignancies such as ovarian cancer [92]. Unfortunately, acquired resistance
to PARPi is a major issue in patients receiving these molecules, for which several potential mechanisms
have been suggested, including the inactivation of the DNA repair proteins 53BP1 or REV7 [93,94]. Thus,
novel drug combinations and treatment strategies able to overcome or at least delay the emergence of
resistant clones are required [95]. PI3k/Akt, MAPK, and other mitogen signaling pathways have been
related to reduction in HR repair, and consequently, have been associated with secondary resistance
to PARPi [96]. As in the case of ICIs, preclinical and early clinical reports have suggested a possible
synergistic activity provided by the combination of PI3k and MEK inhibitors plus PARPi [97,98],
and further data are awaited.

Lastly, another strategy could be based on targeting IDH, a therapeutic option that is entering into
clinical practice, with IDH1 and IDH2 mutations occurring in about 20% of iCCA patients [99,100].
Interestingly, IDH1 action relies on the conversion of isocitrate to alfa-ketoglutarate; in case of IDH
mutations, alfa-ketoglutarate is transformed by IDH1 into 2-hydroxyglutarate (2-HG), which plays
a role in tumor progression [101,102]. Since preclinical reports have detected alterations in the HR
pathway and an increased PARPi sensitivity in IDH1-mutated malignancies, the strategy of combining
PARPi with IDH-targeted treatments is under evaluation in the subgroup of BTC patients harboring
IDH mutations (Table 1) [103,104].

6. Conclusions

Unfortunately, patients with advanced/metastatic BTC have a dismal prognosis and few therapeutic
options, and therefore, there is an urgent need for novel treatment strategies in this setting. If PARPi
have shown meaningful activity in several solid tumors, further efforts are needed to define the role of
these novel agents in BTC. A key point would certainly be the identification of which patients are most
likely to benefit from PARPi monotherapy or combinations. In fact, combination strategies of PARPi
with ICIs and other anticancer treatments are being tested and the results of these investigations are
awaited, with the hope to increase the number of medical options and to improve survival and quality
of life in BTC patients.
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Abstract: Catheter related blood stream infection is an ever present hazard for those patients requiring
venous access and particularly for those requiring long term medication. The implementation of
more rigorous care bundles and greater adherence to aseptic techniques have yielded substantial
reductions in infection rates but the latter is still far from acceptable and continues to place a heavy
burden on patients and healthcare providers. While advances in engineering design and the arrival of
functional materials hold considerable promise for the development of a new generation of catheters,
many challenges remain. The aim of this review is to identify the issues that presently impact catheter
performance and provide a critical evaluation of the design considerations that are emerging in the
pursuit of these new catheter systems.

Keywords: intravascular catheter; CRBSI; biofilm; CVC; antimicrobial; antifouling

1. Introduction

Intravascular catheters are ubiquitous in contemporary care and it has been estimated that 30–80%
of hospital patients will have a peripheral venous catheter (PVC) in place at some point during their
stay [1–3]. While PVCs are by far the most commonplace, a wide range of catheter designs are
employed to aid the delivery of life saving fluids and differ in terms of anticipated use. In contrast
to the short-lived PVCs, central venous catheters (CVC) are designed for main vein access and mid
to long-term (months/years) applications such as: the delivery of chemotherapy drugs, nutritional
fluids and for haemodialysis. Used across every hospital unit as well as for outpatient management,
CVCs are some of the most common indwelling medical devices of modern times with approximately
5 million catheters inserted annually in the US (cf. 330 million PVCs) [4,5]. While such devices provide
ease of access to the vascular highways of the body, it must also be recognised that they can also serve
as an entry point for life threatening infection [6]. It has been estimated that CVCs are some 64 times
more likely to result in a catheter related blood stream infection (CRBSI) than other intravascular access
devices [7].

Patients in intensive care units (ICUs) across the US are exposed to an estimated 15 million
(catheter) days of CVC usage each year [8] from which up to 8% result in CRBSI [5,9]. CRBSI-induced
sepsis accounts for 25% of annual haemodialysis patient mortality [10]. The US Centre for Disease
Control and Prevention (CDC) estimates that a total of 250,000 blood stream infections are diagnosed
each year [11] of which 80,000–120,000 are catheter-related [8,12]. While rates of attributable mortality
vary from 12% to 25% for nosocomial CRBSIs [11,13,14], a meta-analysis concluded that an average
of 3% of CRBSIs result in death [8]. Further complications can also arise such as intravascular
thrombosis and endocarditis leading to myocardial infarction or stroke [15]. It is of little surprise that
the consequences of CRBSI results in a considerable economic burden on both the healthcare provider
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and patient. The attributable cost per infection in the US varies considerably based on infection type
and healthcare factors, costs are reported to range from USD 3700 to USD 56,000 per patient, with an
upper estimate of USD 2.3 billion spent on CRBSIs arising from CVC use annually [8,16].

The combined morbidity, mortality and economic burden posed by CRBSIs, is an ever present
concern among clinicians and has prompted much effort in the search for more effective frontline
procedures (i.e., aseptic technique education and prophylactic antimicrobial lock systems) [17–19],
but there has also been radical rethinks of the design and the development of new catheter
components, materials and smart sensing solutions. There has been substantial progress in these areas
in recent years but, despite concerted efforts in education and the implementation of care bundles,
bacterial contamination and the resulting CRBSI remains problematic. As such, there are considerable
opportunities for recent advances in materials and sensing technologies to complement improved
clinical practice in providing a more integrated solution. The provision of materials that minimise the
adherence of bacteria to the intraluminal space, provide antimicrobial action, and sensors that can
proactively monitor the condition of the line herald a new generation of smart catheter systems that
aim to eliminate infection or provide early warning diagnostics. The aim of this review is to provide a
critical evaluation of the design considerations that are emerging in the pursuit of these new catheter
systems. While the focus here is on CVCs, it should be recognised that bacterial contamination is
commonplace and much of the discussion here should be transferrable to a range of devices.

2. Catheter Components

There are a variety of CVC subsets available, the most common of which are: non-tunnelled,
tunnelled, peripherally inserted central catheters (PICC) and totally implantable venous access ports
(TIVAPs) [20]. The main components of a central venous catheter and the implanted venous access
ports are highlighted in Figure 1A,B, respectively. In the case of CVCs, these are typically inserted
through the jugular, subclavian or femoral veins to either the superior vena cava, right atrium or
inferior vena cava of the heart [20,21].

Figure 1. (A) Tunnelled central venous catheter and associated components. (B) Totally implantable
venous access port.

Selection of the catheter system is invariably based on patient-specific factors such as: purpose,
anticipated lifetime and the frequency with which the catheter will need to be accessed. It can be
anticipated that the longer the catheter is in place, the greater the risk of infection. It is of little surprise
therefore that tunnelled CVCs and TIVAPs which are intended for long term use (typically months to
years) dominate the CRBSI literature. While TIVAPs are primarily designed for periodic/infrequent
applications (i.e., haemodialysis) [22], tunnelled CVCs are generally targeted at those interventions
where regular administration of fluids, medication, parenteral nutrition or the aspiration of blood
is required. As such, the frequency with which the needle free connector (NFC) is manipulated
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can be particularly problematic with the majority of the infections arising as a consequence of its
contamination [23,24].

A multitude of NFCs are available commercially but most share common design features relating
to the access port. In almost all cases, access to the catheter is activated through the insertion of a male
Luer connector (from a fluid giving set or syringe) which causes the deformation of a silicone septum
and therein provides access to the catheter line [25–27]. Three of the more common approaches are
highlighted in Figure 2. While they differ in terms of internal mechanism, most rely on a split septum
design which, when disconnected, acts as a physical barrier to the entry of bacteria. Solid sealed silicone
surfaces (BD Max Zero™) are also available and, while these potentially reduce the surface crevices
through which bacteria can adhere, they still rely on the Luer activated displacement/compression of
the silicone cap within the device to enable fluid flow to or from the line.

Figure 2. Needle free connectors based on (A) simple split septum, (B) mechanical spring compression
and (C) blunt cannula. Computerised tomography scans of the internal components of an intensive
care unit (ICU) Medical Clave™ connector before (D) and after connection to a giving set with a Luer
connector (E).

A variety of engineering features have been implemented in recent years as a means of improving
the performance of such devices in terms of haemocompatibility and in reducing the potential for
CRBSI. The presence of blood within the fluid pathway of an NFC can result in haemolysis of the red
blood cells which increases the risk of a fibrin clot leading to occlusion and ultimately prevents fluid
transfer. Moreover, it provides a pool of nutrients that can promote the growth of bacteria [25]. Body
movements (muscle flexing, respiration, coughing etc.) and clamping of the catheter can all induce
changes in the mechanical and physiological pressure within the catheter that can serve to push blood
along the line [28,29]. It has been estimated that even the smallest blood reflux (4–30 mL) can result in
fibrin activation and occlude the inner pathways of the NFC [25]. Removing blood from the NFC is a
critical concern and there has been an increasing shift from opaque NFC structures to more transparent
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polymers that can enable visual inspection of the internal working of the hub. The movement of blood
within the catheter and its propensity to travel (reflux) to the needle free hub upon the insertion and
disconnection of the external Luer is however dependent on the design of the NFC hub [25,26].

It is of little surprise therefore that understanding the operation of these systems can be a
major factor in minimising the risk of infection. Depending on the displacement of blood upon
insertion/disconnection, hubs are generally classified as: negative, neutral, positive and anti-reflux.
A summary of the various designs and their mechanism is provided in Table 1.

Table 1. Classification of needle free connector hubs in terms of fluid displacement.

Action Negative Neutral Positive Anti-Reflux

Disconnection Blood refluxes into
catheter

Blood refluxes into
catheter

Fluid moves
towards patient

Fluid restricted by
diaphragm

Connection Fluid moves
toward patient

Fluid moves
toward patient

Blood refluxes into
catheter

Fluid restricted by
diaphragm

Clamping
sequence

Clamp before
disconnection

No specified
clamping

Clamp after
disconnection

No specified
clamping

Commercial
Examples BD Smartsite ICU Medical

Microclave Clear Braun Ultrasite ICU Medical
Neutron

BD Q-Syte Baxter One-Link BD MaxPlus Nexus TKO-5
Baxter Interlink RyMed Invision Braun Caresite Nexus TKO-6P

ICU Medical
Clave* Nexus NIS-6P

It can be seen from Table 1 that in the case of negative and positive displacement systems, there is a
recommended clamping procedure associated with the use of these systems to prevent the inadvertent
reflux of blood. There is, however, an assumption that the clinical staff (or the patient in the case
of known as home parenteral nutrition (HPN)) are aware of the mode through which a particular
NFC operates. Hadaway (2011), in a survey of healthcare workers, found that of 554 responses, some
25% were unaware of whether the NFC used in the CVC line they were managing was positive,
negative or neutral [30]. Moreover, 47% were unsure as to the correct approach to the flushing and
clamping procedures associated with a particular NFC with the situation being compounded by
the presence of multiple NFC brand variants in use within a given institution [27,30,31]. The early
introduction of NFCs was characterised by an increase in CRBSI and a lack of appropriate training in
device operation has often been cited as a contributing factor. This has been corroborated in instances
where an institution has switched NFC brands and recorded an increase in CRBSI rates only to find
the latter returned to previously lower levels when resuming use of their original NFC system [31].
While improvements in the physical design of NFCs will undoubtedly aid approaches to the prevention
of CRBSI, the continuing prevalence of the latter however highlights that there is much still to be done.

3. Pathogens, Colonisation, Biofilms and Infection

In general, catheter related infection occurs mainly through two mechanisms—migration of
adventitious skin pathogens (i.e., S. aureus) along the external surfaces of the polymer tubing through
the cutaneous tract to the blood stream (extraluminal) and, as noted in the previous section, ingress
via the needle free connector hub (intraluminal) [24]. In either case, upon contact with the blood, the
microbes interact with fibrin to yield an adherent biofilm which promotes microbial colonisation and
furthers the spread of the organisms. Extraluminal contamination has historically been more common
in short term intravascular devices (peripheral venous/arterial catheters and non-cuffed/non-tunnelled
CVCs) and typically arises through issues encountered during insertion/implantation [24].

Breaching the skin barrier to enable the insertion of a medical device inevitably provides
an opportunity for skin flora or adventitious contaminants from the healthcare environment to
gain access to the underlying tissues and from there sets a foundation for subsequent infection.
Such issues are not restricted to intravascular access devices but have become increasingly common with
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cardiovascular implantable electronic devices (CEID) such as pacemakers, cardioverter–defibrillators,
cardiac resynchronisation devices etc. This is compounded by the increasing longevity of the patient
cohorts where the number of surgical interventions (revisions, extractions and upgrades) have
increased substantially year on year [32,33]. As the prime risk occurs at the time of insertion, it is of
little surprise that repeated surgical replacement of a CVC (or the CEID) increases the risk of infection.
The implementation of catheter care initiatives during the insertion of CVCs (such as the Keystone
Central Line Bundle [34] and Epic3 guidelines [19]) have however led to significant improvements in
outcomes and, in the US, has led to reductions in insertion related infections [23,25,35].

In contrast, contamination of the NFC and internal lumen tends to occur post-operatively as a
consequence of failures in the aseptic manipulation of the connecting hub prior to the administration
of fluids or aspiration of blood. Intraluminal colonisation tends to be predominant in those devices
intended for longer term function such as cuffed Hickman and Broviac type catheters, cuffed
haemodialysis CVCs, TIVAPs, and PICC systems [36]. It is of little surprise that the increased
duration of placement and frequency with which such lines are accessed will also increase the
risk of CRBSI where there will be more opportunities for the intraluminal migration of planktonic
(free-swimming) bacteria arising from a contaminated hub to the bloodstream [7,24]. Examination
of the microbial contamination of NFCs after periods of non-use found that colony forming units
(CFU) varied from 15 to 1000 CFU which, if improperly disinfected, would be sufficient to induce
colonisation of the catheter and result in bacteraemia [31,37,38]. Potential trouble spots in the use of the
NFC, in terms of disinfection, relate to the point where the sterile Luer connector or syringe contacts
the surfaces of the NFC—mainly the septum, side threads and side surfaces (between septum and
NFC structure) [23]. The presence of grooves/gaps either in the core design between septum seal and
housing (as highlighted in Figure 3 for the Clave™NFC), or as a result of repeated use (i.e., abrasion or
other physical damage) can all influence the ease with which disinfection can be achieved [26,27,30,39].

Figure 3. ICU Medical Clave™ needle free connector (A). Optical image of the septum (B) and cut
through section (C) highlighting gaps in the structure.

While the majority of CRBSI are known to originate from issues in aseptic manipulation, two
other sources of infection also need to be considered which are effectively independent of any attempt
at external decontamination of the catheter or the NFC. Contamination of the fluid to be infused
will effectively bypass any aseptic precautions employed during administration and offers microbes
unimpeded access to the bloodstream [40]. Fortunately, such occurrences are exceedingly rare.
Haematogenous seeding occurs when pathogens already present in the bloodstream as a consequence
of local infection (i.e., pneumonia) encounter the foreign extraluminal surface and then subsequently
colonise it (indicated in Figure 1A). Though it must also be recognised that a contaminated catheter
can also serve as a potential seeding source for the contamination of other intravascular devices [41].
The pathogens most commonly cultured from infected CVCs are listed in Table 2. Staphylococcus aureus
and coagulase-negative staphylococci (typically S. epidermidis) are the two pathogens most frequently
isolated in CRBSI cases, with S. aureus responsible for between 10% and 25% of infections [42,43].
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Table 2. Catheter related blood stream infection (CRBSI) associated pathogens [42].

Pathogen Prevalence

Coagulase-negative staphylococci
(i.e., S. epidermidis) 20.9%

Staphylococcus aureus 18.1%

Escherichia coli 7.4%

Klebsiella pneumoniae/Klebsiella oxytoca 9.4%

Enterococcus faecalis 9.1%

The introduction of bacteria to the lumen of the catheter line will inevitably result in the formation
of a biofilm (largely polysaccharide in nature) which serves as a foundation for the sustained growth
of the microbes and ultimately as a latent infective source [44,45]. The film itself is an extracellular
3D network that protects the emerging communities through serving as a physical barrier against the
body’s intrinsic immune response (phagocytes) and limits the diffusion of antibiotics. These protective
qualities can be particularly problematic when attempting to salvage a catheter (rather than its direct
replacement) where the presence of any surviving bacteria within the biofilm can lead to a resumption
of the infection [45]. As such, conventional antimicrobial therapies require concentrations some
100–1000 times greater than the normal minimum inhibitory concentrations (MIC) to be applied and the
dosage maintained over longer durations in order to eradicate the biofilm [46]. A more worrisome issue
is that in aiding bacterial reproduction, the biofilm can aid the alteration of bacterial gene expression,
leading to mutations and modifications in the physiology of the pathogenic antigens, limiting immune
and drug response and contributing to antimicrobial resistant species [47,48].

Extra and endoluminal colonisation rates are dependent on the interaction between physiological
properties of the pathogen and the surface characteristics (i.e., hydrophobicity/hydrophilicity) of the
catheter [49]. The initial adhesion of pathogens is improved by the initial formation of a conditioning
film (comprised of platelets and plasma proteins such as albumin, fibrinogen, and fibronectin) that
binds to the luminal surfaces [50]. Pathogens will more readily adhere to this film than to the bare
catheter material itself [49] and, once attached, to the luminal surface, will rapidly establish a biofilm.
It is of little surprise that there have been extensive efforts to modify the surface of the polymers used
in the production of both the catheters and NFCs such that the initial deposition of the conditioning
film is impeded.

4. Current Practice

4.1. Disinfection

Alcohol/antimicrobial wipes are widely employed as the primary anti-infective measure in the
management of catheter lines and decontamination of NFCs. Alcohol wipes (typically 70% isopropyl
alcohol (IPA)) are the most commonly applied measure and their biocide activity relies on their ability
to dehydrate the bacterial cell—both during the application and as the alcohol evaporates [51,52].
While the use of the alcohol alone can be effective, its veracity can be greatly enhanced by the presence of
an appropriate antimicrobial agent (chlorhexidine or povidone iodine) where the disinfection mixture
exploits the immediacy of the alcohol and sustained action of the antimicrobial agent [23,30,53–56].

Alcohol disinfection is not however fool proof and will always be subject to human factors (time
allocated to the procedure, friction applied etc.) and device designs (ability to penetrate the device
crevices) and there remains a contentious debate as to whether complete removal of bacteria from NFCs
is in fact possible [52,57–60]. Menyhay and Maki (2008) in an in vitro study of 30 NFCs contaminated
with E. faecalis and then subsequently disinfected with 70% IPA, found that 67% of the NFCs continued
to transmit microbial contaminants (440–25,000 CFU) [52]. The time allocated to disinfection appears to
be a significant factor with studies by Kaler and Chin [52] finding that 15 and 60 s cleaning cycles with
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70% IPA eliminated all organisms whereas studies by Smith et al. (2012), Simmons et al. (2011) and
Rupp et al. (2012) highlighted that short to moderate cleansing (3–15 s), while decreasing bacterial load,
were less effective at total decontamination [57–59]. There is nevertheless considerable variability and
contrasting results, as befits the nature of human intervention involving “scrubbing the hub”. The UK
EPIC3 report on the evidence-based evaluations of an expert panel have recommended that NFCs be
disinfected with 70% alcoholic chlorhexidine with the application of friction pre and post access [19].

4.2. Education and Aseptic Techniques

Training at the core of the management of CVCs—from implantation to the day to day care of the
line but the reliance on human compliance and adherence to the main tenets of aseptic manipulation
can be an inherently variable phenomenon [61–64]. While the introduction of care bundles has led to
significant gains, it must also be noted that improved compliance rates are seldom universal. A recent
study by Jeong et al. (2013) revealed compliance rates were only 37% after the intervention [63] and a
recent meta-analysis by Ista et al. (2016) highlighted that total compliance is essentially unattainable [18].

While the significance of disinfection of the NFC prior to accessing the catheter has long been
recognised, it is surprising that it remains a common point of failure [23,30,64]. Patients with long term
CVCs undergoing total parenteral nutrition (TPN) are trained to administer their nutrition at home,
or have it administered at home on their behalf, known as home parenteral nutrition (HPN). In a study
conducted by Bond et al. (2018), 16% of HPN patients contracted at least one CRBSI, accounting for
0.31 CRBSI per 1000 catheter days [65]. Out of these 16%, the rate of CRBSI per 1000 catheter days was
0.27 when HPN was administered by a trained home care nurse, compared to 0.342 and 0.320 when
self-administered or administered by a non-medical carer (such as a family member), respectively.
It is noteworthy that although there are gains in having a trained caregiver—the benefits are only
marginally better than having the patient manage the line. There is little doubt that more attention is
required for training in aseptic access and maintenance [66].

4.3. Catheter Locks

A second line of defence in preventing bacterial ingress rests on the use of catheter locks. The latter
is typically used where the catheter is not being used and the line is flushed with saline. This has the
primary purpose of removing blood from the line such that occlusion and bacterial growth are minimised
(discussed in Section 2) [26,27,30,67]. While the use of a saline flush is standard, other components can
also be introduced and perform a variety of roles: anti-occlusion (heparin), antibiotic (vancomycin,
gentamicin) and antimicrobial (citrate, ethanol and taurolidine) [68–70]. Vancomycin and gentamicin
are generally reserved for therapeutic measures once a CRBSI has been diagnosed [22,46,71–73].
In contrast, heparin, citrate and, increasingly, taurolidine are used prophylactically [9,74–76]. There
is no standard recommendation as to the use of catheter locks and their over-arching function is to
maintain the integrity of the line. An extensive literature based on their application and investigations
of their efficacy has emerged in recent years but a detailed discussion of their individual use is beyond
the scope of the present study and the reader is directed to more comprehensive reviews [68–70].

4.4. Barrier Caps

In most cases, the silicone septum is the main physical barrier preventing the entry of
microorganisms to the catheter lumen. Disinfection, while widely recognised as critical, still falls
foul of issues relating to adherence and on the vagaries of the person performing the cleansing
process [23,25,27]. Passive NFC caps have come more to the fore in recent years through providing
a passive means of continuous disinfection whilst the catheter is not in use [77–84]. A number of
different approaches have been taken in the design of the disinfectant barrier cap and their mode of
operation is summarised in Figure 4. The simplest approach is the incorporation of a foam/gauze insert
soaked with 70% IPA (i.e., 3M Curos™, SwabCap®, Site-Scrub®) or one that contains an antimicrobial
(povidone iodine or alcoholic chlorhexidine) which is threaded onto the Luer connector when the
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line is not in use. As the foam pad contacts the silicone septum, the twisting of the cap provides a
modicum of friction which can aid in the removal of the bacteria. Menyhay et al. (2008) have reported
on a refinement of the basic design whereby a two-part system is employed with the antimicrobial
contained within a capsule (Figure 4A) [52]. As the cap is threaded onto the Luer, the capsule is forced
into contact with a spike at the top of the cap which pierces the capsule releasing the antimicrobial
into the foam. The core advantage of this and similar systems are that their application is relatively
independent of the NFC manufacturer and simply require a Luer connector. An alternative design has
been proposed by Buchmann et al. (2009) whereby the cap encapsulates the entire terminal end of the
NFC including the thread (Figure 4B) and, in contrast to the simple insert cap highlighted in Figure 4A,
is intended to remain attached during flush procedures [85]. Mariyaselvam et al. (2015) reported that
contamination of syringe tips is an often overlooked factor in the development of CRBSI and hence
retention of the antimicrobial foam as a secondary septum could aid in the decontamination of the tips
prior to entering the NFC [86].

In both designs, the barrier cap does not interact directly with the catheter lumen but aims
to disinfect the silicone septum and surrounding area and are intended for applications where the
frequency of access may be high. ClearGuard®, in contrast to the previous designs, relies upon a
chlorhexidine impregnated rod that is inserted directly into the end of catheter lumen in place of the
NFC connector (Figure 4C). The chlorhexidine diffuses into the intraluminal space and has been shown
to be highly effective at reducing CRBSI risk within haemodialysis patients—a cohort that has hitherto
been characterised with high rates of infection [82].

Figure 4. Needle free connector barrier caps based on simple foam insert (A), an encapsulating split
septum (B) and the Clearguard® terminal cap (C).

5. Catheter Designs and Antimicrobial Mechanisms

The provision of training programmes to educate clinicians and patients in the maintenance of
vascular access lines is a critical frontline response that can dramatically lower the risk of CRBSI but,
as noted earlier in Section 4.2, achieving 100% compliance and prevention is unlikely. The provision
of antibacterial caps is another advance which has demonstrated considerable gains but, as with
conventional aseptic practice, there remains a human element in their successful application as well as
several contentious cost issues that can be a barrier to their widespread adoption. The development of
materials resistant to antimicrobial colonisation has long been regarded as a means through which to
counter the potential lapses in practice and where elimination of the propensity to form a biofilm is
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the principal goal. The majority of the research efforts targeted at this problem are generally directed
towards materials that possess antimicrobial and/or antifouling properties and a summary of the
various strategies are highlighted in Figure 5.

Figure 5. Material approaches to counter bacterial colonisation of central venous catheters.

Tunnelled CVCs, non-tunnelled CVCs and PICC-lines are typically made of polyurethane (PU)
or silicone materials, with tunnelled CVC cuffs composed of polyethylene terephthalate (PET) [87].
The preference for PU stems from the versatility with which the physical and chemical properties
of the material can be manipulated through judicious choice of the monomers [88–90]. In general,
PU is prepared from the reaction of hydroxyl and isocyanate groups to yield the carbamate linkage
(the urethane) and, with a large array of commercially available polyols and polyisocyanates bearing
a range of chemical functionalities from which to choose [89,90], it is of little surprise that the
properties of the polymer can be tuned to particular applications. The polymer properties can be
critical in influencing the processability of the material and its resulting mechanical performance
and biocompatibility [88,91–93]. Critically, the ability to alter the chemical functionality allows
for modifications to the hydrophilicity/hydrophobicity of the surface and, through the presence
of reactive chemical side chains, provides the ability to further tailor the catheter interface with
antimicrobial/antifouling features [88,93–101].

5.1. Biocide Release

The antimicrobial systems employed on both the extra and endoluminal surfaces aim to kill
the bacteria (or at the very least inhibit further growth) and a number of different mechanisms have
been evaluated. Drug eluting materials in which the biocidal agent is released passively into the
lumen represent the most common approach (as listed in Figure 5) and cover a wide variety of
chemical species [95,102–110]. Incorporation within the catheter can be achieved through simple
adsorption of the active agent but, more recent strategies have involved electrostatic interactions with
surfactants and polyelectrolyte systems to yield more coherent and stable coatings. Thermally stable
biocides such as silver ions/complexes can be melt processed along with the polymer used in the
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production of the catheter such that the antimicrobial is homogeneously distributed throughout the
material. Alternatively, exposing the catheter surfaces to a suitable solvent can induce swelling of the
polymer and impregnation/incorporation of the biocide at low temperature. Some of the commercial
antimicrobial catheter systems and their characteristics are compared in Table 3.

Table 3. Commercial catheter incorporating antimicrobial/antifouling features.

Manufacturer Product Antimicrobial Agent Mode of Action

Kimal Altius® ProActiv+
Polyhexamethylene
biguanide (PHMB) Contact

Teleflex
ARROWg+ard®

Chlorhexidine and silver
sulfadiazine Eluting

Chlorag+ard® Chlorhexidine only

Cook Medical Spectrum® Minocycline & Rifampin Eluting

B. Braun Certofix®
Polyhexamethylene
biguanide (PHMB) Contact

Edward Lifesciences
Vantex CVC Oligon Silver ions

AMC
Thromboshield

Benzalkonium chloride
with heparin coating Contact

The efficacy of employing antimicrobial catheters has been widely studied for most of the systems
outlined in Table 3 or their equivalent, and there is a substantial body of the literature which has found
marked improvements over the use of unmodified catheters. There have also been numerous reports
that have found little benefit. It must be noted that there are a large number of factors involved in the
maintenance of CVCs (as noted in earlier sections) which can make comparisons between the different
systems and between coated/uncoated challenging. Nevertheless, a number of systematic reviews
have conducted meta analyses of the available literature and there is substantive evidence that the
implementation of catheters coated/impregnated with chlorhexidine/silver sulfadiazine and antibiotics
(5-fluorouracil, vancomycin, benzalkonium chloride, teicoplanin, miconazole/rifampicin, minocycline,
and minocycline/rifampicin) were associated with lower incidences of catheter colonization and had
the greatest potential to reduce the incidence of CRBSIs per 1000 catheter days. In contrast, the efficacy
of silver impregnated systems is much more contentious and, in many cases, fail to yield statistically
significant results.

The Healthcare Infection Control Practices Advisory Committee (HICPAC) recommend the use of
a CVC impregnated with chlorhexidine-silver sulfadiazine (CSS) or minocycline-rifampicin (MR) in
patients with at least five consecutive days of catheterisation [111]. A recent systematic survey by Lai
et al. (2016) found that the most effective system within this class of material was the rifampicin but
it must be noted that such studies were of limited duration and their efficacy in CVCs destined for
long term placement is questionable [112]. As such, most of the commercial systems highlighted in
Table 3 recommend a maximum dwell time. A core issue is the limited repository of the drug within
the polymer or coating such that release does not simply terminate after a given time period but results
in sub lethal doses being administered which can facilitate the development of antimicrobial resistance.

Putting the issue of dwell time aside, the release of antibiotic moieties (i.e., rifampicin) have
a long history but the increasing threat of bacterial resistance has driven considerable effort to
examine alternative antimicrobial agents. Various antimicrobial peptides [100,108,113–115], guanidine
derivatives (i.e., poly hexamethyl biguanide, polyarginines) [103,104], quaternary ammonium
compounds [96,98], nitric oxide precursors [105,106,116,117], silver [118–120] and a host of other
small molecules/metal ions or nanoparticles [107,110,118,121–124] with possible biocidal activity have
all been investigated as potential modifiers for use in catheters and, while these invariably impact
bacterial colonisation, they have yet to make the leap to commercial exploitation and/or substantive
clinical trials.
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5.2. Contact Kill Systems

Contact killing of bacteria, in contrast to passive elution, relies on the immobilisation of the
antimicrobial at the catheter surface and, as such, sets out to present a lethal barrier to the microbes
attempting to colonise the catheter surfaces [96,98,100,104,114,115,119,125,126]. Grafting through
plasma processes, polymerisation of a biocide functionalised monomer, covalent linkage (i.e., click
chemistry) onto side chains or the deposition of insoluble layers are common techniques through which
the catheter interface can be functionalised. Quaternary ammonium compounds (QACs), guanidine
derivatives, antimicrobial peptides (AMPs) and, more recently, graphene/graphene oxide [125] systems
have all been evaluated as contact killing agents. In terms of QAC and AMPs, their cationic functionality
and ability to disrupt the phospholipid bilayer are the main weapons through which they attack the
integrity of microbial cell wall/membrane. The mechanisms through which graphene and its various
analogues work are more contentious though there is evidence to suggest that the edge planes of
graphene platelets directly exert a membrane disruption effect. The in situ generation of reactive
oxygen species (ROS) through redox cycling of quinoid functionalities in graphene oxide has also been
shown to be a potential cytotoxic pathway [125].

As the active agents are immobilised at the surface of the catheter, the biocidal activity is, at least
in a model system, capable of being maintained indefinitely. Unfortunately, the need for direct contact
between the agent and the bacteria can also be a significant limitation. The deposition of conditioning
films or macromolecular debris (i.e., from dead bacteria or non-specific binding of proteins) along the
lumen can negate the antimicrobial effects through preventing these killing interactions. Although
the contact killing approach, like the drug elution systems, appears to offer only short-term activity,
it should be noted that, unlike the latter, the underpinning mechanism has no impact on emerging
antimicrobial resistance. Applied in isolation, the contact approach is clearly limited by fouling but,
if the latter were removed, then it could be envisaged that long term effectiveness could be achieved.

5.3. Surface Hydration/Hydrophilicity

Prevention of fouling has been the second main route through which to avoid biofilm formation and
minimise the risk of both CRBSI [97,99,114,127] and catheter related thrombotic complications [128–131].
The latter can be categorised into four types: mural thrombosis, ball-valve-thrombosis, intraluminal
thrombotic occlusion and, the most common cause, pericatheter sheath [128–131]. In short, the presence
of the fibrin sleeve is due to catheter insertion causing local venous injury, leading to the deposition of
fibrin on the catheter surface and subsequent intraluminal growth of endothelial and smooth muscles
within hours after CVC insertion [130]. This in turn could lead to blood flow reduction which further
increases the risk of endoluminal cellular attachment and thus thrombus formation [129,130]. Further
movement of the catheter within the vein causes endothelial erosions which prompt the formation
of mural thrombosis within the catheter lumen [128,130]. On the other hand, a thrombus on the
catheter tip could lead to ball-valve thrombosis where infusion can still occur, but fluid aspiration is
impeded [128,130].

As indicated in Figure 5, a number of strategies aim to prevent fouling. Historically, the modulation
of hydration and steric interactions were among the first approaches and typically exploit polyethylene
glycol (PEG) derivatives tethered at the polymer–solution interface [99]. The rationale here is to
control the hydrophilicity of the polymer interface to create a tightly bound water layer. This alters the
thermodynamics of adhesion through making it both physically and energetically less favourable for
the adsorption of proteins. While PEG derivatives have dominated the early literature, alternative
systems incorporating zwitterionic moieties (i.e., polysulfobetaine) have been used in PICC lines and
shown to reduce the adhesion of bacteria and the onset of thrombosis [132]. Instead of hydrogen
bonding, zwitterionic based coatings use electrostatic interactions to create the hydration layer [131,133].
Roth et al. (2020) demonstrated the use of branched polyethyleneimine (PEI) modified polyurethane
as a means of reducing the coefficient of friction and haemolysis ratio providing a material with
considerable antithrombogenic properties [131]. The intrinsic inertness of silicone-based catheter
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materials can be problematic, but plasma treatment can enable the introduction of more reactive surface
functionalities onto which antifouling coatings can be anchored. This was adopted by Blanco et al.
(2014) who demonstrated the use of a laccase/phenolic/sulfobetaine mixture to yield a zwitterionic film
tethered to a plasma aminated silicone substrate [133]. The system, although initially targeting urinary
catheters, demonstrated considerable antifouling capabilities which could however be translated to
intravascular systems. The novelty of the biocatalytic film formation is clear but it could be argued
that the complexity of the approach would be a detractor from more widespread adoption.

It is clear that the adaptation and incorporation of the antifouling film systems could have a
significant impact on mortality as it has been estimated that some 20% to 40% catheters develop
pericatheter thrombus or fibrin sheath [134]. The latter predisposes the patient to infection and
increases the risk of thrombosis [135,136] and, if detachment occurs, the possibility of potentially fatal
thromboembolism [137].

5.4. Protein Layer Interactions

The use of a protein coat to prevent the adhesion of other proteins can appear counter intuitive
but such interactions are typified by the precoating of catheter surfaces with albumin (a relatively
benign protein). This approach has been shown to markedly reduce the deposition of proteins that
would otherwise adhere and contribute to biofilm formation [138,139]. The effectiveness of such an
approach is however relatively short term as prolonged contact with blood eventually leads to the
removal of the albumin. The use of heparin as a catheter lock is well established where it is employed
to prevent thrombus and occlusion of the line [67–70,84]; catheter surfaces coated with the molecule
have also exhibited marked resistance to non-specific protein fouling [92,119,140]. Several conflicting
mechanisms for this action have been suggested (electrostatic repulsion, protein specific interactions,
inhibition of bacterial adhesions etc.) but much remains to be done in order to elucidate whether
they act in concert or if one predominates. The use of heparin coatings, as with its inclusion in lock
solutions, can also give rise to concerns over sensitivity [141–143].

5.5. Surface Energy

The ideal solution would be to have the catheter composed of a material that minimises adhesion
without the complexities of extensive surface modification. The adoption of materials possessing
low surface energy has been proffered as one route through which to tackle biofilm formation and is
typified by hydrophobic fluoropolymers (PTFE) and silicones (PDMS) [139,144–146]. Despite possessing
very low surface energy (<25 mN/m), their effectiveness at preventing the non-specific adhesion of
proteins is contentious with a number of investigations offering conflicting evidence. Where such
polymers have found success, it has been suggested that passivation by albumin is the main
factor in hindering cell attachment rather than the intrinsic low energy properties of the polymer
substrate [139,144]. The exploitation of hydrophobicity in anti-adhesion contexts may however require
a more nuanced application and there have been some notable advances through manipulating the
surface topography [97,147]. Increasing surface roughness or the introduction of specific patterning
inspired by biological materials (i.e., Sharklet), have shown to provide superhydrophobic coatings that
are effective against E. coli and S. aureus [97]. The translation of the technology to catheter systems to
prevent extra and intra luminal colonisation may be more challenging and, at present, such approaches
remain speculative.

5.6. Smart/Electronic Materials

The majority of materials research aimed at combatting CRBSIs tend to focus on the modification
of catheter surfaces and, while many of the strategies have shown to be effective in the short term,
almost all succumb to fouling with increased dwell time and a loss of activity. Advances in electronics
have seen some interest in the development of “smart” materials that can detect the presence of a
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biofilm or, upon activation by an appropriate stimulus, release a biocidal agent into the lumen. Such
research is still in its infancy but could herald a wholly new avenue for tackling CRBSI.

Li et al. (2014) were among the first to consider the introduction of sensors within the catheter line
as a means of detecting the presence of bacteria [148]. Their approach relied upon the use of carbon
fibre filaments (possessing the dimensional properties necessary for insertion with a typical catheter
lumen) serving as electrodes which could measure changes in the pH of the intraluminal space as
a consequence of bacterial growth. This was based on examining the change in the voltammetric
response of uric acid (present within the blood) with changes in pH. An alternative approach by Davis
et al. (2013) took the system further through the use of polymer modified electrodes in which pH
dependent redox polymers based on plumbagin were used to indirectly measure pH and removed
the dependence on the endogenous urate [149]. This was followed by Casimero et al. (2018) with
a poly(flavin) system, again exploiting the redox transition of the immobilised flavin to gauge pH
changes caused by bacterial growth [150]. These reagentless sensors, while capable of measuring pH
within complex bacterial environments, also possessed the advantageous attribute of being capable of
catalysing the electroreduction of oxygen resulting in the generation of biocidal reactive oxygen species
(ROS) [149]. The core mechanism of the polymer modified electrodes relies upon the pH dependence
of quinoid redox interconversions and, in this respect, they could be considered analogous to some of
the more recent investigations employing graphene oxide where similar transitions are associated with
ROS. The main difference here being that the amount of ROS generated via the poly(plumbagin) could
be controlled through manipulation of the electrode potential. Such work was however purely proof
of concept and there is no supplementary data on their effectiveness in reducing/preventing bacterial
colonisation [149].

Paredes et al. (2014) proposed a novel technique for in-line diagnosis of bloodstream infections
through impedimetric biosensing [151]. The system incorporates an interdigitated microelectrode
biosensor (IDM), wireless electronics and antenna to detect infection and then trigger an external
alarm. Colonisation and subsequent biofilm growth on the IDM alters the capacitance, which is
compared to a threshold generated using laboratory-based impedance spectroscopy, providing a
preventative warning at the earliest signs of colonisation. The use of a label-free IDM provides the
system with a lifetime of over 11 months, requiring only a 50 mAh coin-cell battery. A critical issue
here, however, is an assumption that material on the surface of the electrode is a biofilm, when it could
be the adsorption of macromolecular components intrinsic to blood. There is little doubt that the
introduction of diagnostic systems that can inform the clinician (or patients self-administering their
line) of the presence of contaminated NFCs could aid in the management of the CVC and optimise the
use of hygiene care bundles.

The smart approach, as indicated previously, is not necessarily limited to diagnostics but can
also be harnessed to yield an “on demand” antimicrobial action. In addition to the generation of
ROS, reactive nitrogen species (RNS) have also been considered and several reports have targeted
the selective release of nitric oxide (NO) as the principal weapon through which to prevent bacterial
colonisation [105,106,116,117]. Such work builds on the fact that NO is a chemical transmitter which
has a multitude of biochemical roles but, in this context, its status as a key player in minimising
platelet adhesion whilst also acting as a broad spectrum antimicrobial is of greatest value. Numerous
studies have investigated the use of NO donor molecules (i.e., diazoniumdiolates and S-nitrosothiols)
immobilised at catheter surfaces [105,106]. In such cases, the mode of action following the passive
release mechanism (through trans-nitrosation of other molecules within the matrix and/or homolytic
cleavage) is common to conventional antimicrobial elution systems. Goudie et al. (2019) recently
demonstrated the covalent linkage of N-acetyl penicillamine onto silicone catheters in which the thiol
could be further functionalised to serve as a NO donor [106]. The use of branch (and hyper branched)
methacrylate linkers as indicated in Figure 6A enables a greater density of NO to be stored at the
interface with the polymeric network found to retain its anti-fouling properties even after the NO
biocides have been delivered.
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Mihu et al. (2017) have sought to take a different approach through the thermal reaction between
nitrite and glucose during a sol–gel process [152]. This results in the in situ generation of NO and its
subsequent entrapment with the sol–gel nanoparticle matrix. In contrast to the previous investigations
involving donor molecules, NO is released directly from the nanoparticles. This has been shown to
afford activity against bacteria with MRSA cellular growth decreased by 40% following incubation with
2.5 mg/mL NO-np, and by 50% at concentrations greater than 5 mg/mL. The viability of staphylococcal
biofilms also reduced by 51.8% under the latter conditions. Furthermore, MRSA growth was seen to be
reduced by 50% after 8 h of normal exposure (no incubation) with 2.5 mg/mL NO-np, remaining at
these reduced levels after 24 h. The latter results indicate a similar level of success to antibiotic locks,
with comparable dwell times. Impregnation of nitric oxide-releasing nanoparticles could prove to be a
potential alternative to prophylactic locking, removing reliance on antibiotics and providing a broader
effective range; but further research into their in vivo effects are required.

The electrochemical generation of NO represents a new stage in the evolution of active catheters
and various reports have examined its electrocatalytic generation from nitrite [116,117]. A variety of
copper complexes have been investigated as potential redox cyclers (indicated in Figure 6B). Both the
copper complex and nitrite ion must be supplied to the system in order to facilitate the electrogeneration
of NO as neither will be present in the IV fluids being delivered. This stands in marked contrast to
the plumbagin (or graphene oxide) system where the catalyst can be immobilised at the electrode
and the principal feedstock is oxygen which is already endogenous to both the blood and IV fluids
being administered. In order to counter this, the authors have suggested the use of a dual lumen CVC
in which one lumen is dedicated to the NO generation with the other for the IV fluid transfer. This
separates the potentially harmful catalyst and nitrite from direct contact with the vascular system and
relies upon the diffusion of electrogenerated NO across the silicone membrane separating the two
fluid lines as indicated in Figure 6B. This is a much more complex arrangement from both procedural
and instrumentational perspectives. However, the availability of a large reservoir of the nitrite
feedstock could counter the issues of depletion and fouling that is common to most of the conventional
antimicrobial/anti-adhesion approaches and prove to be effective on long CVC dwell times.

Figure 6. (A) Hyperbranched methacrylate-penicillamine based nitric oxide (NO) donors. (B) Dual
lumen electrocatalytic release of nitric oxide using copper complexes.

6. Conclusions

Catheter-related bloodstream infections have proven to be one of the most common nosocomial
infections in the modern healthcare setting. For a condition that seems almost extraneous, they have
a considerable impact on patient quality of life, up to the point of mortality, and pose a serious and
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undue economic burden on patients and health services. While there have been advances in each of
the discussed areas, from improved aseptic techniques, new antibiotics and alternative lock therapies,
these revolutions do not negate the core issues: aseptic techniques are only as reliable as the compliance
of the user, systemic antibiotics are successful if you catch the symptoms early and the efficacy of
antibiotic lock therapy is still up for debate.

Current practices for CRBSI diagnosis, prevention and management rely too much on therapeutic
techniques, effectively waiting for patient quality of life to deteriorate before any action is taken. While
there have been advances in catheter-sparing and prophylactic techniques, with the new guidelines
promoting the use of impregnated catheters, and the improved variety, efficacy and range (outside of
antibiotics) of antimicrobial locks looking promising, the impact on patient quality of life, cost and
mortality is still too significant to declare these practices as viable solutions. There still remains a
pressing need to develop a long-term solution for the proactive monitoring of catheters, a solution that
will detect infection earlier or prevent it altogether.
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Abstract: Renal cell cancer (RCC) involves three most recurrent sporadic types: clear-cell RCC (70–75%,
CCRCC), papillary RCCC (10–15%, PRCC), and chromophobe RCC (5%, CHRCC). Hereditary cases
account for about 5% of all cases of RCC and are caused by germline pathogenic variants. Herein,
we review how a better understanding of the molecular biology of RCCs has driven the inception of new
diagnostic and therapeutic approaches. Genomic research has identified relevant genetic alterations
associated with each RCC subtype. Molecular studies have clearly shown that CCRCC is universally
initiated by Von Hippel Lindau (VHL) gene dysregulation, followed by different types of additional
genetic events involving epigenetic regulatory genes, dictating disease progression, aggressiveness,
and differential response to treatments. The understanding of the molecular mechanisms that underlie
the development and progression of RCC has considerably expanded treatment options; genomic data
might guide treatment options by enabling patients to be matched with therapeutics that specifically
target the genetic alterations present in their tumors. These new targeted treatments have led to
a moderate improvement of the survival of metastatic RCC patients. Ongoing studies based on
the combination of immunotherapeutic agents (immune check inhibitors) with VEGF inhibitors are
expected to further improve the survival of these patients.

Keywords: renal cell cancer; genomic landscape; targeted therapy; tumor evolution; tumor heterogeneity

1. Introduction

Renal cell cancer (RCC) accounts for about 4% of all adult tumors. In the United States there are
approximately 74,000 new cases, 5% of all tumors in male and 3% in female and almost 15,000 deaths
from RCCs each year, 3.2% of all cancer deaths in male and 1.7% of all cancer deaths in female [1].
It was estimated a probability of 2.2% in male and 1.2% in female of developing a kidney cancer from
birth to death [1]. In the European Community, RCC accounts for approximately 84,000 cases each year
and 35,000 deaths, as estimated in 2002 [2]. RCC incidence and mortality were evaluated in the United
States during the last two decades showing that: The incidence of this tumor type initially increased
by 2.4% per year but later became stable since 2008; the incidence of clear cell subtype continued
to increase; RCC-related mortality declined since 2001, but mortality of RCC with metastases starts
to decrease only from 2012 [3]. Men are more affected than women. The highest incidence rates of
RCC were observed in Eastern Europe and North America, while its mortality rates were highest in
European countries [4]. Kidney cancer incidence was positively correlated with human development
index and gross domestic product [4].

RCC is a complex disease entity with different histological subtypes, characterized by distinct
clinical and pathophysiological features; three main histological subtypes have been identified: clear
cell RCC (CCRCC), papillary RCC (PRCC), and chromophobe RCC (CHRCC). In addition, there are
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some less frequent subtypes, such as transitional cell carcinoma, nephroblastoma or Wilms’ tumor,
collecting duct RCC, medullary RCC, tubulocystic RCC oncocytoma, and RCC associated with MiTF
family translocation [5]. The most common type of RCC is CCRCC, responsible for about 75% of cases;
PRCC is subdivided according to histological criteria into type I PRCC (basophilic) and type II PRCC
(eosinophilic) accounting for about 15% of all RCCs; CHRCC, accounting for about 5% of RCC cases.

Hereditary cases are responsible for about 5% of all cases of RCC [5]. Many autosomal dominant
hereditary RCC syndromes have been reported and included those in which germline pathogenic
mutations at the level of VHL, MET, FH, SDH A/B/C/D, FLCN, TSC1/TSC2, BAP1, CDC73, and MiTF
are involved [6]. FH and BAP1 germline RCCs are associated with more aggressive disease [6].
Familiar RCCs occurred earlier as age of onset (mean ages 37–39 years) compared to sporadic RCCs
(63–64 years) [7]. Inherited RCC syndromes are thought to account for 5% of all cases [7].

Genomic research has identified relevant alterations associated with each RCC subtype, as it will
be discussed below.

2. Hereditary RCCs

The prevalence of germline mutations in known predisposition genes and other genes associated
with cancer development was explored in 254 patients with advanced RCC; about 16% carried pathogenic
or seemingly pathogenic germline variants at the level of 17 different cancer-predisposition genes: 5.5%
of these patients carried mutations at the level of RCC-associated genes, such as FH, BAP1, VHL, MET,
SDHA, and SDHB; 10.5% of these patients carried mutations in genes not clearly associated with RCC,
including the CHEK2 gene [8]. For the genes not traditionally associated with RCC, only the CHEK2 gene
was mutated more frequently among RCC patients, compared to the general population [7]. A typical
disease-associated feature of germline-associated RCCs was the early onset and multifocal disease at
diagnosis [7]. The main features of hereditary RCCs are reported in Table 1.

Table 1. Hereditary RCC syndromes, associated molecular alterations, and clinical manifestations.

Syndrome
Gene

(chromosome)
Protein

Clinical
Manifestations

Histology

Von Hippel-Lindau
Syndrome VHL (3p25) pVHL

CCRCC,
Pheochromocytoma,

pancreatic
endocrine tumors,
CNS, and retinal

hemangioblastomas

CCRCC
Clear cell papillary

Hereditary
Papillary RCC

(HPRCC)
MET (7q31) MET Type 1 papillary

RCC Papillary type 1

Cowden Syndrome PTEN (10q23.31) Phosphatase and
tensin homolog

Dermatological
lesions. breast
cancer, thyroid

cancer, endometrial
cancer

Papillary
Chromophobe

CCRCC

BAP1 Hereditary
Syndrome BAP1 (3p21) BRCA1-associated

protein-1

Uveal and
cutaneous,
melanoma,
malignant

mesothelioma,
and/or lung

adenocarcinoma

Undefined
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Table 1. Cont.

Syndrome
Gene

(chromosome)
Protein

Clinical
Manifestations

Histology

Hereditary
paraganglioma-

pheochromocytoma
syndromes

SDHA (5p15.33)
SDHB (1p36.1-p35)

SDHC (1q23.3)
SDHD (11q23,.1)

Succinate
dehydrogenase

Bilateral and
extra-adrenal

pheochromocytoma,
paraganglioma,
RCC, and other

malignancies

SDH-deficient RCC
(solid nests or

tubular
architecture with

variable cysts;
vacuolated cells

with eosinophilic
cytoplasm)

Hereditary
leiomyomatosis

and renal cell
carcinoma
(HLRCC)

FH (1q42,.1) Fumarate
hydratase

RCC, leiomyomas
of skin and uterus
(leiomyosarcoma),

malignant
pheochromocytoma/

paraganglioma

HLRCC-associated
RCC papillary

type 2

Birt-Hogg-Dubé
(BHD) Syndrome FLCN (17p11.2) Folliculin

RCC (hybrid
oncocytic and other

types),
fibrofolliculomas,
pulmonary cysts

Chromophobe
Oncocytoma

Hybrid
CCRCC

MITF-associated
susceptibility to
melanoma and
RCC syndrome

MITF (3p14.1)
Microphtalmia-

associated
transcription factor

Melanoma,
pancreatic cancer,

and/or
pheochromocytoma

Undefined

3. Von Hippel-Lindau Disease

VHL disease is an autosomal dominantly inherited familial neoplastic condition with an incidence
of approximately 1/30,000–1/36,000 live births and is caused by constitutional mutations at the level
of the VHL tumor suppressor gene [8]. Germline VHL gene mutations predispose affected subjects
to the development of benign and malignant tumors located at the central nervous system and
visceral organs. Typical clinical characteristics are represented by hemangioblastomas of the brain,
spinal cord, and retina; renal cysts and renal cell carcinoma; pheochromocytoma, pancreatic cysts,
and neuroendocrine tumors; endolymphatic sac tumors; and ependymal and broad ligament cysts.
Particularly, according to genotype-phenotype correlations VHL disease is classified into two subtypes,
type 1 and 2 distinguished on the basis of the presence or not of pheochromocytoma: type 1 is
associated with a very low risk of pheochromocytoma; while type 2 is associated with high risk of
pheochromocytoma and is subdivided into type 2A (low risk of RCC), 2B (high risk of RCC), and 2C
(only pheochromocytomas) [9]. The genotype correlates with the type of tumor risk observed in
VHL syndrome: truncating or missense mutations are associated with type 1 and missense mutations
with type 2 [10]. Recent studies have explored the relationship between genotype and phenotype in
VHL syndrome: G239T mutation was linked with VHL type 2B, associated with renal cell carcinoma,
pheochromocytoma, and cerebellar hemangioma; A232T mutation was related to VHL type I, associated
with renal cell carcinoma alone; G500A mutation was associated with VHL type II, characterized by
pheochromocytoma and cerebellar, retina and spinal cord hemangioblastoma; A293G mutation was
associated with pheochromocytoma and thus with type IIC VHL [11]. The role of different types of
germline VHL mutations classified as missense or truncating mutations and two subgroups of missense
mutations subdivided according to mutations affecting the HIF-α binding site (HM) and mutations
not affecting the HIF-α binding site (nHM) was also investigated [12]. In fact, the β-domain of the
VHL protein comprises several β-sheets and binds HIF-α through residues 65–117. The results of this
study showed that: (i) Missense mutations are associated with an increased risk of pheochromocytoma,
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but a lower risk of renal cancer than truncating mutations; among missense mutations, HM mutations
conferred a higher risk than nHM mutations of developing renal cancer [12]. At prognostic level,
nHM mutations were associated with a better overall survival than HM and truncating mutations [12].

In individuals with VHL syndrome the lifetime risk of developing CCRCC is over 70%, with an
average age of 40–45 years, about two decades earlier than the age of presentation of sporadic RCC [13].
Patients with VHL disease and asymptomatic family members carriers of the VHL mutation are
annually screened for asymptomatic tumors and starting from the age of 16 years are controlled for
RCC by magnetic resonance imaging, thus these patients undergo RCC removal when the tumor mass
reaches 3 cm of diameter [13].

An increased level of genetic homogeneity was observed among clear-cell RCC (CCRCCs) with
germline VHL mutations, compared to sporadic CCRCCs; this greater homogeneity reflects the smaller
number of copy number alterations occurring in VHL syndrome-associated CCRCCs [14]. Both in
CCRCC with germline VHL mutation and in sporadic CCRCC, the most relevant copy number
alterations occurred at the level of 3p deletion involving the VHL gene, p9 deletion involving CDKN2A
and CDKN2B genes, and of 8q amplification involving the MYC gene amplification [14].

At macroscopic level, kidneys display multiple specific and solid lesions, the majority being
of low-grade. Several studies have explored the evolution at clonal level of RCCs developing in
individuals with germline VHL mutations. The genomic analysis on multi-focal RCCs developing in
an individual with germline VHL mutation showed that tumors arising in this multifocal context are
clonally independent and harbor distinct secondary events, such as loss of chromosome 3p; despite this
heterogeneity, the genetic alterations converge upon PI3K-AKT-mTOR signaling pathway; the tumors
display only a minimal intratumoral heterogeneity [15]. These observations suggested the development
of RCC from germline VHL mutation, follow the evolutionary principles of complementary contingency
and convergence [15]. The analysis of 40 different RCC tumor foci derived from six patients with
VHL syndrome confirmed that tumor foci are clonally independent [16]. The pattern of nucleotide
substitution and the number and type of copy number alterations follow an individual pattern,
thus suggesting that the genetic background and the environment plays a significant role in the
types of secondary genetic alterations occurring during the development of RCCs with germline VHL
mutations [16].

Studies based on the analysis of early renal cancers derived from nephrectomies performed in VHL
disease patients provided evidence that biallelic inactivation of VHL is observed in preneoplastic renal
lesions, in association with HIF activation [17]. It is important to note that in Von Hippel-Lindau disease
only one of the two VHL alleles carries a germline mutation; therefore, in these patients, the inactivation
of the second allele is one of the first events during renal cancer development. Biallelic VHL inactivation
is also required for the development of sporadic renal cancer, but requires a longer time than in VHL
disease since the two VHL alleles must be inactivated [18]. Sporadic CCRCC displays loss of the
short arm of chromosome 3 (observed in ≥90% of patients), with a deletion region encompassing four
tumor suppressor genes that are also frequent targets for inactivating point mutations on the other
chromosomal allele: VHL (with point mutations in 60–70% of cases and epigenetic silencing in about
5–10% of patients), PBRM1 (40%), BAP1 (10%), and SETD2 (10%). In CCRCC developing in patients
with VHL disease, one allele is mutated via germline mutation, whereas the other allele is lost by 3p
chromosome loss. Both in sporadic and VHL-hereditary CCRCC the most common cause of 3p loss is
a chromotripsis event leading also to concurrent 5q chromosome gain [18]. In VHL disease, one allele
is altered through germline mutations and this explains the high penetrance and the accelerated RCC
development observed in these patients [18].

The retrospective study analysis of the natural history of RCC developing in VHL disease showed
that: (i) The mean age of onset was 38.8 years, with a mean initial tumor size of 3.1 cm; (ii) the mean
tumor growth rate was 0.49 cm/year; (iii) some factors, such as later age of onset, larger initial tumor
size, missense mutation, mutations located at the level of exon 3, were associated with faster tumor
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growth; (iv) bilateral tumors, large initial tumors, fast tumor growth, and presence of metastases are
high-risk factors for poor prognosis in germline VHL-related RCCs [19].

4. Hereditary Papillary Renal Carcinoma Type I

Hereditary papillary renal carcinoma is an autosomal dominant syndrome with a predisposition
to the development of bilateral and multifocal type I papillary renal cell cancer. Germline mutations
located at the level of the tyrosine kinase domain of the hepatocyte growth factor receptor, c-Met,
are responsible for hereditary papillary renal cell cancer (HPRCC) type I, a very rare form of familial
kidney cancer [20]. The mutants c-Met observed in these patients in suitable cellular and animal
models display enhanced and dysregulated kinase activity and induce cell transformation and
tumorigenicity [20]. A fundamental study by Schmidt and coworkers in 1997 led to the identification of
missense mutations located in the tyrosine kinase domain of the MET gene in the germline of affected
members of HPRCC families, as well as in a subset of sporadic PRCCs [21]. The same authors in a
study on PRCCs identified 13% of cases with c-MET mutations: half of these patients were found to
harbor germline c-MET and the rest only somatic c-MET mutations [22]. Interestingly, these patients,
including those with germline c-MET mutations do not have a history of familial disease related to
HPRCC [22]. MET mutations cause constitutive activation of the cytoplasmic domain of the receptor,
stimulate cell growth, and represent the main pathogenetic event in the development of HPRCC.
Direct DNA diagnosis in HPRCC is based on the identification of mutations at the level of MET exons
15–21, encoding the cytoplasmic domain of the receptor.

HPRCC is characterized by multiple, bilateral neoplasms which are hypovascular; the disease
is usually indolent and diagnosed at radiological examination [23]. Papillary renal neoplasms from
both patients with hereditary or somatic c-MET mutations share the same histologic features typical
of chromophil basophilic type I PRCC, including macrophages and psammoma bodies; a papillary
and/or tubulopapillary architecture is observed in all these tumors; clear cells were commonly detected
in variable proportions in all c-MET-mutated PRCCs [23].

In addition to c-MET mutations, other genetic abnormalities are commonly observed in HPRCCs:
trisomies of chromosomes 7 and 17 are common in HPRCCs [24]; trisomy 7 harboring non-random
duplication of the mutant c-MET proto-oncogene seems to play a significant role in the development of
multiple renal tumors [25,26]; multifocal bilateral renal tumors of hereditary PRCC develop as different
clones in the renal parenchyma [25]. Interestingly, a case of a family with HPRCC was reported
with a novel germline missense mutation of c-MET with a histological pattern consisting in multiple
adenomas and papillary renal cell carcinomas with focal clear cells and a mixture of type I and type II
pattern [27].

Interestingly, for the treatment of patients with advanced disease, the use of c-MET inhibitors was
explored. Thus, foretinib, a pan-kinase inhibitor of MET, VEGFR2, RON, and AXL, was evaluated in
patients with PRCC, showing 50% of partial responses among patients with HPRCC and 20% in PRCC
patients with somatic c-MET mutations [28].

5. Germline PTEN Mutation Cowden Syndrome

Cowden syndrome, or PTEN hamartoma tumor syndrome, is a rare (estimated incidence of 1 in
200,000 individuals) cancer syndrome, inherited in an autosomal dominant pattern, with a penetrance
up to 90% in the second decade. The majority of patients with this syndrome were found to have
germline mutations in PTEN [29]. These patients develop multiple hamartomas and are at increased
risk for breast, endometrial, thyroid, and kidney cancers. RCC in Cowden syndrome is predominantly
of the papillary and chromophobe type, beginning around 40–50 years. Mester and coworkers analyzed
a cohort of patients with Cowden syndrome and RCC and estimated that these patients had a >30 fold
increased risk of developing renal cancer [30].

Shuch et al. reported the study of 24 patients with Cowden syndrome and observed the
development of RCC in 4 of these patients: three with solitary tumors, two with papillary type I
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histology and one with clear cell histology; one patient with bilateral, synchronous chromophobe
tumors [31].

A recent study reported an atypical presentation of Cowden syndrome in a subject with
heterozygous mutation C1003T in the PTEN gene, who developed four primary onset carcinomas
(one melanoma, two CCRCC, and a follicular variant of papillary thyroid carcinoma). Interestingly,
the analysis of family’s genetic background identified deleterious variants in two candidate modifier
genes: CECAM1 and MIB2; CECAM1 is a tumor suppressor gene which presents loss of expression in
RCC [32].

6. Hereditary BAP1 Tumor Syndrome

The BRCA1-associated protein1 (BAP1) syndrome is a tumor predisposition syndrome dependent
on the presence of germline pathogenic variants at the level of the tumor suppressor gene BAP1 that
predisposes to the development of various types of tumors including uveal melanoma, mesothelioma,
cutaneous melanoma, and RCC [33]. The first null variants were described in patients with
uveal melanoma [34] and melanocytic tumors [35]. Subsequent studies have reported patients
developing RCCs [36,37]. However, the incidence of RCC in these patients is less frequent than
that of melanoma and mesothelioma [33]. The median age of RCC development in these patients is
around 50 years [33]. The three most frequently observed missense mutations in these patients are
H94R, L100P, and T173C [33]. Popova et al. identified in a family prone to RCC a germline mutation
of BAP1 gene (277A>G; Thr93Ala); furthermore, these authors screened 11 families that included
individuals carrying germline deleterious BAP1 mutations and 6 of these families presented with
RCC-affected individuals [36]. Farley et al. reported a family with a BAP1 germline variant (41T>A;
L14H), disrupting a highly conserved residue in the catalytic domain: 22% of the individuals of this
family display RCC, mostly multifocal and of the clear cell type [37].

The evaluation of the growth rates of a cohort of 292 patients with genetically defined renal tumors
and showed that BAP1-deficient tumors are those growing at the fastest rates [38].

7. Succinate Dehydrogenase (SDH) and Fumarate Hydratase (FH)-Deficient Renal
Cell Carcinoma

SDH, member of the Krebs cycle and electron transport chain, is a mitochondrial enzyme complex
composed of four subunits (SDHA, SDHB, SDHC, and SDHD). Germline mutations of the genes
encoding the SDH subunits result in hereditary syndromes associated with the development of
paraganglioma-pheochromocytoma, gastrointestinal stromal tumors, and RCC [39].

FH deficiency is a rare autosomal recessive hereditary syndrome, resulting in the homozygote
condition, in a severe defect of cellular metabolism, associated with progressive encephalopathy
and, in the heterozygote condition, in the predisposition to develop an early-onset kidney cancer
syndrome [40].

Most of the renal tumors developing in individuals with SDH deficiency, particularly those
associated with germline SDHB mutations, exhibit a distinctive morphology consisting in tumors
composed by cuboidal cells with bubbly eosinophilic cytoplasm, arranged in solid nests or in tubules
surrounding central spaces [41].

Gill et al. have reported SDH-deficient renal carcinomas from 27 patients and estimated that
0.05%–0.2% of all carcinomas are SDH deficient; 94% of these tumors displayed the typical morphology
of SDH-deficient renal cancers; all the patients performing a genetic evaluation displayed germline
SDHB mutations (only in one patient SDHA mutations were detected); a part of these patients had a
metastatic disease, associated with high-grade nuclear atypia or coagulative necrosis [42]. Williamson
et al. reported the characterization of 11 SDH-deficient RCC and observed the common presence of
intratumoral mast cells; the majority of patients with SDHB gene mutations exhibited also loss of
the second allele [43]. These studies have supported the existence of a unique subtype of renal cell
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carcinoma, characterized by SDH deficiency [43]. In line with these studies, SDH-deficient renal cell
carcinoma was accepted as a specific tumor type in the World Health Organization Classification [5].

In some rare patients, SDH mutations may co-occur with Xp11 translocation RCC, characterized
by TFE3 chromosomal translocations involving break points in the TFE3 gene; renal cell carcinomas
with translocations make part of MiT family translocation renal cell carcinoma and are composed by
eosinophilic cells, with cytoplasmic inclusions and prominent nucleoli [44].

Gupta et al. have recently reported the results of a screening of SDHA/B deficiency in a group of
1009 renal cell neoplasms: SDH-deficient renal cell cancers were detected only in the cases originally
classified as oncocytomas (1.1% of these tumors) [45].

Ajamir et al. have performed a systematic review of all the main studies reporting SDH-mutant
renal cell carcinoma [46]. The most commonly mutated gene was SDHB (with 137G>A being the
most frequent mutation) and less frequently SDHC (380A>G being the most frequent mutation) and
SDHA [46]. Rare cases of SDH-deficient renal cell cancers are related to alterations of the SDHA gene:
Yakirevich et al. reported a case of SDH-deficiency RCC, characterized by homozygous deletion of the
SDHA gene (9 of the SDHA gene exons were deleted): at immunohistochemical level, the expression of
both SDHA and SDHB was lost [47].

The characterization of an SDHB-deficient RCC cell line isolated from young patient carrying
the SDHBR46Q mutation was used as a tool to elucidate the alterations of metabolism caused by SDH
deficiency [48]. SDHA catalyzes the oxidation of succinate to fumarate with the reduction of FAD+

to FADH2; three iron-sulfur (Fe-S) clusters present in SDHB improve the transfer of electrons from
FADH2 to ubiquinone, bound by SDH through the SDHC and SDHD subunits. The SDH function and
molecular organization require two conserved L(I)YR motifs present in SDHB; the SDHBR46Q mutation
impairs one of these two L(I)YR motifs, by changing IYR to IYQ and thus determining an incapacity of
SDHB to incorporate Fe-S cluster, with its consequent unstability [49]. SDHB-deficient renal tumor cells
displayed a marked change in their energetic metabolism with a shift to aerobic glycolysis and marked
decrease of oxidation phosphorylation, with very low entry of glucose into TCA cycle metabolites.
As a consequence of SDHB degradation, SDHB-mutant cells displayed markedly decreased oxygen
consumption, increased succinate levels, and pronounced use of glutamine as the main source of TCA
cycle metabolites via reductive carboxylation (reduction of glutamine-derived α-ketoglutarate into
citrate) [48]. The metabolic changes determine also an increase of HIF-1α, but not HIF-2α levels, and a
marked DNA cycle island methylator phenotype [48]. Through the study of SDHB-ablated kidney
mouse cells it was shown that lack of SDH activity induces the commitment of the cells to consume
extracellular pyruvate, inducing Warburg-like bioenergetic features; pyruvate carboxylation shifts
glucose-derived carbons into aspartate biosynthesis and, through this mechanism, sustains tumor cell
growth [50].

SDH inactivation leads to a massive accumulation of succinate, acting as an oncometabolite.
Succinate levels, assessed on tumor biopsies are a high specific biomarker of SDH-mutated tumors.
Succinate can be detected in vivo by magnetic resonance spectroscopy (MRS). A pulsed proton magnetic
resonance spectroscopy (1)H-MRS sequence was developed, optimized, and applied to imaging of
patients with paraganglioma: a succinate peak was detected at 2.44 ppm in all paraganglioma patients
carrying an SDHx gene mutation, but not in patients exempt of SDHx mutation [51]. Potential suitable
applications of this technique include non-invasive diagnosis and disease stratification, extended also
to monitoring of tumor response to anticancer treatments [52].

Succinate accumulated in individuals with germline SDHx mutations acts as an oncometabolite and
is responsible at a large extent for the oncogenic effect mediated by SDH mutational deficiency [53–55].
Thus, succinate deregulates the HIF pathway through a direct inhibition of prolyl hydroxylases (PHDs),
targeting HIF for degradation [56]. The stabilization of HIF1α and HIF2α causes an upregulation of
downstream HIF targets, such as VEGF and GLUT1 [57] and the consequent generation of hypoxic
and highly vascularized phenotypes [58]. In addition to the induction of a pseudohypoxic phenotype,
succinate exerts other biological activities involved in its protumorigenic effects: (i) epigenetic
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dysregulation due to direct inhibition of histone lysine demethylases (KDM) and TET2, with consequent
hypermethylation phenotypes and alteration of the expression of multiple genes involved in the
control of cell proliferation and differentiation [59]; (ii) activation of succinate receptor (SUCNR1) with
consequent activation of angiogenic proteins; (iii) post-translational protein modification through
a process of succinylation; (iv) dependency on pyruvate carboxylase to funnel pyruvate into the
truncated TCA cycle for biosynthesis of aspartate [54].

A recent study discovered a potential vulnerability of hereditary SDH-deficient RCCs related to a
peculiar sensitivity to synthetic-lethal targeting poly(ADP)-ribose polymerase (PARP) inhibitors [60].
This peculiar sensitivity is due to the capacity of succinate to suppress the homologous recombination
(HR) DNA-repair pathway required for the reparation of DNA double-strand breaks and for
maintenance of genome integrity [60].

Germline mutations in FH predispose to dominantly inherited uterine fibroids, skin leiomyomata,
and aggressive papillary renal cancer; according to these observations, it was proposed that FH acts
as a tumor suppressor [61]. For the frequent occurrence of cutaneous and uterine leiomyomas this
hereditary syndrome is also known as hereditary leiomyomatosis and renal cell carcinoma (HLRCC).
FH-deficient renal cell cancers can occur also sporadically: thus Pan et al. have investigated 13 patients
with FH-deficient renal cancers and observed absent expression in 12/13 cases, germline FH mutations
in seven cases, and somatic mutations of FH gene in the remaining four cases [62].

Linehan and coworkers reported a comprehensive characterization of papillary RCCs; in this
context, they identified a subset of papillary type 2 RCCs, characterized by increased DNA methylation
at the level of loci unmethylated in corresponding normal cells (CIMP, CpG Island Methylator
Phenotype) [63]. These tumors correspond to 5.6% of all PRCCs and were characterized by: (i) Universal
methylation of CDKN2A promoter, and germline or somatic mutations of FH (4 patients displayed
germline FH mutations and one showed somatic FH mutations); low FH mRNA expression, associated
with increased expression of genes associated with cell-cycle progression and response to hypoxia [63].
Chen and coworkers have performed an extensive molecular analysis of 62 cases of RCC with
unclassified histology and observed FH deficiency in 6% of these tumors [64]. These four cases were
FH-negative and 2SC-positive at immunohistochemical level and in 3/4 cases harbored germline FH
mutations and in 1/4 somatic FH mutations [64].

Germline FH mutations are observed in about 90% of families with HLRCC [65]. The remaining
cases, apparently negative for FH mutations, could lack point mutation for several different reasons,
including the presence of inactivating mutations in noncoding gene regions (promoter or enhancer)
or deletion of the FH gene. In cases positive for FH mutations, the most frequent mutations located
along the entire length of the coding region were represented by missense and frameshifts, and more
rarely, by non-sense and splice site mutations [65]. In a large series of HLRCC patients, 68 different
germline mutations of the FHG gene were identified: 18 truncating or frameshift mutations, 37 missense
mutations, 9 splice-site, and 4 large deletions [66].

Vocke et al. have explored the occurrence of FH gene mutations in a group of patients with
phenotypic manifestations consistent with HLRCC reporting in the 13 families explored, 11 complete
FH gene deletions, and 2 partial FH gene deletion; kidney cancer was diagnosed in 32% of these patients
and in 54% of families possessing either complete or partial FH deletions [67]. These observations
clearly indicate that FH gene deletions, as well as gene mutations are associated with the development
of RCCs [67].

The histologic growth patterns of FH-deficient tumors are heterogeneous: the large majority of
these cases exhibited multiple histologic growth patterns, with papillary being the most frequent
histotype (52%), followed by solid (21%), cribiform/sieve-like (14%), sarcomatoid (3%), tubular (3%),
cystic (3%), and low-grade oncocytic (3%) [68]. Forde et al. showed that the histopathologic features
of 18 cases of FH-deficient RCCs were variable, with 7/18 CCRCC, 9/18 PRCC (6/18 type 2 PRCC),
1 collecting duct cancer, 1 with oncocytic cystic morphology [69]. Median age of RCC onset was
44 years [69]. Pan et al. reported the clinicopathologic features of 13 cases of FH-deficient RCCs and
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subdivided these tumors according to the features of nuclei: The presence of typical big nuclei with
or without eosinophilic nucleoli (observed in 11/13 case) were associated with disease progression or
death; the presence of low-grade nuclei and eosinophilic cytoplasm (observed in 11/13 cases) showed no
disease progression [62]. Furuya et al. recently reported the clinicopathologial and molecular features
of 13 Japanese patients with hereditary FH-deficient renal cell carcinomas: most tumors had type 2
papillary architecture or tubulocystic pattern or both; at immunohistochemical level, 10 tumors were
positive for PD-L1; somatic mutation analysis showed loss of heterozygosity of FH in 10 tumors [70].

In HLRCC subjects the most frequent age of RCC development is 40–50 years. In a minority of
FH-deficient patients RCC development occurs in patients aged younger than 20 years; a significant
proportion of these young patients exhibited a metastatic disease [71].

FH deficiency in RCC determines a marked alteration of energetic metabolism. FH gene encodes
for the TCA cycle gene fumarate hydratase, responsible for the bidirectional conversion of fumarate and
L-malate. HLRCC-related RCCs display a marked FH deficiency in these cells, one allele is germline
mutated and the other allele is somatically lost. The FH deficiency in kidney cancer cells determines a
marked metabolic remodeling, with changes at the level of glucose and glutamine metabolism and of
mitochondrial respiration. Particularly, FH-deficient cancer cells undergo a Warburg metabolic shift
characterized by aerobic glycolysis and reduced oxidative phosphorylation [72–75]. Isotope tracer
studies in FH-deficient renal cancer cells showed that the contribution of glucose-derived carbon to
TCA cycle is very limited, whereas glutamine-derived carbon enters the TCA cycle through reductive
carboxylation of α-ketoglutarate [72–75].

The glycolytic shift induced by fumarate deficiency induced several consequences at the level
of the AMP-activated pathway (AMPK): (i) AMPK levels were decreased with consequent lowered
expression of the iron transported DNMT1; (ii) in turn, reduced DNMT1 levels induced a condition of
cytosolic iron deficiency, activating the iron regulatory proteins, IRP1 and IRP2, and increasing the
expression of HIF-1α; (iii) activation of AMPK or silencing of HIF-1α decreases the invasive properties
of FH-deficient renal cancer cells [76].

Fumarate promotes tumorigenesis through various mechanisms: (i) by reversibly inhibiting
dioxygenase involved in epigenetic signaling: fumarate inhibits TET-mediated demethylation of a DNA
region involved in the regulation of the antimetastatic miRNA cluster 6 miR-200ba249, inducing the
expression of transcription factors involved in the activation of epithelial-to-mesenchymal (EMT) [77];
fumarate is a competitive inhibitor of 2-oxoglutarate-dependent prolyl hydroxylase domain: containing
proteins (PHD) that hydroxylate HIF and this inhibition lead to HIF stabilization [78] by inducing
post-translational protein modification through succinylation due to the peculiar capacity of fumarate
to interact with specific cysteine residues [79,80].

Several potentially important targets of succination have been identified in FH-deficient renal
cancer cells: (i) Fumarate induces succination of key components of the iron-sulfur cluster biogenesis
family of proteins, inducing defects in the biogenesis of iron-sulfur clusters that affect the function of
the complex I of respiratory chain [81]; (ii) succinate targets the protein Kelch-like ECH-associated
protein-1 (KEAP1), abrogating its repressive effects on the transcription factor NRF2 and thus resulting
in upregulation of NRF2-dependent genes involved in the regulation of key antioxidant pathway
mediating the capacity of cells to adapt to oxidative stress [82,83]. In line with these findings, NRF2 as
well as downstream NRF2 target genes are upregulated in FH-deficient renal cancers [82,83].

Interestingly, somatic mutations in NRF2, CUL3, and SIRT1, rarely observed in PRCC2,
are responsible for driving the NRF2 activation phenotype in these tumors [84]. In addition to
these effects on KEAP1, fumarate can react with the sulfur atom of glutathione to generate succinated
glutathione, thus inhibiting the function of glutathione and resulting in increased oxidative stress in
FH-deficient RCCs [85,86].

Kulkarni et al. have recently reported the results of a study based on the use of chemoproteomic
probes to explore the spectrum of occupancy of fumarate-reactive cysteines and identified an
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FH-sensitive cysteine in SMARCC1, a member of the SWI-SNF ((Switch/Sucrose Non Fermentable)
ATP-dependent chromatin remodeling complexes [87].

Interestingly, a proteasomal inhibitor, marizomib, disrupts glucose and glutamine metabolism
in HLRCC cells via inhibition of glycolysis and lowered expression of glutaminases, thus restricting
nutrients and the cells’ antioxidant response capacity, supporting a potential use of proteasome
inhibitors in HLRCC [88].

8. Birt-Hogg-Dubé (BHD) Syndrome

BHD syndrome is an autosomal dominant inherited disease that predisposes at-risk individuals
to develop benign cutaneous fibrofolliculomas, pulmonary cysts, spontaneous pneuomothoraces,
and increased risk for renal cancer. Renal tumors that develop in the context of BHD syndrome are
heterogenous and are frequently bilateral with various histologies. Through the study of numerous
families inheriting the mutated gene responsible for BHD syndrome it is estimated an increased risk
of developing RCC for BHD-affected family members of about 7-fold in comparison with unaffected
individuals [89]. Various histologic types of RCC are associated with DHB syndrome, including hybrid
oncocytic tumor (50%) with histological features of both chromophobe RCC and renal oncocytoma;
chromophobe RCC (35%); CCRCC (9%); renal oncocytoma (5%) [90,91]. A peculiar histologic finding
of these tumors is represented by the presence of so-called “oncocytosis” defined as a pathological
condition in which renal parenchyma is diffusely involved by numerous oncocytic nodules [92].
These foci of oncocytic cells have been suggested to represent the precursor lesions of BHD-associated
tumors [90,91]. A recent study performed on clinicopathologic information on 220 families with
BHD syndrome confirmed the consistent histologic heterogeneity of BHD-associated kidney tumors,
with 43% of the chromophobe subtype and 34% of the hybrid oncocytic/chromophobe subtype; 64% of
the patients with renal cancer had multiple lesions at the time of genetic diagnosis [93].

In 2002, genetic linkage studies in BHD families allowed the localization of the gene responsible
for BHD syndrome at the level of chromosome 17p11, and the identification of this gene as the folliculin
(FLCN) gene [94,95]. Various mutations (over 150) spanning the entire FLCN region were observed at
the level of the FLCN gene, including insertion/deletion, nonsense, missense and splice-site mutations,
and partial deletions [96]. The majority of FLCN mutations identified in the germline of BHD patients
are frameshift mutations (insertion/deletion), nonsense mutations that are predicted to truncate and to
inactivate the FLCN protein [96].

FLCN behaves as a classical tumor suppressor gene. These conclusions were supported by a study
carried out by Vocke and coworkers on 77 renal tumors derived from 12 patients with germline FLCN
mutations to identify somatic mutations in the second copy of BHD, showing FLCN somatic mutations
in 53% of cases and loss-of-heterozygosity at the BHD locus in 17% of cases [97]. These findings
strongly support the view that FLCN gene acts as a tumor suppressor of renal tumorigenesis and both
copies of the gene need to be altered for renal cancer development [97].

The study of some germline missense mutations in the folliculin gene, such as H255Y and
K508R, observed in BHD patients with renal carcinomas has directly supported their pathogenic role:
the FLCN H255Y mutant protein displayed a loss of its tumor suppressive function inducing kidney
cell proliferation and the clinical manifestations of BHD, the FLCN K508R mutant protein exerted a
dominant negative effect on the function of WT FLCN in the regulation of kidney cell proliferation [98].

Some studies explored the cytogenetic features of these tumors. BHD-associated RCCs, either of
chromophobe or of hybrid oncocytic/chromophobe subtype are characterized by a disomic pattern
on FISH analysis using probes targeting the centromeric regions of chromosomes 2, 6, and 17,
whereas sporadic chromophobe RCCs very frequently displayed a monosomic pattern [99]. Hasumi
et al. performed a detailed analysis of the molecular characteristics observed in 29 BHD-associated
kidney cancers from 15 BHD patients [100]. All patients displayed FLCN germline mutations;
somatic FLCN mutations were observed in 25 out of the 29 kidney tumors: 20 tumors displayed
frameshift/nonsense mutations or loss of heterozygosity at the level of the allele not affected by the
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germline mutation [100]. Copy number variation in BHD-associated kidney cancer was usually low
and was lower in chromophobe and in HOCT histological subtypes than CCRCC and PRCC subtypes;
interestingly, in CCRCC subtypes no loss of chromosome 3p was observed, a condition usually found in
sporadic CCRCC [100]. The number of somatic variants was similar in the various histological subtypes
of BHD-associated kidney tumors; the frequency of gene mutations was usually low in these tumors,
with variants in chromatin remodeling genes being frequently observed (59% of cases); furthermore,
variants in genes associated with the mitochondrial pathway, lipid metabolism, and glycolytic pathway
were observed in 28%, 24%, and 7% of cases, respectively [100]. Therefore, this study clearly showed
that BHD-related renal cancer lacks the mutations in driver genes, such as TP53, CDKN2A, RB1, PTEN,
and mTOR, typically observed in CHRCC. It is of interest to note that at molecular level BHD-related
hybrid oncocytic/chromophobe tumors can be differentiated from the sporadic counterpart of these
tumors in that these last tumors have copy number losses in chromosomes 1 and XY, but lacks recurrent
mutations [101].

The understanding of the molecular mechanisms underlying the BHD syndrome requires the
elucidation of the function of FLCN gene. The protein folliculin is involved in numerous biological
processes, such as membrane trafficking, energy and nutrient homeostasis, and lysosomal biogenesis,
and the mutations affecting this protein generate different phenotypes, in relation with their cellular
context. FLCN forms molecular complexes with two large proteins, called folliculin interacting protein
1 (FNIP1) and folliculin interacting protein 2 (FNIP2) [102–104]. Structural studies have clarified the
molecular mechanism induced by FLCN through interaction with FNIP1 and FNIP2: both FLNC
and FNIP proteins contain a longin and are differentially expressed in normal versus neoplastic cells
(DENN) domain, which are protein folds that have been implicated in the regulation of small GTPases
and membrane trafficking [105,106].

Functional studies show that FLCN regulates both the Rag and Rab GTPases depending
on nutrient-availability, which are respectively involved in the mTORC1 pathway and lysosomal
positioning. Thus, functional studies have shown that FNIP1 and FNIP2 act as tumor suppressors
since mice deficient in FNIP1 and FNIP2 tumors display tumors developing at the level of several
organs [107]. Importantly, FNIP1 and FNIP2 were essential also for the tumor suppressive function of
FLCN at the level of kidney tissue, thus supporting the view that the development of kidney tumors in
BHD patients may be due to the loss of essential FLCN-FNIP interactions [107].

Functional studies support a major role for FLCN-FNIP complex in the regulation of both the Rag
and Rab GTPase families, which in turn modulate the mTORC1 signaling pathway and lysosomal
distribution, respectively, in a manner dependent upon amino acid availability. mTORC1 is a central,
key regulator of cellular metabolism, ensuring cell growth only under suitable conditions [108]. Studies
in mice with the kidney-targeted FLCN inactivation develop polycystic kidneys and cystic tumors,
exhibiting activation of mTORC1 [109–111]. Homozygous deletion of FLCN in mice resulted in
early embryonic lethality; FLCN heterozygous knockout (FLCN+/−) mice appeared normal at birth,
but developed kidney cysts and solid tumors, as they aged, of different histologic types (oncocytic
hybrid, oncocytoma, and clear cell carcinoma with concomitant loss of heterozygosity of FLCN);
these tumors displayed increased mTORC1 and TORC2 activity [112]. The investigation of other
mouse models further supported a role for FLCN as a positive regulator of TORC1 and provided
evidence that inappropriate mTORC1 levels can be associated with renal cancerogenesis [113,114].
Interestingly, the tumorigenic potential of FLCN-deficient renal cancer cells is inhibited by sirolimus,
a mTOR inhibitor [115].

Recent studies support a functional role for the FLCN-FNIP complex as a GTPase activating
protein involved in the fine modulation of Rag GTPase are nucleotide binding and transmission of
the nutrient status to mTORC1 [116]. It was proposed that the GTPase activating properties of the
FLCN-FNIP complex occurs downstream of GATAR1 protein complex and together orchestrate a
unique molecular regulation: when amino acid levels are low, the GTPase activating protein activity of
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GATOR1 promotes the GDP-Rag A7B condition and the FLCN-FNIP complex is recruited at the level
of lysosomes to drive the GTPase activating properties toward Rag C/D [117,118].

FNIP1 and FNIP2 were also identified as proteins capable to interact also with AMPK, although
FLNC does not seem to be essential for FNIP-AMPK interaction [102–104]. AMPK is a heterotrimeric
kinase whose activation increases ATP production through stimulation of catabolic pathways,
concomitantly with the inhibition of anabolic pathways that consume ATP, in a way antagonistic to
mTORC1 activity. Furthermore, various studies have shown that FLCN deficiency triggers AMPK
activation [119–121]; furthermore, FNIP1 mutations are associated with high AMPK activity [122].

Finally, FLCN deficiency exerts also important effects at the level of energetic metabolism, with a
consistent metabolic change in favor of aerobic glycolysis. Thus, Yan et al. reported a “Warburg effect”
metabolic transformation in FLCN-deficient embryonic fibroblasts, with increased glucose uptake,
lactate production, and extracellular acidification, associated with HIF transcriptional activity and
enhanced expression of HIF-dependent genes [120]. The increase in metabolic activity was associated
in FLCN-deficient fibroblasts with an increased mitochondrial mass and respiration [120]. This effect
elicited by FLCN deficiency on mitochondrial mass is remarkable and seems to be associated with
an enhanced expression and activity of PGC1α (peroxisome proliferation-activated receptor gamma
coactivator 1-alpha), a transcriptional regulator of genes involved in mitochondrial biosynthesis [123].
PGC1α levels were found to be elevated in FLCN-deficient renal cancers [124]. Furthermore,
BHD-related tumors were characterized by up-regulation of mitochondrial gene expression [124].
The study of FLCN-deficient mice clearly showed the existence of a condition of chronic AMPK
activation, which in turn, induces the expression and activation of PGC1α [125].

9. Familial MITF Microphtalmia-Associated Transcription Factor

Subjects carrying a germline pathogenic variant of MITF have a more than five-fold increased
risk of developing melanoma and renal cancer, as compared to the individuals not bearing these
variants. The molecular characterization of these MITF oncogenic variants showed a mutation at the
level of codon 318 (E318K), located at the level of a small-ubiquitin-like modifier (SUMO) consensus
site (ψKXE), determining a strong impairment of SUMOylation of MITF [126]. The E318K mutation
increased the binding to the HIF1α promoter and increased its transcriptional activity [126]. However,
the MITF E318K mutation does not seem to be involved in sporadic RCC: in fact, in a screening based
on the analysis of 403 sporadic RCCs only one MITF E318K mutation was detected [127].

10. Chromophobe Renal Cancer

CHRCC is the second most common form of non-CCRCC after papillary RCC and displays a
frequency corresponding to 5–10% of all RCCs. The main molecular features of CCRCC are reported in
Table 2. The analysis of the genomic alterations observed in CHRCC supports that this tumor subtype
originates from distal convoluted tubules, compared with other kidney cancers, including CCRCC
with more origin from proximal tubules [128].

The main symptoms of patients with CHRCC at presentation are represented by flank pain and
hematuria. CHRCCs are usually solitary tumors that can reach a big size (up to 25 cm in diameter).
At microscopic level, these tumors are usually arranged in solid sheets, with tumor parenchyma
intersected by fibrous septa and blood vessels. Two cellular elements usually compose these tumors:
one, chromophobe cells, being represented by large polygonal cells with abundant, chromophobe
cytoplasm and the other one represented by smaller cells, with a small eosinophilic cytoplasm. It was
described a variant of chromophobe RCC described as eosinophilic variant of CHRCC and characterized
by the whole composition by intensively eosinophilic cells; two types of cellular elements have been
described in these tumors: type 1 cells, small with moderately granular cytoplasm and type 2 cells,
with abundant eosinophilic cytoplasm denser at the periphery [129]. The genetic abnormality most
frequently observed in CHRCC is represented by the loss of one copy of the entire chromosomes 1,
2, 6, 10, 13, 17, and 21 (observed in about 86% of cases) and losses of several other chromosomes
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(observed in about 12–58 of cases) [130]. These chromosome abnormalities have been observed both in
the classic and in the eosinophilic variants of CHRCC, although loss of chromosomes 2 and 6 was less
frequent in eosinophilic than in classic variant of CHRCC [131]. It is important to note that about 50%
of CHRCCs display loss of all chromosomes and about 10% display no loss of any chromosome [131].
The chromosome losses were not observed in oncocytomas [131]. A recent study, through cumulative
analysis of various database containing data on chromosome number alterations in CHRCC, reached
the conclusion that losses of chromosomes 1, 2, 6, 10, 13, and 17 were significantly more frequent
among classic CHRCC compared to eosinophilic CHRCC, thus suggesting that classic CHRCCs are
characterized by higher chromosomal instability [132]. In addition to these typical chromosomal losses,
CHRCCs display also copy number gains that were detected in chromosomes 4, 7, 11, 12, 14q, and
18q [133].

Table 2. Molecular abnormalities of main sporadic renal cell cancers (RCCs).

RCC Subtype
Somatic Mutations or

Alterations

Copy Number
Variations or

Translocations

Prognostic Implications
of Genomic Alterations

CCRCC

Mutations in VHL,
PBMR1, SETD2, BAP1,

KDM5C, TERT
promoter, MTOR

Loss of chromosomes
3p, 14q, 9p, 6q, 8p,15q

Gain of chromosome 5q

VHL: no association
PBMR1: greater

survival/no benefit
BAP1, SETD2, CDKN2A,
TP53: reduced survival

PDH genes, Ribose sugar
metabolism genes:
reduced survival

PRCC, type I
Mutations in MET,

NRF2, CUL3
Gains of chromosomes

3, 7, 16, 17

CDKN2A, PBMR1, TP53:
reduced survival

DKK1/SFRP1:
unmethylation: reduced

survival

PRCC, type II
Mutations in CDKN2A,

CDKN2B, TERT, NF2, FH,
MET, SETD2

Gains of chromosomes
7, 16, 17, 5q

Loss of chromosomes:
3p, 14q, 22q

Translocation of TFE3

CDKN2A, TP53: reduced
survival

DKK1/SFRP1:
unmethylation: reduced

survival

CHRCC Mutations in TP53, PTEN Loss of chromosomes
1, 2, 6, 10, 13, 17, 21

PTEN, CDKN2A:
reduced survival

DKK1/SFRP1:
unmethylation: reduced

survival
Metabolically divergent
tumors: highly reduced

survival

RMC Mutations in SMARCB1 Amplification of ABL Unknown

TCRCC
Mutations in ABL1,

PDGFRA
Gains of chromosomes:

7,17 Unknown

Wilms Nephroblastoma

Mutations in TP53,
AMER1, CTNNB1, WT1,

DROSHA, DGGR8,
DICER1, SIX1/SIX2,
SMARCA-4, MLTT1

Loss of chromosomes
1p, 16q, 1q, 17p, 4q, 14q,

11q, 11p15.

TP53, SIX1/SIX2,
DROSHA/DGGR8:
reduced survival

Loss of chromosomes 1p,
1q, 11p15, and 16q:
reduced survival

About 2% of CHRCC display sarcomatoid features; these tumors were explored for their
chromosomal abnormalities, showing some remarkable differences compared to the rest of CHRCC:
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sarcomatoid CHRCCs frequently display multiple gains (polysomy) of chromosomes 1, 2, 6, 10, and 17;
distant metastases show the same chromosome abnormalities, usually chromosome losses found in the
primary tumors [134].

The analysis of gene copy number by next generation sequencing showed the occurrence of multiple
abnormalities in CHRCC; this analysis showed that the two most frequent deletions involved the
tumor suppressor genes RB1 and ERBB4 [135]. Fluorescence in situ hybridization showed hemizygous
deletion of RB1 in 52% of cases and of ERBB4 in 33% of cases; in total, 70% of CHRCC display either
hemizygous deletion of RB1 or ERBB4 [135].

Davis and coworkers in the context of TCGA studies have performed a comprehensive
characterization of 66 primary CHRCC using diverse molecular platforms, including whole-genome
sequencing and mtDNA analysis [128]. The results of this study showed: (i) The typical and frequent
chromosome losses described in other studies, observed in all cases corresponding to the classic variant
and in about 53% of cases corresponding to the eosinophilic variant; (ii) TP53 (32% of cases) and PTEN
(9% of cases) were the only two genes frequently mutated in these tumors, while mutations of other
cancer-relevant genes (such as MTOR, NRAS) were found at lower frequencies; (iii) the gene expression
profile showed a high index of mRNA expression correlation for CHRCC with distal regions of the
nephron; (iv) the analysis of mitochondrial DNA showed mutations at the level of genes involved
in respiration and oxidative phosphorylation; (v) whole genome sequencing analysis showed the
occurrence of kataegis (a mutational phenomenon involving highly localized substitution mutations,
C > T or C > G), occurring at the level of some chromosome regions involved in rearrangements,
involving also rearrangements occurring within the TERT promoter gene region (observed in 12% of
cases) and associated with elevated TERT expression [128].

Durinck et al. have reported a study of extensive characterization of the genomic alterations
observed in non-clear RCC subtypes, including CHRCC (36 classic and 12 eosinophilic). In CHRCC,
the frequently mutated genes were: TP53 (21.3%); PTEN and KIAA 1731 (6.4% of cases); FAAH2, PDHB,
PDXD1, ZNF 765, PRKAG2, ARID1A, and ABHD3 (4.3% of cases) [136]. Some of these mutations may
play a relevant role in the pathogenesis of CHRCC. Thus, the PDHB gene encodes the E1β subunit of
the pyruvate dehydrogenase complex (PDHc), catalyzing the conversion of pyruvate to acetyl-CoA,
thus providing a link between glycolysis and the TCA cycle; the two mutations observed in CHRCC
are reminiscent of those observed in a neurological condition associated with germline mutations of
this gene and causing lactic acidosis [136]. PRKAG2 encodes one of the three γ subunits of AMPK,
a key sensor of cellular metabolism; the mutations of this gene, observed at the level of the inhibitory
pseudosubstrate sequence within AMPK γ subunit, may lead to constitutive AMPK activation [136].
Furthermore, gene expression analysis led to the identification of five genes, ADAP1, SDCBP2, HOOK2,
BAIAP3, and SPINT1 markedly expressed in CHRCCs and that clearly differentiated these tumors
from oncocytomas [136].

Ricketts et al. reported a comprehensive analysis of different subtypes of RCCs, including 81 cases
of CHRCC [137]. Some recurrent mutations have a prognostic impact in CHRCC patients: PTEN
mutations correlated with decreased survival; CDKN2A alterations (including loss of the region of
chromosome 9p encoding CDKN2A and promoter hypermethylation) correlated with a decreased
survival [137]. About 20% of CHRCCs displayed a hypermethylation DNA profile and these tumors
were associated with a higher tumor grade and with a poor outcome [137]. The metabolic gene
expression profile showed that: expression of the Krebs cycle and the electron transport chain genes
was high in CHRCC, in association with increased expression of the pyruvate dehydrogenase complex
activation genes; expression of AMPK was increased in CHRCC; a small subgroup of CHRCCs
displayed a peculiar metabolic profile with low expression of the Krebs cycle and electron transport
chain genes, lower expression of the AMPK pathway genes, and increased expression of the genes in
ribose synthesis pathway, and was associated with a particularly poor prognosis [137].

Although CHRCC is a relatively indolent tumor, 5–10% of patients may develop metastases
and metastatic tumors may possess peculiar molecular properties compared to those not generating
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metastases. This analysis provided evidence that metastatic CHRCC, at variance with non-metastatic
CHRCCs that are hyperdiploid (with a ploidy estimated above 2); importantly, these hyperdiploid
metastatic CHRCC maintained their typical CHRCC-7 set- chromosomes loss [138]. This hyperdiploid
pattern is due to either loss of the CHRCC-7 set-chromosomes, associated with duplication of the
remaining genome or duplication of multiple chromosomes excluding the CHRCC-7 set-chromosomes:
this condition was defined as imbalanced chromosome duplication (ICD) [138]. The comparative
analysis of metastatic and non-metastatic CHRCC showed among metastatic tumors increased
frequencies of TP53 mutations, PTEN mutations, and ICD (observed at frequency of 55%, 27%, and
43%, respectively) compared with those observed in nonmetastatic CHRCC (25%, 7%, and 10%,
respectively) [138]. Phylogenetic studies of paired-primary-metastatic samples allowed to propose a
tumor progression process, involving the nearly universal loss of CHRCC-7 set-chromosomes as the
only driver event in the pathogenesis of CHRCC, followed by TP53 mutations that were detected in 82%
of metastatic samples and then by ICD and PTEN mutations that were detected in 82% of metastatic
samples and then by ICD and PTEN mutation, occurring in a mutually exclusive manner [138].

Initial studies have shown that the membrane receptor KIUT is overexpressed in CHRCC (83% of
cases positive), whereas it was not expressed in other RCCs [139].

CHRCC is usually associated with a favorable prognosis. Przybycin and coworkers in a
retrospective study in 200 CHRCC patients have shown that: 2.5% of cases displayed metastases at
presentation; disease-specific events, including recurrence, metastasis, and death due to disease were
observed in additional 4% of patients; 2% of patients had tumors with sarcomatoid features [140]. 5-year
and 10-year disease-specific events occurred in 3.7% and 6.4% of patients, respectively [140]. Therefore,
these observations showed a significant association of outcomes with tumor size; small-vessel invasion,
sarcomatoid features, and microscopic necrosis, whereas T stage showed a statistically non-significant
association [140]. A large multicenter study involving the analysis of 291 patients with CHRCC
diagnosis confirmed the good prognosis of CHRCC patients, with only 1.3% of these patients
presenting distant metastases at diagnosis and a 5-year and 10-year cancer-specific survival of 93% and
88.9%, respectively [141]. Only patients with locally advanced disease at diagnosis or with metastatic
cancers, as well as those with sarcomatoid differentiation have a poor prognosis [141].

Because of the rarity of this condition, only few studies have specifically explored the outcomes
of metastatic CHRCC patients. The analysis of a very large cohort of 4970 metastatic RCC patients
treated with targeted therapy showed that only 2.2% of these patients displayed metastatic CHRCC
and the large majority (97.8%) pertains to CCRCC [142]. Metastatic CHRCC exhibited a similar overall
survival compared to patients with CCRCC (23.8 months vs. 22.4 months) [142]. Ged and coworkers
have analyzed the outcomes of metastatic CHRCC according to the presence or not of sarcomatoid
features [143]. In a group of 109 metastatic CHRCC patients, these authors observed that 29 of them
exhibited sarcomatoid differentiation; patients with sarcomatoid features showed a shorter time to
metastatic recurrence than those with non-sarcomatoid differentiation (2.7 months vs. 48.8 months);
a similar observation was made for time to treatment failure (1.8 months vs. 8.0 months). Finally and
importantly, median overall survival was clearly inferior for patients with sarcomatoid differentiation
compared to those without this differentiation properties (7.5 months vs. 38 months) [143]. Recently,
Casuscelli et al. have reported a survey on a very large cohort of 496 CHRCC patients diagnosed and
surgically treated at Memorial Sloan Kettering Cancer Center [144]. This study definitely confirmed
the findings observed in previous studies, showing that: at 10 years, the relapse-free survival was
91.7% and the overall survival 82.1% for CHRCC patients, compared to 79.4% and 63.6% for CCRCC
patients; patients with CHRCC displayed less frequently sarcomatoid differentiation compared to
CCRCC patients (1.2% vs. 4%); larger tumor size, sarcomatoid differentiation, and higher tumor-stage
are significantly associated with adverse RFS and OS in CCRCCs [144].
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11. Papillary Renal Carcinoma

PRCCs make up about 15% of RCCs, are heterogeneous, and characterized by the presence of
papillae in the tumor; these tumors are commonly subdivided into two subtypes based on staining
features: subtype 1 basophilic, type 2 eosinophilic [145]. Particularly, type 1 PRCCs display papillae
lined by a single layer of cells with scanty basophilic cytoplasm and low nuclear grade; type 2 PRCCs
show papillae lined by pseudostratified layers of cells with more abundant eosinophilic cytoplasm and
low nuclear grade [145]. About 15% of PRCCs cannot be classified as type 1 or type 2 subtypes and are
grouped in an unclassified group.

Type 1 and type 2 PRCCs have distinct molecular pathways and clinical behavior. Type 2 tumors
were larger, more common in patients younger than age 40, and more frequently stages 3 or 4 than
were type 1 tumors [146].

In 2016 TCGA provided the first detailed, comprehensive molecular analysis of PRCCs [147].
The study of copy number alterations displayed the existence of three main tumor subgroups: (i) One
subgroup is predominantly composed of type 1 and lower-grade tumors and is characterized by multiple
chromosomal gains involving the very frequent gain of chromosomes 7 and 17 and the less frequent
gain of chromosomes 2, 3, 12, 16, and 20; (ii) the other two subgroups are predominantly composed by
type 2 tumors and one of these two subgroups is characterized by a limited number of copy alterations,
whereas the other one is characterized by extensive aneuploidy, with numerous chromosomal losses,
including frequent loss of chromosome 9p and is associated with poor survival [147]. The higher
frequency of the number of DNA gains per tumor at the level of chromosomes 7 and 17 in type 1 than
in type 2 PRCCs was previously reported by Jiang and coworkers [148].

Whole exome sequencing performed in 157 PRCCs identified several somatic mutations, occurring
with a significant frequency, at the level of tumor-related genes, such as MET, SETD2, NF2, KDM6A,
SMARCB1, FAT1, BAP1, PBRM1, STAG2, NFE2L2, and TP53 [63,147]. Assignment of these genes
to their biochemical pathways showed that: SWI/SNF complex (SMARC1 and PBRM1) was altered
in 20% of type 1 and 27% of type 2 PRCCs; chromatin modifier pathways (SETD2, KDM6A, and
BAP1) was altered in 35% of type 1 and 38% of type 2 PRCCs; the Hippo pathway (NF2) was
altered in 3% of type 1 and 10% of type 2 PRCCs [63,147]. However, some genetic alterations are
specific to types of PRCCs: (1) MET mutations are much more frequent in type 1 than type 2 PRCCs
(17% vs. 1.6%, respectively) and were observed in 11% of unclassified PRCCs; levels of MET mRNA
and MET protein phosphorylation were higher in type 1 than type 2 tumors. (2) 8% type 2 PRCCs
displayed 9p21 chromosomal focal loss with loss of CDKN2A locus; other type 2 PRCCs exhibited
CDKN2A mutations or promoter hypermethylation, resulting in a total of 13% of tumors with CDKN2A
alterations; CDKN2A loss was associated with low overall survival. (3) Type 2 PRCCs are associated
with mutations in chromatin-modifying genes SETD2 (19.4%), BAP1 (10.4%), and PBRM1 (11.9%)
which are frequently mutated in CCRCCs; mutations of BAP1 and PBRM1 were mutually exclusive,
whereas SETD2 mutations co-occurred with PBMR1 mutations in most cases. (4) Another feature
of type 2 PRCCs consists in the increased expression of NRF2-associated response element (ARE)
pathway; these findings were in line with other studies showing increased activation of the NRF2-ARE
pathway in type 2 PRCCs and mutations in NRF2-ARE pathway genes NFE2L2, CUL3, KEAP1, and
SRT1 [82,84,149,150]. (5) A CpG island methylator phenotype (CIMP) was observed in a subgroup of
type 2 PRCCs characterized by mutations of FH gene and poor survival [63,147].

Finally, from this study it emerges that unclassified PRCCs display molecular properties hybrid
between type 1 and type 2 PRCCs; the frequency of chromosomal 7 gain in these tumors is intermediate
(26%) between type 1 (85%) and type 2 (18%) [63,147].

Durinck et al. in their study of molecular characterization of non-clear RCCs reported a detailed
analysis of MET mutations occurring in PRCCs; particularly, they observed MET mutations in 15% of
the PRCC samples: all these mutations, with just a single exception, affected the kinase domain of
MET, all displaying elevated phosphorylation, suggesting their constitutive activation [136].
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A large data set of 169 patients with advanced PRCC was published by Pal et al., basically
corroborating the data reported in the TCGA study [151]. Particularly, in patients with type 1 PRCC
the most commonly altered genes were MET (33%), TERT (30%), CDKN2A/B (18%), and EGFR (8%);
in patients with type 2 PRCC the most recurrent gene mutations were CDKN2A/B (18%), TERT (18%),
NF2 (13%), FH (13%), and MET (7%) [151]. Remarkable differences from TCGA data involve higher
frequencies of MET, NF2, and CDKN2A/B [151].

In 2018, TCGA network refined the molecular analysis of PRCCs, showing that: at the level of
single gene mutations, in PRCCs TP53 and PBRM1 mutations correlated with decreased survival;
CDKN2A mutation, hypermethylation, or deletion was found in 5% of type 1 PRCC, 18.6% of type
2 PRCC, 100% of CIMP-PRCC, and was associated with decreased survival; at the level of DNA
methylation analysis, increased hypermethylation was associated with higher-stage disease in both
type 1 and type 2 PRCCs and with decreased survival: among the hypermethylated genes, there were
WNT pathway regulatory genes SFRP1 and DKK1, whose hypermethylation was associated with poor
survival; at the level of metabolic gene expression features, type 2 PRCCs displayed a more elevated
expression of Krebs cycle genes compared to type 1 PRCC; concerning the immune signature analysis,
both in whole population of PRCC and in type 2 PRCC, the high expression of a high T helper 2 (Th2)
was associated with a reduced survival [137].

Two studies have reported the characterization of PRCCs by whole-genome sequencing. Li and
coworkers using this approach discovered mutations at the level of an intron of MET gene, connected
to an oncogenically relevant splicing event; furthermore, in other cases a methylation dysregulation on
nearby, leading to a cryptic promoter activation of the MET gene was identified [152]. Furthermore,
it was identified the recurrent mutation of the long noncoding RNA NEAT1 and these mutations are
associated with increased NEAT1 expression and negative outcome [152]. Zhu and coworkers have
explored the intratumoral heterogeneity and clonal evolution of PRCC integrating whole-genome
sequencing and DNA methylation data [153]. Through the analysis of 29 patients at the level of various
tumor regions (center and periphery of each tumor) the authors reached the important conclusion
that, at variance with previous studies in CCRCC, in PRCC driver gene mutations and most arm-level
somatic copy number alterations are clonal [153].

The main treatments used for RCC patients are based on clinical studies involving a limited
participation from patients with PRCC; therefore, it is not surprising that conventional therapies are
usually less for non-CCRCC compared to CCRCC. Thus, PRCCs are less responsive to conventional
therapy used in RCC compared with CCRCCs, both at the level of PFS and OS, as supported by the
analysis of large cohorts of patients [154,155]. The same difference in therapeutic response applies to
VEGF inhibitors, such as sunitinib by showing shorter PFS in metastatic PRCC compared to metastatic
CCRCC. However, sunitinib treatment in metastatic PRCC induced a slightly better PFS compared to
the mTOR inhibitor everolimus and this gives support to the choice of the guidelines from the National
Comprehensive Cancer Network and the European Society for Medical Oncology both recommending
sunitinib as first line therapy in metastatic non-CCRCC.

Various agents targeting MET, such as crizotinib, savotinib, cabozantinib, foretinib, and tivantinib
have been explored in clinical trials involving PRCC patients [156].

Among the studies carried out with MET inhibitors promising are those with cabozantinib and
savolitinib. Two retrospective studies have shown therapeutic activity of cabozantinib in PRCC
patients [157,158]. In fact, both these studies showed an objective response rate in metastatic PRCC
patients treated with cabozantinib ranging from 14% to 27%, with a mean overall survival of 11 months
in one of these studies [157,158]. Recently, the results of the SAVOIR phase 3 randomized clinical trial,
comparing the efficacy of savolitinib to sunitinib in patients with MET-driven PRCC were published:
in this study, a PFS of 7.0 months for savolitinib and of 5.6 months for sunitinib was observed,
with significantly fewer adverse events reported in the savolitinib arm compared to the sunitinib
arm [159]. These results suggest that savolitinib shows an encouraging efficacy compared to sunitinib.
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Finally, another recent clinical study explored the association of a MET inhibitor (savolitinib)
with a PD-L1 inhibitor (durvalumab). The first results observed in the PRCC cohort of the phase I/II
CALYPSO clinical trial were recently presented at the ASCO Meeting [160]. In a population of PRCC
patients with metastatic PRCC either treatment-naïve or VEGFR TKI-resistant, an OS at 12 months
of 52%, not showing significant differences among PD-L1 positive, MET positive, and PD-L1/MET
negative patients, was reported [160]. Some patients displayed durable responses [160].

12. Genetic Alterations of CCRCC

The most frequent and typical genetic alteration of CCRCC is represented by biallelic inactivation
on the VHL gene determined by allelic deletion or loss of heterogeneity on chromosome 3p (observed
in >90% of cases) [161], together with gene mutation (observed in about 50% of cases) [162,163] or
promoter hypermethylation (observed in 5–10% of cases) [164]. Other frequent genetic alterations
are represented by mutations in genes involved in chromatin modification, such as PBRM1 [165],
SETD2 [166], KDM5C [166], KDM6A [166], and BAP1 [167,168].

Sato and coworkers reported the first comprehensive, integrated molecular analysis of
CCRCC [169]. Four (VHL, PBMR1, SETD2, and BPA1) of the five mutated genes in CCRCC are
all located at the level of the 3p chromosomal region involved in LOH; 98% of the CRCC cases
displaying LOH at 3p showed the remaining VHL allele altered by somatic mutation or promoter
methylation [169]. Almost all cases exhibiting PBMR1, SETD2, and BAP1 mutations occurred in CCRCC
cases displaying VHL inactivation. Importantly, SETD2 and BAP1 mutations displayed lower allelic
burdens than coexisting VHL mutations, suggesting that these mutations are acquired at later times
during tumor development [169]. PBRM1 mutations had no significant impact on overall survival,
whereas BAP1 mutations, mutually exclusive with PBRM1 mutations, were associated with a shorter
overall survival; finally, SETD2 mutations displayed a high relapse rate [169]. Interestingly, 5% of
CCRCC patients displayed TCEB1 mutations, not associated with VHL gene alterations, but constantly
associated with loss of chromosome 8; TCEB1 encodes a protein involved in the formation of the RNA
polymerase II elongation factor complex but also involved in the VHL complex formation [169]. In line
with this finding, TCEB1-mutated tumors displayed increased HIF-1αprotein expression, as well as
tumors with VHL loss [169]. Therefore, CCRCC with VHL loss or with TCEB1 mutations accounts for
95.4% of the cases. Other genes recurrently mutated in CCRCC included TET2, KEAP1, and MTOR:
TET2 mutations and deletions occurred in 16% of cases; mutually exclusive mutations in KEAP1, NRF2,
and CUL3 occurred in 6.6% of cases; MTOR mutations were observed in 5.7% of cases [169].

A parallel study by TCGA reported the comprehensive molecular analysis of 417 samples of
CRCC [170]. Most of the results reported in this analysis are in line with those reported by Sato et al. [169]
and here are discussed the results of this study not analyzed in the other study. At the level of copy
number the most recurrent event was loss of chromosome 3p observed in 91% of cases; 17q chromosome
loss, associated with loss of HIF1A and with a more aggressive disease, was observed in 45% of samples;
gains of 5q were frequently observed (67% of cases); several focal amplifications involved genes relevant
at oncogenic level, such as PRKC1, MDS1, EVI1, MDM4, MYC, JAK2; focally deleted regions involved
the tumor suppressor gene CDKN2A and PTEN [170]. Importantly, Sato et al. reported among the
CNAs the loss of 8p with or without loss of 8q (20% of cases), an abnormality frequently associated with
TCEB1 mutations [169]. Integrative data analysis showed that the most frequently mutated network
involved VHL and numerous interacting partners, leading to activation of the transcription factor
program mediated by HIF1A/ARNT; the second most mutated network included PBRM1, ARID1A, and
SMARCA4, key genes at the level of chromatin remodeling complex; the mutations of the chromatin
regulators PBRM1, STD2, and BAP1 induce different patterns of altered gene expression in the context
of a background caused by VHL loss; mutually exclusive alterations targeting multiple complexes of
the PI3K/AKT/MTOR pathway occur in about 28% of the cases and suggest a potential therapeutic
targeting [170]. In their evaluation of the main signaling pathways, Sato et al. evaluated all genetic
alterations occurring in CCRCCC-inducing activation of PI3K signaling and estimated a frequency of
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76% of cases exhibiting PI3K activation; furthermore, they reported also the frequent (40%) activation
of p53 signaling [169].

Finally, the TCGA study reported clear evidence about a metabolic gene expression pattern
associated with aggressive disease, related to downregulation of genes the pentose phosphate pathway
and the glutamine transporter genes and increased acetyl-CoA carboxylase protein levels [170].

The focal amplifications occurring at the level of chromosome 5q were explored in greater detail in
subsequent studies. Copy number gains of chromosome 5q occurring in CCRCC drive overexpression
of the gene SQSTM1; the p62 SQSMT1 protein is involved in activation of NRF2, and through this
mechanism, in promotion of resistance to redox stress and in stimulation of renal cancer cell growth
in vitro and in vivo [171]. A study based on multi-region whole-genome sequencing of 30 CCRCCs in
the context of the TRACERx study showed that the gain of the chromosome arm 5q, together with
the loss of chromosome arm 3p occur at the same time during CCRCC development: the concomitant
occurrence of these two chromosomal abnormalities may be mediated by an unbalanced translocation
event occurring between chromosomes 3 and 5 that involves chromotripsis [18,172]. This event was
proposed as the initiating event for CCRCCs [18,172].

Ricketts et al. refined the analysis of molecular abnormalities of CCRCC performed by TCGA and
showed that in these tumors: TP53 and BAP1 mutations and CDKN2A alterations were associated with
decreased survival; at mRNA expression level an increased expression of the vasculature development
signature, due to the activation of the VHL/HIF pathway, increased the immune response signature
compared to other RCC types and increased ribose metabolism pathway, associated with poor
survival [136].

Few studies have investigated the genomic landscape of metastases compared to primary tumors
in CCRCC. At histological level, metastatic CCRCC tumors display pathological features similar to
those of primary tumors from which they derive [173]. At gene expression level, the paired analysis of
primary and metastatic CCRCC displayed an enrichment in metastatic tumors of the expression of
genes involved in the formation of extracellular matrix [174]. De Velasco and coworkers have reported
the analysis of a large cohort of metastatic CCRCCs, and through the analysis of matched metastases
and primary tumors reached the conclusion that CCRCC primary tumors and metastases display a
highly comparable distribution of common genetic alterations [175]. This finding supports the view
that there is no single gene driving the metastatic disease or that changes at expression protein or
epigenetic level are responsible for the development of metastatic properties of CCRCCs [175].

The study of tumor heterogeneity provided more information in the understanding of the molecular
mechanisms involved in CCRCC evolution. In this context, fundamental were two studies by Gerlinger
and coworkers reporting the analysis of 10 CCRCC patients (7 with metastatic disease) by exome
sequencing on multiple regions of the same tumor and performing a comparison with a mutational
spectrum across all regions [176,177]. The results of these two studies provided some fundamental data
about intratumor heterogeneity of CCRCC: only a small fraction of genetic alterations display a clonal
distribution, such as VHL loss and chromosome arm 3p loss, whereas other genes recurrently mutated
such as SETD2 and BAP1 have a subclonal pattern of distribution within the tumor [176,177]. It is of
interest to note that the multi-region sequencing allowed the identification of a higher frequency of
gene mutations and copy number alterations than by single tumor sampling [176,177]. Thus, according
to these data it is possible to infer that the TCGA data obtained on single tumor sampling could
underestimate the frequency of some driver mutations such as BAP1 and TP53 [176,177].

These initial observations have been expanded through the multiregional analysis of 100 primary
CCRCC and 38 cases of metastases; these two additional studies strongly supported the view that the
intertumor heterogeneity and the pattern of intratumor heterogeneity influence the tumor evolution and
metastasis development [178,179] (Table 3). Particularly, variations in the number, timing, and order
of driver events are major determinants of disease evolution and metastatic potential. In tumors in
which VHL is the only driver event, metastatic evolution is rare, whereas cases with multiple drivers
are associated with metastatic development; the sequence and the intratumor distribution of these
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additional drivers, either clonal (present in all tumor cells) or subclonal (present in all tumor cells) or
subclonal (present in only a part of tumor cells) is a key determinant of tumor evolution, thus if the
driver events in addition to VHL loss occur clonally the metastatic spread is slower [178]. Thus, CCRCC
characterized by low chromosomal complexity and low intratumor heterogeneity evolves following a
linear pathway with VHL as sole mutation; CCRCC evolving through a branched pathway acquires
early PBRM1 mutation and subsequent subclonal driver alterations slowly evolves to a oligometastatic
potential; CCRCC evolving through a punctuated pathway results from the development of tumors
characterized by the presence of multiple driver genetic alterations occurring clonally (punctuated
evolution) and evolves more rapidly to metastatic potential [178] (Table 3). These studies showed also
that losses of chromosomes 9p and 14q are events of fundamental importance for metastatic evolution
of CCRCC: these two chromosomal abnormalities are enriched in all metastases and are therefore
drivers of metastatic progression and higher overall mortality [179].

Table 3. Evolutionary patterns of clear-cell RCC (CCRCCs) that are associated with the development of
different metastatic potentials. Tumors that follow a linear pattern of evolution have a limited intratumor
heterogeneity (ITH), a low genomic instability index (GII), few mutations in addition to VHL and a low
fraction of their genome affected by copy number alterations (SCNAs), and display a low metastatic
potential. The branched pattern of tumor progression implies high ITH and GII, the progressive
acquisition of additional mutations after VHL loss, with early acquisition of PBMR1 mutations and then
subclonal acquisition of additional genetic alterations (SETD2 mutations, PI3K-AKT-mTOR pathway
mutations,), associated with a slow metastatic development. The punctuated pattern is characterized
by high GII and low ITH, early chromosome 9p and 14q loss, acquisition of multiple driver mutations,
including BAP1 mutations and rapid acquisition of a metastatic potential.

Evolution
Pattern

Early Events Primary Tumor
Genomic

Characterization
Metastatic
Potential

Linear

Chr 3p loss
VHL inactivation

Initial clonal
expansion

 3p loss         VHL 
Low GII
Low ITH Non-Metastatic

Branched

Chr 3p loss
VHL inactivation

Initial clonal
expansion

3p loss   VHL    PBMR1               
                                SETD2  

 
                                PI3K   

                    
SCNAs 

High GII
High GII

Slow
Progression

Punctuated

Chr 3p loss
VHL inactivation

Initial clonal
expansion

3p loss     VHL 
 
 

                 BAP1     
                         PBMRA    

SCNAs 
                

9p loss 
14q loss 

High GII
Low ITH

Rapid
Progression

Huang and coworkers have analyzed the clonal architectures of 473 CCRCC patients and showed
that the evolution patterns of CCRCC have consistent inter-patient heterogeneity, with del(3p) being
considered as the common earliest molecular event, followed by three most recurrent patterns of
clonal evolution dictated by different molecular events: (i) VHL and PBRM1 mutations; (ii) del(14q);
(iii) amp(7), del(1p), del(6q), amp(7q), del(3q) [180]. The analysis of these patients allowed to identify
three prognostic subtypes of CCRCC with different clonal architectures and immune infiltrates: patients
with a long-life expectancy are enriched with VHL, but depleted of BAP1 mutations, and have high
levels of Th17 and CD8+T lymphocytes, while patients with a short survival are characterized by high
burden of CNAs (frequent del(14q)), high levels of Tregs and Th2 cells [180].
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Recently, Clark and coworkers reported an integrated proteogenomic characterization of CCRCC;
in this study, 110 treatment-naïve CCRCCs were explored by wide genome sequencing and by
epigenomic, transcriptomic, proteomic, and phosphoproteomic analyses. At arm level, 3p loss (93%)
was the most frequent CNA, followed by 5q gain (54%), chromosome 14q loss (42%), chromosome 7
gain (34%), and chromosome 9 loss (21%); furthermore, about 13% of tumors displayed extensive copy
number variations along all chromosomes, thus indicating a high degree of genomic instability [181].
This analysis showed also that 61% of CCRCC cases displayed one or more translocations, mainly
involving the chromosome 3p locus and chromosome 5 (20%) [181]. This study confirmed the data on
the frequency of most recurrence gene mutations and provided evidence that all the genetic alterations,
including VHL, PBMR1, BAP1, KDM5C, and SETD2 are related to genetic events resulting in reduced
expression of both mRNA and protein, thus indicating loss-of-function and supporting the classification
of these genes as tumor suppressors [181]. The proteomic analysis allowed to better characterize the
metabolic shift occurring in CCRCC tumors, illustrated at protein level by upregulation of glycolysis
and downregulation of the Krebs cycle and electron transport chain (OXPHOS), associated with the
Warburg effect; the downregulation of the Krebs cycle and the majority of OXPHOS proteins were
not observed at mRNA level [181]. This analysis of proteo-metabolic profile allowed also to identify
late-stage tumors upregulating OXPHOS pathway relative to early stage tumors, a finding that may be
related to dysregulation of HIF-1 α caused by 14q loss; similar observations were previously reported
by Hakimi et al. through analysis of the metabolic profiling of CCRC [182]. The proteomic analysis
allowed the subdivision of CCRCC into three groups: CCRCC1 associated with higher tumor grade
and stage and characterized by elevated adaptive immune response, N-linked glycosylation, OXPHOS
protein expression and fatty acid metabolism and high frequency of BAP1 mutations and CIMP+

status; CCRCC2 and CCRCC3 were associated with lower tumor grade and stage: tumors in CCRCC2
were associated with tumor immunity, whereas tumors in CCRCC3 with glycolysis, mTOR signaling,
and hypoxia and display higher frequency of PBRM1 mutations [181].

Over the past years, the therapy for patients with advanced/metastatic CCRCC has considerably
evolved and new therapeutic options are now available for these patients, including targeted agents
such as those targeting the VEGF pathway (mainly represented by VEGFR-directed tyrosine kinase
inhibitors, TKIs) or targeting mTOR (such as everolimus) or immunotherapy based on immune
checkpoint inhibitors and combination treatment strategies [183]. Molecular studies have contributed
to define the subpopulations of CCRCC patients more responsive to these treatments and to define the
mechanisms of primary or acquired resistance to these therapies.

Thus, several retrospective studies have analyzed the prognostic impact of chromatin-modifying
gene alterations in CCRCC. PBRM1, the gene most frequently altered after VHL, seems to play a
different role in localized and advanced disease, constituting a poor prognostic factor in localized
disease and a good prognostic factor in advanced disease [184]. Retrospective studies on metastatic
CCRCC patients indicate that PBRM1 loss is associated with improved outcomes in patients treated
with either VEGFR TKIs or mTOR inhibitors, whereas BAP1 and TP53 mutations were associated with
unfavorable cancer-specific outcomes [185].

A part of patients with advanced CCRCC respond to treatment with immune check blockage and
some of these responses are durable. Immune check inhibitors (ICI) have become a key therapeutic
strategy to stimulate the immune anti-cancer response; across various solid tumor malignancies,
response to PD-1 or PD-L1 blockade was associated with some tumor-intrinsic (high tumor antigen
burden, high neoantigen load) or microenvironmental features (PD-L1 expression, T lymphocyte
infiltration). McDermott and coworkers have analyzed the CCRCC patients enrolled in the context
of IMmotion150 clinical trial, a randomized phase II study of atezolizumab (anti-PD-L1) alone or in
combination with bevacizumab (anti-VEGF) versus sunitinib (multi TKI) [186]. Exploratory biomarker
analyses failed to show that tumor mutation burden and neoantigen load display any significant
association with PFS; angiogenesis, T-effector/IFN-gamma response, and myeloid inflammatory gene
expression signatures were strongly and differentially associated with PFS [186]. 62% of these patients
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displayed VHL mutations and 44% PBMR1 mutations; angiogenesis-related gene expression signature
was higher in VHL-mutated and PBRM1-mutated CCRCCs; within treatment evaluation showed that
PBRM1 mutations were associated with improved PFS in the sunitinib arm; in the PBRM1-mutated
patients atezolizumab+bevacizumab showed improved PFS compared to atezolizumab alone [186].
Whole genome sequencing studies performed in 35 metastatic CCRCC patients undergoing treatment
with an anti-PD-1 blocking agent showed that clinical benefit to this treatment was significantly
associated with mutations in the PBMR1 gene [187]. These findings were confirmed in independent
validation cohorts of CCRCC patients treated with PD-1 or PD-L1 blockade therapy [188].

The analysis of 592 tumors derived from patients with advanced CCRCC enrolled in clinical trials
based on the treatment with PD-1 confirmed that conventional genomic and immunological markers
were not associated with clinical response, but some genomic abnormalities associated with response
or resistance to PD-1 blockade [189].

13. Genetic Abnormalities of Renal Medullary Carcinoma (RMC)

RMC is a rare aggressive subtype of renal cancer that mainly affects young adults with sickle
cell trait. This condition was initially described by Davis et al. in 1995, reporting a series of cases of
aggressive kidney cancers occurring in young individuals (15–30 years) with sickle cell trait; most of
these patients presented with advanced disease and poor survival [190]. Beyond the strong clinical
association with sickle disease trait, the underlying biology of this rare cancer is poorly understood.
Loss of SMARCB1 (also known as INI1) is a key diagnostic feature of these tumors: Calderaro et al.
reported the loss of SMARCB1 expression by immunohistochemistry by 6/6 RMC patients; in two cases
explored by FISH analysis, loss of one SMARCB1 allele was observed [191].

The mechanisms underlying SMARCB1 protein loss in RMC were explored by more recent studies.
Thus, in 2016 Calderaro et al. reported novel balanced translocations disrupting SMARCB1 in 4 of
5 cases studied; all these 4 cases occurred in patients with sickle cell trait or disease, whereas the
remaining case displayed a homozygous deletion of SMARCB1 and presented in a patient with normal
hemoglobin [192]. Total of 36 patients with RMC were reported by Carlo et al.; 33 of these patients were
explored for tissue expression by immunohistochemistry and 100% of them displayed SMARCB1 loss;
10 patients were explored by FISH analysis and 2 of them displayed biallelic SMARCB1 loss; 6 patients
were explored by NGS and none of them displayed SMARCB1 gene mutations [193]. More recently,
Jia et al. reported the molecular characterization of 20 RMC patients: all cases displayed protein loss;
55% showed concurrent hemizygous loss and translocation of SMARCB1, 30% with homozygous loss
of SMARCB1, and 15% without structural or copy number alterations of SMARCB1 despite protein
loss; targeted sequencing provided evidence about the existence of a pathogenic somatic mutation in
1 of the 3 cases that were negative by FISH [194]. Tumors pertaining to the three subsets associated
with different FISH findings displayed comparable clinicopathologic features; the only peculiarity
was related to the cases with homozygous SMARCB1 deletion being associated with the solid growth
pattern, whereas tumor-bearing SMARCB1 translocations were more associated with reticular/cribiform
growth [194].

Hong et al. have developed patient-derived RMC models based on loss-of-function fusion events
in one SMARCB1 allele and loss of the other allele; through functional experiments, it was shown
that RMC requires the loss of SMARC1B for survival [195]. Using loss-of-function genetic screens
and small-molecule screen, it was found that the ubiquitin-proteasome system was essential in RMC:
proteasome inhibitors caused G2/M arrest of RMC cells caused by cyclin B1 accumulation and cell
apoptosis [195]. These observations support clinical trials based on the use of proteasome inhibitors
for the treatment of RMC patients [195].

14. Genetic Alterations of Tubulocystic Renal Carcinoma (TCRCC)

In 1997 MacLennan et al. reported the existence of renal cancers that microscopically consisted
of well-defined cystic lesions lined by hobnail-shaped cells with low mitotic activity and with a low
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propensity for recurrence and metastasis [196]. These tumors were classified as low-grade collecting
duct carcinoma; immunohistochemical markers suggested a collecting duct origin for these tumors [196].
Subsequent studies have supported the idea that low-grade collecting duct carcinoma and TCRCC
are synonymous of the same clinicopathologic entity. The microscopic appearance was characterized
by the presence of variable-sized cystically dilated tubules lined by a single layer of epithelium [197].
Immunohistochemistry and ultrastructural analysis supported features of proximal convoluted tubules
and distal nephron; gene expression profiling supported a unique molecular signature, different from
other RCC types [197].

Recent studies support the existence of TCRCC as a rare peculiar subtype of RCC. In fact,
Lawrie et al. performed miRNA expression analysis and targeted next-generation sequencing
mutational profiling on 13 cases of TCRCC: the expression profile of some miRs, such as miR-155 and
miR-34a, that were downregulated was clearly different from that observed in PRCC; the gene
sequencing showed recurrent mutations of ABL1 and PDGFRA genes, both genes being only
rarely mutated in other RCC types [198]. More recently, Sarungbam et al. performed a molecular
characterization of 10 cases of pure TCRCC by targeted next-generation sequencing and FISH analysis
for X and Y chromosomes: all these carcinomas displayed combined losses at chromosomes 9 and
gains at chromosome 17, and loss of chromosome Y; none of these tumors displayed mutational
profiles typical of other RCCs; recurrent mutations in chromatin-modifying genes, KMT2C and
KDM5C, were detected in about 25% of tumors; non ABL1 and PDGFRA mutations were detected [199].
Thus, TCRCC demonstrates genomic features distinct from other subtypes of RCC.

15. Wilms Nephroblastoma

Wilms tumor (WT) is largely the most frequent kidney tumor in children (80–90% of the cases).
These tumors contain three different histological components: A mesenchymal component resembling
primitive fetal mesenchyme; an epithelial component resembling fetal renal tubules and glomeruli;
a blastomatous component made by clusters of blast cells that contributed to the definition of these
tumors as nephroblastoma. The histopathological features of WTs may be variable and usually the
presence of all these histological components is a favorable determinant; unfavorable elements are
represented by diffuse anaplasia and the predominance of the blastomatous component.

Initial studies have shown genetic abnormalities of WT1 gene, Wnt-activating mutations of
CTNNB1 and WTX, abnormalities of 11p15 copy number, and methylation [200]. Subsequent genetic
studies of large cohorts of WT patients have identified new mutations: recurrent mutations of the
miRNA-processing gene DROSHA (observed in about 12% of cases) and non-recurrent mutations in
other genes of this pathway (DICER1, DGCR8, XPO5, and TARBP2), associated with the downregulation
of miRNA expression in a subset of WTs [201]. Recurrent mutations at the level of the homeodomain
of SIX1 and SIX2 genes involved in the control of renal development, particularly frequent in WTs
with blastemal histology (18% of cases), as well as DROSHA mutations (18% of cases) [202]; mutations
of MYCN, SMARCA4, and ARID1A [203].

The most recurrent gene mutations occurring in high-risk subgroups of WT patients subdivided
into those exhibiting a favorable histology (FHWT) that subsequently relapsed and those with diffuse
anaplasia (DAWT) were defined: recurrent DROSHA, DGCR8, and SIX1/2 homeodomain genes were
observed in FHWT [204]; recurrent TP53 alterations are observed in DAWT, with 48% of cases showing
TP53 mutations, 11% copy loss without mutation: patients with stage III/IV DAWTs had lower relapse
and death rates than those with TP53 abnormalities [205]. Another study showed the frequent
occurrence of insertion/deletion MLTT1 (a gene known to be involved in transcriptional elongation
during early development) mutations, associated with altered binding to acetylated histone tails:
these tumors show an increase in MYC gene expression and HOX genes dysregulation [206].

The Children Oncology Group and Target initiative published in 2017 a fundamental study
reporting a genome-wide sequencing, mRNA and miRNA expression analyses, DNA copy number,
and DNA methylation analyses in 117 WTs, followed by targeted sequencing of 651 WTs [207].
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In addition to genes previously found to be mutated in WTs (WT1, CTNNB1, AMER1, DROSHA,
DGCR8, XPO5, DICER1, SIX1, SIX2, MLLT1, MYCN, and TP53), this study discovered as frequently
mutated in WTs also BCOR, BCORL1, NONO, MAX, COL6A3, ASXL1, MAP3K4, and ARID1A
genes [207]. TP53 was the most frequently mutated gene in the discovery set, enriched in DAWT
histology; importantly, mutations in TP53 were significantly associated with DAWT histology (56/118
DAWT and 9/533 FHWT); frequently, TP53 mutations display a lower allelic fraction, consistent with
the role of TP53 as a secondary mutation in WTs [207]. CTNNB1 was the most frequently mutated gene
with global frequency of 13.5%; CTNNB1 mutations were much more frequent among FHWT (16%)
than among DWAT (1.7%); analysis of co-occurrence mutations showed a significant co-occurrence
of CTNNB1 mutations WT1 (about 39% of tumors with CTNNB1 mutations also had WT1 mutations
and about 74% of tumors with WT1 mutations also had CTNNB1 mutations) [207]. A significant
co-occurrence was also observed between DROSHA and SIX1/SIX2 mutations (15% of tumors with
DROSHA mutations also had mutations in SIX1 or SIX2, and 23% tumors with SIX1 or SIX2 mutations
also had DROSHA mutations) [207].

At the level of CNAs, WTs are characterized by gains and losses of entire chromosomes or
chromosomal arms, such as gains of 1q, 6, and 12 and loss of 4q, 16q, 17p, 14, 11, and 22; gain of 1q was
shown in about 48% of cases; gain of 1q was not concurrent with any recurrent mutation, suggesting a
possible role as a secondary event; amplification of 2p24 including MYCN locus, was found in 11.5%
of FHWTs and 25.5% DAWTs; loss of 17p correlated with TP53 mutations, as well as loss of 4q and
14q [207]. Gain of chromosomal segments containing 6q16, the location of LIN28B, was observed in
25.5% of cases and was related to the gain of whole chromosome 6 [207]. Chromosomal loss at 9q22
caused recurrent loss of MIRLET7A gene family: MIRLET7A1 (5%), MIRLET7A2 (18%), MIRLET7A3
(/21%) [207]. Gene expression analysis allowed the stratification of FHWT into six clusters: cluster
1 was characterized by LIN28B gain, MIRLET7A loss, 1q gain, WT1 loss, and absence of the most
recurrent gene mutations; cluster 2 is characterized by frequent DROSHA, DGCR8, SIX1, and SIX2
mutations, 11p15 methylation; cluster 3 is characterized by frequent MLLT1, WT1, CTNNB1, and WTX
mutations, WT1 and WTX loss, and MYCN amplification; cluster 4 is characterized by recurrent WT1,
CTNNB1, and WTX mutations and 11p15 methylation; cluster 5 is characterized by the expression of
genes involved in oxidative phosphorylation; cluster 6 is characterized by the absence of recurrent
mutations, frequent WT1 loss, and Let7a loss [207].

This study showed that WTs: (i) Derive from the cooperation of multiple genetic events; (ii) display
different genetic alterations, associated with differential gene expression profiles; (iii) have multiple
driver genes, the majority being altered in <5% of tumors; (iv) display mutations at the level of
genes with common functions, mainly represented by genes involved in early renal development or
epigenetic regulation [207].

Recurrent hot spot mutations have been found in ENL YEATS domain in WTs [208]. ENL protein
is a reader of histone acetylation through its YEATS domain. Using human and mouse cellular models,
evidence was provided that ENL mutants induce gene expression changes that promote a premalignant
condition and in nephrogenesis models induce the formation of undifferentiated cellular structures
resembling those observed in WTs [208]. At mechanistic level, these ENL mutations exhibit a function
similar to their normal counterpart, occupying similar target genomic loci, but with a clearly increased
occupancy, leading to a pronounced increase in the recruitment and activity of transcription elongation
machinery, thus enforcing the rate and the level of gene transcription of these target genes [208].

Wilms tumors are characterized by persistent embryonic kidney tissues and arrested cellular
differentiation. WTs often evolve from pre-cancerous clonal expansions [209]. To discover potential
precursors of WTs, Coorens et al. used somatic mutations to infer the phylogenetic relationship that
may occur between kidney tumors and corresponding normal tissues (blood) [209]. To perform this
analysis, these investigators initially investigated some children with unilateral WTs and sampled
tumor, blood and normal kidney tissue specimens from the same individuals: in two of the three cases
analyzed, mosaic mutations in normal kidneys that were present in the corresponding tumor, but absent
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from blood were observed [209]. Several features of these mutations observed in normal kidney tissue
suggest that they can be defined as clonal expansions [209]. Importantly, the study of additional 23 cases
of WTs showed evidence of clonal nephrogenesis in 53% of cases with unilateral disease and 100% of
those with bilateral disease [209]. These observations suggested that clonal expansions in histologically
normal kidney tissue as an atypical outcome of renal tissue development, antedating WT development;
a direct phylogenetic link between clonal expansions, H19 hypermethylation, and the formation of
cancer, thus supporting the view that these clonal expansions are an epigenetic progenitor of cancer;
however, at variance with precursors of adult cancer, clonal nephrogenesis generated histological and
functionally normal kidney tissue [209].

16. RCCs with Sarcomatoid (sRCC) Features

sRCC is a very aggressive form of RCC, characterized at histological level by the presence of
a cellular component that has lost the epithelial features and has acquired mesenchymal features
with spindle cells, high cellularity and cellular atypia; sarcomatoid features are observed in 5–10% of
CCRCC and CHRCC and in 2–3% of PRCC [210–212].

sRCC is not a distinct RCC subtype, but represents a shift in the epithelial differentiation
to mesenchymal differentiation in the context of pre-existing RCC; this conclusion is supported
by two lines of observations: both an epithelial and a mesenchymal component is present in
these tumors; both the epithelial and sarcomatoid components share the large majority of gene
mutations, copy number alterations, and X-chromosome inactivation patterns [213]. In spite of these
similarities of the epithelial and mesenchymal components suggesting a common origin, several
remarkable differences exist between these two components strongly suggesting the evolution of
sarcomatoid elements from carcinomatous elements by acquisition of additional genetic abnormalities:
(i) Increased burden of cancer driver mutations and CNAs in sarcomatoid elements; (ii) existence of some
sarcomatoid-specific mutations, such as TP53, ARID1A, and BAP1 mutations [214] and TGFβ regulator
RELN and PTEN mutations [215]; (iii) several genes involved in epithelial-to-mesenchymal transition
display an increased expression in the mesenchymal component compared to the epithelial tumor
components [212]; (iv) sarcomatoid components of these tumors displayed increased Aurora kinase-1
expression, supporting a potential role for increased mTOR activation as a driver of mesenchymal
shift [216].

Malouf et al. reported the mutational analysis of 26 sRCCs and showed that TP53 (42%),
VHL (35%), CDKN2A (27%), NF2 (19%) were the most frequently altered genes [217]. In a more recent
report, these authors performed a detailed analysis of targeted sequencing of sRCCs, including also
paired sequencing of epithelial and mesenchymal components isolated by microdissection. The most
recurrent mutations in these patients involved VHL (72%), chromatin remodeling genes SETD2 (40%),
PBMR1 (34%) and BAP1 (26%), TERT promoter (18%), PTEN (14%), TSC2 (12%), and Hippo pathway
members NF2 (10%) and FAT1 (10%) [218]. The most altered pathways involved VHL (72%), chromatin
remodeling genes (72%), MTOR pathway (50%), DNA repair (30%), and the Hippo pathway (20%) [218].
It is of interest to note that concerning the chromatin remodeling genes, in addition to SETD2, PBRM1,
and BAP1 mutations, were observed also mutations of ARID1A and ARID1B genes and of several
genes acting as epigenetic regulators [218]. In 23 patients the genomic profiles of paired epithelial
and mesenchymal components were compared, showing that: SETD2 and TERT alterations markedly
differed between the two components; one tumor harbored NF2 and CDKN2A mutations exclusively in
the mesenchymal component; two tumors harbored TP53 mutations exclusively in the mesenchymal
component [218]. Hippo pathway alterations were clearly more frequent in sRCC compared to
non-sRCC [218]. Hippo-mutant sRCCs showed YAP/TAZ upregulation, thus showing that Hippo
pathway is activated in these tumors; furthermore, Hippo pathway inhibition or restoration of normal
NF2 expression inhibited the proliferation and invasiveness of sRCC [218].

Ito and coworkers reported a detailed analysis on CNAs occurring in 17 sRCCs, showing
that these tumors are associated with a high rate of chromosomal abnormalities involving losses
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of 9q, 15q, 18p/q, and 22q and gains of 1q and 8q occurring at significantly higher frequencies
compared to the corresponding non-sarcomatoid RCCs [219]. Among sRCC patients, those with >9
chromosomal abnormalities showed significantly worse overall survival than those with <9 copy
number alterations [219].

In addition to sRCCs that are among the most aggressive RCCs, a high proportion of aggressive
RCCs is observed at the level of the group of RCCs with unclassified histology (uRCC); these tumors are
poorly characterized at molecular level. Chen et al. [64] reported the extensive molecular characterization
of 62 primary high-grade uRCCs: sequencing analysis showed recurrent mutations at the level of
29 genes, the most frequent being NF2 (18%), SETD2 (18%), BAP1 (13%), KMT2C (10%), MTOR (8%),
PTEN (7%), and TSC1 (7%); integrated molecular analyses showed the existence of a subset (26%
of uRCCs) characterized by NF2 loss, dysregulated Hippo-YAP pathway and poor survival and of
another subset (21% of uRCCs), characterized by recurrent mutations of MTOR, TSC1, TSC2, or PTEN,
hyperactive MT OR signaling and a better clinical outcome [64]. The frequent NF2 abnormalities
and the consequent dysregulation of the Hippo pathway represent a common feature of both sRCC
and uRCC and support the targeting of this pathway for the therapy of a subset of these aggressive
RCCs [220].

sRCCs are often metastatic and show a poor response to current therapeutic approaches. However,
recent studies suggest that these tumors could be sensitive to immunotherapy treatments based on
immune check inhibitors. Several studies have shown that PD-L1 expression is increased in sRCCs:
importantly, PD-L1 expression is increased at the level of the sarcomatoid and not at the level of the
epithelial component of these tumors [221,222]. Data from tumors of patients enrolled in clinical
trials involving treatment with immune check inhibitors confirmed high levels of PD-L1 expression
in sRCC of clear-cell type, with ≥50% of patients exhibiting a PD-L1 expression ≥1% of tumor [223]
or microenvironment immune-infiltrating cells [224]. In a part of these patients elevated PD-L1
expression seems to be related to a molecular mechanism dependent upon 9p24.1 amplifications [225].
Ongoing clinical trials support the immunogenic potential of sRCCs both at the level of gene expression
profile and at the level of response to treatment with immune check inhibitors combined with VEGF
inhibitors [226].

17. Conclusions

RCC is among the top ten most commonly diagnosed cancers worldwide, accounting for 5%
and 3% of all adult malignancies in men and women, respectively and representing the 7th most
common cancer in men and the 10th most common cancer in women. Approximately, 2–3% of all
RCCs are hereditary and several autosomal dominant syndromes have been identified, each with a
distinct genetic basis and phenotype, the most common one being VHL disease. CCRCC is the most
frequent RCC, accounting for about 70–75% of all cases and for the majority of renal cancer-caused
deaths, followed by PRCC and CHRCC. Site of origin within the nephron is a major determinant in
this classification in three major subtypes.

These various types of RCC have been defined on the basis of their histological appearance,
the presence of distinct driver mutations, varying clinical course, and different responses to therapy.
Extensive genomic, epigenomic, and transcriptomic profiling studies support that the different types
of RCC are different diseases each different from the other. Integrated, multi-platform analysis
of RCCs showed that these tumors can be subdivided into nine molecular-based RCC subtypes:
(i) Three different subtypes were predominantly CCRCC cases and were designated CC-e.1, CCe.2,
and CC-e.3, characterized by individual molecular features and by intermediate, better, and worse
prognosis, respectively; (ii) four different subtypes of predominantly PRCC cases, P-e.1a, P-e1.b,
P-e.1.2, and P-CIMP-e; (iii) one subtype of predominantly CHRCC [227]. These different subtypes
can be further subdivided according to differences in patient survival or at the level of alterations of
specific biochemical pathways, such as hypoxia, metabolism, Hippo pathway, MAP kinase, PI3K-AKT,
NRF2-ARE, mTOR, and immune checkpoint [227].
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These studies have allowed fundamental progresses in our understanding of the molecular
mechanisms involving RCC development. Thus, molecular studies in CCRCC have defined the
dysregulation of the VHL gene as an almost universal initial, founding event, followed by different
types of additional genetic events involving PBRM1, KDM5C, SETD2, or BAP1 that differentially
dictate disease progression and aggressiveness [178,179]. CCRCC tumors with PBRM1 mutations
respond to targeted therapy differently than tumors with BAP1 mutations [228]. These studies have
strongly supported the utility of molecular studies, in addition to histological studies, to stratify
CCRCC patients and to identify new potential therapeutic targets.

CCRCC is the prototype of a cancer resistant to conventional chemotherapy and radiotherapy
and there is consistent hope that a better understanding of the molecular pathogenesis of RCC could
contribute to the definition of more efficacious treatments. The discovery of abnormalities of several
pathways has led to the approval of six different types of drugs for the treatment of metastatic RCC:
inhibitors of VEGFR, mTORC1, c-MET, and FGFR; cytokines; anti-PD1/PDL1 immune checkpoint
inhibitors [229]. These treatments have led to an improvement of metastatic RCC patients; however,
in most of cases, the responses to these agents have been limited [229].

In the past two decades there has been a consistent improvement in the number of RCC therapies,
characterized by a first period related to the development of targeted approaches based on the
identification of targetable altered pathways, followed by a second period related to the development
of immune-oncological therapies based on the stimulation of host immune system to promote an
efficient immunological anti-tumor response; finally, the ongoing third period based on combination
therapies that could improve survival in metastatic RCC [230].

RCC patients with localized stage I to III disease are treated with surgical resection; about one-third
of these patients eventually recur; furthermore, 15% of RCC patients present with locally advanced
or metastatic RCC, for which surgery is a noncurative treatment. For this last type of patients,
over the past decade the standard of care has undergone significant changes and is currently in a
state of continuous revisions. Anti-angiogenic inhibitors were the first targeted therapies approved
for RCC treatment. The rationale for their use was related to the very frequent VHL alterations
observed in RCCs and responsible for activation of hypoxia signaling pathway in these tumors [230].
Thus, sorafenib was approved by FDA in 2005 and was followed by other VEGFR small molecular
TKIs, such as pazopanib and axitinib [230]. Early studies have suggested a sensitivity of a small subset
of RCC patients to immunotherapy-based approaches using IL2 or IFN-α. The development of a more
modern era of anticancer immunotherapy was based on the use of anti-CTLA4 and anti-PD-1/PD-L1
checkpoint inhibitors. These inhibitors have the capacity to block the inhibitory effects on the immune
anticancer response existing in various tumors, including RCC. Many trials have examined the effect
of immunotherapy alone or in combination with antiangiogenic TKIs and were shown to be superior
to the existing standard of care [230].

Currently, sunitinib, pazopanib, nivolumab plus ipilimumab, pembrolizumab plus axitinib,
avelumab plus axitinib are considered first-line treatments. Two recent clinical trials based on
combination therapy strongly support the great potentialities of this approach to improve the survival
of mRCC patients. Thus, the KEYNOTE-426 trial evaluated in first-line mRCC patients the safety
and efficacy of pembrolizumab (anti-PD1) plus axitinib (VEGF inhibitor) versus sunitinib: patients
treated with pembrolizumab plus axitinb had increased 12-month overall survival at 90%, compared
to sunitinib at 78%; at 15.1 months, the progression-free survival was longer for pembrlizumab plus
axitinib compared to sunitinib; the rate of adverse events was slightly higher in the pembroliuzumab
plus axitinib arm than in the sunitinib arm [231]. The overall survival, progression-free survival,
and overall response rate were not significantly influenced by tumor PD-L1 expression and by
patient risk stratification [231]. The updated results of this trial were presented at the last ASCO
Meeting, showing that 74% of the patients were alive from the pembrobilumab plus axitiinb arm at
24 months, compared to 66% in the sunitinib arm; the median overall survival was 35.7 months for
patients treated with sunitinib and not reached for those treated with pembrolizumab plus axitinib;
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the progression-free survival was 15.4 months versus 11.1 months; the overall response rate was 60.2%
with pembrolizumab plus axitinib and 40% with sunitinib; the median duration of response was
23.5 months with pembrolizumab plus axitinib versus 15.9 months with sunitinib [232]. The analysis
of treated patients stratified according to the tumor risk category showed that the benefit in terms of
overall survival, progression-free survival, and overall response rate related to pembrolizumab plus
axitinib therapy was limited to intermediate- and high-risk mRCC patients [232].

Another combination therapy study was the JAVELIN Renal 101 trial comparing axitinib plus
avelumab, an anti-PDL1 antibody, with sunitinib in first-line metastatic RCCs: the treatment with
axitinib plus avelumab increased the median PFS compared to subitinib (13.8 months vs. 8.4 months);
tumor PD-L1 positivity did not modify progression-free survival or the overall response rate; the safety
profile was comparable in the two arms of treatment [233]. A recent update of this study confirmed the
improvement of progression-free survival in the axitinib plus avelumab arm compared to sunitinib
arm; overall survival data were still immature for evaluation [234].

Very recent studies further supported the rationale to therapeutically target pathways altered
in RCCs. Thus, a very recent study presented at the last Genitourinary Cancer Symposium reported
promising results of a phase I/II study involving the study of MK-6482, a HIF2-α inhibitor [235].
The very frequent VHL loss in CCRCC determines HIF accumulation and activation, and through
this mechanism, stimulates blood vessels formation in RCCs. This study involved 55 patients with
advanced RCCs who had an average of 3 prior lines of therapies; after a median follow-up of 13 months,
the overall response rate was 24%; 74.5% of patients had stable disease, with a disease control rate of
80%; median PFS for whole population was 11.0 months; for favorable, intermediate, and poor risk
RCC patients the PFS was 16.5, 11, and 6.9 months, respectively [235].

A report by Jonesch et al. showed the preliminary results of a phase II study (NCT 03401788)
involving the treatment of 61 patients with germline VHL mutant, localized/nonmetastatic CCRCC,
common lesions outside the kidney (non-RCC tumors such as hemangioblastomas (80%) and pancreatic
lesions (50%)); about 28% of the patients displayed objective responses and about 87% of patients
showed decrease in the size of target lesions [236].

The current, updated ESMO guidelines for treatment of advanced/metastatic RCC indicate that:
the combination of pembrolizumab and axitinib should be considered as a front-line therapeutic option
for patients with advanced disease, irrespective of prognostic groups and of the PD-L1 biomarker status;
the combination nivolumab and ipilimumab should be considered in patients with intermediate/poor
risk status; VEGF-targeted therapy is recommended for those patients where pembrolizumab/axitinib
or nivolumab/ipilimumab are not available or contraindicated.

Given the heterogeneity of RCCs and the variability of their response to immunotherapy-based
combination treatments, it will be of fundamental importance to acquire a better understanding of the
genetic and epigenetic features of RCC patients who respond to these treatments.
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Abstract: Background: Superior vena cava (SVC) syndrome may result from extravascular
compression or intravascular obstruction such as thrombosis. Recurrent venous thrombosis is
typically associated with a hypercoagulable state such as malignancy, and inheritable or acquired
coagulopathy. Sarcoidosis is a derangement of the immune system, and it has been associated with
malignant diseases and hypercoagulation. The association of pancreatic cancer and sarcoidosis
with SVC syndrome has not been reported previously. Here, we present a case of recurrent venous
thrombosis causing SVC syndrome in a patient with pancreatic ductal adenocarcinoma and underlying
thoracic sarcoidosis. Methods: The patient’s electronic health record was retrospectively analyzed.
Results: A 66-year-old woman with pancreatic adenocarcinoma was treated with neoadjuvant
chemotherapy followed by Whipple procedure, before developing tumor recurrence in the liver.
Her treatment course was complicated with repeated incidents of venous thrombosis in the presence
of a central venous catheter leading to recurrent SVC syndrome, which resolved with anti-coagulation.
Conclusions: This case raises a plausible inter-relationship between sarcoidosis, pancreatic cancer,
and hypercoagulable state. We suggest that patients with multiple risk factors for developing venous
thrombosis should be carefully monitored for any thrombotic event, and they may benefit from
prophylactic anti-coagulation.

Keywords: pancreatic adenocarcinoma; pancreatic cancer; sarcoidosis; superior vena cava syndrome;
venous thrombosis

1. Introduction

Superior vena cava (SVC) syndrome is a medical emergency that comprises a group of symptoms
caused by obstruction of the SVC. Characteristic symptoms of SVC syndrome include edema of the face,
neck, upper-body and extremities that are often accompanied by dyspnea. The buildup of pressure
proximal to the SVC obstruction results in the distension of veins on the neck and chest and dilation of
collateral vessels that return blood to the heart [1,2]. An estimated 60 to 85% of cases of SVC syndrome
are thought to be due to malignancy, with lung cancer and non-Hodgkin lymphoma being the most

Medicines 2020, 7, 56; doi:10.3390/medicines7090056 www.mdpi.com/journal/medicines
301



Medicines 2020, 7, 56

commonly cited cancers associated with the syndrome [2]. As a result of their location, cancers of the
lungs and mediastinum can compress the SVC from mass effect or invade into the lumen of the SVC
resulting in its obstruction. Several cases of SVC syndrome have been reported as a rare manifestation
of sarcoidosis, in which the thoracic granuloma causes compression of the SVC [3–7].

The other cases of SVC syndrome, particularly in acute settings, have been attributed to thrombosis,
resulting in intraluminal obstruction of the SVC. Thrombotic etiology of SVC syndrome has been
recently reported to be on the rise due to an increased usage of intravascular devices, which are known to
increase the risk of thrombotic events [1,2]. Spontaneous thrombosis of the SVC has also been reported
in patients with hypercoagulable states or malignancies as a paraneoplastic manifestation [8–12].
While sarcoidosis has been associated with hypercoagulation [13], SVC syndrome caused by venous
thrombosis in the setting of sarcoidosis, cancer, and a venous catheter has not been reported previously.

Here, we present the case of a patient with a history of thoracic sarcoidosis, who developed
pancreatic adenocarcinoma and whose treatment course with systemic chemotherapy was complicated
with multiple thrombotic events leading to SVC syndrome. This represents the first reported case
in which recurrent SVC syndrome caused by venous thrombosis may be attributed to multiple
predisposing factors that concurrently exist in the individual patient.

2. Materials and Methods

This is a retrospective review of the electronic health record, images, and histopathology at
our institution. We have obtained the written informed consent of the patient’s spouse since the
patient is deceased. The Human Subjects Protection Office of the Penn State Health Milton S. Hershey
Medical Center determined that this case report does not meet the definition of human subject
research as defined in 45 CFR 46.102 (d) and/or (f); Institutional Review Board (IRB) review and
approval is not required. Review of the literature on the associations among sarcoidosis, malignancy,
hypercoagulability, and SVC syndrome was conducted.

3. Case Presentation

A 66-year-old Caucasian woman presented with acholic stool and dark, tea-colored urine
accompanied with a feeling of discomfort in the posterior thoracic region. She reported an unintentional
weight loss of 15 pounds over 5 months. Her past medical history included thoracic sarcoidosis
previously treated with steroid medication by her primary care physician, non-insulin dependent
diabetes mellitus, hyperlipidemia, hypertension, gastroesophageal reflux disease, and allergic rhinitis.
She denied any history of smoking cigarettes or consuming alcohol. Her family history was notable
for a brother with lung cancer and prior asbestos exposure; otherwise, she did not have any known
family history of pancreatic cancer, sarcoidosis, or thrombotic disorder. Her home medications
included azelastine spray pump, diclofenac sodium, glipizide, lisinopril, loratadine, magnesium oxide,
metformin, omeprazole, and simvastatin.

Upon physical examination, the patient appeared in no acute distress and had a pleasant mood.
Blood pressure was 188/93, heart rate 105 beats per minutes. Sclera were slightly icteric, and skin
mildly jaundiced. Lungs were clear to auscultation. A soft systolic murmur was appreciated in
her right upper chest. Bowel sounds were normal, the abdomen was soft and non-tender, and no
hepatosplenomegaly or mass was palpated. There was no peripheral edema, with an unremarkable
remaining physical examination.

The laboratory results were notable for elevated total bilirubin 3.2 mg/dL (normal 0–1.2 mg/dL),
aspartate aminotransferase 278 U/L (normal 0–32 U/L), alanine aminotransferase 320 U/L (normal
0–33 U/L, and alkaline phosphatase 424 U/L (normal 35–115 U/L). Glucose was found to be elevated
at 307 mg/dL (normal 70–100 mg/dL). An intravenous (IV) contrast-enhanced CT scan of the chest,
abdomen and pelvis showed a mass in the pancreatic head. In the chest, calcified nodules in the
lungs and calcified mediastinal lymph nodes were present, representing non-specific sequela of a prior
granulomatous process and consistent with the known history of sarcoidosis (Figure 1). Endoscopic
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retrograde cholangiopancreatography (ERCP) was performed for the pancreatic mass, and it showed a
high-grade, malignant-appearing stricture. She underwent a biliary sphincterotomy and placement
of a metal biliary stent in the common bile duct. Endoscopic ultrasonography showed a hypoechoic
mass measuring 29.5 × 24.5 mm in the pancreatic head with invasion into the portal vein and proximal
portion of the duodenum along with peri-pancreatic lymphadenopathy. Fine-needle aspiration of the
pancreatic mass revealed malignant cells consistent with pancreatic ductal adenocarcinoma.

Considering her uncontrolled diabetes mellitus, high serum level of CA 19-9 (4511 U/mL; normal
0–36 U/mL), and vascular involvement by the pancreatic mass, it was decided that the patient
would receive neoadjuvant chemotherapy and then be re-evaluated for surgical resection of tumor.
A double-lumen MediPort was placed in the right internal jugular vein, with the catheter ending at
the junction between SVC and right atrium. She started to receive neoadjuvant chemotherapy with
oxaliplatin, irinotecan, leucovorin, and 5-fluorouracil (FOLFIRINOX).

One week following the initiation of the first cycle of chemotherapy, the patient presented with
a non-neutropenic fever (102 ◦F). Diagnostic evaluation with labs, cultures, urinalysis, and a chest
x-ray was unremarkable, and the fever was resolved with acetaminophen. However, approximately
two weeks later, she again presented to the Emergency Department (ED) with non-neutropenic fever
(102.2 ◦F). Blood cultures grew Klebsiella pneumoniae, and the urine culture was positive for >100,000
colonies of Group B streptococci. The patient was treated with a course of piperacillin and tazobactam
and subsequently discharged with levofloxacin and metronidazole.

Approximately three months after starting chemotherapy, she presented to the ED with new
symptoms of dyspnea, facial edema, flushing of the neck, and fatigue. Physical examination was
remarkable for peri-orbital and facial edema, plethora of the upper chest and neck, distention of
superficial veins in the neck, and edema in the bilateral upper extremities. An IV contrast-enhanced
CT scan of the chest showed a thrombus around the port catheter involving the SVC (Figure 2), while
a CT scan of the neck showed no thrombosis in the internal jugular veins. Venous duplex imaging
showed acute, non-occlusive thrombosis in the bilateral cephalic veins (Figure 3). These physical and
radiological findings were consistent with SVC syndrome. Blood tests for hypercoagulation were not
conducted. Vascular surgery was consulted and determined that no acute surgery was required as the
thrombus was non-occlusive. The patient was initially anti-coagulated using IV bolus and infusion of
heparin to achieve therapeutic activated partial thromboplastin time (aPTT, 60–80 s). As her edema
improved, she was subsequently treated with enoxaparin (1 mg/kg) 80 mg subcutaneously every 12 h
and discharged with instructions to continue this anti-coagulation regimen.

Twenty-three days later, the patient again presented to the ED, now with abdominal pain and
non-bloody emesis. She was found to have a fever (102 ◦F) and hypotension, the latter of which
improved with 2 L of normal saline. An IV contrast-enhanced CT scan of the abdomen showed fat
stranding near the common bile duct stent and features of cholangitis. Blood cultures were positive for
Enterobacter cloacae. The patient was treated with cefepime, metronidazole, and vancomycin and
enoxaparin was temporarily discontinued in preparation for endoscopy. ERCP showed worsening
biliary tract obstruction caused by a mass in the lower third of the main duct, and a new biliary
stent was placed in the common bile duct. Transthoracic echocardiogram showed no evidence of
endocarditis. Surveillance blood cultures were negative, and she was discharged to home with
levofloxacin, metronidazole, and instructions to continue enoxaparin 80 mg subcutaneously every 12 h
for anti-coagulation.
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(a) 

 
(b) 

 
(c) 

Figure 1. Axial (a) and coronal (b) intravenous contrast-enhanced CT scans of the chest, abdomen, and
pelvis at initial presentation show a 3.1 × 2.1 cm hypo-enhancing mass in the head of the pancreas
(white arrows) with mild upstream pancreatic ductal dilatation and parenchymal atrophy (black arrow).
The dilated biliary tree has been decompressed via a metal common bile duct stent (white arrow head);
(c) Images through the chest on lung windows show calcified mediastinal lymph nodes (black arrow)
and calcified pulmonary nodules (white arrows)—non-specific sequela of prior granulomatous process,
including sarcoid.
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Figure 2. An IV contrast-enhanced CT scan of the chest timed to evaluate the superior vena cava shows
a thrombus along the port catheter (white arrows) involving up to half of the lumen, shown on coronal
reconstruction. There is a small amount of the thrombus within the right atrium (not shown).

 
Figure 3. Ultrasound venous duplex imaging of the bilateral upper extremities shows echogenic,
non-compressible material in the left cephalic vein, representing acute, non-occlusive thrombosis (white
arrow), and also in the right cephalic vein in the distal arm (not shown).

Upon completion of five cycles of FOLFIRINOX, the CA 19-9 level had reduced to 342.2 U/mL.
Restaging CT scans with IV contrast showed that the known primary pancreatic lesion and the
previously identified thrombus around the port catheter involving the SVC were no longer visualized.
Treatment with enoxaparin was discontinued and the patient underwent pancreaticoduodenectomy
(Whipple resection). Pathology of the surgical specimen revealed ductal adenocarcinoma in the
pancreatic head and two lymph nodes (Figure 4). A double-lumen peripherally inserted central
catheter (PICC) was placed in the left basilic vein with the final tip position in the SVC for total
parenteral nutrition due to oral intolerance of diet. Three weeks later, she presented to the ED with
edema and pain in the right upper extremity. Venous duplex ultrasound imaging of the right upper
extremity did not reveal any deep or superficial vein thrombus.

One month following Whipple resection, the patient started receiving adjuvant chemotherapy
using gemcitabine and capecitabine. Two and a half weeks later, she presented to the ED with
peri-orbital edema, a distended superficial vein on the left side of the neck, as well as edema in
the face, neck, and bilateral upper extremities. The serum levels of both D-dimer (2.56 μg/mL;
normal < 0.54 μg/mL) and fibrinogen (443 mg/dL; normal 208–435 μg/mL) were elevated, and these
findings are consistent with a thrombotic state. Venous duplex ultrasound imaging showed acute,
partially occlusive thrombus in the left subclavian vein and the left basilic vein surrounding an
indwelling venous catheter (Figure 5). A CT scan of the neck, chest, abdomen, and pelvis with IV
contrast showed a thrombus along the left-sided PICC in the left brachiocephalic vein, a small thrombus
in the lower SVC, and new hypodense lesions in the liver (Figure 6). The physical examination
and radiological findings were consistent with recurrent SVC syndrome, the PICC was subsequently
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removed, and the patient was treated with IV bolus and infusion of heparin. Upon improvement of
the edema, her anti-coagulation was converted to enoxaparin (1 mg/kg) 70 mg subcutaneously every
12 h with instructions to continue this regimen for prophylaxis.

 
(a) 

 
(b) 

Figure 4. Pancreaticoduodenectomy (Whipple resection) and partial pancreatectomy. (a) Pancreas,
40×, hematoxylin and eosin (H&E) stain. The blue arrow indicates normal pancreatic parenchyma;
the yellow arrow indicates moderately differentiated adenocarcinoma, characterized by infiltrating
glands. (b) Lymph node, 100×, H&E stain. Lymph node with metastatic adenocarcinoma (blue arrow
indicates metastasis).
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Figure 5. Ultrasound venous duplex imaging of the bilateral upper extremities shows an acute, partially
occlusive deep-vein thrombus within the left subclavian vein along an indwelling venous catheter
(white arrow).

 
(a) 

 
(b) 

Figure 6. IV contrast-enhanced CT scan of the neck, chest, abdomen, and pelvis shows (a) a left-sided
catheter with surrounding hypodense thrombus in the left brachiocephalic vein (white arrow), and small
thrombus in the lower superior vena cava (SVC) at the SVC/atrial junction (not shown). Trace amount
of iatrogenic air is also present immediately anterior to the clot in the brachiocephalic vein. (b) New
hypo-enhancing liver lesions are also present (the black arrow denotes one of them).
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CT-guided biopsy of the hepatic lesion revealed malignant cells consistent with metastatic
pancreatic ductal adenocarcinoma. Molecular profiling of the biopsied liver lesion was notable for
a pathogenic mutation G12V in exon 2 of the KRAS gene (by Caris Life Sciences™). Furthermore,
the CA 19-9 level began to trend upward (1256 U/mL). Considering disease progression with tumor
metastasis, the patient started to receive palliative chemotherapy using nanoparticle albumin-bound
(nab) paclitaxel and gemcitabine. Following three 28-day cycles of nab-paclitaxel and gemcitabine,
an IV contrast-enhanced CT scan showed a decrease in the size of some of the hepatic lesions, but also
the presence of new lesions. Additionally, CA 19-9 levels were trending upward, suggesting tumor
progression, and nab-paclitaxel and gemcitabine were discontinued.

A palliative chemotherapeutic regimen consisting of liposomal irinotecan, leucovorin,
and 5-fluorouracil was initiated. Following four 14-day cycles, CA 19-9 levels (>9000 U/mL) continued
to rise, suggesting continued tumor progression. Chemotherapy was discontinued and the patient
opted to pursue hospice care. She expired 18 days after discontinuation of chemotherapy. The timeline
of the clinical events is illustrated in Figure 7.

Figure 7. Timeline of major events during the course of the patient’s treatment for pancreatic ductal
adenocarcinoma (PDAC). Complications and notable findings on imaging are listed above the timeline,
while the patient’s chemotherapy regimens are indicated below.

4. Discussion

In this case presentation, a patient with a history of thoracic sarcoidosis was diagnosed with
pancreatic adenocarcinoma, who developed recurrent venous thrombosis causing SVC syndrome in the
presence of indwelling venous catheters. Previous studies have suggested that sarcoidosis is associated
with a hypercoagulable state and malignant diseases, including pancreatic adenocarcinoma [14–17].
This case report adds to the rare association of pancreatic adenocarcinoma with sarcoidosis. Moreover,
to our knowledge, this represents the first reported case of SVC syndrome caused by venous thrombosis
as a paraneoplastic manifestation of pancreatic cancer (Table 1). Since this patient has a diagnosis of
pancreatic adenocarcinoma, which is known to be associated with a thrombotic state, a diagnostic
evaluation for thrombophilia is not indicated.

While patients with cancer have increased thrombotic risk [18], most do not develop repeated
and significantly symptomatic clots even in the presence of chronic indwelling lines. In agreement
with this, the locations of multiple episodes of thrombosis in this patient do not always correlate with
those of the venous catheters. The occurrence of repeated episodes of SVC syndrome in this patient
can be related to the presence of multiple known risk factors of venous thrombosis. These include her
underlying sarcoidosis, pancreatic adenocarcinoma, and systemic cytotoxic chemotherapy. While the
exact pathogenic mechanism of sarcoidosis is unclear, this case report may help shed new light into the
inter-relationship of sarcoidosis, pancreatic cancer, and venous thrombosis.
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Table 1. SVC syndrome caused by intravascular thrombosis in association with malignancy.

Malignant
disease

Age Sex
Clinical Presentation

of SVC Syndrome
Diagnosis of SVC

Syndrome
Management Reference

Pancreatic
Adenocarcinoma 64 Female

Dyspnea, facial
edema, flushing of

neck, fatigue

Physical exam and IV
contrast enhanced CT

IV heparin
followed by
enoxaparin

This Report

Soft Tissue
Sarcoma 46 Female Dyspnea, right arm

pain, dysphagia
Spiral chest CT with

contrast Enoxaparin [8]

Bronchogenic
Carcinoma 55 Male Dyspnea, edema of

face, neck, and chest

Physical exam and
Doppler

ultrasonography

Low
molecular

weight
heparin

[9]

Prostate
Carcinoma 60 Male Facial edema

Physical exam,
contrast enhanced CT

and MRI
Warfarin [10]

Renal Cell
Carcinoma 54 Male Edema of face and

neck CT and MRI IV Heparin [11]

Ovarian
Papillary

Carcinoma
62 Female

Telangiectasias on
face and anterior

trunk
Thoracic CT Acenocoumarol [12]

Numerous studies have examined the link between sarcoidosis and the development of
cancers [13,19–22]. A systematic meta-analysis of 16 observational studies found that the relative-risk
of sarcoidosis patients developing any cancer was 1.19 (95% CI 1.07–1.32). The most common
cancer sites were the skin, followed by hematopoietic organs, upper-digestive organs, kidney, liver,
and colorectum [23]. The results of a cohort study by Søgaard, et al. indicated that patients with
sarcoidosis have a 20% increased risk of being diagnosed with cancer 3 to 10 years following the initial
diagnosis of sarcoidosis [24]. These studies suggest that sarcoidosis is indeed a risk factor for the
development of cancer. An incidental diagnosis of pancreatic cancer in this reported patient with
underlying sarcoidosis cannot be excluded. Further evidence will be needed to demonstrate or support
a relationship between pancreatic cancer and sarcoidosis. Whether the aberrant immune system or
other pathogenic factors of sarcoidosis contribute to its association with cancer, including pancreatic
cancer, remains to be determined.

Venous thrombosis and SVC syndrome have also been reported as rare manifestations of sarcoidosis.
SVC syndrome has been shown to result from the direct compression of SVC by sarcoidosis-associated
granuloma or lymphadenopathy [4,5,7,25]. While the exact mechanism behind the increased risk
of thrombosis in patients with sarcoidosis is unknown, a few mechanisms have been proposed [26].
Firstly, the local inflammatory profile of sarcoid lesions is hypothesized to alter factors associated with
coagulability [27]. A correlation between the location of sarcoid lesions and the location of thrombus
formation has been reported [28]. These anatomic relationships suggest that local inflammation
produced by sarcoid lesions modifies the surrounding environment into a hypercoagulable state [26].
Secondly, sarcoid lesions may alter the surrounding hemodynamics, predisposing to clot formation.
Disruption in laminar flow is a well-characterized risk factor for thrombus formation [29]. Lastly,
patients with sarcoidosis may suffer from complications associated with chronic steroid therapy
(osteoporosis, obesity, pulmonary hypertension, etc.) that result in impaired mobility [30]—a known
risk factor for the development of deep-vein thrombosis.

5. Conclusions

In this case report, a patient with underlying thoracic sarcoidosis was diagnosed with pancreatic
adenocarcinoma; she received cytotoxic systemic chemotherapy and developed recurrent venous
thrombosis causing SVC syndrome in the presence of an indwelling venous catheter. This study
provides further support for an inter-relationship among sarcoidosis, hypercoagulation, and cancer.
Caution about venous thrombosis should be raised in cancer patients with additional risk factors such
as sarcoidosis, and prophylactic anti-coagulation for those individuals may be warranted.
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Abstract: Inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and ulcerative
colitis (UC), can be associated with several extra-intestinal manifestations requiring a multidisciplinary
management both in terms of work-up and therapy. Oral lesions are common in patients with IBD,
with a prevalence ranging from 5% to 50%. These can represent an oral location of IBD as well as a
side-effect of drugs used to treat the intestinal disease. Oral manifestations, occurring in patients
with IBD, can be divided in nonmalignant, specific, and non-specific ones, and malignant lesions.
While there is undoubtedly a need to search for an IBD in patients with oral lesions associated with
intestinal symptoms, the work-up of those with an exclusive oral lesion should be personalized.
Fecal calprotectin is a non-invasive marker of intestinal inflammation and may be used to select which
patients need to undergo endoscopic examination, thereby avoiding unnecessary investigations.
The pharmacological armamentarium to treat oral lesions associated with IBD includes topical or
systemic corticosteroids, immunosuppressive agents, and biologic drugs.

Keywords: inflammatory bowel disease; Crohn’s disease; ulcerative colitis; extra-intestinal
manifestations; orofacial granulomatosis; tag-like lesions; cobblestoning; mucogingivitis; lip swelling;
aphthous stomatitis

1. Introduction

Inflammatory bowel disease (IBD) comprises chronic heterogeneous disorders of unknown etiology,
resulting from multifactorial environmental precipitants in genetically susceptible individuals [1]. IBD are
distinguished in two main phenotypes, Crohn’s disease (CD) and ulcerative colitis (UC), characterized
by inflammation of the intestinal mucosa [2]. While UC affects the rectum and a variable extent of the
colon, CD can involve any location of the gastrointestinal (GI) tract, from the oral cavity to the anus.
Furthermore, up to 36% of patients with IBD may have extra-intestinal manifestations (EIM) [3–5] which
can affect almost any organ of the body (eyes, joints, liver, pancreas, skin, blood, and mouth) [6,7].

The pathogenesis of IBD and EIM remain to be elucidated. Common genetic background
(IBD1 gene [8], MHC allele HLADRB1*0103 [9], ABCB1 gene [10]) between the two conditions may
be the predisposing cause, but the detailed mechanisms remain unknown, especially because the
environmental triggers responsible for disease onset have not been elucidated. In fact, although many
factors (such as infectious agents, diet, drugs, smoking) have been investigated, a precise causal agent,
or a cluster of agents, has not been identified. In the last few years, a role of GI microbiota in the

Medicines 2020, 7, 33; doi:10.3390/medicines7060033 www.mdpi.com/journal/medicines
313



Medicines 2020, 7, 33

pathogenesis of IBD has been proposed [11]. The human GI microbiota consists of a wide variety of
bacteria, viruses, fungi and other single-celled organisms. Although bacteria belong to four phyla
(Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria) the majority are from either Firmicutes
or Bacteroidetes [12]. It remains to be clarified, in IBD patients, if there is a decrease in microbial diversity
as a consequence of intestinal changes, or if this could play a role in the pathogenesis of these diseases.
Because of the potential wide spectrum of involvement and of the genetic commonalities, it has been
hypothesized that IBD represents a systemic disease with a predominantly intestinal manifestation [13].

2. Oral Lesions in Patients with IBD

The first cases of oral IBD manifestations were described in 1969 in two patients with CD [14].
In the last 50 years, the prevalence of oral lesions in patients with IBD has been reported to range from
5% to 50%, according to heterogeneous studies [15,16]. This wide range could be due to various reasons:
first, the heterogeneity of the studies, including patients of different ages, ethnicities, and genetic
backgrounds; second, the authors’ level of experience; third, the variability in the definition of lesions.
The latter, in fact, could be a specific IBD lesion, but could also have iatrogenic origin, due to the drugs
used to treat IBD.

The prevalence of oral manifestations is higher in males and in children [16]. The higher incidence
of upper GI tract involvement in children with CD, compared to adults, could explain the higher
prevalence of oral lesions in pediatric CD [17]. Although oral lesions are generally more prevalent in CD
(20–50%) [18] than in UC (8%) patients, in some studies a significant difference was not observed [19].
Moreover, in adult CD patients, the prevalence rate of oral manifestations is higher in those with upper
GI tract involvement and perianal disease [20].

Oral manifestations can occur either concomitantly with intestinal symptoms or before the
presentation of IBD. In 60% of these patients, oral lesions may be the primary presenting sign,
preceding GI manifestations [21,22]. Although the oral mucosa lesions and oral symptoms can be
more severe during disease activity period, the correlation is not universal, and up to 30% of affected
patients continue to suffer active oral manifestations (especially in the pediatric age group) despite
remission of IBD [23]. Oral IBD manifestations can be divided into specific and not-specific lesions
(Table 1), according to the presence of granulomas noted on the histopathology examinations [19,24].
It should be highlighted that some of these lesions can be considered an oral location of IBD while
others are the result of nutritional deficiencies secondary to intestinal malabsorption.

Table 1. Specific oral lesions in patients with inflammatory bowel disease (IBD).

Lesion Location Features

Cobblestoning Posterior buccal mucosa Fissured swollen mucosa with
corrugation and hyperplastic

Indurated tag-like lesions Labial and buccal vestibules; retromolar region Hyperplastic edge firm or boggy

Mucogingivitis Whole gingiva Gingiva edematous, granular and
hyperplastic

Others:
Lip swelling with vertical fissures

Deep linear ulceration
Edema of the face

Lips, tongue, buccal sulci, face

For IBD, and for its oral manifestations, the pathogenesis remains unclear. Parallel to what has
been reported on the potential role of microbiota in the pathogenesis of IBD and its oral location, it has
been proposed that dysbiosis (term that means imbalance within the bacterial community) of salivary
microbiota (with relative abundance of Streptococcus, Prevotella, Haemophilus, and Veillonella) may
play a crucial role [25].

314



Medicines 2020, 7, 33

3. Specific Oral Lesions

Specific oral lesions are less common than non-specific ones. The main feature of specific lesions
is the presence of non-caseous granulomas, observed only in patients with CD (CD with concomitant
orofacial granulomatosis) [26]. Granulomas consist of a core of activated macrophages, some of which
merge to form giant cells, surrounded by lymphocytes and fibrotic tissue. Granulomas are found in
only 24–61% of patients with CD, whereas in those with orofacial granulomatosis, granuloma formation
in the oral lesions occurs in 70–100% of cases, irrespective of coexisting CD. It has been reported that CD
with concomitant orofacial granulomatosis is frequently associated with perianal lesions; furthermore,
children with CD and concomitant orofacial granulomatosis show a more extensive disease phenotype
and proximal GI tract involvement than CD patients with intestinal inflammation only [27].

The differential diagnosis should consider that granulomatous oral lesions can also occur
in other diseases, including orofacial granulomatosis, sarcoidosis, mycobacterial infection,
and foreign-body reactions.

The specific oral lesions include indurated tag-like lesions, cobblestoning, mucogingivitis,
lip swelling with vertical fissures, and deep linear ulcerations (Table 1).

3.1. Clinical Characteristics

In cobblestoning, fissured swollen buccal mucosa with corrugation and hyperplastic appearance
of the mucosa resemble a “cobblestone”. These lesions are usually detected in the posterior buccal
mucosa and consist of mucosal-colored papules that produce firm plaques on the buccal mucosa and
palate. In addition, indurated polypoid fringe-like lesions can be observed in the vestibule and in the
retromolar region. Such lesions may cause pain and make speaking and eating difficult [28].

Mucosal tags and deep linear ulcerations (lip and tongue fissures) have hyperplastic edges,
which can be firm or boggy to palpation. Attached gingiva and alveolar mucosa can become granulated,
swollen, and hyperplastic with or without ulcerations. These lesions are mostly present in the labial
and buccal vestibules and in retromolar regions.

In the setting of specific lesions, edema of the face, of one or both lips, and of the buccal mucosa
has been described. The lips are the most commonly affected, and they are usually painless, tender,
and firm to palpation [29]. Painful vertical fissures can occur in numerous patients with swollen lips;
many microorganisms can be isolated in lip fissures [30].

Mucogingivitis can be present. The gingiva appears edematous, granular, and hyperplastic in CD,
with or without ulcerations. The whole gingiva up to the mucogingival line might be involved [31].

A rare manifestation of CD could be represented by autoimmune changes of the minor salivary
glands and dry mouth [32]. Chronic inflammatory processes near the parotid duct result in partial to
total duct obstruction and cause dilated ducts and cyst formation, which can lead to the formation of
cutaneous fistulas. All these changes can also lead to a reduction in saliva production and dry mouth [33].

Other specific manifestations include granulomatous cheilitis, macrocheilia, and palatal ulcer.
In case of granulomatous cheilitis the main change is a chronic granulomatous inflammation, with
edema and lumpy swelling of the lips.

3.2. Diagnosis

The differential diagnosis of specific oral lesions includes syndromes presenting with multiple
mucosal swellings, such as multiple hamartoma syndrome (Cowden disease), multiple endocrine
neoplasia (MEN) 2B/III, neurofibromatosis, and idiopathic orofacial granulomatosis.

In the case of histologically confirmed oral granulomatous, the differential diagnosis includes
foreign body reaction, allergic reaction to benzoate or cinnamon, and idiopathic orofacial granulomatosis.
Systemic conditions associated with granulomatous inflammation include deep fungal infections,
mycobacterial infections, sarcoidosis, and tertiary syphilis.
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4. Non-Specific Oral Lesions

Non-specific oral lesions (Table 2) occur more frequently than specific lesions, so differential
diagnosis can be difficult. These lesions may occur as result of chronic inflammation, malnutrition and
malabsorption syndrome, or as a side effect of pharmacological treatment.

Table 2. Non-specific oral lesions in patients with IBD.

Lesion Location Features

Aphtous stomatitis Anywhere in the oral cavity

Shallow round ulcerations with
central fibrinous exudate

surrounded by an erythematous
border

Pyostomatitis vegetans

Labial gingiva,
buccal and labial mucosa; less

common: tongue, soft and hard
palate

Erythematous and thickened oral
mucosa with multiple pustules

and superficial erosions

Angular cheilitis Corner of the oral cavity
Erythema at the corners of the
mouth with or without painful

fissures and sores
Others:

Glossitis
Periodontitis and dental caries

Perioral dermatitis
Recurrent buccal abscesses

Submandibolar
lymphoadenopathy
Salivary duct fistula

Oral mucosa, gingiva,
tongue, teeth, periodontal tissue,

alveolar bone, perioral skin, palate,
lips, lymph nodes, salivary glands

Patients with IBD and EIM may suffer from recurrent aphthous stomatitis more often than others;
these lesions may occur in up to 10% of patients with UC and up to 20–30% of patients with CD [34].
Apthae are shallow, round ulcerations with central fibrinous exudate surrounded by an erythematous
border (“halo”). Aphthous stomatitis are not specific for IBD and may be observed in several other disorders
including celiac sprue, human immunodeficiency virus (HIV)/acquired immune deficiency syndrome,
autoimmune rheumatic disease (lupus, Bechet’s disease and Reiter’s syndrome), infections (herpes virus,
cytomegalovirus), autoimmune bullous diseases, and common aphthae seen in the normal population.

Angular cheilitis is characterized by erythema at the corners of the mouth with or without painful
fissures and sores. It can be a consequence of anemia or fungal and bacterial infections [35].

Pyostomatitis vegetans (PV) is a rare, benign, chronic, mucocutaneous ulcerative disorder,
considered the oral equivalent of pyodermatitis vegetans of the skin [36]. There is a frequent association
between PV and IBD; it occurs in patients with UC more commonly than in those with CD and, in the
former, is considered a specific marker of disease activity [37]. PV is characterized by erythematous
and thickened oral mucosa with multiple pustules and superficial erosions. Multiple white or yellow
pustules may rupture, and form folded, fissured appearances resembling a “snail-track”. The most
affected areas are the labial gingiva, buccal and labial mucosa, and soft and hard palate. PV may
present with oral ulcers (with possibly oral malodor). The differential diagnosis includes autoimmune
pemphigoid diseases and infections [38]. The diagnosis of PV is based on the result of biopsy
specimen obtained from the affected area. Microscopic sections show intraepithelial clefting and
acantholysis. Within the spinous layer, the accumulation of eosinophils (intraepithelial abscesses)
are also seen. The underlying connective tissue demonstrates the infiltration of mixed inflammatory
cells [39]. Some authors have suggested that PV belongs to the spectrum of neutrophilic dermatoses or
even represents an oral form of pyoderma gangrenosum [40].

In patients with IBD, caries and periodontal disease occur with a higher prevalence than in those
without IBD. This is supported by the results of a meta-analysis, reporting that the risk of periodontitis is
significantly increased in IBD compared to the control group and that it is more pronounced in UC than in
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CD [41]. In addition, the severity and extent of periodontitis is greater in IBD patients when compared to
healthy controls [42], probably in association with the high expression of interleukin (IL)-18 in the serum
of IBD patients with periodontitis [43]. The pathogenesis of periodontal disease, similar to that of IBD,
involves local pathogens and the host immune-inflammatory response, and is influenced by genetic and
environmental factors [44]. The increase in dental caries risk is thought to be associated to dietary habits,
changes in saliva and microbiological conditions of the oral cavity, and deficient intestinal absorption of
food substances. The malabsorption of vitamin D, which is common in IBD patients [45], may possibly be
related to the complex multifactorial etiopathology of dental caries [46].

Other non-specific oral manifestations of IBD include stomatitis, glossitis, odynophagia and
dysphagia, perioral dermatitis, diffuse pustules and non-specific gingivitis, lichenoid reactions,
candidiasis, gingival hyperplasia, papillomatosis of the oral mucosa, pemphigus vegetans, persistent
submandibular lymphadenopathy, recurrent buccal abscesses, and metallic dysgeusia [47].

5. Malignant Oral Manifestations

It is well-known that oral cancer is linked to several risk factors such as alcohol consumption,
tobacco smoking, the male gender, and an age over 40 [48]. Furthermore, patients undergoing organ
transplantation, especially in case of prolonged immunosuppression and those with HIV infection
have an increased risk of developing oral cancer [49].

Oral cancer has a poor prognosis, with a 5-year survival <50%, higher for lip and lower
for tongue and gingiva. Precancerous lesions are oral lichen planus, leukoplakia, erythroplakia,
and erythroleukoplakia. In patients with IBD, oral cancerous and precancerous lesions have been
reported. In particular, a higher risk of oral cavity tumors, especially of the tongue, has been reported
in IBD patients compared to controls; furthermore, female have a higher risk than males. Based on the
published literature, it is evident that patients with IBD are at high risk for developing these lesions,
a phenomenon amplified by the increasing human papillomavirus (HPV) prevalence [50] reported in
this population. The role of immunosuppression, considering that all the drugs used to treat IBD could
be in theory involved in carcinogenic processes, remains to be defined.

6. Diagnosis of IBD in Patients with Oral Manifestation

When an oral manifestation occurs, the presence of IBD should be suspected, even in absence of
GI symptoms. Because oral lesions can precede the onset of IBD, a cooperation between specialists in
oral medicine and gastroenterologists is required in order to allow an early diagnosis.

The diagnosis of IBD requires evaluation and a combination of clinical, laboratory, radiological,
endoscopic, and pathological data [1]. Currently, an endoscopic examination with a colonoscopy
and multiple biopsies is the gold standard to confirm IBD diagnosis. This procedure defines the
extent and severity of mucosal involvement and allows biopsies collection for histological examination.
Colonoscopy also enables the assessment of suspected stenosis in the distal ileum. However, it is
considered an invasive and expensive procedure [51]. Imaging techniques for the diagnosis of
suspected IBD include ultrasonography (US), computed tomography (CT) scanning, and magnetic
resonance imaging (MRI) [52]. US is an accurate diagnostic tool to detect suspected CD and to evaluate
disease activity (sensitivity 84%, specificity 92%); it is a widely available and non-invasive technique,
but its accuracy is lower for the disease proximal to the terminal ileum [53]. MRI is a technique with a
high accuracy for diagnosis and assessment of extension and activity of the disease (sensitivity 93%,
specificity 90%); it is less dependent on the examiner’s experience and disease location compared to
US [54]. CT and MRI have similar accuracy in evaluating the extent and activity of a disease. The three
techniques detect fistulas, abscesses, and stenosis with high accuracy (sensitivity and specificity >0.80),
although US may give false positive results for abscesses. US or MRI should be preferred over CT,
particularly in young patients, due to its lack of radiation [53–55].

Blood tests include the “traditional” non-specific parameters of inflammation (i.e., erythrocyte
sedimentation rate and C-reactive protein), and serologic markers of CD. Currently, among the
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latter, anti-neutrophil cytoplasmic antibodies (ANCA) and anti-Saccharomyces cerevisiae antibodies
(ASCA) are the most used for diagnosis as well as for prognostic stratification of CD patients.
ANCA are autoantibodies whose antigen targets are found mostly in azurophilic granules of neutrophils.
In particular, in patients with inflammatory vasculitides, the major ANCA antigen targets are the
proteinase-3, cytoplasmic granular with accentuation between nuclear lobes (cANCA), while in those
with IBD, the target is the myeloperoxidase, which is a fine, homogenous, diffuse rim-like staining of
perinuclear cytoplasm (pANCA) [56]. Positive p-ANCA are more common among UC patients, with a
frequency of 40–80% in this cohort [57]. ASCA are antibodies directly against carbohydrate epitopes of
phosphopeptidomannan, a 200 kDa glycoprotein of Saccharomyces cerevisiae cell wall, and have been
specifically associated with CD, with 40%–60% sensitivity and 80% –90% specificity [58,59]. Recent
studies reported the identification and preliminary evaluation of three new anti-glycan antibodies,
called anti-laminaribioside carbohydrate antibodies (ALCA), anti-chitobioside carbohydrate antibodies
(ACCA), and anti-mannobioside carbohydrate antibodies (AMCA). Some authors have assessed the
accuracy of these tests showing that ASCA and ALCA antibody titers were significantly higher in CD
patients than in controls. Moreover, significantly higher ACCA levels in patients with CD than in those
affected by other GI diseases, were found; however, when comparing CD patients with healthy controls,
a difference was not observed. Specificity and positive predictive value were always good candidates to
confirm the association between considered markers (except ACCA) and CD [60,61]. The antimicrobial
antibodies anti-I2 (CD related protein from Pseudomonas fluorescens), anti-Cbir 1(flagellin-like antigen),
and anti-OmpC (Escherichia coli outer membrane porin C) seem to be associated with CD but the role
and utility of these additional markers have yet to be determined [62].

The direct assay on feces for inflammatory markers has the potential to improve the accuracy of
the serologic tests. Among candidate markers, fecal calprotectin has been investigated with promising
results in terms of accuracy in distinguishing patients with an inflammatory disease compared to those
without [63]. Calprotectin is a 36 kDa calcium- and zinc-binding protein found in blood cells and
plasma; it accounts for about 60% of the cytosol in neutrophils [64], which are one of the major players
in intestinal inflammation but also in monocytes and macrophages [65]. Calprotectin is not actively
secreted from the neutrophils, but it is released following cell death or cell disruption [66]. The amount
of fecal calprotectin is strongly correlated to the migration of neutrophils cells through the gut wall
and its increase is proportional to the severity of inflammation. High levels of fecal calprotectin have
been associated with IBD [67]. Moreover, calprotectin is fairly unaffected by therapy and enzymatic
degradation and its level is stable outside the body at room temperature for up to 7 days, so it is a
useful component for reliable enzyme-linked immunosorbent assay (ELISA) testing [68]. Based on
a literature study, a fecal calprotectin of >200 μg/g permits the detection of CD in 50% of suspected
cases. On the contrary, when it is <100 μg/g, further tests should be ruled out because the possibility of
finding an inflammatory disease is low [69].

Fecal lactoferrin is an iron-binding glycoprotein of activated neutrophils. The fecal levels of
lactoferrin are found to be strongly elevated in IBD patients as well as in those affected by infectious
colitis. In patients with suspected CD, fecal lactoferrin has a sensitivity and specificity of 82% and 93%,
respectively. However, the dosage of fecal lactoferrin seems to be less effective than that of calprotectin
for the differential diagnosis between IBD and irritable bowel syndrome [70].

Granuloma on biopsy examination is the histological hallmark of both orofacial granulomatosis
and oral CD. Orofacial granulomatosis is a complex condition characterized microscopically by a
non-caseating granulomatous inflammation and macroscopically by chronic swelling of the lips,
oral ulcers, and hyperplastic gingivitis, with no evidence of bowel and systemic involvement [71].
The differential diagnosis between these conditions, as well as from other disorders that can manifest
with granulomas, requires clinical, invasive, and non-invasive approaches. Two key-points should be
highlighted. First, it is known that the presence of oral granulomas could represent a manifestation of
a silent intestinal CD. Previous studies have shown that half of the patients with these oral lesions
had inflammatory involvement of mucosa, discovered on ileo-colonoscopy, in absence of specific GI
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symptoms. Histological abnormalities in intestinal mucosal samples are more likely to be found in case of
an early onset of oral granulomatosis or in the presence of more severe oral inflammation [72]. Second, it is
unknown if the presence of oral granulomas could be the early manifestation of a future CD of the GI
tract [73]. In fact, the evolution of these lesions over time remains undetermined. Therefore, in absence
of intestinal manifestations of CD, the diagnosis of isolated oral lesions may be difficult to ascribe to
CD [74]. Some authors suggested that patients with orofacial granulomas should undergo a non-invasive
test such as fecal calprotectin and eventually an endoscopic examination in the presence of GI symptoms
for a differential diagnosis between an early oral manifestation of CD and orofacial granulomatosis [75].

As reported above, since there is no clear or expected pattern of intestinal IBD presenting with
oral manifestations, the diagnostic algorithm should be personalized.

Regarding the non-invasive approach, while it would seem easy to support an oral location of IBD
in the presence of intestinal manifestations, in subjects without abdominal complaints, there are no data
concordant with the possibility that non-specific parameters of inflammation can help to diagnose an
oral IBD manifestation. A different consideration must be made for serologic markers of IBD and fecal
calprotectin. Both, as above reported, are the expression of intestinal inflammation. Hence, these could
be useful in contributing to the detection of silent forms of concurrent intestinal IBD in patients with
suspected oral IBD. If intestinal IBD-like abnormalities are found, then this will support the diagnosis
of concomitant oral location of IBD. Obviously, in the clinical setting, it is difficult (on both ethic and
economic bases) to propose an endoscopic or an imaging approach in patients with exclusive oral
granulomatosis, without a family history of intestinal disease. Only non-invasive biomarkers, due to
their low costs and lack of radiation, are the most appropriate medical investigations to screen patients
with suspected IBD.

7. Treatment of Oral Manifestations in Patients with IBD

The goals of treatment in IBD patients are to induce and maintain clinical and, when possible,
endoscopic remission. Furthermore, the prevention of complications must be another main objective.

The first-line therapeutic management of IBD should consider the severity, location, and behavior of
the disease, as well as the presence of EIM. Subsequently, the assessment of response to previous treatments
and the precedent side effects due to prescribed drugs should be considered. The therapeutic approach
for IBD includes a standard treatment, with aminosalicylates, corticosteroids, immunosuppressive and
immunomodulator agents (thiopurines, methotrexate and cyclosporin), and antibiotics. In the last
few decades, the advent of biologic drugs, especially for patients resistant to or depending from
standard treatment (in particular corticosteroids), has permitted a revolutionization of the natural
history of IBD (Figure 1).

The most diffuse approach in the clinical setting is based on a sequential strategy. This includes the
initial use of aminosalicylates patients with mild diseases, and that of corticosteroids in patients with
moderate to severe symptoms or in those who failed to respond to aminosalicylates. For maintenance
therapy, after clinical remission has been obtained, immunomodulators (thiopurines) are used.
Patients who failed steroid-induction or maintenance therapy with a thiopurine should be treated
with a biologic drug.

Overall, in most patients, clinical remission of IBD is associated to healing of oral manifestations.
When this does not occur, the treatment of oral manifestations mirrors the treatments utilized in
the gastroenterological setting. The pharmacological armamentarium includes topical or systemic
corticosteroids, immunosuppressive agents, and biologic (mainly anti-Tumor necrosis factor
(TNF)-α) drugs. Topical treatment includes intralesional injections, mouthwashes, and ointments.
This approach generally starts with corticosteroid ointments and/or mouthwashes and nonsteroideal
anti-inflammatory pastes. In the case of non-response, an intralesional injection of corticosteroids is
prescribed. If the patient’s symptoms do not improve, a systemic approach with corticosteroids is
required [15]. In severe cases, for example of fistulising oral CD or difficult-to-treat aphthous stomatitis,
treatment with biologic drugs has obtained satisfactory results [50].
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Figure 1. The therapeutic pyramid of inflammatory bowel disease.

8. Conclusions

In conclusion, while it is recommended to proceed with non-invasive investigations aiming to
exclude IBD, in patients with oral granulomatosis and intestinal manifestations, the approach for
subjects with only the former remains unclear and the diagnostic strategy should be personalized.
Fecal calprotectin can be considered a noninvasive reliable marker of intestinal inflammation and
may be used to improve the appropriate use of endoscopic examination in patients suffering from
abdominal complaints, thereby avoiding unnecessary investigations. However, a diagnostic strategy
with fecal calprotectin monitoring over time, in association to clinical follow-up, should be considered
before endoscopy indication, highlighting that some organic intestinal diseases require an endoscopic
approach and cannot be detected only by fecal calprotectin.
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Abstract: Background: Contrast-enhanced ultrasound (CEUS) is a safe and noninvasive imaging
technique that can characterize and evaluate liver lesions, and has been approved for this use in the
Unites States since 2016. CEUS has been shown to be similar in accuracy to computed tomography
(CT) and magnetic resonance imaging (MRI) for noninvasive diagnosis of hepatocellular carcinoma
(HCC) and offers several advantages in certain patient populations who have contraindications for CT
or MRI. However, CEUS has inherent limitations and has not been widely employed for evaluation
of HCC. Methods: We present three retrospective cases of liver lesions in patients with cirrhosis,
who underwent screening for HCC using concurrent, well-timed CT and CEUS. Results: In these
cases, the liver lesions were better visualized and then diagnosed as malignancy via CEUS, whereas the
lesions were best appreciated on CT only in retrospect. Conclusions: In some cirrhotic patients,
a focal lesion may be more easily identifiable via CEUS than on CT and thus accurately characterized,
suggesting an important and complementary role of CEUS with CT or MRI. Further studies are
indicated to support the use of CEUS for the diagnosis and characterization of liver lesions in screening
patients at risk for developing HCC.

Keywords: contrast-enhanced ultrasound; hepatocellular carcinoma; LI-RADS; chronic liver disease

1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver tumor and the fourth
most common cause of cancer-related mortality worldwide [1]. Chronic hepatic injury and
liver cirrhosis are known to pose an increased risk for development of HCC over time [2].
Major risk factors for chronic hepatic injury include alcoholism, infection with hepatitis B or C virus,
and nonalcoholic fatty liver disease [1]. Nonmodifiable risk factors include autoimmune hepatitis,
Wilson’s disease, hereditary hemochromatosis, primary biliary cirrhosis, and alpha 1-antitrypsin
deficiency [3]. The American Association for the Study of Liver Diseases (AASLD) and European
Association for the Study of the Liver (EASL) guidelines recommend surveillance in patients at
high risk for developing HCC. The goal is to detect HCC early when it is amenable to curative
therapy such as liver transplantation or surgical resection, and to reduce mortality [4]. Otherwise,
palliative liver-directed therapy, such as chemoembolization, radiofrequency ablation, and stereotactic

Medicines 2020, 7, 51; doi:10.3390/medicines7090051 www.mdpi.com/journal/medicines
325



Medicines 2020, 7, 51

body radiation therapy, is an option for treatment [5–7]. However, for patients with advanced or
metastatic HCC, palliative systemic treatment is the only therapeutic option, and the associated survival
benefit is limited [8–10].

HCC is commonly diagnosed by imaging studies including multiphase computed tomography
(CT) or magnetic resonance imaging (MRI) scans with and without intravenous (IV) contrast. These are
considered the gold standard imaging modalities for noninvasive diagnosis of HCC [11]. However,
there are various limitations of CT and MRI scans for patients with HCC. For CT scans, contrast-related
allergy, respiratory motion, renal impairment, and cumulative radiation doses, especially in young
patients, are factors of concern. For MRI scans, respiratory motion, certain cardiac pacemakers or metal
in the body, significant ascites, and claustrophobia may limit its utility for patients. Ultrasonography
(US) is often used for screening, sometimes nearly exclusively, other times alternating with CT
or MRI, the choice of which may depend upon the individual patient’s risk factors, clinician’s
preference, and health insurance approval of advanced imaging. If a lesion is found on screening US,
further characterization of the lesion with a contrast-enhanced examination is required. In recent years,
contrast-enhanced ultrasonography (CEUS) has been utilized for diagnostic imaging evaluation of
HCC in the United States, with a meta-analysis showing a sensitivity of 85% and specificity of 91% [12].
CEUS may provide unique advantages that complement conventional CT and MRI scans in patients at
risk for HCC.

CEUS is an imaging modality that has been approved for use in the characterization of liver
lesions in the United States since 2016. It utilizes the standard US techniques of grayscale and color
Doppler, with the addition of an US-specific intravenous contrast agent. By enhancing the organs
and targeted lesions, the contrast agent yields additional diagnostic information. Several brands
are approved by the Food and Drug Administration in the United States, and they utilize similar
microbubble technology. Of the agents approved, contrast with a sulfur hexafluoride core (Lumason®,
Bracco Diagnostics Inc., Monroe Township, NJ, USA) is widely used in the United States, Europe,
and China [13] and at our own institution. CEUS has several unique features in comparison with CT
or MRI with contrast. The contrast agent used with US is made of microbubbles that are smaller than
a red blood cell, so that they do not cross the endothelium but instead remain in the intravascular
space [13,14]. The microbubbles burst after several minutes of imaging, with byproducts exhaled
through the pulmonary system [13]. This is unlike the contrast agents used with CT or MRI scans,
which diffuse into the parenchyma and are excreted through the kidneys (and sometimes biliary
system) and therefore can be affected by poor hepatic and renal function. Because of this, CEUS agents
are safe to use in patients with poor renal function. Additionally, because of their limited duration in
the bloodstream, patients can be dosed several times in the same setting, as opposed to CT or MRI,
for which a wait time of hours or even a day may be necessary to perform a second injection and repeat
imaging. This allows evaluation of multiple lesions using CEUS in one setting, and more importantly,
re-evaluation of a single lesion, if necessary.

For characterization of individual lesions within the liver, CEUS has been proven to have accuracy
similar to that of CT or MRI [15]. The American College of Radiology (ACR) created the Liver Reporting
and Data System (LI-RADS) for noninvasive imaging diagnosis of HCC in patients at risk for its
development. ACR released LI-RADS criteria for both routine US and CEUS, with the latter utilizing
the same numbering system as CT and MRI for noninvasively diagnosing HCC [16]. This diagnostic
algorithm categorizes imaging findings, lesion size, and enhancement patterns on a scale of 1 to
5 [17]. LI-RADS 1–3 lesions range from benign to intermediate, while LI-RADS 4 and 5 lesions are
likely and almost definitively HCC, respectively [18], and they can be diagnosed via imaging criteria
alone. An additional category, LI-RADS M, denotes the presence of a malignant liver lesion, but this
is not specific for HCC [19,20]. In at-risk patients, screening programs to detect early HCC, while it
is treatable, are most often conducted with multiphase CT or MRI, but may be performed with US,
although it is less sensitive [15]. If a suspicious area is identified on US, the patient will need to return
and have a CT or MRI for further characterization, requiring two visits and creating additional medical
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bills. Within our practice, insurance companies have increasingly denied pre-authorization for the gold
standard four-phase CT or MRI for screening of HCC. An alternative solution is to screen patients with
CEUS. Moreover, as mentioned above, some patients have poor renal function or history of allergic
reaction to contrast agents used with CT or MRI, and may be precluded from safe use of these tests.
CEUS, therefore, has an important potential role in this population in particular.

While CEUS and CT/MRI share similar fundamental imaging diagnostic criteria via LI-RADS, there
are still notable differences with regard to image acquisition, contrast material, and visualization [17].
Here, we present three patients who were undergoing routine screening for HCC due to chronic liver
disease and found to have lesions present on grayscale ultrasound, and then proceeded immediately
to CEUS. In this case series, we compare the visibility of liver lesions using CEUS against the gold
standard four-phase CT. We present evidence that demonstrates the accuracy of CEUS for identifying
malignancy in at-risk cirrhotic patients, suggesting an important and complementary role of CEUS
with CT or MRI.

2. Materials and Methods

This is a retrospective review examining the electronic medical records and images at our 548-bed
semirural institution, which is also a liver transplant center, as well as the pertinent literature about
CEUS in HCC diagnosis. All CEUS were performed on a Siemens S2000 with 2.5 mL of Lumason®

IV contrast. All CT scans were performed on a 64-slice scanner utilizing 150 mL of Omnipaque™
350 IV contrast unless otherwise stated—each scan consisted of noncontrast, late arterial phase
(bolus-triggered), portal venous, and 3 min delayed phase imaging. None of our patients had MRI
performed for liver imaging. We have obtained the written informed consent of patients. The Human
Subjects Protection Office of the Penn State Health Milton S. Hershey Medical Center determined that
this case study does not meet the definition of human subject research as defined in 45 CFR 46.102(d)
and/or (f); Institutional Review Board (IRB) review and approval is not required.

3. Case Presentation

3.1. Case 1

A 62-year-old Caucasian man with advanced hepatic fibrosis secondary to hepatitis C viral
infection was scheduled for a four-phase CT to screen for HCC, but was denied insurance pre-approval
for the imaging study. He was diagnosed with hepatitis C viral infection a decade earlier, which was
subsequently treated and cleared with interferon and ribavirin. Cirrhosis was confirmed via biopsy at
that time, and stage III fibrosis diagnosed via biopsy four year later. At the time of his screening request,
he had no additional medical problems or sequela of advanced liver disease. His physical exam was
essentially normal—including vital signs and for stigmata of chronic liver disease. His alpha-fetoprotein
(AFP) was 3.0 ng/mL with normal liver function tests, albumin, and platelets.

Routine US showed a heterogeneous, coarsened liver parenchyma with a suspected 2.2 cm
hypoechoic structure in the right lobe on a background of geographic hepatic steatosis (Figure 1).
Contrast was then administered intravenously with targeted imaging of the lesion to determine if
it was focal fatty sparing or tumor. The lesion markedly enhanced (Supplementary Video S1) and
began washout rapidly, and on delayed imaging, showed intense washout. It was deemed a LI-RADS
M because of its early enhancement and for its marked washout (Figure 1). Given the LI-RADS M
designation and for treatment planning, a four-phase CT was then approved by his health insurance
company. Despite its size, the lesion was poorly visualized on the well-timed late arterial phase
(Figure 2). It was equally subtle on the portal venous and 3 min phases. Knowing where the lesion
was on CEUS allowed the radiologist to confirm the findings on CT, where it was deemed a LI-RADS 5
lesion. However, without the pre-existing knowledge of its presence in that location, the lesion was
initially missed. The late arterial phase on the CT was bolus-triggered, which resulted in scanning
occurring at 35 s post injection. Interestingly, on the CEUS, the lesion was already washing out and
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was iso-intense to liver by 35 s. This may explain why it was poorly seen on CT despite its intense,
avid enhancement on US.

(a) 

(b) 

Figure 1. Cont.
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(c) 

Figure 1. Patient 1 ultrasound images, with liver lesion denoted by white arrow: (a) grayscale images
showing the hypoechoic lesion. Post contrast administration ultrasound in arterial phase with matched
low-mechanical-index B-mode grayscale on the right and subtraction-type post contrast images on the
left (b) and delayed phase (c) of the lesion, which shows marked washout. Liver Reporting and Data
System (LI-RADS M).

Given the LI-RADS 5 designation on CT, the lesion was not biopsied prior to treatment, as may be
indicated by an initial LI-RADS M diagnosis. Instead, it was treated as HCC with several transcatheter
arterial chemoembolizations (TACEs). Despite two treatments with TACE, persistent and progression
of tumor was identified on follow-up CTs over the next 8 months.

3.2. Case 2

A 63-year-old Caucasian man with hepatic cirrhosis presented for screening US. He had been
diagnosed with viral hepatitis C-induced cirrhosis and achieved a sustained virologic response after
treatment with Vosevi. He had a well-compensated cirrhosis, with grade 1 esophageal varices and
portal hypertensive gastropathy. Just prior to his US, he was asymptomatic. His physical examination
was significant for hypertension, elevated body mass index (BMI) of 38, but with no physical signs
of chronic liver disease. His albumin was low (3.3 gm/dL), as was his total protein (6.1 gm/dL).
Liver function tests were normal except for an elevated total and direct bilirubin (4.4 and 0.8 mg/dL,
respectively). His AFP level was normal at 5.7 ng/mL, and his hepatitis C viral load was undetectable.
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(a) 

(b) 

Figure 2. Patient 1 CT images using liver windows to highlight the subtle lesion easily seen on
contrast-enhanced ultrasound (CEUS) (white arrow): (a) late arterial phase axial contrast-enhanced CT;
(b) 3 min delayed phase.

On grayscale US, a subtle 1.2 cm hypoechoic focal area was identified on a background of echogenic,
heterogeneous liver echotexture (Figure 3). This area was targeted with contrast, which showed avid
arterial-phase enhancement, and rapid, but mild washout (Figure 3). This was also designated LI-RADS
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M due to the early washout. CT was performed to confirm the finding and initially, the lesion was not
identified by the radiologist, despite a diagnostic late arterial phase. On closer inspection with the US
finding in mind, subtle enhancement and washout on the CT was seen and considered LI-RADS 4
(Figure 4), and due to this designation and its small size, a shorter interval follow-up was performed at
3 months rather than 6 months.

(a) 

(b) 

Figure 3. Cont.
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(c) 

Figure 3. Patient 2 ultrasound images, with liver lesion denoted by black arrow: (a) grayscale images
showing the hypoechoic lesion. Post contrast administration ultrasound in arterial phase (b) and early
washout (c) of the lesion, LI-RADS M.

The patient indeed followed up with an additional four-phase CT 3 months later, and the lesion
had grown and was then clearly evident (Figure 4). It was upgraded to a LI-RADS 5, and the patient
proceeded to treatment with a successful TACE. However, follow-up CTs over the next 6 months
demonstrated development of new LI-RADS 5 lesions, which were subsequently treated with an
additional TACE.

3.3. Case 3

A 59-year-old Caucasian man with hepatic cirrhosis secondary to alcoholism presented to the
hospital with acutely worsening hepatic decompensation and acute on chronic renal dysfunction.
He presented through the emergency department with worsening confusion and abdominal distention.
He had a history of hepatic encephalopathy, moderate antral erosive gastritis, and ascites. At the
time of admission, his physical examination was remarkable for scleral icterus, and fluid wave
present in the abdomen. He was awake and oriented to person and place. Laboratory values
were notable for an elevated, baseline international normalized ratio (INR) of prothrombin time
(2.4), mildly elevated potassium (5.3 mmol/L), elevated creatinine (3.27 mg/dL, up from baseline of
2.3), platelets of 101,000/μL, and elevated liver function tests (alanine aminotransferase 57 unit/L,
total bilirubin 10.3 mg/dL, alkaline phosphatase 185 unit/L) and ammonia elevated at 64 μmol/L.
A four-phase CT had been performed 2 months earlier and interpreted as negative for HCC. US was
performed to detect any HCC during acute evaluation for liver transplantation, in order to ensure the
patient remained within transplant criteria.
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(a) 

(b) 

Figure 4. Patient 2 CT images using liver windows to highlight the lesion seen on CEUS (white arrow):
(a) late arterial phase axial contrast-enhanced CT; (b) 3 min delayed phase.

333



Medicines 2020, 7, 51

On grayscale imaging, a 2.9 cm hypoechoic lesion at the dome of the right lobe on a background
of heterogeneous liver parenchyma was identified (Figure 5). Due to his acute on chronic renal failure,
CEUS was then performed, which showed subtle enhancement of the lesion, above background
enhancement of the adjacent liver at the same depth. At or greater than 10 cm depth is most often the
limit of penetration in standard CEUS software packages [13], but can be extended in the presence of
ascites, as in our case. Subtle washout was identified on delayed imaging, and the lesion was deemed
LI-RADS 5 (Figure 5).

(a) 

(b) 

Figure 5. Cont.
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(c) 

Figure 5. Patient 3 ultrasound images, ascites is present with lesion denoted by white arrow:
(a) grayscale images showing the hypoechoic lesion. Post contrast administration ultrasound in arterial
phase shows subtle enhancement compared with liver parenchyma at the same level (b) and delayed
phase mild washout (c) of the lesion, LI-RADS 5.

His liver function continued to decline during his stay, and within two weeks he received a deceased
donor liver transplantation. HCC within the explanted liver was confirmed by histopathological
examination, corresponding to the findings on CEUS. Upon review of the prior CT, for which a reduced
contrast bolus (75 mL Omnipaque™ 350) was given due to his chronic renal disease, the tumor was
subtle but faintly visible with the knowledge of its location based on the findings on CEUS (Figure 6).
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(a) 

 
(b) 

Figure 6. Patient 3 CT images using liver windows to highlight the subtle enhancement and washout
of the lesion seen on CEUS (white arrow): (a) late arterial phase axial contrast-enhanced CT; (b) 3 min
delayed phase.
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4. Discussion

With CEUS, patients at risk for HCC do not necessarily need to return for a second visit to get a
CT or MRI when screening ultrasound identifies a focal abnormality—the lesion can be characterized
at the time of the initial study. As of the 2017 edition of LI-RADS for CEUS [20], the United Network
for Organ Sharing does not officially recognize CEUS, therefore while it can be used for transplant
candidates, the patient will need a multiphase CT or MRI or biopsy to receive exception points for
HCC. This is not a factor for patients who do not qualify for transplantation or are already at the top
of the list. In our geographic area, MRI is not as commonly performed as CT for screening of HCC.
Health insurance companies have increasingly denied screening CT, and so many of our patients are
being monitored with US. However, even with characterization via CEUS, CT or MRI may still be
performed subsequently for several reasons. In a practice just starting a CEUS program, it is useful to
clinicians and radiologists to confirm that the diagnosis is correct via gold standard, noninvasive means.
If a large lesion is confirmed as HCC, CT may still be required for staging purposes or for mapping
arterial anatomy prior to TACE or transplant, however less phases may be required, resulting in
decreased radiation. If the US is limited in visualizing the entire liver, CT or MRI may be appropriate
to identify any additional lesions prior to treatment or transplant.

In the three presented cases, CEUS readily and accurately identified malignant lesions in each
patient, as compared with their CT counterparts. For the first two cases, the patients had subsequent
well-timed four-phase CTs, with very subtle lesions that may not have been detected without prior
knowledge of the US findings. We postulate that this may have occurred in these cases, both of which
were LI-RADS M, because the lesions enhanced so rapidly—likely earlier than the diagnostic late
arterial phase CT—and then quickly became isoechoic, about the time the CT arterial bolus would
have begun scanning (confirmed in our first patient). LI-RADS M lesions per ACR are diagnostic
for a malignancy but are not specific to HCC [17,18]. HCC classically enhances in the arterial phase,
and it has a late, but mild washout, which necessitates the timing for the CT phases, but in CEUS,
continuous scanning can be performed. Those in the “M” category have rapid (less than 60 s)
and/or marked washout on delayed images [20]. It is currently unknown how many “M” lesions
represent HCC in at-risk patients diagnosed via CEUS, versus intrahepatic cholangiocarcinoma or
mixed HCC–cholangiocarcinoma subtypes. However, it has been shown that LI-RADS M lesions on CT
and MRI are HCC approximately one-third of the time [18]. It is unclear if this will hold true for CEUS,
as it may identify “M” lesions at smaller sizes and earlier than CT, and thus if biopsied, could have
a different, earlier tumor biology. In our first case, despite its appearance on CEUS, the tumor did
not respond well to TACE. As a multiphase CT LI-RADS 5 designation is considered noninvasively
diagnostic of HCC, a tissue biopsy would not be necessary. It is feasible that it could have represented
a tumor that was not as responsive to TACE, and biopsy should be considered when CEUS and CT
present discordant diagnoses of malignancy.

In our experience, CEUS identifies more “M” lesions than CT. In fact, both of our presented first and
second cases were considered LI-RADS 4 or 5 by CT, despite the CEUS designation. Additional research
into this area is needed—both in terms of histopathology of “M” lesions on CEUS in patients at risk for
HCC, as well as if “M” lesions are more apparent and presenting earlier on CEUS than they are on
well-timed CT. It is possible that MRI may have clearly identified both lesions when CT did not, as it
does not rely solely on post contrast imaging. In the case of our second patient, a very small lesion
may still be obscured via MRI if the patient is not able to consistently breath-hold, which is not usually
an issue in CEUS.

In our third case, the lesion was not seen on the prior CT. This may have been due to location,
and a lower dose of intravenous contrast that was used due to the patient’s impaired renal function.
Interestingly, this lesion was well seen with CEUS, despite its challenging location at the dome,
which can be a blind spot in US. We postulate that the ascites may have aided the CEUS exam—even
though it increased the depth of the lesion, the ascites created a window to view the lesion, even with
patient breathing, both of which would have negatively impacted on MRI.
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HCC is the most common primary liver tumor [1], and imaging is a necessary component in
screening patients at high risk of developing HCC with the current noninvasive gold standards of
multiphase CT or MRI. The use of CEUS offers an alternative and reliable modality to diagnose HCC.
CEUS is less expensive, it does not involve radiation, does not affect the kidneys, and it allows for
multiple doses in one setting. In a meta-analysis, CEUS has been shown to have a sensitivity of 85%
and specificity of 91% in diagnosing HCC [12]. Quaia et al., has shown increased sensitivity when
CEUS is used in conjunction with CT (97%) as compared with CT only (71–74%) in patients at risk for
malignancy secondary to cirrhosis [21]. Our case series supports this finding, although it argues that,
at least in some cases, CEUS may be more predictive than CT and if discordant LI-RADS results occur,
a tie-breaker should be considered, such as biopsy if amenable, or MRI.

The ACR has created the LI-RADS criteria for noninvasive imaging diagnosis of HCC in patients
at risk for its development. Recent articles have reviewed approaches to diagnosing HCC with
CEUS [20,22,23]. Additional societies worldwide also have guidelines for noninvasive diagnosis
of HCC, including European Federation of Societies for Ultrasound in Medicine and Biology
(EFSUMB), World Federation for Ultrasound in Medicine and Biology (WFUMB), and Erlanger
Synopsis of Contrast-Enhanced Ultrasound for Liver Lesion Assessment in Patients at risk (ESCULAP),
with studies comparing and contrasting them with LI-RADS. Schellhass et al. recently completed a
multicenter study comparing prospective diagnosis at the time of CEUS with retrospective categorizing
lesions via ESCULAP and LIRADS guidelines [24]. This re-demonstrated accuracy of CEUS for
noninvasive diagnosis of HCC and intrahepatic cholangiocarcinoma in cirrhotic patients and found
that real-time diagnosis and ESCULAP had highest sensitivities, while LIRADS had superior sensitivity.
Negative predictive value of LIRADS was inferior, with positive predictive value similarly high among
all three diagnostic categories [24]

Within LI-RADS guidance, there is an additional category for malignant lesion that is not
specific for HCC- LI-RADS M [18,19]. CEUS can provide crucial information that can be used to
differentiate HCC from intrahepatic cholangiocarcinoma (ICC), by demonstrating differences in their
enhancement patterns [23]. As discussed, HCC classically shows arterial hyperenhancement and
delayed, mild contrast washout in the late phase [22]. In contrast, ICC shows peripheral arterial
contrast enhancement with early contrast washout of the vascularized parts of the lesion in the
portal-venous and late phase [23,25]. This may allow for key differentiation between two malignancies
and further argues for the usefulness of CEUS as a diagnostic modality. However, it is unclear how
common a mixed subtype ICC/HCC is in cirrhotic patients or its enhancement patterns, and biopsy
may still be necessary.

Small liver nodules can be a challenge to diagnose in these patients regardless of modality used,
and this is no different in CEUS. A recent study by Huang et al. has shown that when CEUS is used for
lesions less than 2 cm, that LI-RADS has a high specificity for HCC. It did also note that LI-RADS had
lower sensitivity than when guidelines from EFSUMB and WFUMB were utilized [26]. It may be a
challenge to accurately determine the LI-RADS categorization of lesions less than 1 cm via morphology
due to their small size and this may be more dependent upon the patients’ sonographic characteristics
(such as obesity, steatosis, location of the lesion). Regardless, sub-centimeter lesions do not reach
noninvasive imaging criteria for HCC diagnosis in LI-RADS, the most they can reach is intermediate
(LI-RADS 3) or “probably” HCC (LI-RADS 4) when utilizing CEUS, CT, or MRI. As this does not earn
potential transplant patient exception points, nor exclude them from transplant, many institutions will
continue to observe these small lesions with shorter interval follow-ups, and treat them when they are
larger and definitively declare themselves if growth is observed [16,20].

Adenomas are liver lesions that are rarely seen in cirrhotics, but do in general have a transformation
risk to HCC of 5-10%, with risk factors of male sex, glycogen storage disease, anabolic steroid use,
and beta-catenin adenoma subtype [27,28]. On imaging, adenomas can show enhancement features that
overlap with HCC, and unfortunately there are not yet definitive noninvasive diagnostic characteristics
of the highest-risk subtype of beta-catenin on imaging [28]. While different subtypes of adenomas have
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differing transformation risks, differentiating imaging characteristics are not necessarily dependable,
and biopsy may be required to determine the subtype and therefore the transformation risk, or if
transformation has already occurred. On CEUS, there is significant overlap of adenoma with HCC in
their enhancement patterns [15,22] but there may be differentiation by very early features in how the
lesion enhances [15]. It is important to note that CEUS may show washout in adenomas, when MRI
does not, which may be attributable to the contrast characteristics—CEUS contrast agents remain
intravascular, whereas MRI agents diffuse into the interstitium [28]. Diagnosis in these patients
depends upon patient characteristics and cirrhotic risks, consideration of multimodality imaging,
and ultimately may depend upon biopsy.

CEUS does have inherent limitations, many of which are shared with routine US.
Accuracy depends on the operator with room for variability in interpretation and diagnosis [24].
CEUS also performs similarly to grayscale US where significant adiposity or advanced hepatic steatosis
can cause limited visibility [13]. Furthermore, it may not detect very deep lesions (classically dome
and central/medial lesions) that are greater than 10 cm from the probe and therefore cannot be
characterized via CEUS. However, newer contrast software programs are available that can image
significantly greater depths to overcome this limitation. CEUS can target several lesions during a visit
and can distinguish portal vein bland versus tumor thrombus [29]. However, screening the whole
liver in terms of convenience and cost-effectiveness can prove difficult, as repeated injections of the
contrast agent are needed to examine all of the level segments [30]. Moreover, CEUS cannot stage a
patient, and single-phase CT may be needed in patients who are at risk for distant HCC metastasis,
which would reduce their overall radiation dose.

Future directions with CEUS include continuing studies on accuracy, particularly LIRADS M
lesion pathology as these may be a more common finding on CEUS than diagnosed with CT in the
cirrhotic population due to continual imaging, as opposed to limited timepoints post contrast in
CT. Additional studies have looked at quantitative enhancement patterns and perfusion analysis
in HCC [31] by looking at time intensity curves, peak enhancement, and area under the curve to
differentiate lesions. However, in the Unites States, not all US contrast software packages currently have
this capability. Molecular ultrasound imaging is another emerging field within CEUS, using targeted
contrast agents. In the future, this could be in use for diagnosing specific lesions and for targeted
therapeutics delivery [32,33].

5. Conclusions

Accumulating evidence has demonstrated the important role of CEUS in diagnosing tumors of
the liver, and that CEUS can offer certain advantages over or in conjunction with CT in specific patient
populations. These include patients with contraindications to CT or MRI due to renal dysfunction,
contrast-related allergy, inability to breath-hold without anesthesia, MRI noncompatible pacemaker,
and so forth. Our case series shows that, in some cases, the tumors may be visible earlier via CEUS
than CT, when both studies are optimized, and when results are discrepant between LIRADS M and
LIRADS 5 lesions, biopsy or an alternate tie-breaking imaging modality should strongly be considered.
CEUS is an important imaging modality that is complementary to CT for detecting and diagnosing
tumors in liver such as HCC and should be incorporated into HCC screening imaging paradigms.
Future studies are indicated to evaluate the utility of CEUS for early detection of the subtypes of
tumors, and to examine the value of CEUS for monitoring the therapeutic response of HCC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-6320/7/9/51/s1.
Video S1: Patient with dynamic arterial phase ultrasound imaging of the liver lesion via after Lumason® injection.
Dynamic ultrasound imaging of the right lobe of the liver after contrast administration in Patient 1, during active
patient breathing with sweeps through the area of concern. The lesion is seen to enhance above background liver
at time stamp 0:24 s and has started to washout by the end of the 60 s clip. Sweeps include images of the right
kidney posterior to the liver, and patency of the portal vein.
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Abstract: Background: A large number of idiosyncratic drug induced liver injury (iDILI) and herb
induced liver injury(HILI) cases of variable quality has been published but some are a matter of
concern if the cases were not evaluated for causality using a robust causality assessment method
(CAM) such as RUCAM (Roussel Uclaf Causality Assessment Method) as diagnostiinjuryc algorithm.
The purpose of this analysis was to evaluate the worldwide use of RUCAM in iDILI and HILI cases.
Methods: The PubMed database (1993–30 June 2020) was searched for articles by using the following
key terms: Roussel Uclaf Causality Assessment Method; RUCAM; Idiosyncratic drug induced liver
injury; iDILI; Herb induced liver injury; HILI. Results: Considering reports published worldwide
since 1993, our analysis showed the use of RUCAM for causality assessment in 95,885 cases of liver
injury including 81,856 cases of idiosyncratic DILI and 14,029 cases of HILI. Among the top countries
providing RUCAM based DILI cases were, in decreasing order, China, the US, Germany, Korea, and
Italy, with China, Korea, Germany, India, and the US as the top countries for HILI. Conclusions:

Since 1993 RUCAM is certainly the most widely used method to assess causality in IDILI and HILI.
This should encourage practitioner, experts, and regulatory agencies to use it in order to reinforce
their diagnosis and to take sound decisions.

Keywords: RUCAM; Roussel Uclaf Causality Assessment Method; diagnostic algorithm; iDILI; iDrug
induced liver injury; DILI; HILI; herb induced liver injury

1. Introduction

Idiosyncratic drug induced liver injury (DILI), in short also termed iDILI, and herb induced liver
injury (HILI) are complex diseases and received much attention in recent years [1–9]. The present
scientometric study comprehensively analyzed the global knowledge base and specific emerging topics
of DILI derived from 1995 publications in 79 countries and regions, with an impressive annual growth
of reports between 2010 and 2019 and almost 340 studies published in 2020 [1]. In parallel, more
and more publications on DILI and HILI cases refer to RUCAM (Roussel Uclaf Causality Assessment
Method) for causality assessment [10–13]. The original RUCAM was first published in 1993 [14] and
updated in 2016 [15] with additional information on its use and perspectives [16,17], which is now the
preferred version to be used in future cases of DILI and HILI [15]. It is widely recognized that causality
assessment in DILI and HILI is a multifaceted approach [7–9,15], a real medical challenge, for which a
diagnostic quantitative algorithm such as RUCAM is an easy tool for case evaluation [10–18] to solve
complex conditions [18].

The RUCAM algorithm is a structured, standardized, transparent, liver specific and quantitative
diagnostic clinical scale based on key elements of liver injury, which are individually scored and

Medicines 2020, 7, 62; doi:10.3390/medicines7100062 www.mdpi.com/journal/medicines
343



Medicines 2020, 7, 62

provide a score for five-degree causality grading from unrelated up to highly probable causality
levels [15]. Since key elements are specifically described and scored, assessments are objective with
little risk of subjectivity [15–17] commonly observed if the approach to assess causality lacks scored
key elements [19]. RUCAM can help expand our knowledge by enlarging population analysis with
prospective and scored causality assessment, allowing for harmonized interpretation of data across
populations [20]. In this context, RUCAM should be viewed as a cornerstone approach assessing
causality of liver injury cases [15–17,21], because robust diagnostic biomarkers are rarely available due
to misconducted studies as outlined by EMA (European Medicines Agency: Formerly London, UK,
now Amsterdam, Netherlands) [21].

In this review article, current conditions of DILI and HILI cases assessed worldwide using RUCAM
were critically analyzed. For the first time, the focus is on reports published from1993 to mid 2020 and
the discussion of their potential use to describe specific features of DILI and HILI cases.

2. Literature Search and Source

The PubMed database (1993–30 June 2020) was searched for articles by using the following key
terms: Roussel Uclaf Causality Assessment Method; RUCAM; Idiosyncratic drug induced liver injury
(iDILI); Herb induced liver injury (HILI). Key terms were used alone or in combination. Limited to the
English language, publications from each search terms were analyzed for suitability of this review
article. The electronic search was completed on 30 June 2020 and supplemented by a manual literature
search, using also the large private archive of the authors when the publication was not yet referenced
in PubMed. The final compilation consisted of original papers including individual case reports and
case series, consensus reports, and review articles with the most relevant publications included in the
reference list of this review.

3. Definitions

RUCAM is presented as an algorithm that requires a few criteria allowing for a final quantitative
evaluation. In particular, establishing RUCAM based criteria of liver test thresholds and liver injury
patterns was revolutionary at the time of first publication issued from an international consensus
meeting of experts, without the requirement of a liver biopsy [14] with same principles preserved in
the updated RUCAM [15].

3.1. RUCAM Based Liver Injury

3.1.1. Liver Test Thresholds

A liver injury caused by exogenous compounds such as drugs and herbs is defined by specific
threshold values established for the liver tests (LTs) alanine aminotransferase (ALT) and alkaline
phosphatase (ALP), with current serum activities considered as relevant for ALT ≥ 5 × ULN (upper
limit of normal) and ALP ≥ 2 × ULN [15] provided that ALP is of hepatic origin. The original RUCAM
was the first causality assessment method (CAM) ever considering threshold criteria although initially
with lower values for ALT [15] as compared to currently used criteria [16]. Of note, serum bilirubin is
not part of the diagnostic RUCAM algorithm that uses ALT or ALP as diagnostic liver test. In this
context, conjugated bilirubin is a sign of the severity of the liver injury.

3.1.2. Liver Injury Pattern

RUCAM was also the first CAM proposing different patterns of liver injury based on LTs [14] and
are included also in the updated RUCAM [15]. To determine the liver injury pattern, the ratio R is to be
calculated using the multiple of the ULN of serum ALT divided by the multiple of the ULN of serum
ALP, provided the ALP increase is of hepatic origin. For causality assessment purposes, two types of
liver injury are defined (independently from histological findings): first a hepatocellular injury with R
> 5, and second, a cholestatic/mixed liver injury with R ≤ 5.
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3.2. Idiosyncratic Versus Intrinsic Liver Injury

Liver injury is either idiosyncratic, due to the interaction between the exogenous synthetic chemical
or phytochemical and a susceptible individual with some genetic factor(s), or it is intrinsic due to
chemical overdose [11–13]. In the present analysis, idiosyncratic injury is considered, as opposed to
intrinsic liver injury most commonly observed with overdosed drugs such as acetaminophen [22].

4. Worldwide Publications of DILI

The current scientometric report from China on knowledge mapping confirmed the high worldwide
interest in DILI publications and identified a total of 1995 DILI studies published between 2010 and
2019, although information on the applied method of causality assessment was not provided and will
need further clarification [1]. This Chinese analysis on the top 10 countries involved in DILI research
listed the US, China, Japan, Germany, UK, Spain, France, the Netherlands, Sweden, and Canada.
In addition, many interesting details on DILI were comprehensively discussed with focus on definition,
incidence rate, clinical characteristics, etiology or pathogenesis such as the character of the innate
immune system, the regulation of cell-death pathways, susceptible HLA (Human Leukocyte Antigen)
identification, or criteria and methods of causality assessment, all topics were considered as the
knowledge base for DILI research [1].

5. Worldwide Publications of RUCAM Based Idiosyncratic DILI

The worldwide impact of DILI can best be quantified by using liver injury cases assessed for
causality with a robust method that allows for establishing causality gradings for each implicated drug
and to exclude alternative causes unrelated to drug administration.

5.1. Countries and Regions

In the current analysis, authors from 31 countries worldwide reported on cases of idiosyncratic
DILI caused by multiple drugs published from 1993 up to mid 2020 and applied in all cases RUCAM
to assess causality (Table 1) [23–180]. Such a table with a comprehensive list of publications over a
long period has never been reported before and will facilitate the search for RUCAM based DILI cases
caused by individual drugs, considering that databases such as LiverTox may have problems providing
real DILI cases [10,74].

5.2. Hospital and Other Sources

RUCAM based DILI cases were mostly published by authors from university hospitals and their
affiliated teaching hospitals known for their high reputation (Table 1). Among these were a broad
range of departments, which in most cases include departments of Hepatology and Gastroenterology,
ensuring careful clinical evaluation of patients with suspected DILI and associated causality assessment
for the offending drug(s). To a lesser degree, other departments were contributors, for instance,
Pharmacology, or Pharmacy and Pharmaceutical sciences [170].
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In addition to hospitals, other sources provided RUCAM based DILI cases (Table 1).
Among these were National Institutes of Health from Japan [92] and the US [165], consortia from
Spain [115,141], the adverse drug reactions advisory committee (ADRAC) from Sweden [126], regulatory
pharmacovigilance and pharmacoepidemiology centers from France [58,59] and Italy [86], drug
commission of medical association from Germany [64], committee for drug induced liver injury from
China [42]; also, drug reaction reporting database from Spain [65], regulatory agency from Spain [114]
health insurance from the US [157], and drug safety departments of drug companies from France [57],
Sweden {148], and Switzerland [132]. Some of these played an eminent role in promoting the use of
RUCAM in prospective studies, particularly those from Spain [115], Sweden [126], and the US with
France and Sweden [148].

5.3. Top Ranking Countries

Among the top 10 countries were in decreasing order China, the US, Germany, Korea, Italy, Sweden,
Spain, Japan, Argentina, and Thailand, whereby the top 5 countries provided most of the DILI cases
(Table 2). Authors from these 5 countries contributed together 75,133 DILI cases out of a total 81,856
worldwide DILI cases, corresponding to 91.8%. On the lower part of the list ranked the 6 countries
Israel, Malaysia, Mexico, Morocco, Saudi Arabia, and Turkey, authors from these low ranking countries
provided each one single DILI case assessed for causality using RUCAM, corresponding to 6 cases
altogether out of a total of 81,856 DILI cases. Authors from the remaining 20 countries with a ranking
from 6 down to 25 contributed 6.723 DILI cases out of overall 81,856 cases corresponding to 8.2%.
In essence, RUCAM based DILI cases were mostly published in English language journals, raising
the question how DILI cases were assessed and published by the other countries in local journals
in languages other than English. Currently, overall 81,856 cases of idiosyncratic DILI assessed for
causality by RUCAM have been retrieved via PubMed, all published 1993–June 2020 (Table 1) [23–180].

5.4. Annual Growth Trends of RUCAM Based DILI Case Publications

Analyses of growth trends provided additional information after identification of a total 1995 DILI
studies, published between 2010 and 2019 but not stratified for causality assessment using RUCAM [1].
In the frame of the present analysis, only publications of idiosyncratic DILI cases were included if they
had been assessed for causality using RUCAM, providing a more homogenous series with established
DILI diagnoses.

5.4.1. Published Annual RUCAM Based DILI Cases

Considering the period from 1993 to 2019, annually published cases of RUCAM based idiosyncratic
DILI ranged between 0 and 27,224 in 2019, but data of 2020 were not included because case counting
stopped by end of June in this particular year (Figure 1). Three phases of trends appeared with respect
to published RUCAM based DILI cases: (1) phase 1 with clinical field testing from 1996 to 2004 (2) phase
2 with promotion from 2005 to 2013, and (3) phase 3 of worldwide use from 2014 to 2019.

Phase 1 started after the launch of RUCAM in 1993 [16,47] and the analysis of 94 DILI cases [47],
the number of subsequent annual published DILI cases remained small until 2004, reaching 121 cases
(Figure 1). This was the period of initial testing the RUCAM algorithm under clinical field conditions
with interesting early information provided by 3 reports [58,91,114]. The first report came from Spain,
was published in 1996, analyzed a major study cohort of DILI due to amoxicillin and clavulanate,
and described their typical clinical features, with Rodríguez as first author and Zimmerman as senior
author [114] who actually was involved as an expert from the US in the international consensus
meetings [14] but did not promote RUCAM in DILI evaluations in his own country. Of interest was also
the retrospective design of this analysis, suggesting that this particular study approach is feasible [114]
although a prospective approach is recommended [15]. The second report was from Japan with
Japanese patients, published in 2003 by Masumoto et al. [91]. This study favored RUCAM over other
CAMs, provided evidence that the performance of the lymphocyte transformation test was poor in line
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with previous reports, and the RUCAM criteria were viewed as useful for diagnosing DILI in Japanese
patients. The third publication came from France, reported in 2004 on details of a patient with DILI by
pioglitazone, and showed the feasibility of a good case report to be assessed by RUCAM, evaluated by
Arotcarena et al. [58]. All three reports were hallmarks of the first phase of RUCAM based DILI case
series devoted to clinical field evaluation that ended in 2004 (Figure 1).

Table 2. Top ranking of countries providing DILI cases assessed for causality by RUCAM.

Top Ranking
Countries

Cases,
n References

1. China 35,825 [35–53]
2. United States 20,311 [147–179]

3. Germany 10,907 [64–71]
4. Korea 6528 [99–104]
5. Italy 1562 [83–90]

6. Sweden 1508 [126–129]
7. Spain 1181 [114–125]
8. Japan 939 [91–98]

9. Argentina 625 [23–26]
10.Thailand 509 [136–138]

11. India 424 [75–81]
12. Iceland 367 [72–74]

13. Pakistan 264 [108]
14. UK 263 [140–146]

15. France 170 [57–63]
16. Australia 106 [27–30]

17. Serbia 99 [111,112]
18. Egypt 75 [56]

19. Switzerland 68 [130–135]
20. Portugal 53 [109]
21. Bahrain 25 [31]

22. Colombia 19 [54]
23. Singapore 14 [113]

24. Brazil 4 [32]
25. Canada 4 [33,34]
26. Israel 1 [82]

27. Malaysia 1 [105]
28. Mexico 1 [106]

29. Morocco 1 [107]
30. Saudi Arabia 1 [110]

31. Turkey 1 [139]

Abbreviations: DILI, Drug induced liver injury; RUCAM, Roussel Uclaf Causality Assessment Method.

Phase 2 started in 2005 with overall 7695 annually published RUCAM based DILI cases
(Figure 1) [115,126,147,148]. Among these were 461 cases provided by Andrade et al. from Spain
retrieved from a prospective study involving various drugs [115], additional 784 cases from Sweden
were published by Björnsson and Olsson retrieved from a prospective study of DILI by various
drugs [126], whereas from the US 2 case reports of DILI by amoxicillin and clavulanate were presented
by Fontana et al. [147] as well as a large cohort of DILI caused by ximelagatran occurred in clinical trials
was published by Lee et al. [148]. These 4 studies promoted the usefulness of RUCAM evaluating DILI
cases [115,126,147,148] by preferring a prospective study design [115,126], evaluating single DILI case
reports [147], and correctly assessing suspected DILI cases in clinical trials [148]. Whereas RUCAM
had already a firm place among DILI experts in Europe, it seems that experts in the US became more
familiar with the use and practicability of RUCAM.

Phase 3 is characterized by the worldwide use of RUCAM for DILI started in 2014 with 11,525 DILI
cases (Figure 1), mostly attributed to one study with 11,109 DILI cases provided by Cheetham et al. [157].
Starting in 2015, there was a continuous rise of published RUCAM based DILI cases (Figure 1), likely
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driven also by the updated RUCAM available online 2015 and published in 2016 [15]. With 27,224
published DILI cases, the maximum level on an annual base was achieved in 2019 (Figure 1). Until end
of June 2020, additional 15,153 published DILI cases were counted but not included in Figure 1,
corresponding already to more than half of the cases counted in 2019 and representing a good base for
2020 and further years.

Figure 1. Annual cases of DILI assessed for causality by RUCAM and published since 1993.

5.4.2. Annual RUCAM Based DILI Publications and Growth Trend

Over the years starting from 1993, when RUCAM was launched [14,57], and until 2019 an upward
trend of annual RUCAM based DILI publications can be observed with some dips in between (Figure 2).
In 2019, 26 publications were counted, and 15 publications from January 2020 until end of June 2020
that were not included in the listing (Figure 2). Overall 158 publications with RUCAM based DILI
cases were counted from 1993 until mid 2020 (Table 1).

Figure 2. Annual publications of DILI cases assessed for causality by RUCAM as reported since 1993.

5.5. Specificities of DILI Case Evaluation

Large study cohorts of RUCAM based DILI cases accumulated many different drugs and provided
as expected a global information of the DILI cases due to various drugs without a detailed description
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of clinical features drug by drug (Table 1). Consequently, typical clinical features of a DILI by a single
drug cannot be obtained from large cohorts as opposed to single DILI case reports or case series that
included DILI cases due to a single drug (Table 1). In general, studies with a single DILI case or a
few cases are more informative because they provide an exhaustive past medical history with clinical
details required for a sound case evaluation. In search for typical DILI features by specific drugs,
therefore, assistance may be provided by the drug listing (Table 1). In addition, details can be retrieved
via the internet, using the search terms drug induced liver injury and the name of the suspected drug,
combined with RUCAM or the updated RUCAM.

5.6. Worldwide Top Ranking of Drugs Causing DILI

There is concern how best to establish a top ranking of drugs most commonly implicated in
DILI [70,74]. A recent study presented a list with top ranking drugs out of overall 3312 DILI cases
evaluated by RUCAM (Table 3) [70]. The RUCAM based DILI cases were retrievd from 15 reports by
six national databases of DILI registries and three large medical centers worldwide, which provided the
DILI cases under consideration. Contributing countries and regions were in alphabetical order China,
Germany, Latin America, Iceland, India, Singapore, Spain, Sweden, and the US. It was found that the
databases of national registries and large medical centers are the best sources of drugs implicated in
DILI cases. There is also the note that presently DILI cases of the LiverTox database are less suitable
for clinical or regulatory purposes as presented on its website because many suspected DILI cases
were derived from published cases of poor quality, lacking a robust CAM such as RUCAM [70,74].
Consequently, the majority of LiverTox based cases of assumed DILI could previously not be classified
as real DILI [74]. To overcome these diagnostic shortcomings, LiverTox attempted a top ranking of
drugs by counting the published DILI cases for each individual drug [74]. It was assumed that the
degree of causality probability increases with the number of published DILI reports: the higher the
case number the higher the probability. This special approach explains the variability of the top listing
presented by liverTox [74] as compared to RUCAM based cohorts [70].

Table 3. Worlwide top ranking of drugs causing DILI cases with causality assessment by RUCAM.

Drug RUCAM Based DILI Cases (n)

1. Amoxicillin-clavulanate 333
2. Flucloxacilllin 130
3. Atorvastatin 50
4. Disulfiram 48
5. Diclofenac 46

6. Simvastatin 41
7. Carbamazepine 38

8. Ibuprofen 37
9. Erythromycin 27

10. Anabolic steroids 26
11. Phenytoin 22

12. Sulfamethoxazole/Trimethoprim 21
13. Isoniazid 19

14. Ticlopidine 19
15. Azathioprine/6-Mercaptopurine 17

16. Contraceptives 17
17. Flutamide 17
18. Halothane 15

19. Nimesulide 13
20. Valproate 13
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Table 3. Cont.

Drug RUCAM Based DILI Cases (n)

21. Chlorpromazine 11
22. Nitrofurantoin 11
23. Methotrexate 8
24. Rifampicin 7

25. Sulfazalazine 7
26. Pyrazinamide 6

27. Gold salts 5
28. Sulindac 5

29. Amiodarone 4
30. Interferon beta 3

31. Propylthiouracil 2
32. Allopurinol 1
33. Hydralazine 1
34. Infliximab 1

35. Interferon alpha/Peginterferon 1
36. Ketaconazole 1

37. Busulfan 0
38. Dantrolene 0
39. Didanosine 0
40. Efavirenz 0

41. Floxuridine 0
42. Methyldopa 0
43. Minocycline 0

44. Telithromycin 0
45. Nevirapine 0
46. Quinidine 0

47. Sulfonamides 0
48. Thioguanine 0

Substantially modified from a previous report [70], which provides references for each implicated drug.

6. Worldwide Publications of HILI Cases Assessed for Causality Using RUCAM

Highlights of liver injury cases have been reported not only for DILI but with increasing frequency
also for HILI cases questionable due to lack of a robust CAM [7–9]. The problems associated with HILI
are specifically addressed in the current analysis, which considers for the first time worldwide HILI
cases using RUCAM as a robust algorithm for assessing causality.

6.1. Countries and Regions

Authors from many countries around the world reported on cases of HILI in connection with the
consumption of various herbs, all published since 1993 (Table 4) [29,37,38,42,48,100–103,113,115–118,
181–255]. Specifically considered were patients, who experienced HILI with established causality using
RUCAM. Such a table with a comprehensive list of publications over a long period of time will help the
search for RUCAM based HILI cases caused by specific herbs or herbal products containing a mixture
of several herbs. This list is unique as compared to databases that may have problems providing real
HILI cases not confounded by alternative causes or lack of a robust causality assessment.
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6.2. Hospital and Other Sources

Most RUCAM based HILI cases were provided by authors from university hospitals and their
affiliated teaching hospitals with their departments of Hepatology and Gastroenterology, Medicine
or Internal Medicine (Table 3). Rare contributors were other departments like those with focus on
Emergency Medicine [255], Clinical Pharmacology and Toxicology in Berlin [209], Pharmacology
and Toxicology in Hannover [213], Pharmacy in Singapore [238], Physiology and Pharmacology in
Rome [219,221], Anatomical, Histological, Forensic and Orthopedic Sciences in Rome [222], Pediatrics in
Seoul [234], and among the contributors were even the Neurology and Headache Center in Essen [212]
and Spine and Joint Research Institute in Seoul [235].

Other sources providing RUCAM based HILI cases include the Chinese Academy of Medical
Sciences in Beijing [195], School of Chinese Materia Medica in Beijing [199,202], Competence Centre
for Complementary Medicine and Naturopathy in Munich [211], Biomedical Research and Innovation
Platform South African Medical Research Council in Tygerberg [239], United States Pharmacopeia in
Rockville [254], and Center of Pharmacovigilance of Florence [218].

6.3. Top Ranking Countries

Among the countries presenting RUCAM based HILI cases were on top in descending order
China and Korea, followed by Germany, India and the US, whereby the top 5 countries provided most
of the HILI cases (Table 5). Authors from these 5 countries contributed together 13,808 HILI cases out
of a total 14,029 worldwide HILI cases, corresponding to 98.4%. On the lower part of the list ranked
the 4 countries Brazil, Colombia, Switzerland, and Turkey, authors from these low ranking countries
provided each one HILI case assessed for causality using RUCAM, corresponding to 4 cases altogether
out of a total of 14,029 HILI cases. Authors from the remaining 20 countries with a ranking from
6 down to 14 contributed 217 HILI cases out of overall 14,029 cases corresponding to almost 1.6%.

Table 5. Top ranking of countries providing HILI cases assessed for causality by RUCAM.

Top Ranking
Countries

Cases,
n References

1. China 10,914 [37,38,42,48,184–203]
2. Korea 2507 [100–103,225–237]

3. Germany 170 [206–215]
4. India 117 [216,217]

5. US 100 [247–255]
6. Italy 77 [218–222]

7. South Africa 47 [239]
8. Spain 46 [115,117,240–242]

9. Singapore 25 [113,238]
10. France 10 [205]

11. Sweden 5 [244]
12. Japan 3 [223,224]

13. Australia 2 [29,181]
14. Austria 2 [182]
15. Brazil 1 [183]

16. Colombia 1 [204]
17. Switzerland 1 [245]

18. Turkey 1 [246]

Abbreviations: HILI, Herb induced liver injury; RUCAM, Roussel Uclaf Causality Assessment Method.

6.3.1. Published Annual RUCAM Based HILI Cases

From 1993 to 2019, published annual cases of RUCAM based HILI ranged between 0 and 11,609
in 2019, while 57 HILI cases of 2020 were not included because case counting stopped by end of June
in this particular year (Figure 3). Three phases of trends appeared with respect to published RUCAM
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based HILI cases: (1) phase 1 with lack of any clinical field testing from 1993 to 2003, (2) phase 2 with
slow promotion from 2004 to 2016, and (3) phase 3 of worldwide use from 2017 to 2019.

Figure 3. Annual cases of HILI cases assessed for causality by RUCAM and published since 1993.

Phase 1 started after the launch of RUCAM in 1993 [16,47] but without a single published HILI
case until 2003 (Figure 3). The lack of published RUCAM based HILI cases during this period might be
due to the fact that the value of RUCAM was not yet sufficiently known or to uncertainties whether
herbs have the potential to cause liver injury. In addition, the term of herb induced liver injury or its
acronym HILI was unknown at that time and therefore not in common use.

During the subsequent phase 2, the number of annual published HILI cases remained small with
cases ranging from 2 to 933, considering the years from 2004 until 2016 (Figure 3). In 2008, there were
108 HILI cases, with 18 Spanish cases published by García-Cortés et al. [117,241] and 90 Korean cases
published by Kang et al. [227] and Sohn et al. [228]. During 2016, there was a sharp increase with
933 HILI cases, mostly attributed to 866 cases from China published by Zhu et al. [42]. As a reminder
and outlined recently, herb induced liver injury with HILI as its acronym was first introduced and
proposed as a specific term in the scientific literature only in 2011 [12]. This may explain retarded
publications on HILI cases (Figure 3).

Phase 3 started with low HILI case numbers in 2017 and 2018 (Figure 3), considering that the
updated RUCAM applicable also to HILI cases was published only in 2016 [15]. With 11,609 the
largest HILI case number was published in 2019 (Figure 3) as a consequence of the ongoing worldwide
use of RUCAM for assessing causality in suspected HILI cases (Table 4). In particular, contributing
countries were in alphabetical order Australia [29], Brazil [183], China [48,196–201], Germany [213–215],
India [217], Italy [222], Korea [103], Spain [115,117,240–242], Switzerland [244], and the US [245–254].
Most of the 11,619 HILI cases published in 2019 were from China [48,196] and Korea [103], with 6971
cases published by Shen et al. [48], 2019 cases reported by Byeon et al. [103], and 1552 cases provided by
Chow et al. [196]. However, until mid 2020 only 57 HILI cases were published (Table 4) [202,203,253,254],
suggesting for the whole year 2020 at best 100 cases (Figure 3).

6.3.2. Annual RUCAM Based HILI Publications and Growth Trend

Over the years starting from 1993, when RUCAM was launched [14,57] and until 2019, an upward
trend of annual RUCAM based HILI publications can be observed with some dips in between (Figure 4).
In 2019, 18 publications were counted and 4 publications until end of June 2020 that were not included
(Figure 4). For the whole year 2020, therefore, at best perhaps 8 publications can be anticipated
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(Figure 4). These figures show that a total of 85 publications with RUCAM based HILI cases were
reported from 1993 until mid 2020 (Table 2).

Figure 4. Annual publications of HILI cases assessed for causality by RUCAM as reported since 1993.

6.4. Specificities of HILI Cases

Large study cohorts of RUCAM based HILI cases accumulate many different herbs and provide
as expected a global information of many HILI cases without a detailed description of clinical features
for specific herbs (Table 4). Consequently, studies with a single or a few HILI cases have many
advantages because they focus on a single herb or herbal product causing the liver injury and usually
provide an exhaustive past medical history with clinical details required for a sound case evaluation.
For interested physicians, regulators, and manufacturers, this listing provides individual cases with
herbs causing HILI.

7. Utility of RUCAM

The utility of RUCAM has been confirmed in in many liver injury cases of DILI (Table 1)
and HILI (Table 4) published from countries and regions around the world, as outlined in various
reports [5,11,15–18] and briefly summarized (Table 6). In short, the high qualification of RUCAM
as an objective diagnostic algoritm to assess causality in liver injury cases of DILI and HILI is the
clue of its increasing use (Figures 1–4). RUCAM is smoothly applied by clinicians or regulators and
obviously without problems (Tables 1 and 4). The worldwide use allows data comparison among
different countries, a unique condition for multifacetted diseases as DILI and HILI are. RUCAM is
also applied in epidemiology studies. Finally and most importantly, each individual DILI and HILI
case report contain important details of liver injury cases that may be helpful for physicians in care of
patients with suspected DILI and HILI.
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Table 6. Characteristics of RUCAM.

RUCAM Specificities

Basic features

• Validated method (gold standard) based on cases with positive reexposure test results, providing thereby
a robust CAM

• Worldwide use with 46,266 DILI cases assessed by RUCAM published 2014–2019, outperforming thereby
any other CAM in term of number of cases published

• Assesses causality in DILI and HILI cases validly and reproducibly

• A typical intelligent diagnostic algorithm in line with artificial intelligence (AI) concepts

• A diagnostic algorithm for objective, robust causality assessment

• Assessment is user friendly, cost effective with results available in time and without needing expert
rounds that often provide subjective and fragile, arbitrary opinions based on own experience

• Transparency of case data and clear result presentation

• Suitable for reevaluation by peers and any of other interested parties such as national regulatory agencies
international registries, and pharma companies

• Mandatory application for DILI cases if to be used for establishing new robust diagnostic biomarkers

• High causality gradings with complete data

• With prospective case data collection best results are obtainable

Clearly defined and scored key elements

• Time frame of latency period

• Time frame of dechallenge

• Recurrent ALT or ALP increase

• Risk factors

• Individual comedications

• Exclusion of alternative causes

• Markers of HAV, HBV, HCV, HEV

• Markers of CMV, EBV, HSV, VZV

• Cardiac hepatopathy and other alternative causes

• Liver and biliary tract imaging

• Doppler sonography of liver vessels

• Prior known hepatotoxicity of drug or herb

• Unintentional reexposure

Other important specificities

• Laboratory based hepatotoxicity criteria

• Laboratory based liver injury pattern

• Hepatotoxicity specific method

• Structured, liver related method

• Quantitative, liver related method, based on scored key elements

Abbreviations: AI: Artificial Intelligence; ALT: Alanine aminotransferase; ALP: Alkaline phosphatase; CAM:
Causality assessment method; CMV: Cytomegalovirus; DILI: Drug induced liver injury; EBV: Epstein Barr virus;
HAV: Hepatitis A virus; HBV: Hepatitis B virus; HCV: Hepatitis C virus; HEV: Hepatitis E virus; HILI: herb induced
liver injury; HSV: Herpes simplex virus; RUCAM: Roussel Uclaf Causality Assessment Method; VZV: Varicella
zoster virus.

366



Medicines 2020, 7, 62

8. Other CAMs

Apart from the objective diagnostic RUCAM algorithm, a few non-RUCAM based CAMs are
known, critically discussed elsewhere in detail [5,15]. In short, they are less accurate than RUCAM,
not quantitative as not based on specific elements to be scored individually, not specific for liver injury
cases, not structured, not validated, or based on individual arbitrary subjective opinions. In fact,
other CAMs are still caught up in the pre-RUCAM and pre-AI era [18] and thereby neglecting the use
of diagnostic algorithms such as the original RUCAM [14] or the now preferred updated version [18].

9. Limitation of the Analysis

The current analysis is based on published data of DILI and HILI reports in English, or at least
an abstract in English, rather than on unpublished data contained in the original data sets that were
not available to the authors of the analysis for re-analysis. Although most of the published DILI and
HILI cases provide excellent data, some authors forgot presenting RUCAM based causality gradings
or included cases with a possible causality grading in their final evaluations of cases together with a
probable or highly probable causality level. Nevertheless, a broad range of different causality gradings
was commonly provided in most published cases, respective references allow for detailed information.
As being outside the scope of this article, causality gradings for individual reports were not provided
(Tables 1 and 5), but some details of 46,266 DILI cases assessed by RUCAM were published earlier [11].
Problematic are study cohorts with inclusion of both DILI and HILI cases, unless both groups were
separately evaluated [48]. As expected, not all of the patients were commonly confirmed as being
DILI by RUCAM scoring, but the number of published cases remained accurate. For instance, special
conditions are evident in the randomized clinical trial of ximelagatran [148]. In this prospective, report,
hepatic findings were analyzed in all suspected cases with regard to causal relationship to ximelagatran
by using RUCAM, considered as the most reliable tool to assess causality [148]. Applying RUCAM
based on ALT thresholds only is insufficient since 92% of the ximelagatran group did not meet this
criterion missing then a final robust causality grading, as opposed to 8% of the study group receiving
partially high causality gradings. This study reaffirms the utility of RUCAM to identify cases with real
DILI cases in cohorts under real world conditions.

10. Outlook

The perspectives using the updated RUCAM in future DILI and HILI cases are favorable because
many authors including those from the US become more familiar with RUCAM and are ready to
use this diagnostic algorithm (Tables 1–4), in line with principles of Artificial Intelligence to solve
difficult processes [18]. Moreover, as in the US and many other countries RUCAM was successfully
used to assess causality in cases of DILI, there is no need to invent another instrument specifically
designed for drug development [255]. The issue of overlooked alternative causes remains a clinical
problem and was described already in 1999 by Aithal et al. [256] and guided by RUCAM subsequently
confirmed [69,257].

Future DILI and HILI studies should adhere on a prospective study design as strongly
recommended in the RUCAM updated in 2016 because a retrospective approach may create concern on
the validity of the published results due to incomplete information [15]. Neglecting this recommendation
and using instead a retrospective design could be problematic [48]. In addition, attempts to lift RUCAM
based causality gradings from possible to probable must be resisted [48]. Discouraged is in particular
the use of a non-RUCAM based CAM in addition to RUCAM, because such a combination causes
uncertainty due to disputable results of causality gradings. It is not recommended to mix in the same
cohort patients with DILI or HILI [48] because this situation will complicate a separate evaluation of
DILI or HILI features. However, it is clear that in individual cases RUCAM allows for a distinction
between a drug and a medicinal herb when causality gradings are different.
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11. Conclusions

The current analysis showed a favorable run of the RUCAM algorithm globally used since its
launch in 1993, considering the annually published DILI and HILI cases. Overall 95,885 liver injury
cases were published using RUCAM for causality assessment, namely 81,856 iDILI cases and 14,029
HILI cases. The global use of RUCAM assessing causality in cases of DILI and HILI helps compare
study results among various countries and facilitates description of typical clinical features, best derived
from case reports or small case series. RUCAM solves complex conditions as an algorithm in line with
principles of Artificial Intelligence. Top ranking countries providing RUCAM based DILI cases were
China, the United States, Germany, Korea, and Italy, whereas most RUCAM based HILI cases were
published by authors from China, Korea, Germany, India, and the United States. In term of number
of cases published, there is no other causality assessment method that could outperform RUCAM
evaluating DILI and HILI cases. This should encourage all the stakeholders involved in DILI and HILI
to systematically use RUCAM in order to reinforce their diagnosis and take the right decisions for the
benefit of the patients.
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Abstract: Background: Granuloma annulare (GA) is a cutaneous granulomatous disorder of unknown
etiology. There are conflicting data on the association between GA and multiple systemic conditions.
As a result, we aimed to clarify the reported associations between GA and systemic conditions.
Methods: A retrospective, cross-sectional, case-control study was performed in which the medical
records of biopsy-confirmed GA patients ≥18 years of age, who presented to the Johns Hopkins
Hospital System between 1 January 2009 and 1 June 2019, were reviewed. GA patients were compared
to controls matched for age, race, and sex. Results: After adjusting for confounders, GA patients
(n = 82) had higher odds of concurrent type II diabetes (odds ratio (OR) = 5.27; 95% confidence
interval (CI), 1.73–16.07; p < 0.01), non-migraine headache (OR = 8.70; 95% CI, 1.61–46.88; p = 0.01),
and a positive smoking history (OR = 1.93; 95% CI, 1.10–3.38; p = 0.02) compared to controls (n = 164).
Among GA patients, women were more likely to have ophthalmic conditions (p = 0.04), and men were
more likely to have cardiovascular disease (p < 0.01) and type II diabetes (p = 0.05). No differences
in systemic condition associations were observed among GA subtypes. Conclusions: Our results
support the reported association between GA and type II diabetes. Furthermore, our findings indicate
that GA may be associated with cigarette smoking and non-migraine headache disorders.

Keywords: granuloma annulare; granulomatous disorders of the skin; inflammatory skin conditions;
medical dermatology

1. Introduction

Granuloma annulare (GA) is a granulomatous cutaneous disorder of unknown etiology with an
estimated prevalence of 0.1–0.4% [1]. Clinically, GA has various presentations, including localized,
generalized, subcutaneous, patch, or perforating subtypes [1–4]. Due to this variation in clinical
presentation, characteristic histological findings are critical for diagnosis [2,4]. Given the unknown
etiology of GA, studies have focused on uncovering its association with systemic conditions [2].

Systemic diseases proposed to have an association with GA include diabetes mellitus [1,5,6],
dyslipidemia [7], hypothyroidism [8], and various malignancies [2]. However, results from the
current literature have been conflicting, as several reports have also found no association between
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GA and diabetes mellitus [9], thyroid function [1], or dyslipidemia [5]. Additionally, reports on GA’s
association with malignancy have largely been confined to case reports or studies with small sample
sizes, which make an association difficult to ascertain [2]. Therefore, we performed a retrospective
cross-sectional, case-control study of patients with clinically diagnosed and biopsy-confirmed GA to
clarify the conflicting evidence of associations between GA and systemic conditions.

2. Materials and Methods

2.1. Study Design

Patients with GA were identified through a review of medical records at the Johns Hopkins
Health System (JHHS), mainly comprised of tertiary-care, academic medical centers. A search was
performed for patients with an ICD-10 (International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision) code L92.0 who received outpatient care between 1 January 2009 and
1 June 2019. Patients with incomplete medical records were excluded. The GA patient study cohort
included patients 18 years or older with both a documented clinical presentation and biopsy consistent
with GA, including histological evidence of lymphohistiocytic inflammation, mucin deposition, and
collagen degradation. All clinical and histopathologic evaluations were performed by board-certified
dermatologists and dermatopathologists at JHHS, respectively. Patients with incomplete medical
records, lack of biopsy-confirmed GA, or foreign body reactions at the time of diagnosis were excluded.
Patients with GA were matched to controls in a 1:2 ratio by age (±3 years), race, and sex. Controls
presented to JHHS as outpatients for regularly scheduled skin exams or for benign, localized chief
complaints. The study was found exempt by the JHHS institutional review board, and patient consent
was waived as only de-identified data were used.

2.2. Data Collection

Histopathological reports and medical records of patients with GA were reviewed. Patient
characteristics and comorbidities present on the date of GA diagnosis by pathology were manually
extracted from medical records.

2.3. Definition of Smoking History and Comorbidities

Smoking history was defined as self-reported cigarette smoking at the time of GA diagnosis or
a previous history of smoking, regardless of amount. Comorbidities were any diseases that were
ongoing problems at the time of GA diagnosis. Cardiovascular disease included active problems such
as atherosclerosis, arrhythmias, cardiomyopathies, and cardiac infections. A history of myocardial
infarction, heart failure, and stroke was included even if they were past medical events, insofar as
the sequelae of those events were deemed significant enough to be considered active problems in the
patient medical record. Liver disease encompassed viral liver infections, non-alcoholic steatohepatitis,
hepatic steatosis, autoimmune liver disease, and hereditary liver diseases. Ophthalmic conditions
included retinal degeneration, vitreous degeneration, inflammatory conditions of the eye proper or the
optic nerve, closed-angle glaucoma, open-angle glaucoma, cataracts, and myopia.

2.4. Statistical Analysis

Continuous variables were presented as mean ± standard deviation (SD), and categorical
variables were analyzed as proportions. Means were compared between cohorts using Student’s t-test,
while proportions were compared using the chi-squared or Fisher’s exact test, as appropriate. Logistic
regression results were expressed using odds ratios with 95% confidence intervals. Analyses were
conducted with Stata/SE, v. 15.1 (StataCorp LLC, College Station, TX, USA). Univariable analyses
were performed to compare patient characteristics between the GA cohort and controls. Logistic
regression was used to adjust for potential confounding variables in our comparisons. A p-value < 0.05
(two-tailed) was considered significant in all analyses.
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3. Results

Patient billing codes and pathology reports identified 471 patients with an ICD-10 L92.0 code who
were seen at JHHS from January 2009 to June 2019. A total of 82 patients (17.4%) met the inclusion
criteria and were included in the retrospective chart review. Table 1 displays patient demographics
and clinical characteristics. On average, both cohorts were aged 58 ± 16 years, predominately female,
and of non-Hispanic white race. In regard to smoking, a greater proportion of GA patients had a
history of smoking or were active smokers at the time of their diagnosis (p = 0.03). Type II diabetes
mellitus (p < 0.01), liver disease (p = 0.04), and non-migraine headache (p = 0.02) were present more
frequently in patients with GA compared to patients without GA. The prevalence of clinically diagnosed
dyslipidemia (p = 0.41), hypothyroidism (p = 0.63), and solid organ malignancy (p = 0.76) did not
significantly differ between the study groups.

Table 1. Demographic and clinical characteristics of granuloma annulare (GA) patients.

Demographic and Clinical Characteristics GA (n = 82) Control (n = 164) p-Value

Age (years), mean ± SD 58 ± 16 58 ± 16 0.99
Sex, n (%)

Male 22 (27) 44 (27) 1.00
Female 60 (73) 120 (73)

Race/Ethnicity, n (%)
Non-Hispanic White 70 (85) 140 (85)

Black 6 (7) 12 (7) 1.00
Asian 4 (5) 8 (5)
Other 2 (2) 4 (2)

Smoking History, n (%) 39 (48) 54 (33) 0.03
Comorbidities, n (%)

Solid Organ Malignancy 3 (4) 8 (5) 0.76
HIV Positive Antibody 0 (0) 1 (1) 1.00
Ophthalmic Condition 26 (32) 56 (34) 0.70
Cardiovascular Disease 11 (13) 22 (13) 1.00

Unspecified Osteoarthritis 10 (12) 14 (9) 0.36
Depressive Disorder 6 (7) 15 (9) 0.63

Anxiety Disorder 6 (7) 12 (7) 1.00
Systemic Lupus Erythematosus 2 (2) 0 (0) 0.11

Type II Diabetes Mellitus 12 (15) 5 (3) <0.01
Liver Disease 5 (6) 2 (1) 0.04
Dyslipidemia 24 (29) 40 (24) 0.41

Hypothyroidism 8 (10) 13 (8) 0.63
Essential Hypertension 21 (26) 44 (27) 0.84

Migraine 6 (7) 8 (5) 0.44
Non-Migraine Headache 6 (7) 2 (1) 0.02

Logistic regression was performed to address for potential confounding variables. A smoking
history was associated with higher odds of GA (odds ratio (OR) = 1.93; 95% confidence interval (CI),
1.10–3.38; p = 0.02) after accounting for age, race, and sex. Patients with type II diabetes (p < 0.01),
but not liver disease, also had higher odds of concurrent GA after accounting for age, race, sex, and
smoking (Table 2). Non-migraine headache remained associated with GA after including age, race, sex,
smoking history, cardiovascular disease, and essential hypertension in the logistic regression model
(OR = 8.70; 95% CI, 1.61–46.88; p = 0.01).
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Table 2. Logistic regression for comorbidities and granuloma annulare (GA) controlling for age, race,
sex, and smoking.

Comorbidities (Yes/No) Odds Ratio 95% Confidence Intervals p-Value

Solid Organ Malignancy 0.64 0.16–2.59 0.53
HIV Positive Antibody - - -
Ophthalmic Condition 0.84 0.46–1.53 0.57
Cardiovascular Disease 0.89 0.37–2.14 0.80

Unspecified Osteoarthritis 1.46 0.59–3.59 0.41
Depressive Disorder 0.68 0.25–1.87 0.46

Anxiety Disorder 0.91 0.32–2.60 0.86
Systemic Lupus
Erythematosus - - -

Type II Diabetes Mellitus 5.27 1.73–16.07 <0.01
Liver Disease 4.41 0.81–23.96 0.09
Dyslipidemia 1.24 0.66–2.34 0.50

Hypothyroidism 1.24 0.48–3.19 0.65
Essential Hypertension 0.84 0.44–1.62 0.61

Migraine 1.48 0.48–4.55 0.50
Non-Migraine Headache 7.55 1.45–39.30 0.02

A sub-analysis of patients with GA was performed, examining variation by sex (Table 3). Among
GA patients, females were more likely than males to present with ophthalmic conditions (p = 0.04),
while males were more likely than females to have concurrent cardiovascular disease (p < 0.01) and
type II diabetes (p = 0.05). Further analysis by GA subtype, generalized or localized GA (Table 4),
demonstrated that patients with localized GA were younger than patients with generalized GA
(p < 0.01). Differences were not observed in comorbidities or smoking history by GA subtype.

Table 3. Demographic and clinical characteristics of granuloma annulare (GA) patients by sex.

Demographic and Clinical Characteristics
Female
(n = 60)

Male
(n = 22)

p-Value

Age (years), mean ± SD 57 ± 14 60 ± 19 0.50
Smoking History, n (%) 27 (45) 12 (55) 0.44

Comorbidities, n (%)
Solid Organ Malignancy 2 (3) 1(5) 1.00
Ophthalmic Condition 23 (38) 3 (14) 0.04
Cardiovascular Disease 2 (3) 9 (41) <0.01

Unspecified Osteoarthritis 6 (10) 4 (18) 0.45
Depressive Disorder 4 (7) 2 (9) 0.66

Anxiety Disorder 5 (8) 1 (5) 1.00
Systemic Lupus Erythematosus 2 (3) 0 (0) 1.00

Type II Diabetes Mellitus 6 (10) 6 (27) 0.05
Liver Disease 5 (8) 0 (0) 0.32
Dyslipidemia 16 (27) 8 (36) 0.42

Hypothyroidism 6 (10) 2 (9) 1.00
Essential Hypertension 13 (22) 8 (36) 0.25

Migraine 4 (7) 2 (9) 0.66
Non-Migraine Headache 6 (10) 0 (0) 0.18
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Table 4. Demographic and clinical characteristics of granuloma annulare (GA) patients by subtype.

Demographic and Clinical Characteristics
Generalized

(n = 47)
Localized
(n = 35)

p-Value

Age (years), mean ± SD 63 ± 15 52 ± 14 <0.01
Smoking History, n (%) 23 (49) 16 (46) 0.77

Comorbidities, n (%)
Solid Organ Malignancy 2 (4) 1(3) 1.00
Ophthalmic Condition 16 (34) 10 (29) 0.60
Cardiovascular Disease 5 (11) 6 (17) 0.39

Unspecified Osteoarthritis 6 (13) 4 (12) 1.00
Depressive Disorder 4 (9) 2 (6) 1.00

Anxiety Disorder 3 (6) 3 (9) 1.00
Systemic Lupus Erythematosus 1 (2) 1 (3) 1.00

Type II Diabetes Mellitus 6 (13) 6 (17) 0.58
Liver Disease 4 (9) 1 (3) 0.39
Dyslipidemia 14 (30) 10 (29) 0.90

Hypothyroidism 6 (13) 2 (6) 0.46
Essential Hypertension 11 (23) 10 (29) 0.60

Migraine 3 (6) 3 (9) 1.00
Non-Migraine Headache 3 (6) 3 (9) 1.00

4. Discussion

The results of our study investigating systemic disease associations with GA support previously
published reports of an association between GA and type II diabetes. Additionally, our results align with
previous studies which found no associations between GA and dyslipidemia [5], hypothyroidism [1],
or malignancy [10,11]. However, we observed a significantly increased prevalence of a smoking history
and non-migraine headaches among GA patients. An association between GA and a positive smoking
history has not previously been reported, while associations with non-migraine headaches have not
been reported outside of case reports.

Type II diabetes mellitus and dyslipidemia are two metabolic disorders that have been reported to
be associated with GA. In 2009, a retrospective, multicenter study in Korea found a higher prevalence
of diabetes mellitus in generalized GA patients compared to the general Korean population [6].
This observation was corroborated by similar findings in a retrospective analysis in which 44 GA
patients in Taiwan were compared to the general Taiwanese population [5], as well as another study that
found increased levels of fasting blood sugar in 28 Iranian GA patients compared to healthy controls [1].
However, another study using psoriasis patients as internal controls instead of national data failed to
find a statistically significant association between GA and type II diabetes [9]. Studies exploring the
relationship between GA and dyslipidemia have similarly observed conflicting results. A case-control
study found significant associations between GA and dyslipidemia as well as increased levels of
low-density lipoprotein, triglyceride, and total cholesterol [7]. However, these findings were not
replicated in a more recent retrospective analysis in 2016 [5]. Our study found an association between
type II diabetes and GA but did not observe a significant association between GA and dyslipidemia.

Hypothyroidism and solid organ malignancy are other systemic conditions with inconsistent
reports on their associations with GA. A retrospective correlation study of 100 GA patients by Dabski and
Winkelmann found 13 patients to have a thyroid disorder (in descending frequency: hypothyroidism,
Grave’s disease, thyroiditis, thyroid adenoma) [12]. However, whether GA is truly associated with
hypothyroidism is unclear. For example, while one small case-control study failed to demonstrate a
significant difference in thyroid hormone levels between GA patients and healthy controls [1], another
case-control study of similar sample size did, in fact, report an association between localized GA
and autoimmune thyroiditis, specifically in adult women [8]. In the latter, the authors suggested a
common immunogenetic pathophysiology potentially underlying the two conditions, as well as other
systemic, GA-like, granulomatous conditions that lie on a spectrum [8]. Our study did not show that
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GA is associated with hypothyroidism. Collectively, these findings indicate that the current literature
cannot definitely support or deny any association between GA and hypothyroidism. Additional
large-scale, controlled studies are necessary to determine whether a true association between GA and
hypothyroidism exists.

The question of whether or not malignancy is associated with GA is also debated. Multiple
case reports have demonstrated GA occurring concurrently with various malignancies, which has
led to speculation about a potential relationship [2]. While the exact etiology of GA is unknown,
several studies have supported the hypothesis that the pathogenesis of GA involves a T-cell mediated
response [13]. As a corollary, it has also been hypothesized that GA, in certain settings, may be a
cutaneous manifestation of a chronic immune response to an underlying malignancy [14]. However,
despite the seemingly high occurrence of GA in cases of malignancy, a meta-analysis of multiple case
reports and correlation studies has not supported an association—with the caveat that clinically atypical
GA in elderly individuals warrants investigation for an underlying malignancy that can histologically
mimic GA [10]. A more recent review article by Hawryluk et al. echoed such conclusions, as well as
cautioning against misdiagnoses, since other granulomatous dermatoses could in fact implicate
malignancy [15]. Furthermore, a recent case-control study failed to find any association between
malignancy and generalized GA [11]. Likewise, our study did not show that GA was associated with
solid organ malignancy, thereby corroborating the results of the current literature on the topic.

The results of our study not only help to clarify previously reported associations between GA
and certain systemic diseases but also reveal previously unrecognized relationships. For instance,
we demonstrate increased prevalence of a smoking history in patients with GA. Even though the
mechanism is unclear, smoking has been previously implicated in complications of sarcoidosis, another
granulomatous disease [16]. Specifically, cigarette smoking has been shown to predict the development
of ocular sarcoidosis in sarcoidosis patients. Smoking is thought to trigger systemic increases in
cytokines, such as IL-6, IL-1β, and TNF-α, which are critical in the formation of granulomas [16].
As sarcoidosis and GA are both granulomatous diseases, it is possible that similar mechanisms may
underlie the association between smoking and GA.

GA’s association with non-migraine headache has not been previously supported by a well-defined
study. Our results showed that patients who received a diagnosis for GA were more likely to have
non-migraine headache. Due to the lack of specific documentation in the medical record, it was not
possible to identify the source of these non-migraine headaches. However, this finding is interesting
due to reports of GA occurring simultaneously with giant cell arteritis (GCA), a particular cause
of headaches. These conditions have been reported to occur together, and resolve with the same
medications [17,18]. The presence of giant cells, granulomas, vascular deposition of IgM and C3, CD4
T-cell involvement [17], and an increased expression of HLA-B15 [18] in both GA and GCA lends
credence to the possibility of a shared pathophysiologic mechanism. Despite the limitations of our
study, it is possible that our non-migraine headache classification could have served as a proxy for
a headache of a vascular origin. These findings encourage further inquiry to elucidate whether a
relationship exists between specific headache disorders and GA, as well as their respective mechanisms.

Finally, our study found certain differences in the associations of systemic conditions with GA
when stratified by sex. Females were more likely to present with a concurrent ophthalmic condition,
while males were more likely to present with cardiovascular disease and type II diabetes. Given our
sample size, it is difficult to determine whether these differences are generalizable. However, sex
differences may be important to consider in future studies aiming to determine how GA presents in
different patient populations.

This study had several limitations. Firstly, this was a retrospective study at an academic,
tertiary-care medical center system, which may limit the generalizability of our results. Additionally,
there was incomplete information in the medical record, which limited the conclusions that we could
draw from our analyses. Important lab values and body mass indexes were difficult to obtain near the
time of GA diagnosis. These values may have been confounding variables in our assessment of GA
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and comorbidities. Furthermore, the lack of detail in the medical record on the source of documented
headaches did not allow for the assessment of whether or not GA was associated with a particular
type of headache disorder. Lastly, our study was also limited by its sample size and study design.
The limited GA cohort size affected the associations that could be made and parts of our cross-sectional
study design do not allow us to determine causality.

A range of systemic conditions have been suggested to be associated with GA. Our study
contributes to this literature by uncovering meaningful associations between GA and type II diabetes,
a history of cigarette smoking, and non-migraine headache. In contrast to prior studies, no associations
were detected between GA and dyslipidemia, hypothyroidism, and malignancy. These results
contribute to the growing body of literature on GA and suggest further avenues for investigation.
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Abstract: Background: Breathing is an essential part of life. Diaphragmatic breathing (DB) is slow
and deep breathing that affects the brain and the cardiovascular, respiratory, and gastrointestinal
systems through the modulation of autonomic nervous functions. However, the effects of DB on
human health need to be further investigated. Methods: The author conducted a PubMed search
regarding the current evidence of the effect of DB on health. Results: This review consists of a total
of 10 systematic reviews and 15 randomized controlled trials (RCTs). DB appears to be effective
for improving the exercise capacity and respiratory function in patients with chronic obstructive
pulmonary disease (COPD). Although the effect of DB on the quality of life (QoL) of patients with
asthma needs to be investigated, it may also help in reducing stress; treating eating disorders, chronic
functional constipation, hypertension, migraine, and anxiety; and improving the QoL of patients
with cancer and gastroesophageal reflux disease (GERD) and the cardiorespiratory fitness of patients
with heart failure. Conclusions: Based on this narrative review, the exact usefulness of DB in clinical
practice is unclear due to the poor quality of studies. However, it may be a feasible and practical
treatment method for various disorders.

Keywords: diaphragmatic breathing; abdominal breathing; breathing exercise; systematic review;
randomized controlled trial; respiratory function

1. Introduction

Breathing is an essential part of life. The diaphragm is one of the major respiratory muscles,
and its function is vital for proper respiration. At the end of 19th century, Sewall and Pollard [1]
firstly investigated the relationship between the movement of diaphragm and chest during respiration.
The diaphragm also contributes to vocalization and swallowing, as well as respiration. Its dysfunction
is associated with various disorders, such as respiratory insufficiency, exercise intolerance, sleep
disturbance, and potential mortality [2,3]. The diaphragm has multiple physiological roles. The phrenic
nerve that innervates the functions of the diaphragm has a connection with the vagus nerve, which can
affect the whole body system [4]. Diaphragmatic motion in breathing directly and indirectly affects
the sympathetic and parasympathetic nervous systems and also influences motor nerve activities
and brain mass [5]. The diaphragm also controls the postural stability, defecation, micturition, and
parturition by modulating intra-abdominal pressure. Furthermore, its function is associated with
metabolic balance [6] and cardiovascular and intraperitoneal lymphatic systems [3].

As diaphragmatic (abdominal) breathing (DB) is a slow and deep breathing method, it should
not be considered as just a breathing control [7]. Since time out of mind, traditional martial arts
such as tai chi and yoga utilize DB in their practice. DB is defined as breathing in slowly and deeply
through the nose using the diaphragm with a minimum movement of the chest in a supine position
with one hand placed on the chest and the other on the belly [8]. During breathing, practitioners
should be careful that chest remains as still as possible and stomach moves against the hand focusing
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on contracting the diaphragm. Generally, DB practitioners inhale and exhale for approximately six
seconds, respectively. DB is a fundamental procedure during meditation practices in individuals who
engage in yoga and traditional martial arts such as tai chi. Recently, a systematic review has reported
that mind–body exercise (yoga/tai chi) can reduce stress in individuals under high stress or negative
emotions by modulating the sympathetic–vagal balance [9]. Martarelli et al. [10] showed that DB
increased the antioxidant activity and reduced the oxidative stress after exercise in athletes. DB has
a potential to be a non-pharmacological treatment for patients with stress disorder as well as chronic
respiratory disease. Although a number of studies have investigated the efficacy of breathing exercises
in treating chronic obstructive pulmonary disease (COPD) [11–29], asthma [30–35], postoperative
pulmonary function [36–40], and cardiorespiratory performance in post-Fontan patients [41], the effect
of DB on other disorders, for example, cancer, heart failure, and anxiety, still needs to be further
investigated. As a martial arts practitioner, the author uses DB in daily mind–body exercises (Figure 1)
and feels the necessity to assess whether DB has a favorable impact on the overall health. This review
aims to summarize the current evidence of the impact of DB on diseases as described above as well as
respiratory function and to discuss its future perspective.

 

Figure 1. Breathing in slowly and deeply through the nose with a minimum movement of the chest
in a supine position with one hand placed on the chest and the other on the belly. Diaphragmatic
breathing has an impact on the brain and cardiovascular, respiratory, and gastrointestinal systems
through the modulation of the autonomic nervous function.
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2. Methods

This is a narrative review searching the current evidence on the effect of DB on human health.
The author searched the literature on DB using PubMed and Cochrane Library from its inception to
May 2020. The search terms (MeSH) were “diaphragmatic,” “breathing exercise,” “systematic review,”
and “randomized controlled trial (RCT).” First, the author conducted a search in the systematic reviews,
which yielded 19 published articles. Second, the author searched in the RCTs, and this yielded 98
articles. Crossover trials and RCTs already assessed in previous systematic reviews were excluded
from this review. The titles and abstracts of the identified articles were reviewed to determine their
relevance. Overall, a total of 10 systematic reviews and 15 RCTs were included.

3. Results

3.1. Systematic Reviews

COPD is the most well-studied disease on which DB has a significant effect. In 2012, the Cochrane
Airway Group reported the efficacy of breathing exercises in treating COPD [42]. In this study, 16 RCTs
involving 1233 subjects were included with a mean age of 51–73 years and mean forced expiratory
volume in 1 s (FEV1) of 30–51%, which suggested that the study subjects had moderate-to-severe
COPD. Of these, 13 studies were included in the meta-analysis. Primary outcomes were dyspnea,
quality of life (QoL), and exercise capacity. Breathing exercises, such as yoga with pranayama timed
breathing, pursed-lip breathing, and DB, effectively improved the six-minute walk distance. However,
no effects on dyspnea and QoL were observed. Although only two studies [25,43] were included in
this systematic review, the four-week supervised DB training improved the six-minute walk distance
(mean difference (MD), 34.7 m; 95% confidence interval (CI), 4.1–65.3) [25]. On the other hand, another
study reported that DB had an unfavorable effect on dyspnea [43]. Recently, Ubolnuar et al. [44] have
also assessed 19 RCTs investigating the efficacy of breathing exercises in patients with any severity
stage of COPD. The types of breathing exercise include DB, pursed-lip breathing, just relaxation and
slow breathing, ventilatory feedback training, and singing. Overall, the breathing exercises improved
the respiratory function such as respiratory rate (RR), tidal volume (VT), respiratory time, and QoL
of COPD patients. In particular, DB significantly improved the RR (MD, –1.09; 95% CI, −2.19 to
0.00), although the quality of evidence is low [14,29]. However, the QoL measured using the St.
George’s Respiratory Questionnaire and dyspnea did not differ between the DB and control groups.
Furthermore, these results indicate that, although breathing exercises including DB are promising to
improve the exercise capacity and respiratory function, their effects on clinical symptoms and QoL are
inconsistent due to the severity stage of COPD.

The Cochrane Airway Group reevaluated the efficacy of breathing exercises in adults with asthma
in 2020 [45]. Nine studies were added to the previous systematic review published in 2013, and a total
of 22 RCTs were included in this systematic review and meta-analysis. Unfortunately, since only one
RCT met the inclusion criteria [46], the effect of DB on QoL and asthma symptoms was inconclusive.
However, breathing exercises such as yogic breathing and the Buteyko breathing technique had positive
effects on QoL and asthma symptoms. Moreover, breathing exercises improved the QoL measured
using the Asthma Quality of Life Questionnaire at three months (MD, 0.42; 95% CI, 0.17–0.68) and
at six months (odds ratio, 1.34; 95% CI, 0.17–0.68) compared with no active control. Furthermore,
hyperventilation symptoms and FEV1.0% were predicted to be improved by breathing exercises.

Prem et al. [47] investigated the effect of DB on the QoL of patients with asthma. Only three RCTs
assessing the effect of DB on asthma were included [30–32]. The intervention used in the study by
Thomas et al. [31] was DB plus nasal breathing exercise. In addition, the interventions as controls were
asthma education [30,31] and conventional asthma medication [32]. This systematic review did not
perform a meta-analysis. However, DB improved the QoL measured using the Asthma Quality of Life
Questionnaire; specifically, the questionnaire score was improved: 0.79 [30] and 1.12 [31]. Moreover,
the scores of the Asthma Control Test (from 18 ± 2.5 to 22 ± 3.3) and end-tidal CO2 (by 4 mmHg)
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were improved in the study by Grammatopoulou et al. [32]. The authors suggested that DB improved
the QoL of patients with asthma based on the reduction in hyperventilation, which physiologically
improved the respiratory function.

The effect of breathing exercise in children with asthma was systematically reviewed in 2016 [48].
Only three studies [33–35] were eligible for this systematic review. The primary outcomes were QoL,
asthma symptoms, and adverse events. None of these studies evaluated the single effect of DB, and
the breathing exercise programs consisted of DB, lateral costal breathing [33], pursed-lip breathing [35],
and endurance exercise [34]. A heterogeneity in the asthma severity of patients among the studies was
observed. The difference in the primary outcomes could not be found in the comparisons between
the intervention and control groups. Lima et al. [35] reported that the peak expiratory flow (PEF) was
improved after the intervention, but based on the meta-analysis, no clear evidence could confirm that
DB improved the respiratory function. Moreover, it was inconclusive that DB had a benefit or risk in
children with asthma.

Dysfunctional breathing is associated with poor asthma control in children [49,
50]. Barker et al. [51] assessed the effect of breathing exercises in children with
dysfunctional/hyperventilation syndrome. However, no eligible studies were found for this systematic
review. This lack of evidence is due to the insufficient number of well-designed RCTs conducted in
children. On the other hand, Jones et al. [52] evaluated the effect of breathing exercises in adults with
dysfunctional/hyperventilation syndrome. Since only a single RCT [53] met the inclusion criteria, this
systematic review could not provide a reliable conclusion regarding the effect of DB on dysfunctional
breathing. The included study enrolled 45 patients with hyperventilation syndrome and divided
them into three groups (relaxation therapy, relaxation therapy and DB, and control) of 15 patients
each. As the frequency and severity of hyperventilation attacks were significantly reduced in the DB
group compared with the control group, no detailed data and statistical analysis were presented in this
study [53]. Therefore, the effect of DB on dysfunctional breathing is still unclear.

A systematic review with meta-analysis examined (1) the generalizability, consistency, volume, and
quality of the evidence for breathing control; and (2) the effect of breathing control on various clinical
outcomes [54]. This systematic review included a total of 20 studies: 2 RCTs [55,56], 3 non-RCTs [57–59],
and 15 quasi-experimental studies [14,60–73]. The study participants were also heterogeneous; 80% of
the studies recruited patients with chronic respiratory disease, such as COPD, and 20% of the studies
included patients with other conditions (e.g., post-surgery, chronic progressive multiple sclerosis) and
asymptomatic individuals. DB was required to be the single intervention used in all studies. DB had
beneficial effects on abdominal excursion (MD, 1.36; 95% CI, 0.42–2.31), diaphragm excursion (MD, 1.39;
95% CI, 1.00–1.77), short-term changes in respiratory function, RR (MD, −0.84; 95% CI, −1.09 to 0.60),
VT (MD, 0.98; 95% CI, 0.71–1.25), gas exchange, arterial oxygen saturation (MD, 0.63; 95% CI, 0.25–1.02),
and percutaneous oxygen (MD, 1.48; 95% CI, 0.85–2.11). On the other hand, DB had a negative impact
on the work of breathing (MD, 1.06; 95% CI, 0.52–1.60) and dyspnea (MD, 1.47; 95% CI, 0.88–2.05)
in patients with severe respiratory disease. DB had no significant effects on ventilation, long-term
change in respiratory function, vital capacity (VC), forced vital capacity (FVC), expiratory flow rate,
FEV1, respiratory muscle strength, oxygen consumption, respiratory muscle efficiency, ventilation
distribution, and 12-min walk test. On the other hand, DB was effective in the short-term improvement
of respiratory function, but it did not have a beneficial effect on the long-term physiological outcomes
and energy cost of breathing. Interestingly, DB could negatively affect the respiratory symptoms of
patients with severe respiratory disease and may not be applicable to all kinds of respiratory disease.
However, the generalizability and quality of evidence is not high as this systematic review included
only two RCTs and the heterogeneity of the characteristics of study subjects and the intervention
methods used among the studies was large.

Grams et al. [74] examined the effects of breathing exercises on the prevention of postoperative
pulmonary complications and recovery of pulmonary function in patients who had upper abdominal
surgery. A total of six RCTs or quasi-RCTs were included in this systematic review [36–40,75], four of
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which were conducted in Brazil. The meta-analysis showed that the maximal expiratory pressure and
maximal inspiratory pressure increased by 12.8 (95% CI, 7.6–18.1) and 5.6 (95% CI, 0.6–10.5) mmH2O,
respectively, on Day 1 postop [38–40]. However, DB was observed to have no significant effects on
respiratory function including FVC, FEV, and FEV1. This systematic review indicates that breathing
exercises, which mainly consist of DB, improve the respiratory muscle strength of patients after upper
abdominal surgery. However, the included studies investigated the effect of DB on Day 1–5 postop, and
the respiratory functions of the study subjects at baseline were heterogeneous. Therefore, the findings
of this systematic review are limited to a specific circumstance and the generalizability is low.

Recently, Hopper et al. [76] reported that DB might have reduced the physiological and
psychological stress, although the meta-analysis could not be performed due to the methodological
heterogeneity and outcome measures. One RCT [77] and quasi-experimental studies [78,79] were
included in this qualitative analysis. Ma et al. [77] reported that DB reduced the RR and salivary cortisol
levels in an RCT, suggesting that DB has a favorable effect on stress. Two experimental studies also
showed that DB was effective for improving the blood pressure control [78] and stress measured using
the Depression Anxiety Stress Scale-21 [79]. However, more well-designed RCTs with an appropriate
sample size are needed to conclude whether DB is beneficial for reducing stress.

Table 1 summarizes the results of these systematic reviews.

Table 1. Systematic reviews and meta-analyses assessing the effects of diaphragmatic breathing on
various disorders.

Authors, Year Subjects
Included
Studies

Primary Outcomes Results

Holland et al.,
2012 [42] COPD 16 RCTs

Dyspnea, exercise
capacity, and
health-related
quality of life

Dyspnea↑
6-min walk
distance↑

Ubolnuar et al.,
2019 [44] COPD 19 RCTs

Ventilation,
exercise capacity,

dyspnea, and
quality of life

Respiratory rate↓
Quality of life→

Santino et al.,
2020 [45] Asthma 22 RCTs Quality of life Unknown due to

insufficient data

Prem et al.,
2013 [47] Asthma 3 RCTs Quality of life

Quality of life↑?
(meta-analysis was

not performed)

Macêdo et al.,
2016 [48] Asthma (children) 3 RCTs

Quality of life,
asthma symptoms,
and adverse effects

Unknown due to
insufficient data

Barker et al.,
2013 [51]

Dysfunctional/
hyperventilation

syndrome (children)

No eligible
studies Quality of life Unknown

Jones et al.,
2013 [52]

Dysfunctional/
hyperventilation

syndrome (adults)
1 RCT Quality of life and

adverse effects
Unknown due to
insufficient data
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Table 1. Cont.

Authors, Year Subjects
Included
Studies

Primary Outcomes Results

Lewis et al.,
2007 [54]

Chronic respiratory
disease, post-surgical, or

asymptomatic
individuals

2 RCTs, 3
non-RCTs,

and 15 quasi-
experimental

studies

Short-term clinical
outcomes (not

specified)

Abdominal
excursion↑,
diaphragm
excursion↑,

respiratory rate↓,
tidal volume↑,
arterial oxygen

saturation↑,
percutaneous

oxygen↑
Work of breathing↑,

dyspnea↑

Grams et al.,
2012 [74]

Post upper abdominal
surgery

6 RCTs or
quasi-RCTs

Respiratory
function and
postoperative
complications

Respiratory muscle
strength↑

Respiratory
function→

Hopper et al.,
2019 [76]

1 RCT and 2
quasi-

experimental
studies

Stress
Stress↓

(meta-analysis was
not performed)

COPD, chronic obstructive pulmonary disease; RCT, randomized controlled trial; ↑, increase; →, no change;
↓, decrease.

3.2. Randomized Controlled Trials

3.2.1. COPD and Asthma

It is apparent that previous studies investigating the effects of DB have been conducted in patients
with COPD. The author has identified a recent RCT that was not included in previous systematic
reviews. Yekefallah et al. [80] compared the effect of the breathing exercise involving DB and pursed-lip
breathing and upper limb exercise on exercise capacity measured through a six-minute walking test in
patients with COPD. Seventy-five patients with moderate-to-severe COPD were recruited and divided
into three groups: upper limb exercise group (n = 25), breathing exercise group (n = 25), and control
group (n = 25). Participants in the breathing exercise group performed DB and pursed-lip breathing
for one minute, respectively, with a one-minute rest between these exercises. They were asked to do
these exercises four times a day for four weeks. On the other hand, participants in the upper limb
exercise group performed upper limb strengthening exercises using dumbbells for 20 min per session,
thrice a week, for four weeks. Moreover, all participants completed the study. The mean walking
distance significantly increased in the breathing exercise group (from 355.3 ± 47.9 m to 376.9 ± 37 m)
and in the upper limb exercise group (from 389.8 ± 5.8 m to 409.5 ± 29.8 m) during the study, whereas
the control group did not show any significant change. Although both the upper limb exercise and DB
plus pursed-lip breathing were effective in increasing the walking distance, a post hoc analysis revealed
that the walking distance of the upper limb exercise group was longer than that of the breathing
exercise group. This study indicates that the upper limb strengthening exercise is more effective for
improving the exercise capacity of COPD patients than DB training.

The respiratory function and abdominal and thoracic kinematics changes due to DB training
in patients with moderate persistent asthma were evaluated, although the intervention might be
a respiratory muscle training rather than a simple DB training [81]. Eighty-eight inactive patients with
asthma aged between 18 and 34 were enrolled in this RCT. The study participants were categorized
into aerobic exercise (n = 22), DB (n = 22), aerobic exercise combined with DB (n = 22), and control (n =
22) groups. The participants in the intervention groups performed the training program thrice a week
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for eight weeks. The DB training in this study was unique. The participants in the DB group breathed
using a tube to maximize their inspiration and expiration, and a 2.5 kg weight (Week 1–4) or a 5 kg
weight (Week 5–8) was put on their abdominal cavity. Moreover, they completed three sets of 5–10
repetitions using one second of inspiration and two seconds of expiration, three sets of 10–15 repetitions
using two seconds of inspiration and four seconds of expiration, and three sets of 15–20 repetitions
using three seconds of inspiration and six seconds of inspiration. The participants in the aerobic
exercise group walked and/or jogged for 30 min at the intensity of 60% of the age-predicted maximum
heart rate. After the eight-week intervention, the DB training improved the FVC (from 3.01 ± 0.58 L to
3.52 ± 0.74 L), FEV1 (from 2.85 ± 0.57 L to 3.22 ± 0.63 L), FEV1/FVC ratio (from 94.86 ± 4.94% to 90.64 ±
6.67%), PEF (from 7.10 ± 1.57 L to 7.68 ± 1.26 L), and inspiratory VC, but the forced expiratory flow
(FEF) rate, maximum voluntary ventilation (MVV), and VT did not change. On the other hand, aerobic
exercise improved the FVC (from 2.77 ± 0.48 to 3.11 ± 0.71 L), FEV1 (from 2.72 ± 0.53 to 2.97 ± 0.65 L),
PEF (from 7.15 ± 1.45 L to 7.57 ± 1.47 L), MVV (from 103.65 ± 27.86 L/min to 128.97 ± 27.56 L/min),
and inspiratory VC, but the FEV1/FVC ratio, FEF, and VT did not change. Aerobic exercise combined
with DB more effectively improved the FVC (from 2.87 ± 0.67 L to 3.68 ± 0.82 L) and FEV1 (from
2.70 ± 0.67 L to 3.30 ± 0.70 L) than aerobic exercise alone, but DB and aerobic exercise were equally
effective in the improvement of FVC and FEV1. Aerobic exercise, DB, and DB combined with aerobic
exercise improved the chest circumferences during inspiration, but no significant improvement was
observed during the rest and expiration phases. Interestingly, DB improved the resting, inspiratory,
and expiratory abdominal circumferences at the height of the midpoint between the umbilicus and
the xiphoid process, but aerobic exercise did not change the resting circumference.

3.2.2. Cancer

Campbell et al. [82] investigated the efficacy of relaxation techniques in treating the eating
problems of cancer patients who have a prognosis of at least six months and have nutritional problems
such as weight loss. The relaxation technique includes DB, autosuggestion, relaxing of muscles,
and image control. The changes in weight and performance status measured using the Karnofsky
Performance Status Scale during the study period were assessed. Twenty-two patients with cancer
were randomly assigned to the intervention (n = 12) and control groups (n = 10), respectively. After
performing the relaxation training for six weeks, 75% of the patients gained weight within 10% of
one’s ideal weight. Performance status was improved in 33% of the patients after the eight-week
intervention. Moreover, relaxation training using DB may support the treatment of eating problems in
patients with cancer.

Shahirai et al. [83] evaluated the effect of DB, muscle relaxation, and body image on the QoL
of older patients with breast or prostate cancer. Fifty patients were recruited and categorized into
the intervention (n = 25) and control (n = 25) groups. The functional QoL score was immediately
improved after the intervention (from 31.6 to 60.5 points) and six weeks after the intervention (from
31.6 to 66 points), whereas no significant changes were observed in the control group. Furthermore,
the mean score of the general domain of QoL was also immediately increased after the intervention
(from 36.33 to 64.33 points) and six weeks after the intervention (from 36.33 to 52.33 points). On
the other hand, it was decreased in the control group during the study period. These studies applied
the use of concurrent techniques, but not DB techniques, and the outcome measures were mortality
and survival period. Thus, whether DB is useful for cancer treatment or not is inconclusive. However,
relaxation and DB techniques may be a cost-effective and convenient method for improving the general
condition of patients with cancer.

3.2.3. Other Diseases

Silva and Motta [84] investigated the effect of DB, abdominal muscle training, and massage
on pediatric patients with chronic functional constipation. Seventy-two patients aged 4–18 were
categorized into the physiotherapy plus medication (n = 36) and the medication using only laxatives
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(n = 36) groups. The physiotherapy consisted of DB, isometric training of the abdominal muscles to
increase intra-abdominal pressure, and slow circular clockwise abdominal massage. After the six-week
intervention, the defecation frequency was significantly higher in the physiotherapy group than
the medication-only group. Furthermore, DB may increase intra-abdominal pressure and stimulate
the parasympathetic activity, which increases the colonic motility and improves the defecation frequency.

Wang et al. [85] investigated the effect of DB on blood pressure in prehypertensive patients.
Twenty-six postmenopausal women aged 45–60 were enrolled and categorized into the intervention
and control groups. Twenty-two participants (intervention group, n =12; control group, n = 10)
completed the study. The intervention group was treated with DB combined with the frontal
electromyographic biofeedback-assisted relaxation training, whereas the control group only performed
DB techniques. All participants performed 10 sessions of treatment once every 3 days. After the training,
in the intervention group, systolic and diastolic blood pressures were decreased by 8.4 and 3.9 mmHg,
respectively. Single DB also significantly decreased the systolic blood pressure by 4.3 mmHg, but no
changes in the diastolic blood pressure were observed. DB combined with the biofeedback training
was more effective in lowering the blood pressure than DB alone. In addition, the RR interval
increased during the training in the intervention group, whereas no change was observed in the control
group. The standard deviation of the normal–normal intervals significantly increased in both groups.
Although DB alone was effective in lowering the blood pressure and improving the heart rate variability,
the biofeedback training seemed to strengthen its effect through inhibiting sympathetic activity and
improving vagal tone [86].

Seo and colleagues [87] examined the effect of DB on dyspnea and physical activity of patients with
heart failure. Thirty-six patients were enrolled in this study and were categorized into the home-based
DB retraining (n = 18) and control (n =18) groups. A total of 29 patients (intervention group, n =
13; control group, n = 16) completed the study, and 27 patients (intervention group, n = 12; control
group, n = 15) who continued the home-based DB retraining were followed up for five months. After
the eight-week intervention, the DB group showed little improvement in dyspnea. The functional
status in the DB and control groups increased by 10.5% and 4.4%, respectively, but declined by 2.2%
in the control group in the five-month follow-up. On the other hand, the average daily activity
measured by a triaxial accelerometer, ActiGraph, significantly increased by 14% in the DB group and
decreased by 6% in the control group. No adverse effects were reported. Moreover, DB was a feasible
treatment option for patients with heart failure. Daily physical activity can be increased due to
the improvement of dyspnea through regular DB exercise, which may lead to maintaining or improving
the cardiorespiratory fitness of patients with heart failure. Furthermore, the results of the studies by
Wang et al. [85] and Seo et al. [87] indicate that DB has beneficial effects on cardiovascular health.

Sutbeyaz and colleagues [88] conducted an interesting RCT that compared the efficacy of DB and
pursed-lip breathing in inspiratory muscle training for improving the cardiopulmonary functions of
patients with subacute stroke. Forty-five inpatients with stroke were recruited and categorized into
the breathing retraining (n = 15), inspiratory muscle training (n = 15), and control (n = 15) groups.
The breathing training program consisted of 15 min of DB combined with pursed-lip breathing, 5 min
of air-shifting techniques, and 10 min of voluntary isocapnic hyperpnea. The participants received
daily training, six times a week, for six weeks. No significant changes in VC, FVC, FEV1, FEF25–75%,
and MVV from baseline in the DB group were observed, but the PEF of the DB intervention group
improved as compared with both the inspiratory training and control groups. In contrast, inspiratory
muscle training significantly improved VC, FVC, FEV1, FEF25–75%, and MVV as compared with controls.
Interestingly, DB increased both the maximum inspiratory and expiratory pressures, but inspiratory
muscle training did not increase the maximum expiratory pressure. In contrast to DB, inspiratory
muscle training improved the exertional dyspnea and functional status based on the Barthel Index
and Functional Ambulation Category scores. The general health, pain, vitality, and emotional role
domains of the SF–36 improved in the DB group from baseline as compared with the control group.
The short-term inspiratory muscle training effectively improved the respiratory function and exercise
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capacity of patients with stroke, but DB was also effective in improving the PEF, inspiratory and
expiratory pressures, and QoL. Considering that inspiratory muscle training requires the appropriate
medical equipment, DB is a more feasible treatment option for improving the cardiopulmonary function
of inpatients with stroke.

Eherer and colleagues [89] assessed the effect of the four-week DB training on the QoL, pH-metry,
and on-demand proton pump inhibitor usage of patients with nonerosive gastroesophageal reflux
disease (GERD). Nineteen patients were enrolled in this RCT and were categorized into the training (n
= 10) and control (n = 9) groups. The training group engaged in daily DB practice for at least 30 min.
After the four-week DB training, the time with a pH < 4.0 in the training group decreased from 9.1% ±
1.3% to 4.7% ± 0.9%, and the QoL scores measured using the GERD Health-Related Quality of Life
Scale also improved from 13.4 ± 1.98 to 10.8 ± 1.86, but no changes in the control group were observed.
Furthermore, after the nine-month follow-up, patients who continued the DB techniques showed
an improvement in their QoL scores (from 15.2 ± 2.2 to 9.7 ± 1.6) and proton pump inhibitor usage
(from 98 ± 34 mg/week to 25 ± 12 mg/week). Furthermore, DB as a non-pharmacological intervention
was observed to reduce the proton pump inhibitor usage and improve the long-term QoL of patients
with GERD.

In 2005, an interesting RCT was conducted in India [90]. Migraine is a common but hard-to-treat
disease. Kaushik et al. investigated whether biofeedback-assisted DB could treat migraine. This study
enrolled 192 patients who were then categorized into biofeedback (n = 96) and control (n = 96) groups.
Moreover, 24 (25%) patients in the biofeedback group were excluded. The control group received
80 mg/day of propranolol, whereas the biofeedback group was subjected to DB and relaxation with
electromyogram and temperature feedback for six months. Biofeedback-assisted DB was effective in
66.66% of the patients. In both groups, the severity, frequency, number of vomiting episodes, and
duration of attacks were decreased. One year after the intervention, the resurgence of migraine was
observed in 9.37% of the participants in the biofeedback group, which was significantly lower than
that of the propranolol group (38.54%). Differences in the resurgence rate between the groups were
observed (p < 0.001). In the propranolol group, adverse effects such as fatigue and nausea were
observed in 13.54% of the patients, whereas the side effects were only observed in 5.2% of the patients
in the biofeedback group. The authors recommended that biofeedback-assisted DB and relaxation
techniques should be used as a treatment for migraine.

A systematic review has shown that DB may be useful for stress management [76]. Chen et al. [91]
evaluated the effectiveness of DB training program on anxiety. Anxiety is associated with respiratory
symptoms such as dyspnea, shallow respiratory breathing, hyperventilation, and chest tightness [92],
as well as cardiovascular symptoms such as tachycardia and palpitations [92,93]. The authors
hypothesized that relaxation and DB techniques could reduce anxiety. Forty-six individuals who had
anxiety for at least a month were recruited, but only 30 participants (DB group, n = 15; control group, n
= 15) completed the eight-week study. The DB group practiced DB at least twice a day and 10 exercises
per session. The anxiety scores measured using the Beck Anxiety Inventory declined from baseline
(19.13 ± 7.52) to week 4 (12.67 ± 7.09) and also from week 4 to week 8 (5.33 ± 4.52). Moreover, after
the eight-week DB training, the peripheral temperature increased from 33.26°C ± 1.49°C to 34.77°C ±
1.01°C, heart rate decreased from 85.52 ± 8.0 to 72.45 ± 5.57 beats/min, and breathing rate decreased
from 16.24 ± 2.27 to 12.59 ± 2.40 breaths/min, whereas no significant changes in the control group
were observed. Furthermore, DB is effective to reduce anxiety, which leads to favorable changes in
physiological indicators.

Table 2 summarizes the results of these RCTs.
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Table 2. Randomized controlled trials assessing the effects of diaphragmatic breathing on
various disorders.

Authors, Year Subjects
Intervention

Study Duration
Results

Yekefallah et al.,
2019 [80] 75 patients with COPD

Breathing exercise (DB
and pursed-lip

breathing) and upper
limb exercise
One month

6-min walking distance↑

Shaw and Shaw,
2011 [81] 88 patients with asthma

DB, aerobic exercise, and
aerobic exercise plus DB

8 weeks

FVC↑, FEV1↑, FEV1/FVC
ratio↓, PEF↑, FEF rate→,

MVV→, VT→
Campbell et al.,

1984 [82]
22 patients with cancer
(except breast cancer)

Relaxation technique
including DB

6 weeks

Desirable weight gain
Improvement in

Performance Status

Shahirai et al., 2017
[83]

50 elderly patients with
breast or prostate cancer

Muscle relaxation,
guided imagery, and DB

6weeks
Quality of life↑

Silva and Motta,
2013 [84]

72 pediatric patients with
chronic functional

constipation

Isometric training of
the abdominal muscle,

DB, and abdominal
massage
6 weeks

Defecation frequency↑
Fecal incontinence→

Wang et al., 2010
[85]

22 postmenopausal
women with

prehypertention

DB and DB with frontal
electromyographic

biofeedback training
Systolic blood pressure↓

Seo et al., 2016 [87] 29 patients with heart
failure

Home-based DB
retraining
8 weeks

Dyspnea↓
Daily physical activity↑

Functional status↑

Sutbeyaz et al.,
2010 [88]

45 inpatients with
subacute stroke

DB combined with
pursed-lip breathing and

inspiratory muscle
training
6 weeks

PEF ↑, VC→, FVC→,
FEV1→, FEF25–75%→,

MVV→

Eherer et al., 2012
[89]

19 patients with
non-erosive

gastroesophageal reflux
disease

DB
4 weeks

Time with a pH < 4.0↓
Quality of life↑

Kaushik et al., 2005
[90]

167 patients with
migraine

DB with biofeedback and
80 mg/day of propranolol

6 months
Resurgence of migraine↓

Chen et al., 2017
[91] 30 patients with anxiety DB

8 weeks

Anxiety score↓,
peripheral temperature↑,

heart rate↓, breathing
rate↓

COPD, chronic obstructive pulmonary disease; DB, diaphragmatic breathing; VC, vital capacity; FVC, forced vital
capacity; FEV1, forced expiratory volume in 1 s; PEF, peak expiratory flow; FEF, forced expiratory flow; MVV,
maximum voluntary ventilation; VT, tidal volume; ↑, increase;→, no change; ↓, decrease.

3.2.4. Healthy Individuals

The effects of DB on healthy individuals have been also investigated. An experimental study
was conducted to investigate whether DB had an impact on motion sickness in a virtual reality
environment [94]. Healthy individuals were screened for motion sickness susceptibility. A total of 60
motion sickness susceptible subjects were randomly categorized into the DB (n = 31) and control (n =
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29) groups. The participants wore 3D goggles and experienced motion sickness in a virtual reality
space (10-min fluctuating view of a stormy sea). During the virtual reality experience, the respiration
rate was significantly lower (11.38 ± 3.49 breaths/min vs. 16.21 ± 2.77 breaths/min) and the heart rate
variability (respiratory sinus arrhythmia) was significantly higher (7.46% ± 1.05% vs. 6.38% ± 0.86%)
in the DB group compared with the control group. In addition, the self-reported motion sickness
rating (1.37 ± 0.44 vs. 1.78 ± 0.63) and the motion sickness assessment questionnaire score (2.1 ±
0.91 vs. 2.85 ± 1.72) were significantly lower in the DB group than those in the control group. In
the DB group, a positive correlation between the respiration rate and motion sickness rating and
negative relationships of the heart rate variability with respiration rate and motion sickness rating
were observed. Therefore, these findings suggested that DB increased the parasympathetic nervous
system activity, decreased the respiration rate, and improved the motion sickness symptoms.

Gimenez et al. [95] compared the effectiveness of comprehensive directed breathing retraining
with DB on male smokers who had exertional dyspnea but normal spirometry. Twenty-four active male
smokers aged 33–60 were enrolled and categorized into the experimental (comprehensive directed
breathing retraining) and control (DB) groups. Both groups performed 60 min of DB, 30 min of walking,
and conditioning exercises for 5 days a week for 4 weeks. The participants were asked to continue
DB at home, walking, and exercises twice daily for at most 30 min. The experimental group was
educated about the anatomy and physiology of respiration, enhanced their awareness on abnormal
breathing patterns, shown the ventilator rhythm on a spirogram, and watched a DB instructional film.
The measurement of physiologic parameters was performed at rest and at 40-W exercise for 10 min.
In the experimental group, 34 of 44 lung function parameters, such as dyspnea index, ventilation
capacity, FEV1, PEF, VO2, VCO2rest, and PaO2, were improved. The single DB intervention did not
effectively improve the exertional dyspnea and lung function. Moreover, the authors referred to an
unfavorable effect of DB that previous studies on patients with COPD had shown: the possibility that
DB worsened the chest wall motion, reduced the efficiency of ventilation, and increased the respiratory
workload [64,96,97].

Han and Kim [98] investigated the effect of DB combined with upper extremity exercise on
the lung function of young healthy individuals. Forty male adults were recruited and categorized
into the experimental (DB with upper extremity exercise; n = 20) and control (only DB; n = 20) groups.
Both groups performed 10 min of warm-up exercise, 5 min of DB, and 10 min of cool-down exercise.
Additionally, the experimental group performed breathing exercises with 25 min of dynamic upper
extremity exercise using an elastic band with 40% resistance for one repetition maximum, whereas
the control group performed 25 min of regular breathing exercise. Both groups performed the exercise
session thrice a week for four weeks. After the four-week training, FVC significantly increased in
both experimental and control groups. FEV1 and PEF did not change in both groups. However, FEV1

increased by 0.05 L in the experimental group, whereas it decreased by 0.02 L in the control group.
This study indicates that DB is effective in improving FVC, but the upper extremity exercise may have
an additional effect on obstructive ventilatory disturbance.

Bahensky et al. [99] investigated how DB based on yoga affects the efficiency of breathing in
adolescent endurance runners. This study included 37 runners who performed endurance training
at least six times a week. The intervention group (n = 21) engaged in DB exercise for at least 10 min
per session, at least 5 times a week, for 4 months. The VT and breathing frequency were measured
at two and four months after the intervention started. A spiroergometry test was performed using
a bicycle ergometer at the point of subjective exhaustion. In the intervention group, VT significantly
increased from 2.02 ± 0.43 L at baseline to 2.11 ± 0.43 L after the two-month intervention and to 2.25
± 0.51 L after the four-month intervention, whereas no changes in the control group were observed.
Moreover, the breathing frequency significantly increased from 59.0 ± 8.6 breaths/min at baseline to 55.6
± 9.5 breaths/min after the two-month intervention and to 52.2 ± 9.2 breaths/min after the four-month
intervention, whereas no changes in the control group were observed. The DB training for four months
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effectively increased the VT by 10.96% and decreased the breathing frequency by 11.47%. DB may
improve the endurance capacity of the respiratory muscles in healthy adolescents.

Previous studies have shown that DB has no significant impacts on aerobic capacity in healthy
individuals. Respiratory muscle trainings also appear to have no beneficial effects on VO2max in
healthy non-smokers [100] and athletes [101].

4. Discussion

DB has various physiological effects in humans. The diaphragm is the major respiratory
muscle. As the movement of the diaphragm has a positive correlation with the lung volume [102],
using the diaphragm consciously during respiration increases the lung capacity. DB facilitates slow
respiration, but if RR decreases, hypercapnia and the activation of chemoreceptors would be induced
to increase RR to maintain the respiratory homeostasis [103]. DB that controlled RR at six breaths/min
reduces the chemoreflex response to hypoxia and hypercapnia compared with normal breathing [104].
Decreased RR increases the VT, which improves the efficiency of ventilation for oxygen [105] through
alveolar recruitment and distention, improving the alveolar ventilation due to reduced alveolar dead
space and increasing the arterial oxygen saturation [103]. Therefore, DB has a potential to improve
the blood oxygen levels.

RR also affects the heart rate, systemic blood pressure, and circulating blood volume. Generally,
inspiration decreases the intrathoracic pressure and increases the pressure gap between the right heart
and the systemic circulation, which increases the venous return to the right heart. On the other hand,
the pulmonary venous return decreases and the blood volume in the left heart is reduced. As a result,
the cardiac output increases due to the increase of blood volume in the right heart. This physiological
action is reversed in expiration [103]. Heart rate increases during inspiration and decreases during
expiration while arterial blood pressure is lowered [106]. DB enhances the fluctuations in blood
pressure and heart rate [103] via slow breathing [107] and diaphragm excursions, therefore improving
the baroreflex sensitivity, heart rate variability, and blood pressure oscillations [103,108].

Breathing has a close relationship with autonomic nervous system function. The phrenic
nerve that controls the movement of the diaphragm is connected to the vagus (parasympathetic)
nerve [4]. Decreasing the RR by DB activates the parasympathetic nervous activity while suppressing
the sympathetic nervous activity [11]. Chang et al. [109] reported that slow breathing with eight
breaths/min makes the balance of the parasympathetic nervous activity dominant. Autonomic
dysfunction, for example, a reduction in heart rate variability, is associated with an increased risk of
cardiovascular mortality and morbidity [110]. Hyperactive sympathetic nervous activity and hypoactive
parasympathetic nervous activity can be regulated by DB, which will improve the cardiovascular
health. In addition, yoga practice tends to tune the brain toward a parasympathetically driven mode
and positive states [111]. Jerath et al. [112] indicated that breathing stimulated the vagal activation of
gamma-aminobutyric acid pathways in the brain, and reduced stress and anxiety. Furthermore, DB
appears to have a favorable effect on the cardiovascular system and brain through the improvement of
the autonomic balance.

Although the current evidence regarding the effects of DB on human health is accumulating,
several limitations should be considered to conclude its efficacy in clinical practice. Firstly, the DB
technique among the studies has not been standardized. The inspiratory and expiratory phase
times ranged from 4 to 8 s, respectively, and the practitioners performed DB in various postures
such as supine position, semi-recumbent position, or seated position. Moreover, the optimal RR
and posture for achieving physiological benefits are still unknown. Secondly, the effect of DB may
differ depending on the severity of the diseases. For instance, DB could be harmful for dyspnea in
patients with severe COPD. Therefore, future studies should investigate whether the effects of DB differ
according to the severity of diseases. Thirdly, considerable heterogeneity among studies was observed,
such as the characteristics of the study subjects, intervention frequency and duration, and controls.
Furthermore, previous systematic reviews assessed in this study have different criteria of inclusion. For

402



Medicines 2020, 7, 65

example, several studies that did not investigate the single effect of DB were included in a systematic
review (e.g. Thomas et al. [31]). Fourthly, systematic reviews included a wide range of studies from
the 1950s to 2010s. Studies that were performed 50 years ago have important information; however,
recent studies may be more important because statistical methods and quality of data advances with
the times. Such heterogeneity might cause the findings of this review to be inconclusive. Finally,
the primary outcomes of systematic reviews are usually clinical symptoms, QoL, respiratory function,
and exercise capacity, and no studies have evaluated the effect of DB on hard endpoints, such as
the development of respiratory failure, cardiovascular disease, and mortality. Most of the studies have
short study periods (e.g., 4–6 weeks). Thus, the long-term effect of DB should be clarified in the future.
Despite these limitations, DB has the potential to improve various kinds of disease. Moreover, no
serious adverse effects have also been reported in the RCTs. Recently, a number of studies have shown
that physical rehabilitation improves exercise capacity in transplant recipients and candidates [113,114].
DB could also be safe and feasible in the post-transplant management due to its non-invasive technique.

5. Conclusions

Previous systematic reviews and meta-analyses have shown that DB is effective for improving
the exercise capacity and RR in patients with COPD. On the other hand, DB could deteriorate dyspnea
in severe COPD patients. Moreover, the effect of DB on the QoL of patients with asthma still needs to
be investigated further. DB may also be beneficial for reducing both physiological and psychological
stress and could improve the respiratory function and respiratory muscle strength, but more firm
evidence will be needed in the future. In addition, DB may help in treating eating disorders, chronic
functional constipation, hypertension, migraine, and anxiety, as well as the QoL of patients with cancer
and GERD and the cardiorespiratory fitness of patients with heart failure. Furthermore, DB could
be a feasible and practical technique for patients with such disorders. Although further studies are
needed to clarify the effects of DB on human health, DB can support clinical practice.
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Abstract: Background: Effective preventative health interventions are essential to maintain well-being
among healthcare professionals and the public, especially during times of health crises. Several
studies have suggested that Tai Chi and Qigong (TQ) have positive impacts on the immune system and
its response to inflammation. The aim of this review is to evaluate the current evidence of the effects
of TQ on these parameters. Methods: Electronic searches were conducted on databases (Medline,
PubMed, Embase and ScienceDirect). Searches were performed using the following keywords:
“Tai Chi or Qigong” and “immune system, immune function, immunity, Immun*, inflammation
and cytokines”. Studies published as full-text randomized controlled trials (RCTs) in English were
included. Estimates of change in the levels of immune cells and inflammatory biomarkers were pooled
using a random-effects meta-analysis where randomised comparisons were available for TQ versus
active controls and TQ versus non-active controls. Results: Nineteen RCTs were selected for review
with a total of 1686 participants and a range of 32 to 252 participants within the studies. Overall, a
random-effects meta-analysis found that, compared with control conditions, TQ has a significant
small effect of increasing the levels of immune cells (SMD, 0.28; 95% CI, 0.13 to 0.43, p = 0.00), I2 = 45%,
but not a significant effect on reducing the levels of inflammation (SMD, −0.15; 95% CI, −0.39 to
0.09, p = 0.21), I2 = 85%, as measured by the systemic inflammation biomarker C-reactive protein
(CRP) and cell mediated biomarker cytokines. This difference in results is due to the bidirectional
regulation of cytokines. An overall risk of bias assessment found three RCTs with a low risk of bias,
six RCTs with some concerns of bias, and ten RCTs with a high risk of bias. Conclusions: Current
evidence indicates that practising TQ has a physiologic impact on immune system functioning and
inflammatory responses. Rigorous studies are needed to guide clinical guidelines and harness the
power of TQ to promote health and wellbeing.

Keywords: Tai Chi; qigong; immune system; immunity; inflammation

1. Introduction

The effectiveness of the human immune system to prevent disease and aid recovery is critical [1].
Inflammation is an adaptive biological response of the immune system that can be triggered by several

Medicines 2020, 7, 39; doi:10.3390/medicines7070039 www.mdpi.com/journal/medicines
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factors, such as pathogens, damaged cells and toxic compounds [2,3]. In response to infection, immune
cells produce pro-inflammatory cytokines [4] and suppress anti-inflammatory genes [5] as key elements
of the pathogenic defense process. In the current COVID-19 pandemic, humanity is facing one of
its greatest public health challenges with more physical and psychological demands placed on the
immune system and a greater need for evidence-based healthy lifestyle interventions, such as increased
physical activity, to support and maintain the integrity of immune functions [6]. Several studies have
reported that older people with comorbid conditions are more likely to have more severe symptoms
and a higher risk of mortality from COVID-19 infection compared to children or younger adults [7–9].
Older adults with chronic disease and diminished immune responses have been found to have an
increased risk of infection [10].

Supporting this view, a recent case study demonstrated that robust immune responses were
observed during clinical recovery from the COVID- 19 virus in a middle aged healthy adult [11,12].
Other studies also reported that the total number of NK and CD8+ T cells had decreased significantly
in patients with SARS-CoV 2 infection [13] as a result of T cell infection by SARS-CoV 2 [14,15].

Recently, several studies have demonstrated that physical activity and meditation play a pivotal
role in regulating inflammation and supporting immune function [16–19]. Consequently, general
recommendations for a healthy lifestyle, including physical activities and meditation, have been
made worldwide to help prevent disease, enhance immune function and improve global health and
well-being [17,19]. Emerging evidence indicates that there are substantial benefits for practising Tai
Chi and Qigong (TQ) for health and well-being. TQ, also known as moving meditation, is a classical
mind-body exercise originating in China and has been utilised as a preventative health intervention
for many centuries. TQ is the most common form of physical exercise among adults in China [20].
The 2012 US National Health Interview Survey (NHIS) data suggested that more than 7 million adults
in the US practised TQ and its popularity is growing globally [21–23]. Reasons given for practicing TQ
were to optimize overall health and well-being, prevent disease and prevent the progression of medical
conditions [20,21]. Respondents who practice TQ indicated that the positive outcomes of practice were
reduced levels of stress (83%) and improved overall health and well-being (74%) [21]. Recently, a number
of systematic reviews and meta-analyses have demonstrated the positive impact of TQ on physical
conditions such as arthritis [24], cancer [25], diabetes [26], falls prevention [27], fibromyalgia [28],
osteoarthritis [29], chronic pain [24,30] and cognitive function [31]. Evidence also supports the
psychological benefits of TQ, particularly for symptoms of anxiety and depression [32]. Furthermore,
several descriptive reviews have examined the beneficial effects of mind-body interventions, i.e., TQ,
yoga and meditation on immune function and immune system-related inflammatory biomarkers [33,34].
Another recent study conducted with healthy women demonstrated that TQ can change gene expression
associated with inflammation (HSF1, HSPA1A, IL6, IL10, CCL2 and NF-kB mRNA) [35]. Although a
number of studies have reviewed the effects of TQ on physical and psychological wellbeing [36,37], few
studies have explored the effects of TQ on immunoregulatory responses. The aim of the current review
is to assess the effects of TQ on immune function and immune system-related inflammatory biomarkers.

2. Methods

A systematic review and meta-analysis was conducted following the 2018 Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines [38] for systematic reviews
and meta-analyses. Electronic searches were conducted on four English databases (Medline, PubMed,
Embase and ScienceDirect) from inception through to April 2020. Searches were performed using the
following keywords: “Tai Chi or Qigong” and “immune system, immune function, immunity, Immun*,
inflammation and cytokines”. Additional searches were performed in Google Scholar. Eligibility
criteria were: full-text studies published in English, RCTs with the primary outcome of immune
response, sample size (n ≥ 30), and a TQ intervention period of at least four weeks. Interventions using
qigong (QG) or emitting qi therapy by a qi master were excluded. Purely meditational techniques,
such as Zen meditation, were excluded. Two reviewers (KB and BO) screened the titles and abstracts
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and reviewed them for eligibility after reading the full-text. Additionally, searches were conducted for
other potential studies by screening references in the identified studies.

2.1. Data Analysis

Outcomes at the initial post-intervention assessment were summarised and compared by TQ
intervention arms. Estimates of intervention effects on immune responses (change of immune cells
and inflammatory biomarkers) were extracted and compared for randomised arms [intervention,
active control (exercise or health education) or non-active control (usual care/daily activities/wait-list)].
A random-effects meta-analysis was used to compute pooled estimates allowing for variation.

Effect sizes were estimated from the difference between study group means divided by variances
pooled from both treatment and control groups. Where necessary, known equations were used to
calculate the effect sizes from the reported data [39,40]. Standardised mean differences (SMD, Hedge’s
g) and 95% confidence intervals (CIs) were calculated. I2 was calculated to assess heterogeneity [40].
The outcomes of immune system and inflammatory-related biomarkers were reported in Table 1,
and Figures 2–6. A negative SMD value indicated a greater decrease in biomarkers.
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2.2. Quality Assessment of Original Papers

Risk of Bias (RoB) Assessment: To adequately assess RoB of the included RCTs, two reviewers
independently assessed the RoB using the Cochrane Collaboration’s tool for assessing RoB version 2
(RoB 2) [65]. The Cochrane Collaboration tool RoB2 consists of six domains: “randomization process”,
“deviations from intended interventions”, “missing outcome data”, “measurement of the outcome”,
“selection of the reported result”, and “overall bias”. Any disagreement between the two reviewers
was resolved through discussion.

3. Results

A total of 969 studies were initially identified and screened in this literature search. After an
in-depth evaluation of screening titles and abstracts, 53 articles remained for assessment of eligibility to
be included in the review. Nineteen studies were included in the review (Figure 1). Seventeen studies
were included in the meta-analyses.

Figure 1. Flow chart.

3.1. Characteristics of Clinical Studies and Quality of Evidence

In the nineteen RCTs [Tai Chi (n = 14) and Qigong (n = 5)], there were a total of 1686 participants
with an age range 18 to 87 years, and a sample size range of 32 to 252 participants within the studies,
of which 775 were in the intervention groups and 911 in the control groups (Table 1). Studies were
conducted across several countries viz. USA (n = 8), China (n = 4), Taiwan (n = 2), Australia (n = 1),
Spain (n = 2), and one each were from Hong Kong and Thailand. Participants in the studies were
categorised as cancer survivors (n = 5), older adults with a history of varicella (n = 2), healthy college
students (n = 3), healthy older adults (n = 2), and a further seven studies with older adults with chronic
neck pain (n = 1), mild cognitive impairment (n = 1), cardiovascular disease, (n = 1), diabetes (n = 1),
insomnia (n = 1), HIV (n = 1), and depression (n = 1). Seventeen studies were designed with two arms
while one study was conducted with three arms (TC vs. CBT vs. Health education) and one with four
arms (TC vs. relaxation vs. spiritual growth vs. wait-list), respectively. In the control group conditions,
physical exercise (n = 3), health education (n = 4) and/or CBT (n = 2), wait-list group (n = 2), and
usual care and daily activities (n = 9) were used. The TQ intervention period varied from 4 weeks to
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6 months and included periods of 4 weeks (n = 2), 8 weeks (n = 1), 10 weeks (n = 3), 12 weeks (n = 6),
15 weeks (n = 1), 16 weeks (n = 3) and 6 months (n = 3).The number of intervention sessions ranged
from one to five times per week, with session frequencies of once per week (n = 5), two sessions per
week (n = 3), three sessions per week (n = 9), and one study each with four sessions per week and five
sessions per week, respectively. The majority of studies used an intervention time of 60 min (n = 7),
whereas other intervention times comprised 30 to 50 min (n = 6), 90 min (n = 2), 120 min (n = 3) and 1
study did not report an intervention time.

3.2. Outcomes on the Immune System and Inflammation Associated Biomarkers

The effects of TQ interventions on the selected immune system outcomes and inflammatory
biomarkers are reported in Figures 2–6. Meta-analysis data are presented as SMD (95%, CI) unless
otherwise stated.

3.3. Outcomes on the Immune System

Overall, a random-effects meta-analysis found that TQ had a significant small effect of increasing
the levels of immune cells (SMD, 0.28; 95% CI, 0.13 to 0.43, p < 0.01, I2 = 45%) (Figure 2).

Figure 2. Forest plot for random-effects meta-analysis of the effects of TQ on the immune system.

3.4. Effects on the Innate Immune System

Overall, a random-effects meta-analysis found that TQ had a small effect of increasing the levels
of innate immune cells compared with controls (SMD, 0.22; 95% CI, −0.00 to 0.45, p = 0.05, I2 = 27%),
with no significant heterogeneity across the studies (Figure 3A).

3.4.1. NK Cells

A meta-analysis performed with three studies showed that there were no significant effects for the
levels of NK cells (SMD, 0.00; 95% CI, −0.64 to 0.64, p = 0.99, I2 = 68%), (Figure 3B). Despite two studies
reporting positive trends on NK cells, one study showed significant decreases in NK cells which may
offset the effect size.

3.4.2. Dendritic Cells (DCs)

There were significant small effects on DCs (SMD, 0.32; 95% CI, 0.02 to 0.62, p = 0.04) in favour to
TQ compared to control groups (Figure 3C).
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Figure 3. Forest plot for random-effects meta-analysis of the effects of TQ on the innate immune system.
(A): The effects on the innate immune system, (B): the effects on the NK cells, (C): the effects on the DCs.

3.5. Other Innate Immune Cells

A meta-analysis of one study which examined innate immune cells showed that TQ had a small
effect of increasing the levels of eosinophils (SMD, 0.40; 95% CI, −0.20 to 1.00), monocytes (SMD, 0.44;
95% CI, −0.16 to 1.04), and a marginally small effect on neutrophils (SMD, 0.18; 95% CI, −0.42 to 0.77),
compared with daily activities.

3.6. Effects on the Adaptive Immune System

3.6.1. Adaptive Immune Cells

Overall, a random-effects meta-analysis found that TQ had a small effect of increasing the levels
of adaptive immune cells compared with controls (SMD, 0.31; 95% CI, 0.11 to 0.51, p = 0.01), I2 = 52%,
with low to moderate heterogeneity across studies (Figure 4A–D).

(A) 

Figure 4. Cont.
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Figure 4. Forest plot for random-effects meta-analysis of the effects of TQ on the adaptive immune
system. (A): The effects on the adaptive immune system, (B): the effects on the NKT cells, (C): the
effects on the CD4+/CD8+ ratio, (D): the effects on the VZV-cell-mediated immunity.

3.6.2. T Cell Associated Adaptive Immune Cells

A meta-analysis showed that TQ had a small but non-significant effect of increasing levels of NKT
cells (SMD 0.24, 95% CI, −0.18 to 0.66, p = 0.27), a moderate effect on the Th1/Th2 ratio (SMD, 0.52; 95%
CI, −0.25 to 1.29), and a significant large effect on the Tc1/Tc2 ratio (SMD, 1.64; 95 % CI, 0.75 to 2.53),
compared with daily activities. Also, there was a small non-significant effect on the CD4+/CD8+ ratio
(SMD, 0.11, 95% CI: −0.21 to 0.44, p = 0.49).

Other adaptive immune cell responses associated with the biomarker B lymphocytes showed a
significant moderate effect for TQ increasing the proportion of B lymphocytes (SMD, 0.64; 95% CI, 0.45
to 0.83), but there were negligible effects for immunoglobulin antibodies IgA (SMD, −0.03; 95% CI,
−0.54 to 0.47), IgG (SMD, 0.10; 95% CI, −0.41 to 0.60), and IgM (SMD, 0.05; 95% CI, −0.46 to 0.55), when
compared with a health education control group. (Figure 4A–C). For VZV-cell-mediated immunity,
two RCTs measured VZV responder cell frequency (VZV-RCF) compared with daily activity and health
education controls. A meta-analysis found that TQ had a small effect (SMD, 0.20; 95% CI, −0.13 to
0.52), I2 = 0%, of elevating VZV-RCF (Figure 4D).

3.7. Effects on the Inflammation Response

Overall, a random-effects meta-analysis indicated that TQ had no significant effects on responses
to inflammation (SMD, −0.15; 95% CI, −0.39 to 0.09, p = 0.21, I2 = 85%), as measured by the systemic
inflammation biomarker CRP, the cell mediated biomarker cytokines (IL1β, IL2, IL4, IL6, IL10, IL12,
IL18, TNF-α, INF-γ, GCSF) and NF-κB, compared with controls, due to several bidirectional cytokine
responses. However, sub-group analyses showed TQ had positive trend on levels of CRP, IL6 and
NF-κB, separately (Figure 5A–E).
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Figure 5. Forest plot for random-effects meta-analysis of the effects of TQ on the inflammation response.
(A): The effects on the inflammation response, (B): the effects on the levels of IL6, (C): the effects on the
levels of TNF-α, (D): the effects on the levels of IFN-γ, (E): the effects on the activity of NF-κB.
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3.7.1. CRP

A meta-analysis conducted with six studies suggested that TQ had a small effect of reducing CRP
compared with control groups (SMD, −0.30; 95% CI, −0.70 to 0.11, p = 0.16, I2 = 80%). Furthermore,
a subgroup analysis (Figure 6A,B) of the effect of TQ on CRP, with different control conditions (TQ vs.
health education control, TQ vs. exercise control, TQ vs. inactive control, TQ vs. CBT), showed that
studies that compared TQ with “health education” resulted in a moderate effect (SMD −0.64, 95% CI,
−1.19 to −0.08, I2 = 76%), of reducing CRP, and with “inactive (usual care)” resulted in a small effect
(SMD, −0.32; 95% CI, −0.63 to −0.01) of reducing CRP. In contrast, a study that compared TQ with an
“exercise” group, demonstrated non-significant effects (SMD, 0.16; 95% CI, −0.47 to 0.78), and another
study comparing TQ with “Cognitive Behavioural Therapy (CBT)” showed a small effect of increasing
CRP (SMD, 0.32; 95% CI, −0.09 to 0.73).

(A) 

(B) 

Figure 6. Forest plot for random-effects meta-analysis of the effects of TQ on levels of CRP. (A): The effects
on the levels of CRP, (B): subgroup analysis of CRP based on control interventions.

3.7.2. IL-6

A meta-analysis of three studies suggested that, compared to controls, TQ had a small effect of
reducing the levels of IL-6 (SMD, −0.38; 95% CI, −0.13 to 0.36, I2 = 85%). Of these three studies, one
study showed that TQ increased the levels of IL-6, while another two studies showed reduced IL-6
levels following a TQ intervention.

3.7.3. TNF-α

A meta-analysis of four RCTs found that TQ had a negligible effect on levels of TNF-α compared
with controls (SMD, 0.15; 95% CI, −0.08 to 0.37, I2 = 0%).

3.7.4. INF-γ

A meta-analysis of five RCTs showed that TQ had a small effect of increasing the level of
INF-γ (SMD, 0.27; 95% CI, −0.49 to 1.02, I2 = 93%). This result may have been influenced by
considerable heterogeneity.
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3.7.5. Effects on Other Pro-Inflammatory Biomarkers

A meta-analysis conducted on one study showed a non-significant effect of TQ on levels of IL-2
(SMD, 0.16; 95% CI, −0.16 to 0.47) when compared with controls, whereas another study showed a
small effect of TQ on levels of IL-18 (SMD, −0.21; 95% CI, −0.64 to 0.23), and a third study showed a
moderate effect for TQ on IL-12 (SMD, −0.50; 95% CI, −1.02 to 0.01). Another meta-analysis found
larger effects in favour to TQ on levels of NF-κB (SMD, −0.96; 95% CI, −1.35 to −0.58).

3.8. Effects on Anti-Inflammatory Biomarkers

IL-4

A meta-analysis conducted on two studies suggests that TQ had no significant effect on levels of
IL-4 (SMD, 0.03; 95% CI, −0.33 to 0.39, I2 = 0%), when compared with controls (data not presented).

3.9. Assessment of Risk of Bias

A RoB assessment was conducted with a revised tool (RoB 2) [65], to examine randomization
process, deviations from intended interventions, missing outcome data, measurement of the outcome,
selection of the reported result, and overall bias. In an overall assessment of bias, three RCTs were
assessed as having a low RoB, six RCTs with some RoB concerns and ten RCTs with high RoB. In the
domain of “measurement of the outcome” all of the reviewed RCTs have low RoB, whereas in domain
of “missing outcome data” the majority of reviewed studies displayed high RoB. Individual scores for
RoB are presented in Figure 7.

Figure 7. Risk of bias assessment.
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4. Discussion

In this systematic review and meta-analysis of nineteen RCTs that examined the effects of TQ on
the immune system and inflammation, we found that TQ is capable of modulating immune system
functioning and inflammatory biomarker responses. An important finding of the current review was
that a minimum of 4 weeks practice of TQ enables participants to enhance their immune system
functioning by stimulating innate and adaptive immune cell responses and regulating biomarkers
associated with inflammation. In addition, we found two studies that showed that practising TQ for
more than 12 weeks can alter gene expression, as demonstrated in NF-κB signal pathways.

Our findings are comparable with similar studies that assessed the effect of mind-body therapies
using mixed interventions including meditation, Yoga and TQ [33,66]. Prior reviews that examined the
effect of TQ on immunity and inflammation have reported no strong evidence of a favorable effect of
TQ on inflammation [67] and the immune system [68] and insufficient evidence to support the clinical
application of TQ to reduce infection [68,69]. These earlier reviews included fewer RCTs, and non-RCT
studies, and a less comprehensive literature search which limits the conclusions made.

Another important aspect of the present review is that, to the best of our knowledge, this is the
first comprehensive systematic review specifically evaluating the effects of TQ on the immune system
and inflammatory biomarker responses. In order to assess the effect of TQ on the immune system
and inflammation, immune related cell types were categorized into two groups, viz. innate immune
cells and adaptive immune cells, and inflammatory biomarkers into three groups, viz. the systemic
inflammatory biomarker CRP, cytokines and gene expression associated with pro-inflammatory
processes. Of the nineteen reviewed RCTs, four studies measured innate immune cells (eosinophils,
monocytes, neutrophils, NK and dendritic cells), six studies measured adaptive immune cells (T cells,
NKT, and B cells), and four studies measured both. Overall, a random-effects meta-analysis found
that TQ had a significant small effect of increasing the levels of immune cells (SMD, 0.28; 95% CI,
0.13 to 0.43, p < 0.01, I2 = 45%), compared to controls. The effect of TQ on inflammation is measured
commonly by levels of the inflammatory biomarkers CRP, IL6 and TNF-α. In general, the levels
of CRP decreased following a TQ intervention. Of the eight studies measuring CRP, four studies
reported that TQ significantly decreased levels of CRP compared to controls, whereas three studies
conducted with older adults with symptoms of chronic ill-health (pain, insomnia and older adults
with history of varicella) showed no differences between the intervention and control groups (Table 1).
Considering that CRP is a commonly used diagnostic marker of systemic inflammation, non-significant
changes in levels of CRP may be associated with the progression of the chronic disease in these older
participants. Given these mixed results, further investigation of this aspect, with a homogeneous study
population, is warranted. In addition to CRP, cell mediated inflammatory cytokines (IL6, TNF-α)
were also found to demonstrate an overall trend of reduced levels following the TQ intervention.
However, for inflammatory cytokines (IL2, IL4, IL6, IL10, IL12, TNF-α, INF-γ) both downregulation
and upregulation of cytokine responses were observed across the studies.

These bidirectional results for inflammatory cytokines are consistent with the results of recent
studies that examined cytokine levels following mind-body therapies [33,66] and exercise [70]
interventions, that also included TQ. Several studies have suggested that increases in inflammatory
cytokines are not only in response to immune system activation or infection, but also can occur
when immune cells are stimulated to activate cytotoxicity [71,72]. For example, a review paper on
pro-inflammatory and anti-inflammatory processes in patients with multiple myeloma, examined
the effects of locally produced cytokines, as a primary immune response, and found that efficacious
tumour immunosurveillance due to tumour-specific CD4+ T cells was consistently related to increased
local concentrations of both proinflammatory (IL-6, IL-1α, and IL-1β) and Th1-associated cytokines
(IL-2, IL-12, and IFN-γ) [71]. It was concluded that the influence of cytokines on the immune system
occurs as parallel processes and that changes in one specific cytokine can be balanced by others within
the cytokine system, leading to a modulation of the immune response. In light of the current findings
of a bidirectional response of inflammatory cytokines, additional clinical trials with a homogeneous
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study population will help to better understand the directional nature of the relationship between
inflammation and immunity. Despite these mixed results in outcomes for inflammatory responses,
as measured by levels of CRP, cytokines, and NF-κB, overall, there were trends towards reduced levels
of inflammation compared with control conditions.

Several limitations were identified in the current study. Firstly, caution is required in interpreting
the overall random effect size on immune cells (SMD, 0.28; 95% CI, 0.13 to 0.43) and inflammation
responses (SMD, −0.15; 95% CI, −0.39 to 0.09). Studies included in this review measured changes in
a range of immune system and inflammatory biomarkers, rather than changes in a single identical
biomarker in each study, thus confounding assumptions for independent variables associated with
confidence intervals and heterogeneity in the meta-analysis.

Secondly, the demographic profile of participants in the original studies included in this review
were heterogeneous in respect of age, ranging from 18 to 89 years, and health status viz. from healthy to
various symptoms of medical conditions, which limit the generalizability of our findings. Furthermore,
the TQ interventions that were examined were heterogeneous in respect of duration (from 4 weeks
to 6 months), frequency (one to five times per week) and type of TQ intervention. Considering the
heterogeneity of these studies, future investigations into the modulatory effects on immune responses
of different types of TQ interventions and their dosage levels will be worthwhile. For example, one
study was conducted with a TQ intervention duration of 4 weeks and a frequency of three sessions per
week, whereas the duration of other studies varied from 4 weeks to 24 weeks with frequencies ranging
from one session to five sessions per week. However, at present there is no standardised protocol to
inform healthcare professionals and the general public on the minimum dosage levels of TQ required
to modulate immune responses [73]. Finally, the current review did not investigate the physiological
mechanisms underlying the effects of TQ on immune responses, despite previous studies attempting to
explain these potential mechanisms in mind-body medicine and psychoneuroimmunology models [33].
Given the complexity of TQ as a movement-based mind-body therapy, compared with other mind-body
therapies that have less movement components, investigating these underlying TQ mechanisms will
provide important insights into future clinical applications. Moreover, some recent RCTs comparing
TQ with exercise or CBT have suggested that there were no significant differences in outcomes
between the intervention groups, indicating that TQ may be equivalent to conventional exercise or
CBT interventions. However, more studies with robust study designs and adequate statistical power
are required. Considering that the immune system is vital for protection from external pathogens,
including bacterial and viral pathogens often occurring in the natural environment, the evidence
supporting TQ for a healthier immune system, can have important implications for promoting TQ
programs for health and well-being. Recommending TQ programs for people with low immunity,
particularly those receiving treatment that induces immune suppression and older adults with chronic
diseases, could have a beneficial effect of strengthening immune function. More clinical outcome
studies are required to examine TQ as a stand-alone or adjunctive intervention for these patients and
its effects on comparative rates of recovery. For the general public, TQ offers a preventative health
measure that can strengthen the immune system and assist overall health and well-being.

In conclusion, despite several limitations, the current review of RCTs indicates that practising
TQ can have a positive impact on immune system functioning and inflammatory processes. Given
the vital role of the immune system, and in particular the influence of cytokines, in the current viral
pandemic, preventative public health strategies to improve immune functioning in the general public,
and those with medical conditions, are needed. However, while the promotion of TQ to the general
public and healthcare professionals as a preventative health intervention for strengthening the immune
system is recommended, further robust studies to develop clinical practice guidelines for using TQ
with vulnerable populations is warranted.
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Abstract: Background: Preoperative anxiety causes profound psychological and physiological reactions
that may lead to a worse postoperative recovery, higher intensity of acute and persistent postsurgical
pain and impaired quality of life in the postoperative period. Previous randomized controlled trials
(RCTs) suggest that auricular acupuncture (AA) is safe and effective in the treatment of preoperative
anxiety; however there is a lack of systematic evidence on this topic. Therefore, this protocol was
developed following the PRISMA guidelines to adequately evaluate the existing literature regarding
the value of AA for the reduction in anxiety in patients in a preoperative setting, compared to other
forms of acupuncture, pharmacological, or no control interventions and measured with questionnaires
regarding anxiety and fear. Methods: The following databases will be searched: MEDLINE (PubMed),
EMBASE, Cochrane Central Register of Controlled Trials (CENTRAL), ISI Web of Science, and Scopus
Database. RCTs will be included if an abstract is available in English. Data collection and analysis will
be conducted by two reviewers independently. Quality and risk assessment of included studies will
be done using the Cochrane 5.1.0 handbook criteria and meta-analysis of effectiveness and symptom
scores will be conducted using the statistical software RevMan V.5.3. Conclusions: This systematic
review will evaluate the efficacy and safety of AA for preoperative anxiety. Since all data used in
this systematic review and meta-analysis have been published, this review does not require ethical
approval. The results may be published in a peer-reviewed journal or be presented in relevant
conferences. Registration number: PROSPERO ID CRD42020.

Keywords: auricular acupuncture; preoperative anxiety; protocol; randomized controlled trials;
systematic review; meta-analysis

1. Introduction

Preoperative anxiety is the most frequent burden affecting patients before various surgical
procedures [1]. Facing the prospect of surgery and hospitalization, patients experience fear, anxiety,
uncertainty, loss of control and decreased self-esteem [2]. More than 90% of adult patients scheduled for
elective surgery developed preoperative anxiety, and 40.5% reported severe anxiety [3]. Although the
preoperative anxiety is a kind of situational anxiety, which terminates itself when the underlying
condition (surgery) is over, it causes a profound psychological and physiological response via the
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release of stress-hormones, that may be associated with a worse postoperative recovery, higher intensity
of acute and persistent postsurgical pain and greater anesthetic requirement as well as impaired quality
of life in the postoperative period [4–8].

A large variety of approaches is used to treat preoperative anxiety including both psychological
and pharmacological interventions; however, none of them seem to be ideal in providing effective,
safe and low-cost therapy [9–11].

Auricular stimulation (including acupuncture and comparable techniques such as electroacupuncture
and acupressure) is a method of complementary medicine, based on stimulation of cranial nerves. It has
already been used to treat situational anxiety in experimental and clinical conditions [12]. In several
randomised controlled trials (RCTs) evaluating a treatment of preoperative anxiety, auricular stimulation
was superior to an array of control procedures, including placebo and sham interventions, and equally
effective like premedication with benzodiazepines in patients scheduled for surgery under general
anesthesia [13–17]. Moreover, this method was associated with fewer side effects compared with
benzodiazepines, as well as a diminished physical stress reaction such as a reduced response of the
autonomic nervous system [12,16,17].

The potential mechanism of auricular stimulation is attributed to the neuroanatomical conditions
of external auricle. It is presumed that auricular stimulation exerts its anxiolytic effects via the
involvement of cranial nerves [18], which leads to the modulation of the brain areas involved in the
stress response, including the limbic system, locus coeruleus and hypothalamus [19–21].

Although the majority of RCTs on auricular stimulation for preoperative anxiety were in
favor of this technique, these clinical investigations demonstrated a heterogeneity in regard to
surgical procedures, control conditions and effect size, thus making it difficult to draw any definitive
recommendations. It seems possible that auricular stimulation might serve as an effective replacement
for insufficient conventional pharmacological premedication [9,22], thus more accurate estimation of
the efficacy and safety of this complementary medicine intervention is needed. Therefore, this planned
systematic review, including a meta-analysis of RCTs, will be performed to evaluate the effect size
of auricular stimulation on preoperative anxiety applied alone or in addition to standard care in
comparison with various control conditions. Data on the efficacy and safety of treatment will be
calculated and summarized. The review will also try to identify the factors that may influence the
effects of this intervention.

2. Materials and Methods

2.1. Eligibility Criteria for Including Studies in the Review

2.1.1. Types of Studies

Only randomized controlled trials (RCTs) in European languages will be included. Results from
quasi RCT will be discussed if little evidence is available, but they will not be part of the analysis.
The funding source will be registered. Case reports, case-series, non-randomized case-control studies
and retrospective data will not be included in the analysis.

2.1.2. Types of Participants

No restrictions on study populations will be made, as long as they are described as patients
undergoing surgical procedures, including all medical interventions requiring intra-procedural sedation
or analgesia. There will be no restrictions regarding the age, gender or ethnicity of participants.

2.1.3. Types of Interventions/Comparators

This review will include all studies, comparing auricular stimulation or related interventions
(auricular acupuncture, auricular acupressure, auricular electroacupuncture, etc.) alone or in addition
to routine care with a variety of control conditions, such as: sham acupuncture, sham acupressure,
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placebo, routine care, various cognitive-behavioral therapies (CBTs) such as relaxation techniques,
music therapy, hypnosis, etc.

2.1.4. Types of Outcome Measures

The primary outcome of this review will be the intensity of preoperative anxiety, measured using
patient-reported psychophysical anxiety scales, such as the State Trait Anxiety Inventory (STAI),
Anxiety Visual Analogue Scale-100 (VAS-100), the Amsterdam Preoperative Anxiety and Information
Scale (APAIS), Self-Rating Anxiety Scale (SAS), extensively described elsewhere [23]. Since anxiety
leads to the release of stress-hormones (i.e., vasoactive) the impact on physiological parameters will be
collected and evaluated, being a surrogate parameter for pain and anxiety. Secondary outcomes will
therefore include physiological parameters describing the response of the autonomic nervous system
(e.g., heart rate, blood pressure, respiratory rate, sweating reaction); the preoperative requirement
of anxiolytic medication; the intraoperative requirement of anesthetic and analgesic medication;
the intensity of postoperative pain; the postoperative requirement for analgesic medication, the quality
of blinding and patient-satisfaction with the treatment of preoperative anxiety.

2.1.5. Safety of Intervention

Adverse events and serious adverse events reporting will be analyzed, including events such as
pain, inflammation and infection at the sites of auricular stimulation, and vasovagal reactions during
the auricular interventions.

2.2. Search Methods for Identification of Studies

The search will be done across the following electronic databases and registries, from their
inception until June 2020: MEDLINE (PubMed), EMBASE, Cochrane Central Register of Controlled
Trials (CENTRAL), ISI Web of Science, Scopus Database. The search terms will include: auricular,
acupuncture, acupressure, preoperative anxiety, randomized clinical trials (Table 1).

Table 1. Search strategy used in MEDLINE database.

N Search Item [Title/Abstract]

1 Randomized controlled trial
2 Controlled clinical trial
3 Randomized
4 Randomly
5 Trial
6 OR #1-6
7 Anxiety
8 Fear
9 Preoperative
11 Surgical
12 Intervention
14 Anesthesia
15 OR #7-14
16 Auricular acupuncture
17 Auricular
18 Ear
19 Acupressure
20 Electro-acupuncture
21 OR #16-20

This search strategy will be modified as required for other electronic databases.
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2.3. Data Extraction and Management

2.3.1. Study Identification

Two researchers will screen the titles and abstracts of articles found in the search, and discard
trials that are not eligible. They will independently assess whether the trials meet the inclusion criteria,
with disagreements to be resolved by discussion with a third researcher following objective criteria.
When articles contain insufficient information to make a decision about eligibility, one of the researchers
will attempt to contact the authors of the original reports to obtain further details via email. The details
of data search and management are given as Figure 1. A new database for each of the two researchers
will be set up to organize the data of the literature search.

Figure 1. Flow diagram of details of data search and management.
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2.3.2. Data Extraction

Following the selection for inclusion, two researchers will independently extract data according
to the standardized form designed by the review group (Table 2). A third researcher will check for
accuracy and enter data into Review Manager software (RevMan 5.3. 2011).

Table 2. Content of data extraction.

N Categories Items Extracted

1 General information Author, year of publication, title, journal (title,
volume, pages), country, language of publication

2 Research method Random allocation, allocation concealment, blinding,
baseline level

3 Participants
Total sample size, number in experimental group,
number in control group, gender, age, ethnicity, type
of surgery, setting

4 Intervention

Type of intervention (auricular acupuncture,
auricular acupressure, auricular electro-acupuncture,
etc.), selection of auricular sites/auricular
acupuncture points, selected for stimulation, type of
device/needles, used for auricular stimulation, length
of auricular stimulation, type of control condition

5 Outcome parameter

Levels of preoperative anxiety (taken using
questionnaires and psychophysical scales),
physiological parameters (heart rate, blood pressure,
respiratory rate, sweating reaction, etc.), preoperative
requirement of anxiolytic medication, intraoperative
requirement of anaesthetic and analgesic medication,
the intensity of postoperative pain, postoperative
requirement of analgesic medication, patient
satisfaction with the treatment of preoperative
anxiety, safety and side effects of intervention and
type of control condition

2.3.3. Assessment of Risk of Bias in Included Studies

Two researchers will assess all included trials for risk of bias, blind to each other’s assessments.
Random sequence generation, allocation concealment, blinding of participants and personnel,
incomplete outcome data, selective reporting and other potential sources of bias will be evaluated
regarding low, high and unclear risk of bias according to Cochrane Collaboration assessment tool.
Any disagreements will be resolved by discussion or by involving a third researcher to adjudicate.

2.3.4. Measures of Treatment Effects

Since all outcome measures of this review represent continuous data, they will be presented as
mean differences with 95% confidence intervals (CI), or as standardized mean differences (SMD).

2.3.5. Dealing with Missing Data

All outcomes will be analyzed on an intention-to-treat basis. Corresponding authors from the
trials with incomplete or insufficient data will be contacted via email to complete the data. Trials with
greater than 20% of the data missing will be excluded from the analysis.
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2.3.6. Assessment of Heterogeneity

Statistical heterogeneity will be assessed in each meta-analysis using the T2, I2 and Chi2 statistics
calculated by RevMan software. Heterogeneity will be regarded as substantial if T2 is greater than zero
and either I2 is greater than 50% or there is a low P value (less than 0.10) in the Chi2 test for heterogeneity.

2.3.7. Assessment of Reporting Biases

If the meta-analysis includes more than 10 investigations, reporting biases will be studied using a
funnel plot with asymmetry testing.

2.4. Data Synthesis

Statistical analysis will be carried out using the RevMan software. Fixed-effect meta-analysis for
combining data including primary outcome (anxiety scales) will be performed to estimate the treatment
effect using SMD and 95% CI. In case of substantial clinical or statistical heterogeneity, a random-effects
(RE) meta-analysis will be done to yield an overall summary. If RE analyses are necessary, their results
will be presented as the average treatment effect with its 95% confidence interval, and the estimates of
T2 and I2.

2.4.1. Subgroup Analysis and Investigation of Heterogeneity

To assess potential heterogeneity, subgroup analyses will be performed including the following
comparisons: adult versus pediatric patients; female versus male patients; emergency surgery
versus elective surgery; inpatient versus outpatient surgery, as well as auricular acupuncture or
auricular acupressure versus auricular acupuncture or acupressure plus other treatments (if applicable).
The differences between subgroups will be assessed by interaction tests for fixed-effect inverse variance
meta-analyses. For fixed-effect meta-analyses and RE using methods other than inverse variance,
the comparison of subgroups’ confidence intervals will be used: non-overlapping confidence intervals
indicate a statistically significant difference in the treatment effect between the subgroups.

2.4.2. Sensitivity Analysis

Where subgroup analysis fails to explain the heterogeneity, data analysis using the RE model will
be used. A priori sensitivity analyses on results will be done to look at the possible contribution of
differences in methodological quality, comparing trials with a low risk of bias to all trials.

2.4.3. Quality of Outcome Evidence

The quality of outcome evidence will be summarized using the Grading of Recommendations
Assessment, Development and Evaluation (GRADE) approach. Each grade of evidence will be rated
as: high, moderate, low or very low.

3. Discussion

Although almost 50% of adult patients scheduled for elective surgery suffer from preoperative
anxiety [3], there is no ideal method to treat this kind of situational anxiety in clinical conditions so
far. Pharmacological premedication is convenient in preoperative setting, however it seems to be less
effective than previously suggested, if compared with placebo in trials with rigorous designs [9,22].
Psychological (cognitive-behavioral) approaches seem to be effective and lack dangerous side effects,
however they are too time-consuming in their execution and thus are seldom used in routine clinical
practice [24].
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An array of data suggest that auricular stimulation might become such an effective, safe and
easy-to-perform treatment for preoperative anxiety in adults scheduled for elective surgery and painful
procedures with sedation [12–17]. Despite these promising results from clinical trials on the treatment
of preoperative anxiety using auricular stimulation supported by neurophysiological explanation of its
potential mechanisms [25], the systematic evaluation of the evidence for the treatment of anxiety using
auricular acupuncture is not available.

This review and meta-analysis will fill this gap, analyzing the RCTs based on this protocol,
which was designed according to the PRISMA statement (Supplementary Materials). The review will
calculate and summarise the data on the efficacy and safety of auricular stimulation in the treatment of
preoperative anxiety in adult patients scheduled for elective surgery.

The results of this systematic review may be biased, since only the trials described in European
languages will be considered, excluding the full format papers in native languages from the countries
of the Far East, where auricular stimulation is widely used in traditional medicine [26]. Furthermore,
the trials using transauricular vagal nerve stimulation (TaVNS) are considered to be beyond the scope
of this review, despite the number of such trials growing rapidly in last two decades [27].

In summary, this systematic review will evaluate the existing evidence on the treatment of
preoperative anxiety using auricular acupuncture and related procedures. The scheduled meta-analysis
will estimate the effect of auricular stimulation on several perioperative parameters that are known to
be influenced by preoperative anxiety. The results of this review will provide the basis for a better
understanding of auricular acupuncture in the treatment of perioperative anxiety and will yield the
evidence for the implementation of this method in clinical practice.

Investigation Status

The data search is being performed for the present systematic review.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-6320/7/12/73/s1,
PRISMA-P 2015 Checklist. Supplementary material: PRISMA-P (Preferred Reporting Items for Systematic review
and Meta-Analysis Protocols) 2015 checklist: recommended items to address in a systematic review protocol.
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Abstract: Background: Elderly residents in nursing homes have multiple comorbidities (including
cognitive and psycho-behavioral pathologies, malnutrition, heart failure, diabetes, chronic obstructive
pulmonary disease, and renal failure) and use multiple medications. Methods: The GER-e-TEC
project aims to provide these fragile and complex patients with telemedicine tools, more specifically
telemonitoring, backed by a well-defined and personalized protocol. Results: Medically, this implies
the need for regular monitoring and a high level of medical and multidisciplinary expertise for
the healthcare team. The tools use non-invasive communicating sensors and artificial intelligence
techniques, allowing daily monitoring with the ability to detect any abnormal changes in the patient’s
condition early. Conclusions: The GER-e-TEC project specifically considers the challenges of aging
residents and significant challenges in nursing homes, with the main geriatric syndromes (falls,
malnutrition, cognitive-behavioral disorders, and iatrogenic conditions).

Keywords: telemedicine; remote monitoring; GER-e-TEC; elderly patient; artificial intelligence;
geriatric syndromes; detection of the precursory signs of decompensation of geriatric syndromes

1. Introduction

Life expectancy continues to rise worldwide, approaching or exceeding 85 years for women
and 80 years for men in Europe [1]. In 2060, one-third of the French population will be over 60,
with 5 million over 85 compared to 1.4 million today. This epidemiological trend will require more
healthcare expenditures and a rebalance of public finances.
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At the end of 2015, the number of persons in nursing homes reached 728,000 in France according
to the Survey of Establishments for Elderly People (EHPA) implemented by the Directory of Research,
Evaluation, and Statistics Studies (DRESS) [2]. Older people enter nursing homes later in their lives,
and when they do, they are most often dependent, as shown in the study carried out in 2011 by
Morley. In that study, the proportion of residents classified from 4 to 1 in the Iso-Resource Group (GIR)
represented 91% of cases [3].

Today, residents in nursing homes have multiple comorbidities (such as heart failure, diabetes,
chronic obstructive pulmonary disease (COPD), and renal failure) and are on multiple medications.
From the medical perspective, this implies the need for regular monitoring and a high level of medical
expertise. In addition, people aged 75 and older often have a certain level of fragility, determined by a
reduction in functional reserve of vital organs with age, with geriatric syndromes which are specific to
the age group (malnutrition, sedentary lifestyle).

According to the results of a national analysis carried out by the National Agency for the Evaluation
and Quality of Social and Medico-Social Establishments and Services (ANESM) in 2015, one out of
every two residents in nursing homes are admitted to a hospital each year for an average hospital stay
of three weeks. Moreover, these hospitalizations are frequently preceded by an emergency department
admission [4]. Thus, visits to the emergency room are frequent for residents in nursing homes, with one
in four patients subsequently admitted at least once per year and one in ten residents admitted at least
twice per year [5]. According to France’s national High Committee for the Future of Health Insurance
(HCAAM), hospitalizations of this population represent an expenditure of 1.7 billion euros per year for
health insurance [6].

Urgent hospitalizations for residents in nursing homes could be preventable in up to 67% of
cases [7]. High rates could be reduced by improving decision-making procedures. Among the causes
of preventable hospitalizations is the lack of medical availability or lack of communication between
paramedics and healthcare physicians [8].

Telemedicine, particularly telemonitoring, has been shown to be effective in the management
of chronic pathologies such as heart failure. For example, the MyPredi remote monitoring platform,
formerly known as E-care, has been tested for monitoring chronic diseases, both in hospitals and at
home. The system makes it possible to combine the data collected daily with the operator’s clinical
knowledge of the patient using artificial intelligence tools for personalized and predictive monitoring.
These systems are particularly suited for monitoring patients in nursing homes and their geriatric risks.
As a result, the GER-e-TEC program was created and will be detailed in the present article.

2. Some Examples of Remote Monitoring Programs in Elderly Individuals

According to the French Public Health Code, telemedicine is defined as a form of remote medical
practice using information and communication technologies. It connects different networks with a
patient and one or more health professionals, and if necessary, other professionals providing care
to the patient. Telemedicine, and specifically telemonitoring, has shown its effectiveness in the
follow-up of chronic diseases such as heart failure and hypertension [9]. Monitoring patients with
chronic pathologies using telemedicine systems is one way of optimizing the cost of care for these
patients. Telesurveillance aims to give autonomy at home to people suffering from various pathologies
and handicaps which would normally compel them to hospitalization or placement in specialized
institutions: patients suffering from certain chronic diseases, disabled, but also dependent elderly
people [10].

The telemonitoring objectives are ambitious: improvement in morbidity and mortality, reduction
in rehospitalizations, and improvement in the quality of life and in medico-economic costs.
Remote monitoring is a medical procedure that results from the transmission and interpretation
by a doctor of a clinical, radiological, or biological indicator, collected by the patient or by a health
professional [11]. The interpretation of the data can lead to the decision of early medical intervention.
The data are analyzed by a doctor, who could delegate management to another health professional
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from a task validated by the Regional Agency of Health. Management decisions are based on a
written protocol for monitoring the indicator that has been validated by the attending physician or
a designated responsible physician. This system, therefore, allows the attending physician to know
whether the patient is stable and warn about the possible destabilization of the indicator, which could be
immediately corrected to prevent complications leading to hospitalization. The advantages of medical
telemonitoring include an accumulated prevention of conditions posing a risk of acute decompensation
of chronic pathology with consequently a better quality of life, a reduction in rehospitalizations and
their economic cost, better medical follow-up, and better commitment and compliance of the patient to
the management of diseases with, consequently, better therapeutic compliance [12].

The digitized selected indicators are available to health professionals for medical interpretation
through different methods (via different internet media and communication channels, such as
web-based, mobile apps, and direct sensor connection to the internet/cloud application). This must be
the location of the patient’s primary medical file so that a change in a clinical indicator is noted and the
prescription registered. These actions must be traced and can be recorded in the shared medical file.
The transfer of these indicators must be secured. Integrating telemonitoring into the care of a patient
with a chronic disease can help prevent complications and unscheduled hospitalizations.

All the benefits described above strongly support the deployment of telemonitoring and
teleconsultation in the elderly, and in particular, in dependent patients. In the area of heart failure,
the rate of hospital referrals for patients over the age of 70 has increased by 30% in the past ten
years [12]. In Quebec, remote monitoring of patients with heart failure at home has reduced the rate of
hospitalization by more than 60% [12].

EPI-MEDIC [13] is a European project implemented in France, Italy, and Sweden. It has allowed
for the development of a personal ECG monitor (PEM) for the early detection of cardiac ischemia
and arrhythmia. A clinical study was conducted with 794 patients, in which healthcare professionals
performed 1372 PEM ECGs. In addition, 188 patients in self-care situations performed 1287 ECGs
with their PEMs. The EPI-MEDIC system generates different levels of alerts and transmits these alerts
with the patient’s ECG results and personal electronic medical record to healthcare providers by way
of a mobile phone. In severe cases, the alerts are automatically sent to the nearest emergency call
center. Clinical trials have shown that the EPI-MEDIC solution can save lives and is invaluable for
prehospital triage.

Developed in England, TeleHealth [14] is a remote monitoring platform that monitors a patient’s
vital signs and activity. It is designed for elderly people who live alone and suffer from chronic
diseases (congestive heart failure and chronic obstructive pulmonary disease). A primary study was
conducted with 36 participants for a duration of up to one year, depending on the patient. Each day,
the patients measured their vital signs (blood pressure and weight for CHF, oxygen saturation level
for COPD) with sensors, as well as their activity (passive infrared motion sensor and/or a chair or
bed sensor). An algorithm is used to process the data and sends an alert in case of an abnormality.
Measurements and alerts are sent to the platform wirelessly and can be consulted online by both the
patient and the physician. TeleHealth allows for improved prevention and faster medical interventions,
and consequently, an overall increase in patient wellbeing

Two other projects were conducted for the remote monitoring of heart failure: the Doctor/Patient
Health Interactive Platform [15] and SEDIC [16] studies. The SEDIC study showed a significant
decrease in cardiovascular mortality, and the results of the first mentioned study are underway.

The COMPAS [17] and ECOST [18] studies focused on pacemaker monitoring. These studies
demonstrated the safety and benefit of cardiac telemonitoring in randomized studies of 538 and
433 patients, respectively. The COMPAS study showed a 56% reduction in follow-up consultations
and a reduction in hospitalizations for atrial arrhythmia or stroke. The ECOST study showed that
telemonitoring of implantable defibrillators can have a positive medical-economic impact, including a
reduction in inappropriate shocks due to early regulations and a reduction in hospitalizations related
to these shocks.
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Dary et al. conducted a study on the telemonitoring of atrial fibrillation. In total, 200 patients
were enrolled at the start of the study: 45% male and 55% female, with an average age of 67 years;
16% of the enrolled patients were over the age of 80; 35% had a history of treated arrhythmias. For the
200 patients enrolled in the study, 63 had a known arrhythmia and 137 patients were in sinus rhythm
at the outset. Of the latter group, 61 (45%) maintained a normal pattern, 43 (22%) had a detected atrial
fibrillation, and 33 (16%) had episodes of tachycardia. For the 63 patients in arrhythmia, 24 had their
rhythm monitored and 39 had their heart rate monitored. In total, for 33% of this study’s patients,
telemonitoring improved the diagnosis and treatment of atrial fibrillation, allowing their treatment to
be adapted according to rhythm, rate, and conduction time [19].

In 2003, Goldberg et al. [20] published the WHARF study, which included the largest randomized
multicenter sample and compared the value of telemonitoring aftercare to that of in-person aftercare.
After six months, there was no significant difference in the rate or time frame of hospital readmissions
(p = 0.28), but there was a reduction in mortality rates (p < 0.003). The Tele-HF study (Telemonitoring
to Improve Heart Failure Outcomes) [21] included patients who had presented with decompensated
heart failure in the last 30 days. The average age was 61. There was no notable difference between
the two groups based on the criteria of mortality rate and hospitalization for any cause, nor on the
secondary criteria of death, hospital readmission, and length of hospital stay.

Other projects have focused on medical telemonitoring. Minutolo et al., used a decision support
system for remote monitoring of people with heart failure [22]. The program is based on systems
grouping the data related to the patient: posture, cardiac sensor, physical activities, and alerts.

The SETAM study (Strategy of Early Detection and Active Management of Supraventricular
Arrhythmia with Telecardiology) was a randomized study of telemedicine in rhythmology, looking at
two groups of patients with pacemakers. It showed that telemedicine promoted the early detection of
events, with a 66% reduction in hospitalizations related to atrial arrhythmias, and the prevention of
strokes. The study showed that telecardiology allowed for earlier diagnosis and treatment of patients
with atrial arrhythmias, and a reduction in the atrial fibrillation burden after nine months of monitoring
in patients in sinus rhythm upon enrollment, with a score of CHA2DS2-VASc >= 2. In total, 595 patients
were enrolled in 57 general hospitals (CHGs) in France, for an average period of 12.8 +/− 3.3 months
and an average age of 79 +/− 8 years [23].

Many studies have been conducted in the field of activity monitoring for the elderly, in particular
to prevent the risk of falls. The majority of the devices are designed for home care, but they are also
suitable for monitoring in nursing homes.

One such device was developed by Gerhome [24], which seeks to help elderly people to continue
to live at home. Sensors are placed in various parts of the home and communicate wirelessly (by radio
frequency) with a computer center. These sensors include ambient sensors (temperature, humidity,
and luminosity), volumetric sensors, occupancy sensors (bed, armchair), water sensors, electricity
sensors, door sensors, and image sensors.

An experiment conducted in a nursing home in Antibes highlighted the effectiveness of activity
detection devices in nursing homes. For example, if a resident gets up during the night, an alert
is sent to the night nurse who can subsequently take all the necessary precautions for a potential
fall. RESPECT [25] has developed an innovative telehealth device, a smart insole that communicates
wirelessly and measures activity and energy levels autonomously. The insole helps with physical
activity and the monitoring of frailty indicators, in particular those related to walking. It measures
weight, the number of strides, total distance, and the average walking speed. Its battery life is 7 to
13 months. Several tests have demonstrated the accuracy of the technology of smart insoles. AphyCare
Technologies has developed an alert bracelet called Séréo’Z [26] to address the risk of falling. Séréo’Z is
a multi-sensor ambulatory monitoring system that is worn on the wrist. It collects and processes
physiological and activity data (breathing rate, heart rate, skin temperature) and detects falls. The data
are transmitted via a secure radio link to a remote transmitter connected to a telephone socket in the
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home. Alerts are sent to a remote assistance center. A similar bracelet, Vivago [27], has been developed
in Finland.

In France, the Limoges University Hospital began the Icare project [28]. Unique to Europe,
this pilot research project assesses the effectiveness of home medical telemonitoring for elderly people
with chronic diseases. The aim is to prevent the loss of autonomy of elderly individuals at home
and to show that remote monitoring of chronic diseases in elderly patients avoids decompensation
(disruption of balance) and unscheduled hospitalizations. The study is being conducted over a
12-month period with 500 elderly volunteers. Some patients will utilize remote monitoring using
biometric sensors installed in their homes. These sensors (not worn) monitor vital parameters, such
as blood pressure, blood sugar, weight, blood oxygen saturation, or temperature. A box transmits
these data daily and securely to the attending physician and the private nurse, who usually follow the
patient simultaneously, but also to the expert geriatrician in the University Hospital.

The study by Edirippulige et al. suggested that the quality of “medical evidence” for telemedicine
is low, but this should be considered carefully since there is only one randomized study [29]. In addition,
most of the studies are observational and qualitative. They mainly result from surveys and interviews
(patients and healthcare personnel). The study showed that there is evidence of the feasibility and
satisfaction of stakeholders in the use of telemedicine in long-term care facilities in several clinical
specialties and especially, geriatrics [29]. With respect to costs, this study highlighted the following
observations: (i) the costs related to the medical coordination of patients followed up by telemedicine
decreases when there are more than 850 uses per year; (ii) for dermatology, remote expertise makes
telemedicine profitable; (iii) for geriatrics, it is especially the geriatric assessment and patient education
which appear to be the most profitable.

However, in all situations, telemedicine seems likely to help optimize the care and cost to patients
treated by avoiding certain emergencies and repetitive hospitalizations [30].

3. MyPredi: A Platform for Early Detection and Reporting of Risk Situations

The MyPredi remote monitoring platform, formerly known as the E-care project, selected within
the framework of the Investments for the Future call for projects known as “Health and autonomy in
the living environment thanks to digital technology”, has the initial main objective of optimizing the
follow-up of patients with heart failure by detecting the warning signs of cardiac decompensation
through a telemedicine system that combines motivation and education tools [31]. The project will, in
theory, make it possible to decrease the number of rehospitalizations, reduce the length of hospitalization,
and improve the quality of life of these patients.

It helps the medical professionals by automating the processing of information from sensors by
the automatic generation of alerts, in order to detect early indicators of cardiac decompensation [32].
This analysis is adapted to the phenotype of each patient (personalized medicine). The platform also
allows the sharing of heterogeneous knowledge to integrate the information necessary for monitoring
any medical condition (predictive medicine).

Early detection of cardiac decompensation involves integrating data from sensors: weight,
blood pressure, heart rate, oxygen saturation, patient ergonomics, and questionnaires asking the
patient about the symptoms of cardiac decompensation (edema, dyspnea, habitual fatigue), as well
as the addition of dietary monitoring. All these consolidated elements, along with the patient
profile [12], allow detection of cardiac anomalies with the goal of preventing situations at risk of cardiac
decompensation (preventive medicine).

The MyPredi platform uses a system to define a controlled vocabulary (diseases, drugs, symptoms,
etc.) and to model the concepts related to the monitoring of heart failure [32]. The effectiveness of
the system for diagnostic purposes implies that operational semantics are included, semantics which
specify how the knowledge modeled in the system will be processed and automatically produce further
knowledge. The reasoning part is based on an inference engine where the rules are either introduced
by medical experts or from generated data, then, validated by medical experts.
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As shown in Figure 1, the MyPredi platform includes a patient module and a server module.
The first is installed in the patient’s residence, making it possible to collect and integrate data from
different types of non-invasive medical sensors [32] or exchanges in the form of questions and answers.
All of the functionalities are embedded in a mobile device, such as a tablet, in order to allow greater
patient autonomy. The server module centralizes the data from the patient module and the interpreters.
The two modules communicate securely with each other according to standards used in healthcare
informatics including Health Level 7 (HL7 V2.6 associated to IHE DEC PCD-01 (patient care device))
and Integrating the Healthcare Enterprise (IHE) protocols.

Figure 1. Remote monitoring according to the MyPredi platform. (Source: PrediMed,
Schiltigheim, France).

4. The Patient Module

This module, installed in the patient’s house, includes several sensors (devices, also called Agents)
and a receiver (Aggregation Manager) for collecting data from physiological sensors (thermometer,
oximeter, blood pressure monitor, scale, etc.) as well as exchanges in the form of questions and answers.
The receiver (computer, touch pad, or smartphone) sends the data to the server via the internet. In the
MyPredi platform, touch pads are used with an ergonomic application that allows the patient or their
relatives to submit their measurements for advice and to communicate directly with their doctor.

5. The Server Module

The server receives data from all patient modules and manages authentication and communications
security, as well as data consistency. These are stored to preserve the privacy of patients. The server
uses systems and an intelligent component to detect risk situations and warn caregivers.

A service portal is used to allow users, depending on their role (patient, caregiver, relatives, etc.),
to access and follow the evolution of vital signs as well as the general condition of the patient or even
to enter medical information and consult transmitted alerts.

The MyPredi platform was initially tested in a 20-bed Internal Medicine unit receiving patients
from emergency facilities as part of a care system for patients with heart failure (HF) at the University
Hospitals of Strasbourg [33]. In this study, 180 patients were included and 1500 measurements were
made. The patient population profile included in this study was elderly patients, multiple medical
diagnoses in more than 90% of the cases, and loss of autonomy in 25%. Healthcare professionals
used the E-care platform daily. This experiment made it possible to validate the technological choices,
to consolidate the system, and to test the robustness of the platform. An analysis shows the relevance
of the alerts generated (indicators of deterioration of the patient’s heart condition).

The MyPredi platform allows automated, non-invasive generation of alerts related to the detection
of situations at risk of cardiac decompensation, subsequently preventing hospitalization. Currently,
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an upgraded telemonitoring platform has been deployed in the homes of patients with heart failure in
the Bas-Rhin as part of the PRADO INCADO project (project funded by ARS of Alsace) [33] (Figure 2).

Figure 2. Structure of telemedical platform developed in the E-care project. (Source: PrediMed,
Schiltigheim, France).

6. Development of the MyPredi Platform

The MyPredi platform integrates the monitoring of other chronic diseases including diabetes,
hypertension, and COPD [34]. The MyPredi platform is an evolutive platform with original architecture
and proven functionalities to manage patients with chronic pathologies who require long-term
follow-up. It consists of a patient module, with a tablet and sensors, and a server module, which receives
and processes the data collected from the various patient modules. The server module combines
semantic web and artificial intelligence technologies (AI). An inference engine is used to monitor
the patient’s health and to detect any abnormal situation [12]. We propose a medical telemonitoring
platform with an open and flexible architecture, offering the ability to build predictive models of
risk situations.

In the detection of anomalies, we use an expert system based on inference rules built with medical
experts. These rules are generic and evolve with the new knowledge generated by deep learning
algorithms on the data collected and the evolution of the patient’s condition. All alerts detected by the
system are forwarded to the nursing staff responsible for monitoring the patient.

In the future, the MyPredi platform should gradually be enriched with other communicating
sensors such as the ECG and electronic stethoscope, integrating the signal processing tools that will
enable better detection of situations of risk [34,35]. Other communicating sensors could also be
considered, such as an electronic spirometer, in order to complete the platform and extend its interest
in other chronic diseases, such as asthma, COPD, and chronic renal failure [36,37].

7. Geriatrics and e-Technology: GER-e-TEC Project

We have implemented the GER-e-TEC project incorporating all the information mentioned above.
The aim of the project is to study the contribution of telesurveillance to residents in nursing homes of
Strasbourg University Hospitals through a structured and a protocolized medical follow-up to avoid
acute decompensations and complications of geriatric conditions. The project relies on partners who
work together, a multidisciplinary team consistent with the requirements in terms of medical, scientific,
and structural skills.
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7.1. Objective

The objective of our work is to develop a codified preventive approach for the management of the
main geriatric risks in nursing homes using a personalized remote monitoring platform of residents,
in order to avoid factors leading to acute decompensation in the elderly.

The collection of information by the platform allows not only personalized monitoring, but also a
better understanding of the patient, providing a particularly effective tool for information transmission
between the medical staff (doctors, nurses) in nursing homes. This data collection will also permit
the identification of markers subsequently used to improve the early detection of decompensation,
thus, improving the monitoring of patients and hopefully reducing the number of hospitalizations.
This work creates a resident liaison file.

7.2. Main Developments and Functions

The platform used helps caregivers by automating the processing of sensor information, questions,
and questionnaires in order to detect and report medical risk situations early. MyPredi will provide
personalized care for the main geriatric risks to avoid the occurrence of acute factors leading to
decompensation in elderly patients. The information collected will be supplemented by codified
therapeutic care, according to international recommendations in nursing homes.

This platform provides all paramedical and medical health professionals with information on
the resident’s geriatric data. This information will be updated regularly, including anthropometric,
nutritional, cognitive, and iatrogenic data. Together, the data will provide a real-time complete picture
integrated into an electronic platform, creating a standardized gerontological assessment based on
simple and rapid measures. Geriatric risks include the risks of falling, constipation, dehydration,
confusion, iatrogenic, malnutrition, heart failure, diabetes, infections, and bedsores (Figure 3).

Figure 3. GER-e-TEC project. (Source: PrediMed, Schiltigheim, France).

The platform uses an intelligent algorithm to process data and generate alerts based on medical
knowledge of the diseases treated, as modeled by ontologies. The general principle adopted by this
platform is the anticipation of decompensation through the detection of warning signs that lead,
ultimately, to hospitalization. A series of measures and questionnaires will be integrated into the
platform for adaptive and personalized monitoring of the patient’s state of health in nursing homes.
This study benefited from the support of CENTICH (National Expertise Center for Information and
Communication Technologies for Autonomy).

7.3. Expected Results and Prospects

The improvements and perspectives of this project will be, in the medium-term:
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To decrease the number of preventable hospitalizations by implementing the platform in
nursing homes;

To ensure continuity and regularity in the follow-up of patients, particularly in those with complex
chronic diseases;

To improve the quality of life of nursing home patients through better follow-up;
To take into consideration the residents’ needs and expectations;
To improve access to hospital care facilities, reducing the use of emergency services,

medical care, inappropriate hospitalization, and transport; to promote safe medical practices, sharing,
and optimization of knowledge in order to safely improve information exchange among health
professionals to better articulate the different healthcare levels.

7.4. Project Stages

The three stages of the project are:
To deploy the system at the residents’ bedside in nursing homes;
To validate the solution and develop it with healthcare professionals;
To validate the alerts.
The phasing of the GER-e-TEC project involves two stages:
Phase 1: this corresponds to the implementation and validation of technological processes in

an Internal Medicine-Geriatrics department at Strasbourg University Hospitals in the period June
2019–November 2019 (preliminary study (evidence concept));

Phase 2: this aims at generalizing the telemonitoring of elderly patients in nursing homes related
to Strasbourg University Hospitals as the referral medical facility (study itself).

7.5. Methodology

Using a tablet and connected sensors (Figure 4), the patient’s vital signs are measured daily: blood
pressure, heart rate, weight, oxygen saturation, capillary glucose, temperature, and physical activity.
The technical characteristics of the sensors are detailed in Table 1. The entire device of the MyPredi
platform is ISO13485 medical certified with CE marking.

Figure 4. Devices used within the framework of the MyPredi platform. (Source: PrediMed, Schiltigheim,
France).
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Table 1. Technical characteristics of the MyPredi platform sensors.

Sensors Characteristics

Balance
A&D Medical,

Model: UC-352BLE
Bluetooth: 4.0

Sphygmomanometer
A&D Medical

Model: UA-651BLE
Bluetooth 4.0

Pulse oximeter
Jumper

Model: JPD-500F
Bluetooth: 4.0

Pedometer
Ecare Fit

No model
Bluetooth 4.0

Glucometer
FORA Advanced pro GD40
Model: TD-4272H/GD40h

Bluetooth 4.0

Thermometer
Jumper

Model JPD-FR302
Bluetooth 4.0

The vital signs are automatically sent to the MyPredi platform. Questionnaires are also integrated
in order to be regularly updated by the medical and paramedical team. This includes the main
gerontological risks and disorders such as constipation (frequency of daily bowel movements), hydration
(quantification of daily fluid intake), iatrogenic risk, heart failure, quality of sleep (neurological,
psycho-behavioral), and level of bed rest (bedsores/physical activity).

Figure 5 illustrates the dashboard of geriatric risks available on the tablet of caregivers in charge
of nursing home residents.

Figure 5. Description of the MyPredi gerontological risk dashboard. (Source: PrediMed, Schiltigheim,
France).

In the event of a consequent variation in vital signs (Figure 6), an alert is sent to the
MyPredi platform.
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Figure 6. Cont.
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Figure 6. Measurements: (a) heart rate/oxygen saturation, (b) heart rate/oxygen saturation,
(c) Illustration measure blood pressure, (d) blood pressure, (e) body temperature, (f) weight, (g) physical
activity, (h) sleep quality, (i) heart failure questionnaire, (j) sleeping questionnaire, (k) anticoagulants
questionnaire, (l) stools, (m) capillary glucose table, and (n) hydration questionnaire. (Source: PrediMed,
Schiltigheim, France).
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8. Discussion

With the GER-e-TEC project, we can now offer medical teams and paramedics a remote monitoring
device that optimizes the management of patients with geriatric syndromes and their accompanying
conditions. This remote monitoring system will allow monitored patients to record their daily
physiological data (weight, oxygen saturation, blood pressure, heart rate, blood sugar) and complete
questionnaires on the state of their health. The data will be automatically sent to our MyPredi platform,
which is designed to predict situations that are at risk of deteriorating.

A coordination unit will then be able to monitor the patient remotely, providing comprehensive
and personalized treatment of the areas of concern detected by the platform and helping the patient
with their therapy.

Patients monitored remotely:

- Physiological data analyzed daily;
- Help with therapy-related questions;
- Remote consultations.

Coordination unit:

- Processing of alerts;
- Help with therapy;
- Coordination of doctors and patients;
- Sending of reports to doctors on the health status of their patients;
- Monitoring of patient compliance.

Medical team:

- Medical advice if needed.

The GER-e-TEC project was tested on a patient (Figure 7) who, after providing written consent,
was monitored daily by a team of healthcare professionals. The patient was given a pedometer to
monitor his sleep and activity. The goal was to test the ergonomics and functionality of the remote
monitoring platform on a daily basis before using it in the study.

Figure 7. Cont.
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Figure 7. Daily monitoring measurements: (a) heart rate, (b) oxygen saturation, (c) blood pressure,
(d) body temperature, (e) hydratation state, (f) Stools, (g,h) daily physical activity surveillance,
(i,j) nutritional surveillance, (k) sleeping surveillance. (Source: PrediMed, Schiltigheim, France).

By monitoring the patient’s geriatric health indicators and hemodynamic data, the remote
monitoring system was able to issue alerts (Figure 8) with varying degrees of severity (low to critical).

Figure 8. Alerts: faible/weak constipation risk (level 1), faible/weak inappropriate physical activity,
and critique/critical systolic blood pressure = 157 mmHg. (Source: PrediMed, Schiltigheim, France).

This remote monitoring system can generate automated, non-intrusive alerts in the event of
high-risk situations.

The feedback from healthcare professionals who used the MyPredi platform daily was positive.
Surveys completed by nurses, nurses’ aides, doctors, and the patient found the satisfaction rate to
be upwards of 90%. Thanks to the comments and suggestions from those who participated in the
test, we have been able to make improvements to the platform interface both on the app and the web.
The test helped us validate our choice of technology, as well as consolidate and assess the durability
of the monitoring system. This proof of concept allowed us to test the remote monitoring system,
evaluate its ergonomics, and analyze its use by the hospital care team.

The system will now be tested over the course of three months in an 18-bed medical unit at a
University Hospital of Strasbourg. Between 100 and 110 patients will participate in the study using
remote monitoring. This study will make it possible to consolidate the technological and ergonomic
aspects of the system, and thanks to its daily use by doctors and nurses, allow for the MyPredi platform
technology to be validated before the system is used in nursing homes (GER-IA project). The results of
the study will be published upon completion.

9. Conclusions

Remote monitoring in nursing homes is a major issue in light of the current COVID-19 health
crisis and the repeated (yet avoidable) hospitalizations required for the elderly. The goal of our
“GER-e-TEC” project is to identify the early warning signs of (1) an exacerbation of geriatric problems
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(falls, constipation, dehydration, confusion, iatrogenesis, infections, bedsores, malnutrition), and (2) an
exacerbation of accompanying syndromes (heart failure, diabetes, hypertension), and to provide for
the early treatment of these conditions.

The initial phase of our project will consist of implementing and validating our technological
processes in a Department of Internal and Geriatric Medicine at a University Hospital in Strasbourg
(preliminary study (proof of concept)). This phase will involve around 110 elderly hospitalized
patients and will allow us to validate our medical, technological, and ergonomic choices with elderly
patients, healthcare professionals, and patient associations. In addition, our platform will provide
healthcare professionals and paramedics with regularly updated geriatric information on each patient,
i.e., their anthropometric, nutritional, cognitive, and iatrogenic data, and present a comprehensive
digital overview of a standardized geriatric assessment that is both quick and easy to complete.

Once validated, this platform will be expanded to the nursing homes of the University Hospitals
of Strasbourg.
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