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The beneficial and deleterious role of dietary polyphenols on
chronic degenerative diseases by regulating gene expression

Guojing Qu', Jinhua Chen’, Xiuli Guo™*

' Shandong University Taishan College (Biological Research Training Program for Top-notch Students), Ji'nan, Shandong, China,
? Department of Pharmacology, School of Pharmaceutical Sciences, Shandong University, Ji'nan, Shandong, China.

Summary

Dietary polyphenols, a natural component in many Kinds of foods such as fruits and
vegetables, play essential roles in a wide range of plant functions. Importantly, the
discovery of the functions of polyphenols including anti-oxidant, anti-carcinogenic and
anti-inflammatory has been appealing to researchers' attentions. Dietary polyphenols have
shown protective effects on chronic degenerative diseases (CDD) such as cardiovascular
diseases, cancers, and neurodegenerative diseases by regulating gene expression. Dietary
polyphenols also affect the composition and activity of gut microbiota, in reverse, gut
microbiota influences the bioavailability and physiological activity of dietary polyphenols.
However, not all kinds of dietary polyphenols are beneficial for human health. The potential
deleterious effects of several dietary polyphenols have been reported by inducing DNA
damage and gene mutants. This review summarizes the potential therapeutic effects of
dietary polyphenols on chronic degeneration diseases, the polyphenols-gut microbiota
interactions, and the potential dangers of individual dietary polyphenols on human health.

Keywords: Dietary polyphenols, chronic degenerative diseases, expression regulation, therapeutic

effects, deleterious effects

1. Introduction

Dietary polyphenols are common secondary
metabolites in various plant foods, which derive
from L-phenylalanine and play an important role in
the normal growth and functions of the plants (7).
They are available for the pigmentation of flower,
fruit and vegetables to adapt to use bees or moths as
pollinators and seed dispersers. They protect plants
against ultraviolet light, act as the plant defense against
pathogenic microorganisms, for example, phenolic
monoterpenes (such as carvacrol, thymol, efc.) have
antifungal activity against plant pathogenic fungi (2,3).
Recently, human epidemiological studies have shown
that there is a positive correlation between the intake
of polyphenols and the incidence of many chronic

Released online in J-STAGE as advance publication December
28,2018.

*Address correspondence to:

Dr. Xiuli Guo, Department of Pharmacology, School of
Pharmaceutical Sciences, Shandong University, No. 44,
WenHuaXi Road, Ji'nan 250012, P.R. China.

E-mail: guoxl@sdu.edu.cn

degenerative diseases, such as cardiovascular diseases,
cancers, neurodegenerative diseases and diabetes (4,5).
One typical case is "French Paradox phenomenon"
which is referred to as a relatively low incidence of
coronary heart disease (CHD) in the French population,
despite consuming a diet rich in saturated fat (6). The
possible explanation for the lower CHD in the French is
the large consumption of wines, which are rich in some
polyphenols. Another typical case is "Mediterranean
diet" which was characterized by high consumption of
olive oil, unrefined cereals, vegetables, fruits; moderate
consumption of fish, cheese and wine, which was
rich in dietary polyphenols. The health benefits and
protective effects of "Mediterranean diet" against age-
related cognitive decline and cognitive impairment of
Alzheimer's disease (AD) and vascular dementia (VaD)
were well documented (7,8). Therefore, there has been
growing scientific interest in various chemical properties
and biological effects of dietary polyphenols on chronic
degenerative diseases.

More than 8,000 different polyphenols have been
identified in edible plants. Their diverse chemical
structures contribute to their multiple functions including
anti-oxidative, anti-inflammatory, anti-carcinogenic,

www.biosciencetrends.com
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cardioprotective actions and anti-platelet properties, etc.
(9,10). However, the structure-activity relationship of
dietary polyphenols is still unclear. Importantly, dietary
polyphenols are found to bring potential danger to human
health (/7). Some dietary polyphenols have mutagenic
and/or pro-oxidant effects, as well as interference
with endogenous essential biochemical pathways (/2-
14). Therefore, this review will summarize the recent
understanding of the structure and structure-activity
relationship, the therapeutic effects and molecular
mechanism of dietary polyphenols on human diseases,
and the polyphenols-gut microbiota interactions as
well as the potential dangers of individual dietary
polyphenols.

2. The molecular structure and structure-activity
relationship of dietary polyphenols

Chemically, dietary polyphenols consist of one or
more hydroxyl groups directly attached to a benzene
ring. They can be classified according to their structure
as flavonoids, phenolic acid derivatives, and the less
common stilbenes or lignans in Table 1, and most
percentages exist in the form of flavonoids (4,15).
Flavonoids have a common C6-C3-C6 structure
consisting of two aromatic rings linked by a three carbon
chain, and are usually organized as an oxygenated
heterocycle in Figure 1. Among non-flavoniods
polyphenols (Figure 2), stilbenes have a common C6-
C2-C6 structure consisting of two aromatic rings linked
through a two carbon bridge with a double bond in Figure
2B (16). One of Stilbenes, resveratrol, has gotten more
attention because of its multiple biological functions.
Lignans consist of mostly two phenylpropanoid moieties
connected via their side chain C8 carbons (/7). They can
be converted to enterodiol and enterolactone by intestinal
bacteria in Figure 2C.

On the basis of the structural discrepancies, the
structure-activity relationships of polyphenols have
been established in vitro and in vivo (Table 2). Several
catechins have shown their ability to induce apoptosis in
human cancer cells (/8). It has been found that catechins

Table 1. The categories of the representative polyphenolic
compounds

Categories Representative compounds

1. Flavonoids

Flavanols (-)-Epigallocatechin-3-gallate (EGCG);
Epigallocatechin (EGC); (+)-Catechin.

Flavonols Myricetin; Quercetin.

Flavones Apigenin; Luteolin; Chrysin.

Isoflavones Genistein; Daidzein; Glycitein.

Flavanones Hesperetin; Naringenin.

Anthocyanins
2. Phenolic acids derivatives
3. Stilbenes
4. Lignans
5. Phenolic monoterpenes

Anthocyanidins; Procyanidine.
Caffeic acid

Resveratrol; Piceatannol.
Secoisolariciresinol; Matairesinol.
Carvacrol, Thymol

with a pyrogallol-type structure in a B-ring induced
apoptosis and a 3-O-gallate group in a cis-relationship
to the B ring enhanced the activity, whereas catechins
without a pyrogallol-type structure in a molecule lacked
this activity. (-)-epigallocatechin-3-gallate (EGCG) and
its metabolite products, such as pyrogallol, gallic acid
or quinones also have been reported to have important
roles in inducing apoptosis (/9). By investigating the
molecular structure-affinity relationship of natural
polyphenols for y-globulin, Xiao et a/. demonstrated
that galloylated catechins and catechol-type catechins
exhibited higher binding affinities for y-globulin than
non-galloylated and pyrogallol-type catechins (20).
They also found that the glycosylation of resveratrol

D

Flavonoid

LT,

Flavanol

Flavone

B c D

O_O

Isoflavone

Flavanone

E F
Figure 1. The chemical structure of different classes of

Flavonoids. (A) The basic skeleton of flavonoid; (B) Flavanol;
(C) Flavonol; (D) Flavone; (E) Isoflavone; (F) Flavanone.

GCOOH

H OH
caffeic acid stilbene resveratrol
A B

[o]

HO O OH HO li'
unp LOH O o}

J '

Ho ¢
OH
Enterodiol Enterolactone
C

Figure 2. The chemical structure of non-flavoniods
polyphenols. (A) Caffeic acid (phenolic acids); (B) The basic
skeleton of stilbene and resveratrol (stilbenes); (C) Enterodiol
and enterolactone (lignans).

www.biosciencetrends.com



BioScience Trends. 2018; 12(6):526-536. 528

Table 2. Structure-activity relationship of dietary polyphenols

Polyphenol compounds Group in structure

Activity

Flavonoids Methoxy groups

Multiple hydroxyl groups

A double bond and carbonyl in the heterocycle

R3'-OH and R4'-OH substitutions

Catechins pyrogallol-type structure in B ring

Without pyrogallol-type structure in B ring

Decrease antioxidation

Inhibition on lipid peroxidation and ROS, chelating
redox-active metals

Increase free radical scavenging activity

Inhibit MMP-9 activity

Apoptosis induction
Lack of apoptosis induction

3-O-gallate group in cis- relationship to the B ring in catechins Increase apoptosis induction

Galloylated catechins and Catechol-type catechins

Isoflavones 4'-OH and 7'-OH site of daidzein

Anthocyanins 3-OH group

Stibenes
Lignans
Phenolic monoterpenes

Glycosylation of resveratrol
Without ortho-dihydroxy group

Ester derivatives of carvacrol or thymol

Phenolic hydroxyl and monoterpene in carvacrol or thymol

Higher affinity to y-globulin than non-galloylated
or pyrogallol-type

Increase hydroxyl radical scavenging activity

Better antiradical and reductant activities than trolox
and catechol

Decreased affinity to y-globulin
Weak radical scavenging activity
Antifungal activity

Increased antifungal activity

decreased its affinity for y-globulin. Moreover,
cardioprotective effects of flavonoids are mainly due
to the multiple hydroxyl groups in their molecules.
Multiple hydroxyl groups conferred upon the molecule
inhibition of lipid peroxidation, chelating redox-active
metals and attenuating other processes involving
reactive oxygen species. Methoxy groups in flavonoids
introduce unfavorable steric effects and increase the
lipophilicity and membrane partitioning, which result
in decreased antioxidation. A double bond and carbonyl
function in the heterocycle or polymerization of the
nuclear structure increases free radical scavenging
activity by affording a more stable flavonoid radical
through conjugation and electron delocalization (27).
Daidzein, a soy isoflavone, possessed potent hydroxyl
radical scavenging activity through forming stable
daidzein radicals with highly reactive hydroxyl radicals
by a hydrogen abstraction reaction with both OH
functional groups, the 4'-OH and 7'-OH site of daidzein.
The high enthalpic stabilization involved in daidzein
radical formation at the 4'-OH site can be partly
attributed to better solvation through hydrogen-bonding
interactions with water and higher electron density
delocalization of the radical over the adjacent aromatic
ring (22). Both anthocyanidins and anthocyanins showed
better antiradical and reductant activities than trolox
and catechol. A structure-activity relationship study
showed that, the 3-OH group improved hydrogen atom
donation because of the stabilization by anthocyanidins
semiquinone-like resonance, while radicals of the 4, 5
or 7-OH groups could only be stabilized by resonance
through pyrylium oxygen in the presence of the 3-OH
group. The 3-OH group also enhanced electron donation
(23). Furthermore, Saragusti et al. have demonstrated
that flavonoid R3'-OH and R4'-OH substitutions were

relevant to the inhibitory property against the activity
of matrix metalloproteinase 9 (MMP-9), which plays an
important role in the turnover of basement membrane
type IV collagen during the formation of atherosclerotic
plaques (24). However, Cai et al. reported that although
lignans had hydroxyl groups, their radical scavenging
activity was very weak. Lack of the ortho-dihydroxy
structure was the main reason (25). In addition, the
antifungal activity of phenolic monoterpenes (carvacrol,
thymol) was related to the basic structures of phenolic
hydroxyl and monoterpene, while the position of
phenolic hydroxyl has no significant effect. Moreover,
the ester derivatives of carvacrol or thymol showed
stronger antifungal activity against pathogenic fungi
than their parent structure (2).

3. The beneficial effects of polyphenols on several
chronic degenerative diseases

Numerous action mechanisms of polyphenols including
anti-oxidation, free radical scavenging, mitochondrial
protection and anti-cancerization, regulation on
transcription factors and membrane receptors have
been investigated. Some research demonstrated that
dietary polyphenols have important potential for
effective treatment of chronic degenerative diseases
(CDD) like cardiovascular diseases (CVD), cancers and
neurodegenerative diseases (4).

3.1. Dietary polyphenols and cardiovascular diseases

Dietary polyphenols are beneficial in many
cardiovascular diseases, including myocardial ischemia/
reperfusion, platelet aggregation, inflammation and
atherosclerosis (26). Among numerous plausible
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mechanisms, which may be involved in cardiovascular
protection, improvement of endothelial function
and inhibition of angiogenesis in blood vessels has
been shown. Yang et al. reported that resveratrol,
an antioxidant existing in red wine, was effective in
preventing myocardial ischemia/reperfusion injury
which may be due to its antioxidant activity and
upregulation of vascular endothelial growth factor B
(27). EGCQG, a bioactive ingredient of green tea, plays a
protective role in the cardiovascular system by inhibiting
the expression of angiotensin II type 1 receptor (AT-1R)
and extracellular regulated protein kinases 1/2 (ERK1/2)
and p38 mitogen-activated protein kinase (MAPK)
signals, resulting in a decrease of proliferation of human
vascular smooth muscle cells (HVSMCs) induced
by homocysteine (Hcy) (28). Furthermore, dietary
polyphenols have positive effects on vascular function
and platelet function in humans to attenuate thrombosis.
The consumption of polyphenol rich foods might
impart anti-thrombotic and cardiovascular protective
effects via their inhibition of platelet hyperactivation
or aggregation. Polyphenols also alleviated fibrinogen
binding to platelet surface (GPIIb-IIla) receptors to
reduce platelet recruitment for aggregation and inhibit
platelet degranulation by targeting various additional
platelet activation pathways (e.g. by blocking platelet-
ADP, collagen receptors) (29). Khan ef al. demonstrated
that flavonoids were responsible for several health-
promoting properties, such as outstanding preclinical
antiplatelet effects, and provided an ideal approach
as templates for new, clinically effective and safe
antiplatelet agents (30). Omega-3 polyunsaturated
fatty acids (PUFA) rich Mediterranean diet has
protective effects for CVD by reducing the risk for
sudden death induced by cardiac arrhythmias and
could treat hyperlipidemia and hypertension. Foods
with omega-3 PUFA, purple grape juice (PGJ), and
wine all reduce platelet aggregation and P-selectin
expression (37). PGJ suppressed platelet-mediated
thrombosis by decreasing platelet aggregation and
superoxide production, increasing platelet-derived NO
release which represented a potential mechanism for the
beneficial effects of PGJ in CVD. An abundance of new
evidence points to inflammation as a major participant
in the pathogenesis and development of cardiovascular
diseases. Polyphenols have been reported to directly
inhibit inflammatory responses of the innate immune
system, such as nuclear factor-kappa B (NF-kB), and
activate anti-inflammatory gene transcription factors,
such as peroxisome proliferators-activated receptors-y
(PPAR-y), adenosine monophosphate activated protein
kinase (AMPK), efc. to exert a protective effect against
hypertension, atherosclerosis, dyslipidemias (32). The
impact of polyphenols on the same molecular targets as
pharmacological interventions on inflammation makes
it possible to develop a unique, non-pharmacological
approach for CVD treatment.

3.2. Dietary polyphenols and cancers

Though great progress has been made in cancer
therapy in the past several decades, the incidence and
mortality of cancer has been increasing endlessly.
By epidemiologic investigation, polyphenols-rich
diets have been shown to be associated with a lower
risk of cancers. Therefore, numerous studies have
been conducted to explore the beneficial effects of
polyphenols on various cancers. Green tea polyphenols
defend healthy cells from malignant transformation
and induce apoptosis locally in oral cancer cells (33).
Polyphenols extracted from both green tea and ginger
showed antiproliferative and apoptosis-mediated
cytotoxic effects on human non-small lung cancer
cells (34). Polyphenols and sterols extracted from
virgin argan oil have also shown antiproliferative and
pro-apoptotic effects on human prostate cancer cell
lines (35). Lignans, recognized as the greatest class
of phytoestrogens in the Western diet, have a negative
correlation with breast cancer risk in postmenopausal
women (36). Apigenin (4',5,7-trihydroxyflavone), a
major plant flavone, has shown anticancer properties
reducing the risk of certain cancers alone and/or
increasing the efficacy of several chemotherapeutic
drugs. It could affect several molecular and cellular
targets related to a variety of human cancers, in
particular, inducing differential effects in causing
minimal toxicity to normal cells (37). However, the
underlying mechanisms are still unclear. Kang et al.
indicated that polyphenols exerted anti-tumor actions as
small molecular inhibitors of signaling cascades and src
family kinase (38). EGCG induced apoptosis in human
acute promyelocytic leukemia NB4 cells and increased
the level of Bcl-2-associated X protein (Bax) protein
expression via upregulating Src homology 1 domain-
containing protein tyrosine phosphatase (SHP-1)-
p38aMAPK- Bax cascade (/0). EGCG in combination
with Am80 (a synthetic retinoid) synergistically
induced apoptosis in human lung cancer cell line PC-9
and up-regulated expressions of growth arrest and
DNA damage-inducible gene 153 (GADD153), death
receptor 5, p21wafl genes by increasing acetylation
levels in nonhistone proteins such as p53, a-tubulin via
down-regulation of histone deacetylase 4, 5, 6 (39).
In addition, inflammation is increasingly found to be
involved in the development of different types of cancer
and the anti-inflammatory property of some polyphenols
might provide a therapeutic window for the treatment of
cancer. For example, curcumin and rutin reduced tumor-
associated inflammation in HPV16-transgenic FVB/
n mice through inhibition of the expression of cyclo-
oxygenase-2 (COX-2) (40). Curcumin has also been
reported to restore the level of tumor suppressor p53
through increasing nuclear factor-erythroid 2 related
factor 2 (Nrf2) activation and upregulation of tumor
growth factor B (TGF-B) and inducible nitric oxide
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synthase (iNOS) in lymphoma bearing mice (4/). These
indicate that polyphenols have the potential for the
development of new strategies for cancer prevention.

3.3. Dietary polyphenols and neurodegenerative diseases

The typical diagnosis of AD includes neuropathological
lesions, such as amyloid plaques and cerebral
amyloid angiopathy, and substantial neuronal loss
(42). Resveratrol, which has been found in more than
70 plant species, promotes the non-amyloidogenic
cleavage of the amyloid precursor protein, enhances
clearance of amyloid beta-peptides, and reduces
neuronal damage (43). EGCG, the major component
of green tea, exerted a neurorescue effect against
functional and neurochemical deficits in a mouse model
of Parkinson disease (PD) by regulating the iron-export
protein ferroportin in substantia nigra and reducing
oxidative stress (44). The flavanone hesperetin, has
also been shown to have a protective effect on an
early model of PD induced by 6-hydroxydopamine via
mitigation of nigral DNA fragmentation as an index
of apoptosis and prevention of loss of substantia nigra
pars compacta (SNC) dopaminergic neurons (45).
Except for the amyloid neurotoxicity, mitochondrial
dysfunction and oxidative damage may also play
important roles in the slowly progressive neuronal death
(46,47). Numerous studies have indicated that dietary
polyphenolic compounds exhibited neuroprotective
effects through scavenging free radicals and increasing
anti-oxidant capacity in vitro and in vivo AD models.
Furthermore, they could facilitate the endogenous
antioxidant system by stimulating transcription (48,49).
Feng et al. reported that grape seed extract (GSE)
reduced the concentration of brain 8-isoprostaglandin
F2a and proapoptotic protein c-jun in the brain cortex
improving neurofunctional abnormalities caused by
hypoxia-ischemia. GSE also reduced brain injury by
suppressing lipid peroxidation after reoxygenation in
rat pups (50). Long-term consumption of fermented
rooibos herbal tea significantly reduced brain edema
and neuronal apoptosis by reducing lipid peroxidation
levels and increasing total antioxidant capacity in
Wistar rats following cerebral ischemia induced by
bilateral occlusion of the common carotid arteries
(51). Oral consumption of flavonoids may promote
neural protection by facilitating the expression of gene
products responsible for detoxifying the ischemic
microenvironment through both anti-oxidative and anti-
inflammatory actions. In particular, the transcriptional
factor, nuclear factor erythroid 2-related factor 2
(NFE2L2), has emerged as a critical regulator of
flavonoid-mediated protection through induction of
various cytoprotective genes (52). Some reports have
shown that the neuroprotective effects of polyphenols
may be associated with activation or inhibition of some
cellular signaling pathways involving Sirtuin 1 (SIRT1),

AMPK, etc. Resveratrol is the first polyphenolic
compound, which has been shown to activate SIRT1
(53). SIRT1 plays an essential role in the ability of
moderate doses of resveratrol to stimulate AMPK
and improve mitochondrial function both in vitro
and in vivo (54). Wang et al. reported that resveratrol
reversed rotenone-induced neurotoxicity through
activation of the SIRT/Aktl signaling pathway and
reduction of reactive oxygen species (ROS) production
in PC12 cells (55). A recent report showed that
strawberry supplementation improved aging-associated
impairments in mitochondrial function and biogenesis
through increasing the expression of AMPK cascade
genes and decreasing intracellular ROS levels and
lipid and DNA damage in old rats (56). Studies with
lower organisms have also revealed that the increase of
AMPK activity could extend lifespan (57).

4. The potential cellular and molecular mechanism
of polyphenols on chronic degenerative diseases

Molecular mechanisms underlying the potential
therapeutic role of polyphenols on CDD have been
investigated (Table 3). Here, we will briefly summarize
the regulation effects of dietary polyphenols on DNA
damage, transcription factors and mRNA expression.

4.1. Dietary polyphenols inhibit DNA damage

DNA is easily assaulted by the byproducts of cellular
metabolism, background radiation and environmental
mutagens. Particularly, DNA double-strand breaks may
result in cell death or cancer if improperly repaired. It
could be induced by reactive oxygen species, ionizing
radiation and some anti-cancer drugs. Polyphenols and
flavonoids in artichoke leaf tincture have been shown
to inhibit oxidative DNA damage to limit the effects
of the atherogenic diet through reducing monocyte
chemoattractant protein-1 (MCP-1) expression (58). Seo
and Lee demonstrated that antioxidant supplementation
including polyphenols, ascorbate and curcumin to
lymphocytes inhibited benz[a]anthracene-induced
oxidative DNA damage in vitro (59). Resveratrol has
also shown the ability to antagonize DNA damage
induced by aflatoxin Bl in human lymphocytes (60).
Dietary polyphenols such as quercetin, myricetin
and catechin could protect HepG2 cells against DNA
strand breaks and oxidized pyrimidines induced
by N-nitrosodimethylamine, N-nitrosopyrrolidine
and benzo(a)pyrene, which are three carcinogenic
compounds in the environment (67). Furthermore,
the hypermethylation of promoter sequences is the
main mechanism of epigenetic inactivation of various
genes that are necessary for the accurate regulation of
apoptosis, cell cycle or DNA repair. Studies reported
that polyphenols (EGCG, dietary black tea and
coffee polyphenols, annurca apple polyphenols) have
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Table 3. Molecular mechanism of dietary polyphenols for treatment of CDD

Disease Action

Signal pathway

Cardiovascular disease Antiproliferation of HVSMCs

Antiplatelet aggregation

Free radical scavenging
Anti-inflammation

Anti-arthrosclerosis

Endothelial NO production

Endothelial protection by inhibiting PAI-1

JAT-1R, |p-ERK1/2, |p-P38/MAPK
|Fibrinogen binding to GPIIb-Illa receptor;
|P-selectin expression

INF-kB, tPPAR-y and AMPK
IMCP-1

|Cav-1 mRNA level

TEC p38, TERK1/2, 1JINK

Neurodegenerative disease Clearance of amyloid beta-peptides; Reduction of
oxidative stress and lipid peroxidation; Mitigation of DNA
fragmentation; Prevention of loss of dopaminergic neurons;

Antihypoxia-ischemia
Neuroprotection

Relieve neurotoxicity and improve mitochondrial function
Demethylation activity to improve brain performance

Anti-tumor actions
Apoptosis induction

Cancer

Antiproliferation
Reduced tumor-associated inflammation

|brain 8-isoPGF2a, |c-jun

TNFE2L2; Regulation on iron-export protein ferroportin
1SIRT/Aktl, fAMPK

|Dnmt3a

|Src family kinase

tBax, upregualtion of SHP-1-p38MAPK-Bax;
TGADDI153; tdeath receptor 5; Tp21wafl genes; 1p53,
TNrf2, 1TGF-B, 1iNOS

TSIRT1/Akt

| Telomerase mRNA level

1COX2; |[NF-kB/p65 activation; TPPAR-y

HVSMCs: human vascular smooth muscle cells; AT-1R: angiotensin II type 1 receptor; ERK1/2: extracellular regulated protein kinases 1/2; MAPK:
mitogen-activated protein kinase; NF-kB: Nuclear transcription factor; PPAR-y: peroxisome proliferators-activated receptors-y; AMPK: AMP-
activated protein kinase; MCP-1: monocyte chemoattractant protein-1; Cav-1: caveolin-1; EC p38: endothelial cell p38; PAI-1: plasminogen activator
inhibitor type-1; JNK: c-Jun N-terminal kinase; 8-isoPGF2a: 8-iso-prostaglandin F2o; NFE2L2: nuclear factor erythroid 2-related factor 2; SIRT:
Sirtuin 1; Dnmt3a: DNA methyltransferase 3a; SHP-1: Src homology 1 domain-containing protein tyrosine phosphatase; GADD153: growth arrest
and DNA damage-inducible gene 153; iNOS: inducible nitric oxide synthase; COX2: cyclooxygenase 2.

demethylation activity by inhibiting mammalian DNA
methyltransferase 3a (Dnmt3a) to show potential anti-
cancer effects, or improvement of brain performance
(62,63).

4.2. Dietary polyphenols regulate transcription factors

Nuclear transcription factor NF-«xB regulates the
expression of many genes, which encode proteins
involved in immune response, inflammatory reaction,
apoptosis and neurodegenerative diseases (64,65).
Special polyphenols could modulate the expression of
genes, which are regulated by NF-«kB at multiple levels.
For example, Epicatechin and dimeric procyanidins
B2 restrained NF-«B activation in Jurkat T cells and
Hodgkin's lymphoma cells by interacting with NF-
kB proteins and preventing the binding of NF-kB to
the DNAKB sites (66,67). It is noteworthy that NF-kB
can be constitutively activated in most types of human
cancer including breast, colon, skin, lung, esophagus,
pancreas, prostate and gliomas and plays a critical
role in the regulation of cell survival, proliferation and
apoptosis (68,69). A polyphenolic fraction of green tea
(GTP) inhibited cell proliferation and induced apoptosis
of human osteosarcoma SAOS-2 cells by decreasing
nuclear DNA binding of NF-kB/p65 and lowering
the NF-xB/p65 and p50 levels in the cytoplasm and
nucleus (70). Moreover, red wine metabolites may

delay the activation of different transcription factors,
NF-«B and activator protein-1 induced by TNF-a to
prevent cell adhesion (77). PPAR-y is another nuclear
receptor and transcription factor, which is involved in
cell control, proliferation and differentiation, exerting
anti-inflammatory, anti-cancer and insulin-sensitizing
actions. Polyphenols have been reported to regulate
the expression of both PPAR-y and NF-«B. Curcuma
longa polyphenols have been shown to improve
obesity-related metabolic disorders by upregulating
the gene expression of PPAR-y and decreasing the
production of pro-inflammatory molecules such as
NF-kB, MCP-1, interleukin 6 (IL-6), efc. in 3T3-L1
adipose cells exposed to hydrogen peroxide (H,O,)-
mediated oxidative stress (72). Choi et al. has also
shown that galangin exerts anti-inflammatory effects
by inhibiting NF-kB activity and increasing expression
and transcriptional activity of PPAR-y in polyinosinic-
polycytidylic acid (poly(I:C)) (a viral mimic dsRNA
analog)-stimulated microglia (73).

4.3. Dietary polyphenols regulate mRNA expression

Telomerase, a specialized reverse transcriptase, has
an important role in cell fate, for example, sustaining
cell proliferation resulting in tumorigenesis and
mutagenesis. The activity of telomerase correlates with
the degree of malignancy and senescence (74). Tea
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polyphenols of EGCG and epigallocatechin (EGC)
showed repression activities on carcinogenesis by
inhibiting mRNA expression of human telomerase
reverse transcriptase (W'TERT) in human lung carcinoma
H1299 cells, human oral cancer OECM-1 cells and
tongue squamous-cell carcinoma cells (SAS) (75).
In the cardiovascular system, caveolin-1 (Cav-1), a
negative regulator of endothelial nitric oxide synthase,
influences various aspects of cardiovascular function.
Green tea polyphenols could down-regulate mRNA
levels of Cav-1 in bovine aortic endothelial cells time-
and dose-dependently via activating ERK1/2 and
inhibiting p38MAPK signaling (76). Furthermore, there
is a positive association between plasminogen activator
inhibitor type-1 (PAI-1) and the development and
progression of CVD. Catechin and quercetin showed
cardiovascular protection through down-regulating the
PAI-1 mRNA level in endothelial cells via activating
ERK1/2 and c-Jun N-terminal kinase (JNK) (77). A
resveratrol-rich grape has also been reported to reduce
low-density lipoprotein (LDL)-cholesterol, oxidized
LDL and apolipoprotein B (ApoB) and improve
the inflammatory and fibrinolytic status in patients
undergoing primary prevention of CVD through
decreasing thrombogenic PAI-1 by modulating six key
inflammation-related transcription factors involved in
inflammation and cell migration (78).

5. The polyphenols-gut microbiota interactions

There exists a complex microbial ecosystem
comprising considerable metabolic versatility in the
human intestinal tract (79). Reports have shown that
dietary polyphenols could affect the composition and
function of gut microbiota involved in the maintenance
of gastrointestinal health. The equilibrium of the
gut microbiota in return keeps the bioavailability
and physiological activity of dietary polyphenols.
The growth of certain pathogenic bacteria such
as Clostridium perfringens, Clostridium difficile
and Bacteroides spp. were significantly repressed
by tea phenolics and their derivatives, while the
growth of commensal anaerobes like Clostridium
spp., Bifidobacterium spp. and probiotics such as
Lactobacillus sp. were not affected. This suggested
that different strains of intestinal bacteria had different
sensitivity to tea phenolics and their metabolites (80).
Moreover, consistent evidence from Shanthi et al.
indicates that polyphenols have potential to alter gut
microecology and confer positive gut health benefits
by regulating the total number of beneficial microflora
in the gut (87). There is a growing body of evidence
that gut microbiota contributes to colon tumorigenesis.
Polyphenols can inhibit the development of colon
tumorigenesis through affecting the composition and
activity of the gut microbiota and anti-inflammation.
On the other hand, gut microbiota are involved in

the metabolism of polyphenols and convert dietary
polyphenols into active and bioavailable metabolites.
As gut microbiota vary among individuals, variations
in gut microbiota can affect polyphenol activity by
producing metabolites with different physiological
significance (82). For example, the soy isoflavone
daidzein is microbially biotransformed to equol, which
has a more potent estrogenic action than the precursor
itself. Being overweight or obese induced the gut
microbial environment alteration and contributed to
being incapable of metabolizing the soy isoflavone
daidzine to O-desmethylangolensin (ODMA) in peri-
and post-menopausal women (83). What's more,
human intestinal bacteria could rapidly degrade
cyranidin 3-glucoside (C3G, one of the major dietary
anthocyanins) to phenolic acids in vitro. However,
higher concentrations of phenolic acids were observed
in the presence of intestinal bacteria, while these
products appeared at considerably lower levels in the
absence of bacteria (84).

6. The potential danger of dietary polyphenols on
human health

Many types of polyphenols are considered to be
traditional herbal medicines and safety drug candidates.
However, it is noteworthy that some actions of
individual dietary polyphenols may have a potential
danger to human health. Tannins, catechins, flavones
and isoflavones have been considered as topo poisons,
which could cause high numbers of broken and
recombined chromosomes and chromosome aberrations
in treated cells (85,86). Green tea polyphenols (GTPs)
showed toxicity at high doses presumably due to pro-
oxidative properties in experimental rodents, such
as hepatotoxicity, GTP-deteriorated dextran sodium
sulfate (DSS)-induced intestinal inflammation and
carcinogenesis, 1% GTPs induced nephrotoxicity in
colitis mode mice, etc. (87). Quercetin transformed
into an ortho-quinone after scavenging free radicals
to decrease the level of many anti-oxidative cellular
substances such as glutathione (GSH), and total anti-
oxidative capacity (88). Biso et al. reported that
quercetin, quercetin-3-0-a-1-rhamnoside (quercitrin),
myricetin and gallic acid derivatives showed mutagenic
potential for peripheral blood cells by micronucleus
test (Ames test), while they didn't show genotoxic
activity in the mouse cells (90). Another study observed
the mutagenicity of ten flavonoids, results showed
that some flavonoids such as galangin, kaemferol and
quercetin could be biotransformed into more genotoxic
metabolites and showed signs of mutagenicity in
Ames test (90). The structural requirements for
mutagenicity is a flavonoid ring structure with a free
hydroxyl group at the 3-position, a double bond at the
2,3-position and a keto-group at the 4-position allowing
the proton of the 3-hydroxyl group to tautomerize to
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a 3-keto moiety. When free hydroxyl groups are not
present in the B-ring, a metabolic activating system is
required for the formation of a mutagenic compound
(91). In addition, flavonoids in propolis induced both
mutagenic and antimutagenic effects depending on its
concentration (92). The result is consistent with the
study that green propolis caused an increase in the
damage to DNA in the peripheral blood cells of mice
using micronucleus and single-cell gel electrophoresis
assays (93). Comparable to green propolis, the extracts
of baccharis dracunculifolia showed genotoxic and
mutagenic effects by increasing the DNA damage in
blood and liver tissues and the frequency of micronuclei
in bone marrow in mice (94). Cecropia pachystachya,
which contains chlorogenic acid, isoorientin, orientin,
and isovitexin, were shown to be genotoxic to brain
tissue because of the ability to cross the blood-brain
barrier and act on the central nervous system and had
mutagenic effects at higher doses (95).

7. Prospects of dietary polyphenols in treatment of
CDD

Recent investigations of the pharmacological actions
of dietary polyphenols have showed that they have
neuroprotection, free radical scavenging, anti-
oxidation, reduction of LDL-cholesterol and ApoB, anti-
inflammation, carcinogenesis repression, inhibition on
DNA damage, efc. which promised strong potential
for treatment of AD, PD, CVD, and cancers. However,
more research will be needed to further investigate the
structure-activity relationship of polyphenols molecules
and the mechanism of biological effects including
beneficial or deleterious effects before treating dietary
polyphenols as therapeutic agents.
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Summary

The past decades have witnessed a rapid increase in the use of molecularly targeted
therapies. One class of agents includes the epidermal growth factor receptor inhibitors
(EGFRIs), which afford patients longer progression-free survival (PFS) times, especially
among non-small cell lung cancer (NSCLC) and metastatic colorectal carcinoma (mCRC).
Certain adverse effects, particularly skin toxicity, are mainly manifested as rash, xerosis,
pruritus, nails changes, hair changes and mucositis. Previous studies reported the adverse
events occurred based on the cutaneous inflammation reaction. Treatment recommended
glucocorticoids and antibiotics. It is suggested that skin toxicity is an important issue
because it usually affects patients' quality of life (QoL) and still causes dose reduction or
discontinuation of targeted therapies. For these reasons, more and more oncologists and
dermatologists recognize the importance of recognition and management of skin toxicities
with the expansion in availability of EGFRIs. In this review, we conducted a systematic
review of recent data to examine the types and frequencies of dermatologic toxicities
associated with anti-epidermal growth factor receptor (EGFR) therapies in NSCLC and
mCRC. In addition, we would like to explore the management and treatment options

currently used by clinicians based on the possible mechanism.

Keywords: EGFRIs, skin toxicities, non-small cell lung cancer, colorectal carcinoma, review

1. Introduction

Epidermal growth factor receptor (EGFR) is often
over-expressed or overactivated in human cancer,
which makes EGFR a key therapeutic target.
Frequently administered inhibiting EGFR have
different mechanisms of action that are specific for
the intracellular tyrosine kinase inhibitors (TKIs)
erlotinib gefitinib, icotinib, osimertinib, dacomitinib
and the monoclonal antibodies (mAbs) cetuximab and
panitumumab binding the extracellular domain of the
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EGFR. TKIs have been recommended as the first-
line treatment for non-small cell lung cancer (NSCLC)
with EGFR mutation. In the IPASS study, the first-
line therapy with gefitinib significantly prolonged
progression-free survival compared with paclitaxel plus
carboplatin in pulmonary adenocarcinoma patients (/).
The mAbs have been recommended for patients with
wild-type RAS metastatic colorectal carcinoma (mCRC)
by the National Comprehensive Cancer Network
(NCCN) at the first line (2).

The adverse events of these targeted drugs are usually
minimal in terms of frequency and severity. However,
epidermal growth factor receptor inhibitors (EGFRIs)
are commonly associated with dermatological toxicities
that may less be seen with conventional chemotherapy or
radiotherapy. They are usually manifested as acneiform
rash, xerosis, pruritus, paronychia, hair changes and
mucostitis. The overall incidence was skin rash 47-100%
(grade 3/4 1-10%), xerosis 10-49% (grade 3/4 0-7%),

www.biosciencetrends.com



BioScience Trends. 2018; 12(6):537-552. 538

pruritus 8-57% (grade 3/4 0-2%), paronychia 3-25%
(grade 3/4 0-2%), hair abnormalities 0-13% (grade 3/4
0-12%), mucositis 0-44% (grade 3/4 0-1%), while skin
reactions occur more frequently in mAbs than in TKIs (3).
EGFRIs-related skin toxicities usually lead to infection,
pain, discomfort and greatly affect quality of life, causing
depression, sleep interruptions and feel self-abasement.
Most importantly, skin toxicities influence anti-cancer
therapies adherence of patients. Gefitinib induced skin
toxicity led to drug interruption of 6.9% patients (4).
Herein, skin adverse events perhaps present the greatest
concern with EGFRIs use. Prevention and treatment are
recommended by experts and constitutions, mostly using
topical or systematic glucocorticoids and antibiotics. But
these recommendations rarely are supported by large
clinical trials (5).

The use of EGFRIs in cancer therapy is very
likely to expand, and oncologists should be familiar
with the incidence, manifestion, possible mechanism
and appropriate management of their associated a
constellation of adverse effects. Here, we summarize the
characteristics of commonly encountered skin toxicities
associated with EGFR-inhibiting mAbs and TKIs among
lung cancer and colorectal carcinoma patients, and
provide recommendations for prophylaxis and treatment.
When reviewed clinical study articles, priority was
granted to the randomized clinical trials (RCT).

2. The common dermatological adverse events (dAEs)
occurred in TKIs and mAbs

The main safety profiles of current clinical used EGFRIs
are comparable between TKIs and mAbs, while the
difference in incidence of each drug is observed.
Evidence in EURTAC and CTONGO0806 may further
demonstrate the rash is more likely to occur in Eastern
patients (all grades 80%, grade 3/4 13%) compared to
western patients (all grades 42%, grade 3/4 0) (6,7).

2.1. TKlIs

There are inherent differences in active and skin toxicities
of the first-generation reversible TKIs, gefitinib, erlotinib
and icotinib, the second-generation irreversible TKI,
afatinib, and the third-generation TKI, osimertinib, who
has activity in patients with T790M-negative acquired
resistance (8). Dacomitinib is a novel second-generation,
irreversible TKI, which showed potent EGFR signaling
inhibition in experimental models, including first-
generation TKI-resistant NSCLC cell lines (9).

In Table S1 (http://www.biosciencetrends.com/action/
getSupplementalData.php?1D=32) (1,11,44,48,101-116),
the review of gefitinib showed rash and pruritus were
prominent, while Wo HM et al. reported dry skin, grade
3/4 rash, pruritus was significantly prominent in gefitinib
groups than in other agent-based regimens (/0). As for
erlotinib, the skin toxicity occurred in more patients.

The TITAN study not included in the table demonstrated
erlotinib associated skin toxicity was in 52% patients,
and grade 3/4 5% (11). In this review, icotinib involved
significant CONVINCE and BRAIN study and the most
dAEs were in mild grade. However, a cohort study of
first-line icotinib treatment in 152 advanced NSCLC
patients with mutated EGFR reported the main safety
profiles that 43.4% and 5.9% patients appeared rash
and paronychia (/2). Rash (36.0%) was one of the most
common afatinib-related dAEs, while only 0.3% rates of
discontinuation due to rash provided the expanded access
program (/3). In LUX-Lung series trials, afatinib-related
dAEs had higher rates in patients (/4). Investigator
assessed the osimertinib associated adverse events
in the AURA Study Phase II Extension Component,
showing rash was also predominant (8). Future safety
analyses from AURA extension and AURA2 included
clustered terms of rash (41%), dry skin (31%), and nail
toxicity (25%) (15). The result of AURA3 presented that
osimertinib did not share more incidence of skin toxicity
than first-generation and second-generation TKI. In the
phase 2 trial of dacomitinib, the most common all-grade
treatment-related adverse events of dacomitinib were
dermatitis acneiform in 78% patients, dry skin in 44%
patients, and stomatitis in 40% patients (/6). The phase
3 NCIC CTG BR.26 study in this review had similar
results.

In Table S2 (http://www.biosciencetrends.com/
action/getSupplementalData.php?ID=32) (25,117-134),
the third-generation TKI seemed to induce less skin
toxicity than other TKIs, while the second-generation
TKI showed predominant incidence of dAEs and dose
modification among TKIs (/7). Grade 3/4 adverse events
rate of afatinib was comparable to that of erlotinib but
higher than that of gefitinib (/&). As for first-generation
TKI, skin toxicity most commonly occurred in erlotinib,
followed by gefitinib, icotinib in terms of incidence and
severity (19).

2.2. EGFR-mAbs

Panitumumab and cetuximab have been approved by the
US Food and Drug Administration for the treatment of
certain patients with mCRC to treat patients with wild-
type RAS mCRC. Necitumumab is a second-generation
recombinant human EGFR mAb to blocks ligand-
induced receptor phosphorylation and downstream
signaling.

The adverse events most frequently associated
with EGFR TKIs are skin conditions, notably rash,
pruritus, and as with the EGFR mAbs, it appeared to
be associated with an increased risk of some forms of
mucosal inflammation, notably stomatitis, when used
in combination with chemotherapy except for rash (20).
In Table S3 (http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=32) (25,125-134), the
review also illustrated the skin toxicity profile: cetuximab
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and panitumumab have comparable skin disorders,
and necitumumab seem to induce less skin disorders.
Rash is likely to occur, while pruritus and mucositis
are less likely to be observed (27). Few patients had
grade 3 skin-related toxicities (22). In phase I/II study
of necitumumab, rash (70.5%), dry skin (18.2-67%),
pruritus (11.4-60%), paronychia (36.4%) and grade > 3
events, rash (20.5%) were observed (23,24). In SQUIRE
study, rash (1.1%) led to necitumumab interruption (25).

Evidences showed that the overall incidence of skin
toxicities for EGFR-MoAbs was 77.1% and high-grade
(=grade 3) occurred in 24.6%. Longer treatment with
EGFR-MoAbs (> 5 months) was more likely to cause
skin toxicity and rash than in the shorter duration (< 5
months) (26).

Compared with cetuximab, panitumumab was
associated with less incidence of rash, pruritus, mucositis,
while overall skin toxicity has a higher rate. However,
a meta-analysis of different toxicity of cetuximab and
panitumumab in mCRC treatment showed cetuximab
was associated with fewer grade 3/4 skin toxicities,
slightly more frequent grade 3/4 acne-like rash, and
paronychia, but fewer cases of skin fissures and pruritus
than panitumumab (27).

2.3. Other EGFRIs under study

Poziotinib, a second-generation EGFR-TKI in patients
with lung adenocarcinoma with EGFR mutation was
reported the most frequent grade 3 adverse events were
rash (59%), mucosal inflammation (26%), and stomatitis
(18%) in a phase II study (28). AC0010, a mutation-
selective third-generation TKI, reported the incidence
of skin rash was 48% in the treatment-emergent adverse
events and grade 3 or higher was 4% in the first-in-
human phase I trial (29). In BLOOM study of AZD3759
in EGFR-mutant NSCLC, grade 3 skin disorders
occurred in 17% patients at a dose of 200 mg twice a
day, and in 40% patients at a dose of 300 mg twice a
day (30). The EGFR-MoAbs against the EGFRT790M
resistance mutation under study, HM61713 and EGF816,
also reported the skin toxicities (31).

3. The appearance of dAEs occurred in TKIs and
mADbs

3.1. Grading algorithm of skin toxicity

The Common Terminology Criteria for Adverse
Events version 4.03 (CTCAE v4.03) is a widely
used classification system (32). The Multinational
Association of Supportive Care in Cancer (MASCC)
Skin Toxicity Study Group conducted a new grading
system, which is specially proposed for EGFRIs-
induced dAEs and maintains consistency with the
grading principles CTCAE system. Moreover, MASCC
grading algorithm includes relevant patient-reported

health-related quality of life factors and is commonly
used as well (33).

There have been concerted efforts to develop more
precise and clinically relevant tools to quantify and
monitor EGFRI-related skin toxicities, including the
MASCC EGFRI Skin Toxicity Tool (MESTT) (34) and
the EGFRI related Skin Toxicity Index (EGFRISTI) (35).
However, the MESTT requires individual pustules to be
counted, which is impractical in a busy clinic, and the
EGFRISTI is again based on the surface area affected,
whose score ranged from 6.0 to 64.5 (36). In addition,
Wollenberg A et al. presented a new scoring tool for
acneiform skin eruptions by calculating from body
involvement, facial involvement and clinical grading
of the skin items erythema, papulation, pustulation and
scaling/ crusts (37).

3.2. The distribution and typical time course of skin
appearance

Rash is the earliest and most common cutaneous
reaction. Braden RL et al. conducted a retrospective
chart review on 157 patients with EGFRIs-induced skin
reactions. Papulopustular eruption was observed at the
average duration of 9.4 weeks, and eruption mostly
involved in face with 97 % of patients affected, followed
by the chest (75%) and back (61%). The abdomen
(8%), upper extremity (8%), and lower extremity (4%)
were less frequently observed. Bacterial skin infection
accounted for 21% patients, in which the upper extremity
(64%), lower extremity (52%), and abdomen (33%) were
the most common infectious locations. The mean time to
onset of the acneiform rash was 1.5 weeks after initiation
of EGFRIs, while the mean time to onset of bacterial
superinfection was 28.6 weeks (38). Xerosis generally
occurs late, after the patient has been on anti-EGFR
treatment for at least 30-60 days. This condition usually
follows or accompanies by acneiform eruption and itch.
Dry skin is also a cause of increased susceptibility to
injuries and fissures, whose secondary causes include
bacterial and viral infections. Deep painful fissures
are most often seen in the area of fingertips, heels,
periungual skin and dorsal surface of the interphalangeal
joints (39). Pruritus often coexists with xerosis (50%)
and papulopustular rash (62%), and also commonly
accompanies rash at onset (40). Similarly, paronychia
frequently accompanies papulopustular rash. It develops
later on, usually 4-8 weeks after starting treatment
(41). The lesions develop 2-5 months after the onset of
treatment.

3.3. Common appearances involved in anti-EGFR
treatment

Rash, xerosis, pruritus, nail changes, hair changes,
mucositis are common skin toxicities involved in TKIs
and mAbs, and in some extreme cases, severe cutaneous
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Grade 1

Grade 2

Grade 3

Grade 1: Papular and/or pustular lesions covering < 10% BSA, not associated with

itching or pain.

Grade 2: Papular and/or pustular lesions covering 10-30% BSA; may cause pruritus,

pain, and adverse psychosocial effects.

Grade 3: Papular and/or pustular lesions covering > 30% BSA; may cause pruritus, pain,
and adverse psychosocial effects, secondary infection requiring oral antibiotic therapy,

limiting self-care.

Figure 1. The different degrees of severity of the rash according to CTCAE v4.03. In grade 1, the rash only occurred on head
and face dispersedly. In grade 2, papular lesions occurred on the patient's face and all his back with pain and pruritus. In grade 3, the
head of the patient suffered secondary infection, and the face was swelling and red, which effected his daily life obviously. Note: No
patients with grade 4/5 rash were observed. BSA = body surface area. The pictures were taken from 2014 to 2018.

adverse reactions (SCARs) may occur, while they
specifically have some differences.

3.3.1. Rash

The eruption generally evolves through four distinct
phases. The skin rash lesions can be manifested
as 24% rash, 16% dermatitis acneiform, 7% rash
maculopapular, 11% acne (42). At the first 1-2 weeks
from initial treatment, rash occurred with dysesthesia,
erythema and edema, then erythematous papules and
pustules. Until 3-6 weeks purulent crusts appear,
progressing to telangiectasias with pain and pruritus.
Symptoms typically resolved within 4 weeks after
EGFR TKI is ceased; but there could be partial or even
complete resolution despite continued EGFR TKI
therapy. The duration and severity of symptoms depend
on the dose and kinds of EGFRISs, if properly managed,
the symptoms may also self-relieve to some extent,
even disappear. Complete disappearance of lesions but
hyperpigmentation left is observed about one month
after discontinuity of treatment. Sibaud V reported 4
patients presented an unusual presentation of acneiform
rash, characterized by late development after several
months of EGFRIs treatment, localization to the limbs
with sparing of the face, and association with severe
pruritus and Staphylococcus aureus superinfection in
all cases (43). Seriously, skin exfoliation and toxic
epidermal necrolysis are diagnosed (44,45). The
different degrees of severity of the papulopustular rash

are illustrated in Figure 1.
3.3.2. Xerosis

EGFRIs impair the epidermal barrier based on
keratinocyte differentiation, causing shortage of water
and abnormal oil production in the epidermis. Skin
secondary infection may contribute to xerosis. The risk
of skin dryness during treatment increases with age,
pre-eczema, and prior cytotoxic use. Evidence showed
patients who received gefitinib experienced xerosis cutis,
acneiform have mean Transepidermal Water Loss values
higher than normal (46). The different degrees of severity
of the xerosis are illustrated in Figure 2.

3.3.3. Pruritus

Pruritus is an uncomfortable sensation leading to
intensive scratching. Your skin looks dry and scaly.
During treatment, generalized or localized itching is
observed in arms, legs or body, ranging in strength from
mild to severe pruritus. The severe condition shows the
skin on the fingertips and heels crack. Dry mouth, eyes
and nose also can be observed in the late. The different
degrees of severity of the pruritus are illustrated in
Figure 3.

3.3.4. Nail changes

Paronychia is the typical appearance of nail changes
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Grade 1 Grade 2

Grade 1: Covering < 10% BSA and no associated erythema or pruritus.

Grade 2: Covering 10-30% BSA and associated with erythema or pruritus; limiting
instrumental ADL.

Grade 3: Covering > 30% BSA and associated with pruritis; limiting self-care ADL.

Grade 3

Figure 2. The different degrees of severity of the xerosis according to CTCAE v4.03. In grade 1, the calf of patient was exposed
to xerosis without erythema or pruritus. When progressed to grade 2, all the limbs suffered from xerosis with rhagades and pruritus.
In grade 3, the patient suffered from a wide range of xerosis and pruritus with obvious scratch. Note: ADL = activities of daily living;
BSA = body surface area. The tags with words and time in the pictures represented as code names from their name acronyms and the

time of collection.

e Ml 2olb 1

Grade 1 Grade 3

Grade 2

Grade 1: Moderately intensive, limited to a particular part of
the body, requires topical treatment.

Grade 2: Increased local or periodically generalized, present
lesions resulting from scratching, impairment of basic patient
activity, requires systemic treatment.

Grade 3: Increased local or permanently generalized,
significant limitation of selfcare activity or impairment of
sleep, requires oral corticosteroids or immunosuppressive
therapy.

Figure 3. The different degrees of severity of the pruritus
according to CTCAE v4.03. In grade 1, pruritus only
occurred in regional area of the leg with erythema. In grade 2,
pruritus induced obvious scratch with hemorrhagic spot and
hyperpigmentation. In grade 3, the scratch because of skin
itch caused secondary infection and need systematic therapy.
Note: The tags with words and time in the pictures represented
as code names from their name acronyms and the time of
collection.

usually with secondary inflammation, characterized by
edema, redness, nail fold and severe pain in the area
around the nail plate, even progression to onycholysis
or onychodystrophy. The big toe is commonly the first
area to be affected, and eventually one or more fingers
and toes were involved (47). The different degrees of
severity of the paronychia are illustrated in Figure 4.

Grade 1

Grade 2 Grade 3

Grade 1: Nail fold edema or erythema; disruption of the
cuticle.

Grade 2: Localized intervention indicated; oral intervention
indicated (e.g., antibiotic, antifungal, antiviral); nail fold
edema or erythema with pain; associated with discharge or
nail plate separation; limiting instrumental ADL.

Grade 3: Surgical intervention or intravenous antibiotics
indicated; limiting self-care ADL.

Figure 4. The different degrees of severity of the paronychia
according to CTCAE v4.03. In grade 1, the first picture
showed mild edema and erythema of fingernails without
limiting daily life. In grade 2, the edema erythema and bleeding
occurred with intervention of antibiotic. In grade 3, the
inflammation occurred around the fingernails and need surgery
treatment. Note: The pictures were taken from 2014 to 2018.

3.3.5. Hair changes

Hair changes are characterized as the alterations in the
hair structure, accompanied by curly hair, and thin, as
well as a change in color. The typical manifestation is
alopecia, reported in 1.9-4.9% of patients (48). Non-
scarring hair loss is reversible, slow, and usually does
not lead to complete baldness. Alopecia is not the
only described changes to hair during EGFRIs use. A
five-year review of spectrum of ocular toxicities from
EGFRIs showed eyelash changes (trichomegaly and
trichiasis) were also the commonly observed appearances
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Figure 5. The appearance of eyelash changes. In these two
pictures, the patients suffered from trichomegaly and trichiasis.
The eyelash grew irregular and disturbed their sight. Note: The
pictures were taken from 2014 to 2018. The tags with words
and time in the pictures represented as code names from their
name acronyms and the time of collection.

(49). Excessive hypertrichosis also included of the face
(50). The appearance of eyelash change is presented in
Figure 5.

3.3.6. Mucositis

EGFRIs result in a range of alterations in visible
mucosal tissues, mainly in oral cavity. Patients may
suffer from mild red and swollen to severe ulceration
and pain, which lead to discomfort and influence eating
and drinking (34).

3.3.7. SCARs

There have been a substantial number of reports
concerning life-threatening SCARs, including Stevens-
Johnson syndrome (SJS), toxic epidermal necrolysis
(TEN), drug rash with eosinophilia and systemic
symptoms, drug-induced hypersensitivity syndrome,
and acute generalized exanthematous pustulosis.
Literature review showed a total of 12 patients suffered
from SCAR episodes: two SJS caused by afatinib, one
SJS, one SJS/TEN and two TEN (one death) caused
by cetuximab, one SJS caused by erlotinib, two TEN
(one death) and two acute generalized exanthematous
pustulosis caused by gefitinib, one SJS caused by
panitumumab (57).

4. The possible mechanism of dAEs

The skin toxicity due to EGFRI is not yet fully
understood. Evidences demonstrated the skin reactions
may be illustrated from point of pathogensis, signal
molecule, polymorphism, and pharmacokinetics.

4.1. Pathogenesis and molecular biomarkers
Biomarkers of skin toxicity induced by anti-EGFR

treatment mainly include three major signalling outputs,
namely RAS/RAF/MEK/ERK with the function of

cell proliferation, cell cycle and cell migration and
on the expression of inflammatory mediators, JAK/
STAT pathway reaction to proliferative response,
protection from apoptosis and PI3K/Akt pathway
governing survival responses (52). Lacouture ME firstly
systematically reviewed the underlying pathobiological
mechanism of EGFRIs-associated skin reactions based
on previous experimental and clinical data (53). Then
Paul et al. explored the changes of signal molecules
among cancer patients (54). The chemokine expression
in keratinocytes further illustrated skin inflammation
mechanism when treated with EGFRIs (55).

In general, the molecular mechanism is the following
aspects: a. EGFRIs inhibit the PI3K-Akt and MAPK
pathways, contributing to the inhibition of keratinocyte
growth and survival; b. EGFRIs has an inhibitory effect
on differentiation of keratinocyte by interfering in the
expression of signal molecular, such as keratin 1 (KRT1),
KRT10, ASK1, STAT3 BCL2 and BCL-XL; c¢. EGFRIs
change the function of attachment and migration by the
up-regulation or down-regulation of related proteins.
d. EGFRIs induced the release of chemokines and
cytokines, CCL2, CCL5, CXCL10, CCL18, XCLI,
CXCL9 (CXC chemokine ligand 9), CCL3, NF«B,
IL6, IL7, and IFN regulatory factor 5, which developed
inflammation. e. EGFRIs damage the protection function
of skin from ultraviolet radiation. Consequently, the
effects of proinflammatory chemokines in the epidermis
lead to inflammation.

The abnormal signal processes accordingly lead
to pathological changes. The EGFR is known to be
expressed in skin keratinocytes, the sebaceous glands,
hair follicle epithelium, and periungual tissue (56).
EGFR inhibition leads to dysfunction of keratinocyte
migration, maturation, and proliferation, resulting in
inflammatory cell recruitment and cutaneous injury (53).
Release of pro-inflammatory cytokines contributes to
ubsequent tissue damage and apoptosis (55). EGFRIs
associated skin lesions are formed owing to secondary
bacterial infections and other complications as well
(57). The possible pathogenesis of pruritus may involve
cutaneous nerve endings, unmyelinated C-fibers, and
neurotransmitters or regulation of various receptors,
included serotonin, neurokinin (NK)-1 receptor, opioid
receptors, and gammaaminobutyric acid (GABA). Mast
cell degranulation and maturation may be the important
activation way (36).

4.2. Gene polymorphisms

Pharmacogenomic analyses of EGFR polymorphisms
and several genomic mutations have been undertaken to
determine their predictive value in the development of
skin toxicity after anti-EGFR treatment (Table S4, http://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=32) (135-141)). From the literatures review,
molecular markers of EGFR polymorphisms can
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predict skin toxicity, and also has association with the
efficacy of the anti-cancer. Unfortunately, these studies
are sporadic and have not been validated by larger and
further research to reveal the occurrence mechanism and
clinical biomarkers.

4.3. Pharmacokinetics

Concentration of HGF might be significantly inversely
correlated with severity of rash. Increased HGF/MET
signaling might compensate the inhibitory effect of
EGFRIs in skin as well as tumor cells, leading to less
severe skin rash and decreased efficacy of the anti-
tumor therapy (59). Kimura K et al. used the average
binding occupancies (Phi ss) of EGFR-TKIs, gefitinib
and erlotinib to evaluate frequency of rash (60). Vasavda
C et al. found gefitinib, erlotinib, osimertinib had
responsible proteins by reverse phase protein arrays
among 301 proteins associated with EGFR signaling.
These three EGFRIs equally suppressed phosphorylation
of 12 proteins, while they respectively regulated
phosphorylation of 13 other proteins, such as 4E-
BP1 and eIF4E. Gefitinib most potently inhibited the
13 proteins, whereas osimertinib blocked fewer, and
erlotinib even fewer. Osimertinib also independently
resulted in phosphorylation of histone H2AX, suggesting
that osimertinib may promote double-strand DNA
breaks. These differences may explain why patients
treated with different inhibitors experience differing
dermatologic effects (67). Erlotinib concentration was
also associated with occurrence and severity of skin rash
(62). Accordingly, the proteins identified as differentially
regulated by these inhibitors may be candidates for
evaluating the mechanisms underlying their dermatologic
toxicities.

Raman spectroscopy is novel method to distinguish
the patients with or without skin toxicity by correlating
the skin patients Raman signature and the drugs
concentration into patient's blood. Raman spectroscopy
can be a pharmacodynamic biomarker for EGFRIs-
related adverse reactions (63).

5. Management

EGFRIs treatment associated dAEs has caused a
substantial economic burden and lower quality of life
(64). Hence, it is essential to establish appropriate
strategies, including prophylactic treatment, reactive
treatment, dose reductions and drug discontinuance,
to deal with skin toxicity, especially the management
does not compromise anti-cancer efficacy. At present,
recommendations are almost based on expert opinion
and consensus, which large randomized clinical trials are
insufficient. The existing guidelines include CTCAEv4.0
suggestions for interventions (65), MASCC Skin
Toxicity Study Group Clinical Practice Guidelines (66),
NCCN dermatologic toxicities management guidelines

(5), disciplinary therapeutic algorithm from various areas
(67-70). The management treatment options for dAEs
mainly consist of topical moisturizers or corticosteroid
creams for mild reactions or systemic treatments of
antibiotics and corticosteroids. Supportive care, such as
prevention from sun exposure, comfortable clothes and
shoes, non-irritating bath products are recommended.
(Table S5, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=32) (142-159))

5.1. Patient education

Patient and doctor education are fundamental to
treatment. The explanation of the care strategies and
symptoms management are especially important.
The oncologists and dermatologists should provide
patients with specific instructions on when to ask for
medical attention to manage the skin reactions and give
appropriate advice on basic dermatologic care, such as
maintaining cleanliness, moisturisation, and prevention
from stimuli. In general, patients should recognize and
early evaluate the signs and symptoms of EGFRIs-
associated dAEs. They should be instructed to realize the
risk of skin infection, avoid scratching and sun, protect
arms and legs from extreme heat or cold, and wear loose
cotton clothing and shoes (77).

5.2. Rash

Lacouture et al. recommended topical and systemic
treatment for EGFRIs-induced rash according to the
severity of rash (66). Dose modification is unnecessary
for grade one. Apply low to mid potency topical
steroids such as hydrocortisone, betamethasone
dipropionate and antibiotics such as clindamycin,
gentamicin externally daily until rash resolution. As for
grade two, oral antibiotics, for example doxycycline
or minocycline 100 mg twice a day, are applied until
rash eases except for recommendations of grade one.
Dose reduction is essential for grade three, as well as
the recommendations of grade two. The grade four rash
would lead to treatment discontinuity and be managed
refer to grade three.

Pophylactic treatment of EGFRIs-related rashes,
oral antibiotics and steroid creams, is more effective
than reactive treatment, which does not compromise
survival (72). Doxycycline and tetracycline appear to
be a favorable option in rash with safety profile either
prophylactic treatment or reactive treatment (70). Case
reports of topical recombinant human EGF or topical
vitamin K cream resulting in a reduction of rash grade
within a few weeks are very promising. Vitamin K3
(menadione), a synthetic pro-drug of vitamin K, has
been suggested to be able to re-phosphorylate EGFR-
even during treatment with EGFR-inhibitors (73)
(Table S5, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=32) (142-159)).
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5.3. Pruritus

Pruritus intervention can be challenging. The prevention
of scratching is the first management strategy for
patient, which may induce secondary infections. The
mechanism of EGFRIs-associated pruritus has not yet
been explained. In general, the classical mediators,
such as histamine and neurotransmitters, are chosen as
the target to provide symptom relief (74). Emollients
or moisturizing creams are recommended if pruritus
is caused by skin xerosis. Topical and systematic
glucocorticosteroids are recommended for moderate
and severe pruritus. Besides, gabapentin and pregabalin,
doxepin also reported as candidates (65). Recently,
aprepitant, a neurokinin-1 receptor antagonist was
demonstrated to reduce pruritus caused by erlotinib,
which may imply substance P is one of key itch-induced
neurotransmitters (75).

5.4. Xerosis

Staying hydrated is the key to preventing xerosis. Xerosis
rarely lead to dose changes of EGFRIs. Patients should
be encouraged to adopt emollients without irritants. If
hyperkeratotic skin appeared, exfoliants and urea cream
can be used. Other management includes steroid creams,
salicylic acid, zinc oxide (76).

5.5. Nail changes

Paronychia is the most commonly appearance of nail
changes. Lacouture et al. recommend prevention of
paronychia by comfortable footwear, avoiding irritants
and treatment of topical corticosteroids or calcineurin
inhibitors, systemic tetracyclines if diagnosed infection
(76). A series of cases of nail changes from cetuximab,
panitumumab, erlotinib showed the topical povidone-
iodine/dimethyl sufoxide solution described is very
effective in alleviating the signs and symptoms. There
was a total of 25 nails affected in the case series, and
21/25 (84%) resolved overall. The culture results
suggested the microorganisms included Staphylcoccus
aureus, Pseudomonas, T. mentagrophytes, Streptococcal
pyogenes, Trichophyton mentagrophytes (77).

5.6. Hair changes

The EGFRIs-associated hair changes mainly manifest as
trichomegaly and alopecia. Abnormal trichomegaly may
be treated with temporary or permanent hair removal
(66). Alopecia generally resolves after target drugs
discontinuation.

5.7. Mucositis

Oral mucositis is the prominent factor that affects the
daily life of patient. The principles of treating stomatitis

are oral care, pain management, maintaining oral
function, oral complications control, and the quality
of life improvement (78). The prevention approaches
include soft tooth brushing, frequent mouse and tecth
clean and avoiding alcohol and tobacco products (79).
The treatment recommendations of EGFRIs-associated
mucositis in expert consensus and ESMO guideline are
as follows (76,80).

5.8. Traditional Chinese medicines (TCM) and Japanese
kampo for skin toxicity

There is only one study, none for TCM, on the effects
of Japanese kampo on EGFRIs-related rash in English.
Still, a few reports are designed to observe proved
prescriptions on EGFRIs-associated dAEs in China
(Table S6, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=32) (82-87)). We
conducted a meta-analysis to evaluate the effect of TCM
on EGFRIs-induced rash, suggesting that TCM could
significantly relieve EGFRIs induced rash and symptoms
and improve patients' quality of life (87).

5.8.1. Japanese kampo

Ichiki M (82) studied Japanese kampo on afatinib-
induced rash, diarrhea, and oral mucositis with
prophylactic use of minocycline and TJ-14 in Japan. The
result showed TJ-14 mainly reduced the risk of diarrhea
rather than skin toxicity compared with minocycline.
Therefore, the effect of Japanese kampo for EGFRIs-
associated dAEs seems to be absence of evidence.

5.8.2. TCM herbs

TCM herbs are used on the foundation of TCM theory.
The EGFRIs-associated dAEs belongs to the category
of “drug toxicity”. The pathogenesis is that wind,
dampness and heat invade lung on the foundation
of deficiency. The basic principle of treatment is
dispelling wind and dampness to promote eruption and
itch, clearing heat-toxin and cooling blood, nourishing
yin and blood and moistening dryness. In TCM, couplet
medicines are the commonly used prescribing method,
which was also applied for the skin toxicity. Herba
Schizonepetae (Jing jie) and Radix Saposhnikoviae
(Fang feng) are combined to dispel wind to promote
eruption. Flos Lonicerae (Jin yin hua) and Fructus
Forsythiae (Lian qiao) are combined to clear heat-
toxin. Cortex Moutan Radicis (Mu dan pi) and Radix
Paeoniae Rubra (Chi shao) are combined to clear heat
and cool blood. Herba Taraxaci (Pu gong ying) is also
used to remove toxin for detumescence in the condition
of secondary infection. Cortex Dictamni (Bai xian pi),
and Radix Sophorae Flavescentis (Ku shen) are adopted
to promote diuresis and itch if pruritus is the cardinal
symptom.
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5.8.3. TCM formula

TCM formula mainly included external or oral
decoction, and another study involving the combination
of auricular acupuncture. The basic formulas included
Xiaofeng powder (from Waike Zhengzong), Jingfang
Baidu powder (from Shesheng Zhong miao Fang), Siwu
decoction (from Xianshou Lishang Xuduan Mifang),
Wuwei Xiaodu drink (from Yizong Jinjian). The
auricular acupuncture chosen was to regulate qi and
blood, balance yin and yang, improve immunity and
defense against tumor.

Xu JX et al. studied oral and external Jingfang
Baidu San Jiawei combined with auricular acupuncture
on EGFRIs-related dAEs, which confirmed that TCM
could lower the incidence and grade of skin toxicity,
improve quality of life (QoL) as well (83). Zhao ZW
et al. recommended oral Siwu Xiaofeng San to treat
gefitinib-related rash. All the patients treated with TCM
had therapeutic effect and the rash discontinuation rate in
treatment group was lower than the control group (84).
Similarly, the efficacy of Xiaozhen San was also verified
by Zhang PY ef al. (85). In Sun T et al. researched the
efficacy of oral Yangfei Xiaozhen Tang, suggesting
that TCM had an advantage in effective rate, recovery
rate of TCM syndromes and QoL improvement (86).
Peng YM et al. conducted a trial to confirm the effect
of external Zhiyang Pingfu Lotion. The result showed
that the effective rates of TCM in the treatment of rash,
cutaneous pruritus, xerosis cutis and nail changes were
higher than that of the standard treatment group (87).

However, the efficacy of TCM and Japanese kampo
for skin toxicity based on present studies may not draw a
definitive conclusion because of the poor methodological
quality and further large clinical trials are needed to
confirm results (88).

6. Skin toxicity, clinical outcomes, QoL

Series of studies have confirmed that the occurrence
and the severity of dAEs are related to better anti-cancer
efficacy and survival benefits (89), however, the dAEs
are also involved in with lower QoL and higher financial
burden (90), especially for serious skin reactions. The
identical standard of tools used to measure QoL of
patients with EGFRIs treatment is actually unclear.

6.1. The association of dAEs and response rates

As we known, numerous studies have varied the
association between skin toxicity caused by EGFRIs
and clinical outcomes. Recently, retrospective analyses
further showed that skin toxicity might be a positive
indicative of EGFRIs for lung cancer and mCRC. Grade
2 or higher skin rash of afatinib might be a useful marker
for long-term efficacy (97). Erlotinib-associated rash
may be a valuable biomarker for the prediction of clinical

response and overall survival (OS) in advanced NSCLC
patients (92). Patients treated with cetuximab also
showed that early skin toxicity suggested significantly
longer OS and higher skin toxicity grades indicated
longer PFS (93).

6.2. QoL evaluation algorithm

The Dermatologic toxicity of EGFRIs may affect the
physical, emotional, and social well-being, which
suggests the potential to severely influence patients' QoL
(94). No uniform evaluation standard for QoL is provided
and researchers recommend some useful tools, such
as dermatology-specific quality-of-life questionnaire
(Skindex-16) (95) and the EGFRI-specific Functional
Assessment of Cancer Therapy Questionnaire-EGFRI
(FACT-EGFRI-18) (96).

Skindex-16 is a general instrument to be used in
skin disorders, including acne and psoriasis. Although
it is not specific for EGFRIs-associated skin toxicity, its
item content focused on multidimensional evaluation of
skin disorders and related ease of management, making
it a feasible measure. In a subsequent study using
Skindex-16 to evaluate the QoL of EGFRIs-associated
skin toxicity found that the rash grade in CTCAE system
was significantly connected with Skindex-16 scores (97).
Using Skindex-16 to evaluate patients' QoL with EGFRIs
therapy including symptoms, emotion, and function,
Rosen et al. found higher scores across all 3 domains in
patients who experienced rash or pruritus than those not
experience these skin reactions (98).

The FACT-EGFRI-18, an 18-item patient
questionnaire, assesses the influence of EGFRIs-related
skin, nail, and hair toxicities on physical, emotional,
social, and functional impact, which proved useful to
clinicians and researchers in prevention protocol and
clinical study. In Dutch practice, the FACT-EGFRI-18
was identified as an appropriate measurement for dAEs-
related QoL (99).

In addition, a valid instrument, Eruption Scoring
System (ESS), was introduced for cetuximab-related
dAEs, which covered evaluation of the consequences of
skin toxicity on the QoL, similar to FACT-EGFRI-18
and the severity of dermatological toxicity induced by
cetuximab, compared with the standard CTCAE system
(100).

7. Conclusion

It is no doubt that EGFRIs prolong the survival time of
lung cancer and mCRC patients. The dAEs is potentially
should be taken into consideration by oncologists and
dermatologists when taking the implementation of such
target strategies. Just as Tischer B ef al. promoted, these
four missing information should be addressed in further
study: patient's voice, the communication between
physician and patient regarding dAEs, acceptance
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of skin toxicities compared with other AEs, and the
balance of the risk of skin toxicities and the efficacy of
the therapy (3).

Recognizing EGFRIs induced dAEs and
understanding possible mechanism, then correct
evaluating skin toxicity and choosing proper treatment
for practitioners and patients are critical. We
systematically reviewed the recent literatures of dAEs
associated with the most frequently used EGFRIs in
lung cancer and mCRC, including the frequency of
occurrence, clinical appearance, methods of grading,
underlining mechanisms, algorithm of management and
the association of skin toxicity, clinical outcomes, quality
of life. Our goal is to provide an adequate decision
regarding treatment dose or discontinuation, impacting
therapeutic efficacy and patient survival when dAEs
occur, contributing better use of target drugs.
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Summary

Neural networks have garnered attention over the past few years. A neural network is a
typical model of machine learning that is used to identify visual patterns. Neural networks
are used to solve a wide variety of problems, including image recognition problems and time
series prediction problems. In addition, neural networks have been applied to medicine
over the past few years. This paper classifies the ways in which neural networks have been
applied to medicine based on the type of data used to train those networks. Applications
of neural networks to medicine can be categorized two types: automated diagnosis and
physician aids. Considering the number of patients per physician, neural networks could
be used to diagnose diseases related to the vascular system, heart, brain, spinal column,
head, neck, and tumors/cancer in three fields: vascular and interventional radiology,
interventional cardiology, and neuroradiology. Lastly, this paper also considers areas of
medicine where neural networks can be effectively applied in the future.

Keywords: Neural network, convolutional neural network, recurrent neural network, CT, X-ray,

MRI, PET, EHR

1. Introduction

Neural networks have garnered attention over the
past few years. Essentially, a neural network is a
mathematical model of neurons (/). A neural network
is capable of approximating arbitrary functions
mathematically based on the universal approximation
theorem (/). Because of this characteristic, a neural
network is used as a model to identify visual patterns.
Over the past few years, neural networks have been
used extensively to solve various problems. Examples
are a convolutional neural network, which is used in
image recognition (2,3), and a recurrent neural network,
which is used model sequential data for speech
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recognition (4,5).

Neural networks have also been applied to medicine
over the past few years. This paper will make a mini-
review on this topic by classifying the application of
neural networks to medicine based on the type of data
used to train those networks. This paper also considers
areas of medicine where neural networks can be applied
in the future.

This paper is organized as follows. In Section 2, the
applications of neural networks trained with medical
images are described. Section 3 describes applications
involving neural network trained with data from
examination notes and other medical records. Areas of
medicine where neural networks can be applied in the
future are discussed in Section 4.

2. Applications of neural network trained with
medical images

The aim of this section is to specify what neural
networks can do with medical images. A diagram
depicting classification using a convolutional neural
network is shown in Figure. 1. The convolutional
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neural network consists of an input layer, hidden
layers, and an output layer. The images to classify
constitute the input layer. The hidden layers identify
features in those images. Based on those features, the
output layer classifies those images. The hidden layers
consist of a series of convolutional layers and pooling
layers. A convolutional layer consists of neurons that
connect to a grid of neurons in the previous layer.
Convolution extracts the features of the grid of neurons
in the previous layer. Pooling extracts representative
features from the convolutional layer. Through
repeated convolution and pooling, information can be
compressed and the features needed to classify images
can be identified. To classify the images, training a
convolutional neural network is necessary. Each layer
of neural networks has parameters that decide outputs
of neural networks. By following training step, the
parameters are set to the values that neural networks
can classify the images. The procedures of training
neural networks are as follows. The first step is the
collection of training data that is the correct pairs of
input and output. The second step is optimization of
the parameters to reduce the error between the correct
output and the neural networks' output calculated
from the pair input. The third step is the iteration of
the second step in order to determine the parameters
that reduce the loss for the entire training data. The
neural networks can output the same value as the
training data using the parameters determined in the
third step. Nevertheless, the neural networks could not
output correct values that has features not existing in
the training data. Therefore, it is preferable to use as
much data as possible for training data and use various
possible forms of the actual input data.

2.1. Applications involving pathology images

Whether cancer cells are metastatic is an important
factor in determining treatment. One proposal is to use

Input Layer

Hidden Layers

a convolutional neural network to detect metastasis
in pathology images (6). This method was used to
analyze a set of pathology images from patients with
breast cancer (the Camelyonl6 dataset (7)), and it
had a diagnostic accuracy of 92.4%, which is much
higher than the accuracy of pathologists (73.2%). With
the neural networks, the program can rapidly detect
metastasis in large numbers of images. Methods of
classifying breast cancer using a neural network trained
with pathology images have been proposed (8-14).

2.2. Applications involving magnetic resonance
imaging (MRI), positron emission tomography (PET),
and computed tomography (CT) images

The accurate diagnosis of Alzheimer's disease (AD)
and its early stage is essential to its timely treatment
and possible delay. A method of identifying AD from
MRI and PET images using a neural network has been
proposed (/5). This method extracts features from
MRI and PET images of the brain and it detects AD
based on features from those two types of images.
This is accomplished using multimodal stacked deep
polynomial networks to identify the features of AD (/6).
Multimodal stacked deep polynomial networks were
used to analyze multimodal neuroimaging data from
patients with AD (ADNI dataset (/7)) and that approach
identified AD with an accuracy of 97.13%, which was
higher than the accuracy of other multimodal learning
methods. Methods of classifying brain conditions and
cancers using a neural network trained with MRI, PET,
and CT images have also been proposed (/8-25).

2.3. Applications involving X-rays Images
Like the method of diagnosing disease based on MRI
and PET images described in Section 2.2, a method of

diagnosing disease based on X-rays images has been
proposed (26). This method diagnoses disease based

Output Layer

/]
1
1

Convolution Pooling

Figure 1. Classification using a convolutional neural network.
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on chest X-rays using a convolutional neural network.
This approach was better at detecting pneumonia
than practicing radiologists. In addition, this method
identified 14 types of diseases in a chest X-ray dataset
(Chest X-ray 14 (27)) at a higher rate than other
methods. Methods of classifying chest conditions and
dental caries using a neural network trained with X-rays
have also been proposed (28-34).

2.4. Applications involving endoscopy images

A method of detecting gastrointestinal disease in
endoscopy videos has been proposed (35). This method
can classify multiple types of gastrointestinal diseases
using a convolutional neural network. This method had
an accuracy of 96.9% at distinguishing six classes of
images (blurry images, images of the cecum, images of
the normal colon, images of polyps, images of a tumor,
and images showing the Z-line). This method can be
used to provide physicians with endoscopic images
of the gastrointestinal tract in real time. Methods of
identifying angiodysplasia and other conditions using
a neural network trained with endoscopy images have
also been proposed (36-37).

2.5. Applications involving images of the skin

Neural networks have been trained with images from
diagnostic equipment, and they have also been trained
with images of the skin. A method of classifying skin
lesions based on images of the skin has been proposed
(38). This method uses a dataset of 12,945 images of
the skin including 2,032 diseases to train a convolution
neural network. This method separated lesions into
three classes (benign lesions, malignant lesions, and
non-neoplastic lesions) with an accuracy of 72.1 + 0.9%
(mean + standard deviation), which is higher than the
accuracy of two dermatologists (65.56 and 66.0%). In
addition, dedicated equipment is not needed to obtain
images of the skin, so this method could be used on
a mobile device such as a smartphone. Methods of
classifying melanoma and other skin lesions using a
neural network trained with images of the skin have
also been proposed (39-44).

2.6. Summary of Section 2

Each of the methods described involves a neural
network trained using various medical images to replace
diagnosis by a physician. This is because diagnosis
is often based on imaging and because a convolution
neural network facilitates image analysis. The
applications described in Sections 2.1 to 2.5 suggest
that a convolution neural network can diagnose disease
more accurately than a physician. Thus, diagnosis
based on imaging is likely to be performed entirely by
neural networks in the future. Neural networks improve
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Figure 2. Prediction using a recurrent neural network.

both the accuracy and speed of diagnosis. In addition,
images could be obtained and used to train a neural
network with no involvement of a specialist. Medical
images could be obtained at a hospital that lacks a
specialist and transferred remotely to a specialist for
diagnosis. Physicians can only diagnose a limited
number of patients, but automated diagnosis using a
neural network can diagnose a large number of patients
all over the world. These advantages are why neural
networks will be increasingly applied to fields with a
shortage of specialists.

3. Applications of neural networks trained with data
from medical records

This section describes what neural network can predict
with data from medical records (45-52). Prediction
using a recurrent neural network is shown in Figure.
2. The main purpose of the use of neural network is to
aid a physician. Predicting a medical event allows a
physician to know where to focus his or her attention.
Based on the prediction of a patient's next visit, the
physician can instruct the patient to come to the
hospital earlier so that symptoms will not worsen. A
normal neural network cannot be applied to time-series
problems because it uses only current data. A recurrent
neural network can be applied to sequential data. The
output of each hidden layer is generated based on its
previous output and its current input. Thus, current
output includes both the previous output and current
input. This allows a recurrent neural network to forecast
a time series over a long period of time.

3.1. Prediction of medical events based on electronic
health records (EHRs)

A method of predicting medical events (symptom
information, medication information, timing of visits,
etc.) based on past electronic medical records has been
proposed (53). This method uses a recurrent neural
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network, which is effective at analyzing sequential data.
A recurrent neural network that was trained with 8 years
of electronic medical records from 260,000 patients and
2,128 physicians predicts future medical events. This
method performed 79.58% recall using 85% of that data
as training and 15% as the test.

3.2. Predicting medications in use based on EHRs

Estimates are that 50% of the medicines being taken by
patients are not listed in electronic medical records (54).
Therefore, a method of predicting medicines being
taken by patients has been proposed (55). This method
uses a recurrent neural network trained with electronic
medical records, and it is highly accurate. In multi-
label classification of medicines, micro-averaged arca
under the curve of this method is 0.926.

3.3. Summary of Section 3

Applications involving a neural network trained with
data from medical records aid physicians rather than
replacing them. The application described in Section
3.1 provides information needed for patient care and
the application described in Section 3.2 augments
the information given to a physician. This is because
a neural network generates a rule based on a large
volume of input data. These data are mainly EHRs.
Developing a system that uses a neural network to
aid a physician is difficult. Data are needed to train
the neural network, and those data must contain
information that the network can use to generate
rules. Moreover, generating a rule may not always be
possible. Furthermore, there may not be sufficient data
with which to train the neural network. A diagnosis is
made based on a physician's knowledge and imaging,
so a neural network can generate a diagnostic rule.
A neural network is effective at making predictions
based on existing information with a certain level of
accuracy. When a neural network is used to make a
prediction without such information, knowing whether
data are insufficient or whether generation of a rule
is not possible is difficult. Thus, neural networks can
aid physicians. Physicians are human beings, and they
can make mistakes and they have limitations. A neural
network can be used to alleviate or compensate for
those flaws.

4. Application of neural networks to medicine in the
future

The applications in Sections 2 and 3 can be categorized
into two types: automated diagnosis and physician
aids. Currently, 45% of WHO member countries
have less than 1 physician per 1,000 population
(56). Considering the current shortage of physicians,
automated diagnostic systems using neural networks

are needed more than physician aids.

Automated diagnosis could be used in several areas
of medicine in the future. Developing an automated
diagnostic system for each disease and examination
would prove costly, so automated diagnostic systems
are most needed in fields where physicians are in short
supply. Given the number of patients per specialist,
the top three fields in which those systems can be
applied are vascular and interventional radiology,
interventional cardiology, and neuroradiology (57).

Vascular and interventional radiology is a medical
sub-specialty of radiology utilizing minimally-invasive
image-guided procedures to diagnose and treat diseases
in nearly every organ system. Imaging is guided by
X-rays, ultrasonography, or CT. In interventional
cardiology, the heart is depicted on X-rays via
catheterization so that a procedure can be performed.
Fluoroscopy is often used to depict the heart.
Neuroradiology is a subspecialty of radiology focusing
on the diagnosis and characterization of abnormalities
of the central and peripheral nervous system, spine,
head, and neck using neuroimaging techniques. Imaging
modalities include MRI, CT, and ultrasonography.

In the three specialties above, a diagnosis is made
and treatment is provided using MRI, CT, X-rays, and
ultrasonography. Automated diagnosis using a neural
network would be useful in these fields. Diseases
encountered in the three specialties above relate to
the vascular system, heart, brain, spinal column, head,
neck, and tumors/cancer. Hence, neural networks will
be applied to a wider range of diseases related to the
vascular system, heart, brain, spinal column, head,
neck, and tumors/cancer in the future.

5. Conclusion

Medical applications of the neural networks mentioned
in Section 2 - 3 are shown in Table 1. Applications
of neural networks can mainly be classified into two
types. Neural networks like those in Sections 2.1 to
2.5 take the place of a physician to identify or detect
disease. Neural networks like those in Sections 3.1 to
3.2 assist a physician in providing care.

A diagnosis based on imaging is likely to be highly
accurate because the images have features that a neural
network can extract. Diagnosis using a neural network
seems to be the main way in which neural networks
will be applied to medicine in the future. Considering
the number of patients per physician, neural networks
could be used to diagnose diseases related to the
vascular system, heart, brain, spinal column, head,
neck, and tumors/cancer in three fields: vascular and
interventional radiology, interventional cardiology,
and neuroradiology. This would not only decrease the
workload for physicians but it would also increase
diagnostic accuracy and lead to the early detection of
disease.
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Table 1. Uses of neural networks trained with varied data

Input data Application Use
Pathology images Classification of metastasis CNN (6)
Classification of breast cancer CNN (8-9), Deep NN (10)
Classification of cellular and non-cellular structures CNN (/1)
Detection of mitosis in breast cancer CNN (12)
Identification of endothelial cells derived from induced pluripotent stem cells CNN (/3)
Classification of HEp-2 cell images CNN (/4)

MRI & PET images ~ Diagnosis of Alzheimer's disease

MRI images Classification of prostate cancer
Segmentation of brain tumors
Segmentation of volumetric medical images
Classification of Alzheimer's disease

PET & CT images Detection of pulmonary nodules

CT images Classification of hematomas in the brain
Detection of lung nodules

X-ray images Detection of pneumonia
Classification of chest pathologies
Classification of dental caries
Reading frontal and lateral chest X-rays
Classification of X-rays
Reading chest X-rays

Identification of the spine and pelvis in frontal X-rays

Images of endoscope  Detection of gastrointestinal disease in videos
Detection of angiodysplasia

Detection of abnormalities in wireless capsule endoscopy

Images of the skin Classification of skin cancer
Diagnosis of melanoma

MM-DPN(PN-based) (15)

CNN (18)
CNN (19)
3D CNN (20)
CNN (21)

CNN (22)

NN (23)
3D CNN (24-25)

CNN (26)

CNN (28)

Deep NN (29)

CNN (30)

CNN (31)

CNN & RNN (32), CNN (33)
CNN (34)

CNN (35)
CNN (36)
CNN (37)

CNN (38-39)
CNN (40-43), RNN & CNN (44)

EHRs Classification of 128 conditions based on clinical data RNN (45)
Labeling to extract medical events and their attributes from unstructured text RNN (46)
Generation of multi-label discrete EHRs RNN (47)
Detection of the onset of heart failure RNN (48)
Phenotyping youth depression based on text notes in EHRs Deep NN (49)
Prediction of risk CNN (50)

Detection of preterm births

Prediction of colorectal cancer
Prediction of medical events
Prediction of medications in use

Feed-Forward NN, Radial Basis
Function NN, Random NN (57)
RNN (52)

RNN (53)

RNN (55)
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Summary Since serious problematic cases regarding the technical safety of technically demanding
operations were reported in Japan, the Ministry of Health, Labor and Welfare issued new
regulations on June 10, 2016 requiring each hospital to check the status of informed consent,
skill of surgery team and governance system of the surgical unit, when the highly difficult
new medical technologies were introduced to a hospital. In order to firmly establish this new
system for highly difficult new medical technologies, it is very important and informative to
survey the current situation for guidelines and consensus regarding introduction of medical
technology with special skills in Japan and overseas. Based on the survey of questionnaires,
document retrieval, and expert interviews, we found that documentation related to the
introduction process of highly difficult medical technologies is very rare, and the regulations
were mainly issued by academic societies. Moreover, even if such documentation existed, the
quality of the regulations is poor and not sufficient enough to perform surgical practice safely.
Therefore, for medical practitioners, comprehensive and concrete regulations should be issued
by the government or ministry to legally follow in regard to technically demanding operations.
A new practice guideline was proposed by our special research group to regulate the
introduction process of highly difficult new medical technologies in hospitals in Japan. This
guideline, gained understanding from relevant academic societies, provided a comprehensive
view on the interpretation of "high difficulty new medical technology' prescribed by the
law and show the basic idea at a preliminary examination from the viewpoints of ""Surgeon's
requirement", ""Guidance system", ""Medical safety" , and '"Informed consent'. These efforts
will contribute to the improvement of the quality of guidelines regarding "highly difficult new
medical technology"'.

Keywords: Technically demanding operation, guidelines, technical safety, medical safety

1. Introduction resulting in improved quality of life (QOL) and better
overall survival in several types of operations, including
laparoscopic and thoracoscopic approaches (/,2).
However, in 2014, serious problematic cases in technical
safety for technically demanding operations such as
laparoscopic liver resection and laparoscopic pancreatic

resection were reported one after another in Japan, in

There have been great advances in surgical techniques
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hospitals such as university hospitals, which provide
advanced medical care (3,4).

On June 10, 2016, the Japanese Ministry of Health,
Labor and Welfare revised the ministerial ordinance for
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Hospital director

— Set up the related department
— Draw up the related rules
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demanding operation

Department of evaluation technically
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Osurgeon in different area (2
people or more)
G| (OMD on medical safety
Report department
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* Technology details, eligibility of surgeon, documents of informed consent, state of

Figure 1. Framework of regulations when newly introducing a technically demanding operation imposed by medical care
act. This regulation was enforced on the 10 of June in 2016. Special Functioning Hospitals are obligated, and other hospitals are

obligated to make a sincere effort.

the Medical Service Law (5), and decided to impose
certain procedures or regulations on each hospital in
Japan, requiring them to check the status of informed
consent, skill of surgery team and governance system of
the surgical unit, when medical practitioners are going to
introduce highly difficult new medical technologies that
severely effects patients (Figure 1) (6).

In addition, in order to firmly establish this new
system for the introducing process of highly difficult
medical technologies, the Ministry of Health, Labor
and Welfare organized a Special Research Group on
Evaluation and Improvement of Clinical Guidelines
Concerning Introducing Process of Highly Difficult New
Medical Technologies (hereinafter referred to as "special
research group"), where they, together with related
academic societies, tried to survey the current situation
for guidelines and consensus regarding introducing
processes of highly difficult new medical technologies in
Japan and overseas (7).

In this study, we present the research findings
on current status of such clinical guidelines in Japan
and overseas, via survey of questionnaires, document
retrieval, and expert interviews. Furthermore, with
reference to the survey results, we proposed a new
practice guideline to regulate the introduction process
of highly difficult new medical technologies in each
hospital in Japan.

2. Materials and Methods

2.1. Survey of the guidelines in Japan

A questionnaire survey conducted between August 12
and September 28, 2016 for the documents related to
the introduction process of the highly difficult new
medical technologies were sent to the 18 academic
societies (Table 1) belonging to the Japanese Medical
Specialty Board. Based on the inquires, we received
a response from all 18 academic societies, and 38
related documents were gathered. After second-round
selection, 32 published documents were assigned to
this study for further analysis. Especially, among these
documents, we investigated the presence/absence of
descriptions of "surgeon's requirement", "guidance
system for the introduction", "medical safety related to
facility standards" and "informed consent".

2.2. Survey of the guidelines overseas

From the information published at the National
Guideline Clearinghouse (NGC, issued from 2004 to
2016) operated by the Agency for Healthcare Research
and Quality (AHRQ, USA) and the National Institute
for Health and Care Excellence (NICE, UK), literature
surveys were conducted in July 2016 regarding the
presence or absence of overseas clinical practice
guidelines related to surgery and procedures. The
retrieval keywords included "technology appraisal
guidance", "medical technologies guidance", "surgeon
credentialing", "training guidelines", "privileging

qualified surgeons", "minimal requirements for granting
privileging surgeons", and "technically demanding

surgery".
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Table 1. Survey on the documents related to introduction process of the highly difficult new medical technologies in 18
academic societies in Japan

Contents

Title of documents Organization Surgeon's  Guidance Medical Informed

requirement  system safety  consent

= Guidelines for endoscopic surgical procedures Japan Society for Endoscope Surgery o o -
* Recommendations on introducing endoscopic o o o
surgery assisted robotic surgery
= Consensus for introduction of new medical devices - - -
= Compliance with the conditions for introducing - - -
robot-assisted endoscopic surgery
= Proper usage guidelines for percutaneous The Japan Stroe Society, the Japan o - o
transluminal cerebral thrombus collection device Neurosurgical Society, the Japanese Society
= Proper usage guidelines for intracranial artery stent  for NeuroEndovascular Therapy o - o
(for arteriosclerosis)
= Intracranial artery stent (Flow Diverter for treatment o - o
of cerebral aneurysm) Proper usage guidelines
= Requirements such as system for appropriate use of ~ The Japan Society for Endoscopic Surgery, o o -
cranial nerve area medical devices The Japan Neurosurgical Society, Japanese

Society of Interventional Radiology
= Transcatheteric aortic valve replacement surgery  Council for Transcatheteric Aortic Valve o o o
implementation facility standard Replacement Surgery Related Association
= Institutional criteria for use of human skeletal =~ Human Skeletal Muscle Derived Cell Sheet o - o
muscle derived cell sheets and practicing medical =~ Related Academic Conference
standards
= Implantable assistant artificial heart certification  Association for Assistive Cardiac Therapy o o o
facility - Physician update standard
= Certification Criteria for Heart Transplant  Council for Heart Transplant Association o o o
Implementation Facilities
= Criteria for thoracic aortic aneurysm stent graft  Japan Stent Graft Implementation Standards o o o
implementation Management Committee
= Call attention to academic society members Japan Society for Endoscope Surgery, - - -

Japanese Society of Hepato—Biliary—

Pancreatic Surgery, The Japanese Society of

Gastroenterological Surgery, Japan Surgical

Society
= Implementation guidelines for vagal nerve Japan Epilepsy Society o o -
stimulation therapy for epilepsy
= Guidelines on indication for epilepsy surgery - - -
* Guidelines on the diagnosis of internal medial - - -
temporal lobe epilepsy and surgical adaptation
= Surgical treatment guidelines for neocortical - - -
epilepsy
= Brain tumor clinical practice guidelines The Japan Society for Neuro—Oncology - - -
= Brain tumor clinical practice guideline: central - - -
nervous system primary malignant lymphoma
= Urological laparoscopic surgery guideline 2014  Japanese Society of Endourology - - -
edition
= Guidelines for conducting da Vinci assisted surgery ~ The Japanese Urological Association, o o o
in the field of urology Japanese Society of Endourology
* Guidelines on robot—assisted surgery for Japan Society of Obstetrics and Gynecology o o o
gynecological malignancies
* Guidelines on robot—assisted surgery for Japanese Ophthalmological Society o - -
gynecological malignancies
= Cataract surgery Combined intraocular drain o - -
requirement criteria
= Guidelines for refractive surgery o — —
= Lens Expansion Ring Usage Guidelines o - -
= Endoscopic surgical guidelines for obstetrics and  Japan Society of Obstetrics and Gynecology o o -
gynecology
= Guidelines for Certification System for Awakening  The Japan Neurosurgical Society o - o
Brain Surgery Facilities
= Guidelines for Acute Blood Purification Therapy  Japan Pediatric Society - - -
for Neonates by Extracorporeal Circulation
= Adaptation guidelines for catheter treatment for o - —
congenital and childhood onset heart disease
= Congenital heart disease, Guidelines for catheter o - o

treatment for structural heart disease of cardiovascular
vessels (structural heart disease)
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NICE and NGC were main databases of trustworthy
clinical practice guidelines. NICE has integrated the
systematic methods of clinical practice guidelines
development, and NGC has adopted criteria for
inclusion of clinical practice guidelines in NGC (—2013
(Revised) Criteria for Inclusion of Clinical Practice
Guidelines in NGC).

2.3. Expert interview for in-depth discussion

We also interviewed two surgical professors, a
gastrointestinal surgeon and a cardiac surgeon at the
National University of Singapore, about the process of
introducing highly difficult new medical technologies
in Singapore, and discussed the current situation in
Western and Asia-Pacific countries.

3. Results
3.1. Survey of the guidelines in Japan

We examined the contents of 32 published documents
released by 18 academic societies belonging to the
Japanese Medical Specialty Board out of 38 related
documents gathered as a result of the survey in Japan.
Among the 32 documents, 22 included at least one
of the following items: surgeon's requirement (22
documents, 68.8%); guidance system (11 documents,
34.4%); medical safety matters (13 documents, 40.6%),
and informed consent (10 documents, 31.3%). These
descriptions were described as the general parts of the
guidelines, or were commented on as the question and
answer (Q & A) system. These documents belonged
to guidelines (9 documents, 28.1%), guidance (4
documents, 12.5%) and other categories. A list of the
documents is shown in Table 1.

3.2. Survey of the guidelines overseas

We surveyed the website of the NGC (issued from 2004
to 2016) operated by the AHRQ (https://www.guideline.
gov) as the category of "Surgery" and 390 guidelines
were selected. Among them, 75 were further selected
(published in 2011-2016) after a quality control based
on whether the guidelines matched the criteria for
NGC publication was performed (&). A list of these
documents is shown in Table 2. Although two of the
75 documents were listed through a title search for
corresponding documents, we found no descriptions
regarding clinical practice guidelines when newly
introducing highly difficult new medical technologies
9,10).

On the NICE website (Attps://www.nice.org.uk/
guidance), we searched the category of "Technology
appraisal guidance" and "Medical technologies
guidance". We found 188 cases and 28 cases,
respectively (issued between 2011 and 2016). However,

after conducting a title search for these cases, there
were no documents describing the introduction of the
highly difficult new medical technologies.

Also on the NICE website, we searched for

keywords such as "surgeon credentialing", "training
guidelines", "privileging qualified surgeons", "minimal
requirements for granting privileging surgeons", and
"technically demanding surgery", and as a result, eight
documents were selected. After an extensive evaluation
of the contents, two documents were matched,
"Laparoscopic repair of abdominal aortic aneurysm"
and "Laparoscopic retroperitoneal lymph node
dissection for testicular cancer" (//,12) (Table 3). Both
documents included guidance for "informed consent
that the procedure is technically difficult", "registering
the procedure in a database", and "performing the
procedure with a multidisciplinary team", although the
contents are simple and thin with only one page.

3.3. Expert interview for in-depth discussion

As a result of the interview survey with the surgeons
from the National University of Singapore, there is no
unified rule in Singapore regulated by the government,
and there is a unique arrangement in the National
University of Singapore Hospital that a preliminary
review is carried out when newly introducing
technically demanding operations. In addition, as
clinical practice for robotic surgery in Singapore,
"A consensus document on robotic surgery" (/3) is
routinely used. This document was prepared by a
consensus group consisting of academic organizations
in the United States, and contained necessary and
sufficient conditions for technically demanding
operations, in which detailed descriptions regarding
surgeon's requirements, guidance system for the
introduction, and medical safety related to the facility
standards are included (Table 4).

3.4. The new practice guideline proposed in Japan to
regulate the introducing process of highly difficult new
medical technologies in the hospital

With reference to the survey of questionnaire and
document retrieval, our special research group proposed
a new practice guideline to regulate the introducing
process of highly difficult new medical technologies
in each hospital in Japan (/4), which are controlled by
the ministerial ordinance for the Medical Service Law
(Table 5). This guideline provided a comprehensive
view on the interpretation of "high difficulty new
medical technology" prescribed by the law so that the
medical institution can properly understand or judge.
In addition, we show the basic idea at preliminary
examination from the viewpoints of "Surgeon's
requirement ", "Guidance system", "Medical safety" ,
and "Informed consent".
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Table 2. Survey of national guidelines overseas from NGC operated by the AHRQ published from 2011 to 2016

Published Year Title of clinical practice guidelines

2016 = Practice guidelines for the prevention, detection, and management of respiratory depression associated with neuraxial
opioid administration: an updated report by the American Society of Anesthesiologists Task Force on Neuraxial Opioids and
the American Society of Regional Anesthesia and Pain Medicine.
= Guideline for prevention of retained surgical items.
= Guideline for care of the patient receiving moderate sedation/analgesia.

2015 = Blood transfusion.
= Guideline for prevention of unplanned patient hypothermia.
= Prophylaxis against infective endocarditis: antimicrobial prophylaxis against infective endocarditis in adults and children
undergoing interventional
= procedures.
= Treatment of Cushing's syndrome: an Endocrine Society clinical practice guideline.
= Everolimus for preventing organ rejection in liver transplantation.
= Merkel cell carcinoma.
= Lower urinary tract symptoms in men: assessment and management.
= Venous thromboembolism in adults admitted to hospital: reducing the risk.
= Society for Vascular Surgery practice guidelines for atherosclerotic occlusive disease of the lower extremities:
management of asymptomatic
= disease and claudication.
= Bladder cancer: diagnosis and management.
= Platelet transfusion: a clinical practice guideline from the AABB.
= Practice guidelines for perioperative blood management: an updated report by the American Society of Anesthesiologists
Task Force on
Perioperative Blood Management.
Gastro-oesophageal reflux disease: recognition, diagnosis and management in children and young people.
Peyronie's disease: AUA guideline.
ACR Appropriateness Criteria® radiologic management of hepatic malignancy.
American Geriatrics Society abstracted clinical practice guideline for postoperative delirium in older adults.
ACR Appropriateness Criteria® routine chest radiography.

2014 Guideline for autologous tissue management.

Intrapartum care: care of healthy women and their babies during childbirth.

Acromegaly: an Endocrine Society clinical practice guideline.

Guideline for preoperative patient skin antisepsis.

Optimal systemic therapy for early female breast cancer.

Locoregional therapy of locally advanced breast cancer (LABC).

Dyspepsia and gastro-oesophageal reflux disease. Investigation and management of dyspepsia, symptoms suggestive of
gastro-oesophageal reflux

= disease, or both.

= Drug allergy: diagnosis and management of drug allergy in adults, children and young people.

= Management of venous leg ulcers: clinical practice guidelines of the Society for Vascular Surgery and the American
Venous Forum.

= Systemic therapy for patients with advanced human epidermal growth factor receptor 2-positive breast cancer: American
Society of Clinical

= Oncology clinical practice guideline.

= 2013 AHA/ACC/TOS guideline for the management of overweight and obesity in adults: a report of the American College
of Cardiology/American Heart Association Task Force on Practice Guidelines and The Obesity Society.

= Pheochromocytoma and paraganglioma: an Endocrine Society clinical practice guideline.

= Guidelines for laparoscopic peritoneal dialysis access surgery.

= Management of primary cutaneous squamous cell carcinoma. A national clinical guideline.

= Timing and type of surgical treatment of Clostridium difficile-associated disease: a practice management guideline from
the Eastern Association

= for the Surgery of Trauma.

= Sentinel lymph node biopsy for patients with early-stage breast cancer: American Society of Clinical Oncology clinical
practice guideline update.

= Clinical practice guideline on diagnosis and treatment of hyponatraemia.

= Pressure ulcers: prevention and management of pressure ulcers.

= Medical management of kidney stones: AUA guideline.

= Cervical spine injury medical treatment guidelines.

= Low back pain medical treatment guidelines.

= Total hip replacement and resurfacing arthroplasty for end-stage arthritis of the hip (review of technology appraisal
guidance 2 and 44).

= Guideline for care of the patient receiving local anesthesia.

= Interventions for prevention and treatment of pressure ulcers. In: Prevention and treatment of pressure ulcers: clinical
practice guideline.

Adult weight management evidence-based nutrition practice guideline

VA/DoD clinical practice guideline for the management of upper extremity amputation rehabilitation.

ACR Appropriateness Criteria” aggressive nonmelanomatous skin cancer of the head and neck.

ACR Appropriateness Criteria® blunt chest trauma — suspected aortic injury.

Treatment of pressure ulcers. In: Prevention and treatment of pressure ulcers: clinical practice guideline.

Blood transfusion in the management of sickle cell disease. In: Evidence-based management of sickle cell disease.

ACR Appropriateness Criteria radiologic management of lower gastrointestinal tract bleeding

Special populations. In: Prevention and treatment of pressure ulcers: clinical practice guideline.

ACR Appropriateness Criteria” resectable stomach cancer.

Guideline for surgical attire.

Managing acute complications of sickle cell disease. In: Evidence-based management of sickle cell disease.

ACR Appropriateness Criteria” radiologic management of infected fluid collections.

ACR Appropriateness Criteria® ductal carcinoma in situ.

Guideline for management of wounds in patients with lower-extremity arterial disease.

VA/DoD clinical practice guideline for screening and management of overweight and obesity

AHRQ, Agency for Healthcare Research and Quality; NGC, National Guideline Clearinghouse.
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Table 2. Survey of national guidelines overseas from NGC operated by the AHRQ published from 2011 to 2016 (Continued)

Published Year

Title of clinical practice guidelines

2013

= Management of obstructive sleep apnea in adults: a clinical practice guideline from the American College of Physicians.

= Intraoperative tests (RD-100i OSNA system and Metasin test) for detecting sentinel lymph node metastases in breast
cancer.

= Summary of evidence-based guideline: periprocedural management of antithrombotic medications in patients with
ischemic cerebrovascular disease. Report of the Guideline Development Subcommittee of the American Academy of

Neurology.

2012

Vascular Surgery and the
= American Venous Forum.

Clinical practice guideline on the management of invasive meningococcal disease.
Clinical practice guidelines for the management of overweight and obesity in adults, adolescents and children in Australia.
Clinical practice guidelines for the management of rotator cuff syndrome in the workplace.

Depth of anaesthesia monitors — Bispectral Index (BIS), E-Entropy and Narcotrend-Compact M.

SonoVue (sulphur hexafluoride microbubbles) — contrast agent for contrast-enhanced ultrasound imaging of the liver.

Red blood cell transfusion: a clinical practice guideline from the AABB.

Early thrombus removal strategies for acute deep venous thrombosis: clinical practice guidelines for the Society for

= Patient blood management guidelines: module 4 - critical care.
= Patient blood management guidelines: module 2 - perioperative.

2011 = Updated Society for Vascular Surgery guidelines for management of extracranial carotid disease.
= The care of patients with varicose veins and associated chronic venous diseases: clinical practice guidelines of the Society

for Vascular Surgery and
= the American Venous Forum.

= Patient blood management guidelines: module 1 - critical bleeding/massive transfusion.

= Guideline for processing flexible endoscopes.

AHRQ, Agency for Healthcare Research and Quality; NGC, National Guideline Clearinghouse.

Table 3. Survey of national guidelines overseas from NICE

Contents
Title of documents Organization Surgeon's  Guidance Medical Informed
requirement  system safety  consent
= Laparoscopic retroperitoneal lymph node dissection =~ National Institute for Health and Care o [ o
for testicular cancer Excellence
= Laparoscopic repair of abdominal aortic aneurysm o o o

NICE, National Institute for Health and Care Excellence.

4. Discussion

In Japan, medical safety incidents in medical institutions
that are well-equipped with medical facilities and human
resources happen one after another when introducing
high difficulty medical technology, and these incidents
have become a social problem in 2016. Difficulty of
hospital governance especially regarding the high level
of expertise in surgery and procedures has been pointed
out as the cause of these incidents. Therefore, it is an
effective approach for the government to impose certain
procedures from the viewpoint of securing medical
safety for hospitals providing advanced medical care on
the process of introducing "high difficulty new medical
technology" and to establish cooperative relationships
between government and hospitals and relevant academic
societies by law.

The results of the present report indicate that before
June 2016, there were no rules or guidelines regarding
the introducing process of highly difficult new medical
technologies at the governmental or ministerial levels in
Japan and/or overseas.

Through our survey of document retrieval from
Japan, we found that there are several documents specific

to certain diseases or surgical procedures that describe
the surgeon's requirements, a governance system for the
surgical team, and other medical safety matters such as
informed consent, and that the rules are organized by
academic bodies or special committees, with the rules
published as recommendations or guidance for the
members of academic societies (Table 1). Thus, since
these documents are recommendations or guidance,
medical practitioners are not legally obliged to follow
them.

Through the overseas survey, we were only able to
find two simple regulations for laparoscopic surgery
(11,12) and one comprehensive guidance for robotic
surgery (A consensus document on robotic surgery) (13).
The robotic surgery guidance was made by a consensus
group consisting of academic organizations, and had
detailed descriptions of the surgeon's requirements,
guidance system for introducing the procedure, and
medical safety related to the facility standards (Table 4).
However, these documents are also recommendations and
guidance, and there are no rules issued at governmental
or ministerial levels that legally have to be followed.

The results of our survey confirm that documentation
related to the introduction process of highly difficult new
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Table 4. Description about "surgeon's requirement", "guidance system for the introduction', "medical safety related to
the facility standards" on "A consensus document on robotic surgery, Appendix I: Guidelines for Institutions Granting

Privileges in Therapeutic Robotic Procedures"

Contents Description

Surgeon's II. Minimum Requirements for Granting Privileges Part

requirement A. Formal Specialty Training
Prerequisite training must include satisfactory completion of an accredited surgical residency program, with subsequent
certification by the applicable specialty board or an equivalent as required by the institution.

D. Practical Experience

1. Applicant's Experience — Documented experience that includes an appropriate volume of cases with satisfactory
outcomes, equivalent to the procedure in question in terms of complexity. The chief of service should determine the
appropriateness of this experience.

Guidance II. Minimum Requirements for Granting Privileges Part

system for the D. Practical Experience

introduction 1. Initial clinical experience on the specific procedure must be undertaken under the review of an expert and may

include assisting. An adequate number of cases to allow proficient completion of the procedure should be performed

with this expert review
IV. Maintenance of Privileges
C. Continuing Medical Education

Continuing medical education related to the field should be required as part of the periodic renewal of privileges.
Attendance at appropriate local, national or international meetings and courses is encouraged.

Medical safety
related to the
facility
standards

I. Principles of Privileging
C. Responsibility for Privileging

The privileging structure and process remain the responsibility of the institution at which privileges are being sought. It
should be the responsibility of the specialty department, through its chief to recommend privileges for individual

surgeons to perform procedures. These recommendations should then be approved by the appropriate institutional

committee, board, or governing body.
II1. Institutional Support

It is necessary that the staff and technical support team undergo a similar formal technical training with the device before
its use in a clinical scenario. Therapeutic robotic surgery requires technical support and must be approached with a team

concept.
IV. Maintenance of Privileges
A. Provisional Privileges

Once competence has been determined, a period of provisional privileges may be appropriate. The time frame and/or
number of cases during this period should be determined by the chief of service and/or the appropriate institutional

committee, board, or governing body.
B. Monitoring of Performance

Once privileges have been granted, performance should be monitored through existing quality assurance mechanisms at
the institution. These mechanisms may be modified as appropriate, and should evaluate outcomes, as well as

competency in the complete patient care process.

E. Denial of Privileges

Institutions denying, withdrawing, or restricting privileges should have an appropriate mechanism for appeal in place.
The procedural details of this should be developed by the institution, and must satisfy the institution's bylaws and

institutional recommendations

medical technologies is very rare, and the regulations
that we found were mainly issued by academic societies.
Moreover, even if such documentation existed, the
quality of the regulations is poor and not enough to
perform surgical practice safely. Therefore, for medical
practitioners, comprehensive and concrete regulations
should be issued by the government or ministry to follow
legally with regard to technically demanding operations.
With exceptional cases in the drug development and
organ transplantation fields, there are several rules
that have been issued by academic societies that are
supported by law, such as the Pharmaceuticals and
Medical Devices Act, and the Organ Transplant Act".
Before June 2016, there had been no consensus or
rules for the introduction process for the technically
demanding surgical procedures, and the process
basically relies on the surgeon's decision or institutional
common sense. However, these situations may cause
a risk for patients with serious complications due to
poor surgical technique and, in Japan, there have been
reported problematic cases regarding technical safety for
technically demanding operations such as laparoscopic

liver resection and laparoscopic pancreatic resection.
Therefore, for the Japanese Ministry of Health, Labor
and Welfare to impose a certain procedure or regulations
for a newly introducing process of a technically
demanding operation is a very meaningful, impactful
and innovative approach, from a medical safety point
of view. Based on the new rules in Japan, each hospital
needs to check the status of informed consent, skill of the
surgery team, and governance system of the surgical unit,
when medical practitioners are going to introduce highly
difficult medical technology or technically demanding
operation, each step of which is followed by an audit,
evaluating and reporting system.

Furthermore, in introducing regulations to areas
with high specialization, a special research group was
established composed of experts before the system
was enforced. This special research group, with the
cooperation of the Japan Medical Society, proposed a
new practice guideline which showed a comprehensive
idea on preliminary review conducted at the hospital in
introducing highly difficult new medical technology. This
guideline is made with reference to relevant descriptions
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Table 5. Basic approach for the introduction of highly difficult new medical technologies in each hospital of Japan proposed
by our special research group

Criteria

Contents

Criteria "highly difficult" for
"highly difficult new difficult
medical technologies"

Criteria "new" for "highly
difficult new medical
technologies"

Surgeon's requirement

Guidance system

Medical safety

Informed consent

It is stipulated by laws and regulations that "high difficult" means that the death or other serious effects of the
patient will be assumed by the implementation for the hospital due to the high level of technical difficulty of
the medical technology.

We showed our views , other serious effects includes "Permanent or prominent Failure or malfunction".

We also showed our views, when each hospital judges the suitability of "high difficulty", the list that
comprehensively grasp the technical difficulty level of surgical operations and procedures performed in Japan
in cooperation with related academic societies in relation to the public insurance system, will be helpful for
Medical institutions. In addition Medical technologies that are not widely disseminated should be judged
individually and carefully at individual medical institutions for their suitability.

It is stipulated by laws and regulations that "New" is judged depending on whether it corresponds to "medical
technology that has never been implemented at the hospital excluding minor modification, and so forth,)" or
not.

We showed our views that whether or not it corresponds to the "minor modification,and so forth" is judged on

the degree of difference in "target disease", "expected result", "degree of difference in frequency and content of
complications". And Emergency operation also corresponds to "minor modification, and so forth".

Skill of surgeon's should be matched to the standards established by academic societies If there is a standard the
"highly difficult new medical technologies" the hospital is try to introduce.

If academic society have a specific training course or qualification for the "highly difficult new medical
technologies", it is desirable that surgeon's have completed the training or qualified.

If there is no standard by academic societies, surgeon need Professional qualifications of basic area academic
societies related to the "highly difficult new medical technologies".

Regarding new medical technology that is not widely spread in the public, the surgeon should have the
experience of similar surgery to "highly difficult new medical technologies".

Meet the criteria on the way of "guidance system" based on the guidelines, etc. established by academic
societies.

In addition, take one of the following measures:

1. Before introduction, as a medical team including surgeons efc., visit medical institutions that are
experienced in providing the "highly difficult new medical technologies";

2. When the "highly difficult new medical technologies" is provided, those who are experienced in the
technology are invited, and surgeons should be under the guidance.

Meet the criteria on the way of "Facility standards" and "implementation standards" based on the guidelines,
etc. established by academic societies.

Take sufficient cooperation before performing surgery among staff concerned such as operating room, intensive
care room, anesthesiologist, nursing department efc.

About 5 cases after introduction should report the description contents such as surgical record, medical record,
etc. to the department in charge.

% Regarding the specific number of cases requiring reporting, the department in charge of " highly difficult new
medical technologies" should fully set up the contents of the offer from the department and set it in advance
based on the opinion of the high-difficulty new medical technology evaluation committee.

A doctor who provides highly difficult medical technology or the attending doctor of the patient should explain
to the patient under the presence of medical persons of different paramedical personal.

Explanation is done by the document, and the description content should include the following items:
1. Past surgical results in medical institutions related to the "highly difficult medical technology";
2. Provision of facilities and systems;

3. Professional qualifications of surgeons and previous surgical experience;
4. Efficacy and safety (including comparison with alternative therapies).

special research group, Special Research Group on Evaluation and Improvement of Clinical Guidelines Concerning Introducing Process of Highly
Difficult New Medical Technologies.

of domestic and foreign guidelines revealed in this
survey for the purpose that the hospital can comply
with laws and regulations and conduct the appropriate
preliminary examination.

By introducing high-difficulty new medical
technology based on these guidelines, Hospitals will
comply with laws and regulations by introducing high-
difficulty new medical technology based on these

guidelines, and as a result, hospitals will be able to
appropriately provide medical care with adequate
difficulty to patients.

Also the special research group asked academic
societies in each specialized field to actively
disseminate information necessary for preliminary
examination,"surgeon's requirement","guidance

system"," medical safety

" on;

informed consent", with
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respect to individual high-difficulty new medical
technologies. These efforts will contribute to the
improvement of the quality of guidelines created by
academic societies regarding "Highly Difficult New
Medical Technology". Hopefully, Cooperative efforts
by medical institutions, academic societies, and
administrative agencies can contribute to reduce risk for
patients receiving the technically demanding surgical
procedures.

In conclusion, through domestic and overseas
surveys, we found that there are no rules for how to
introduce technically demanding operations at the
governmental or ministerial levels. Therefore, new
rules presupposing cooperation between administration,
academia and medical institutions issued by the Japanese
Ministry of Health, Labor and Welfare are a meaningful
and novel approach.
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Summary

Alternative splicing is a post- and co-transcriptional regulatory mechanism of gene
expression. Pentatricopeptide repeat (PPR) family proteins were recently found to be
involved in RNA editing in plants. The aim of this study was to investigate the tissue-
specific expression and alternative splicing of PPR family genes and their effects on protein
structure and functionality. Of the 27 PPR genes in Arabidopsis thaliana, we selected six
PPR genes of the P subfamily that are likely alternatively spliced, which were confirmed by
sequencing. Four of these genes show intron retention, and the two remaining genes have 3'
alternative-splicing sites. Alternative-splicing events occurred in the coding regions of three
genes and in the 3' UTRs of the three remaining genes. We also identified five previously
unannotated alternatively spliced isoforms of these PPR genes, which were confirmed by
PCR and sequencing. Among these, three contain 3' alternative-splicing sites, one contains
a 5' alternative-splicing site, and the remaining gene contains a 3'-5' alternative-splicing
site. The new isoforms of two genes affect protein structure, and three other alternative-
splicing sites are located in 3' UTRs. These findings suggest that tissue-specific expression
of different alternatively spliced transcripts occurs in Arabidopsis, even at different

developmental stages.

Keywords: RNA editing, alternative splicing, PPR, Arabidopsis

1. Introduction

Alternative splicing is a bimolecular process in which
multiple mRNAs are generated from the same gene
through the selection of different splicing sites. This key
process occurs in living organisms during development
and is regulated in response to environmental factors
(1-3). Surprisingly, up to 60% of multiexon-containing
genes undergo alternative splicing (4). Core circadian
clock genes are also controlled by alternative splicing
in Arabidopsis under different environmental conditions
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(4,5). The functional consequences and effects of
alternative splicing on plant phenotypes are an
important focus of study (4).

Arabidopsis contains approximately 450
pentatricopeptide repeat (PPR) proteins (6). PPR proteins
were first identified almost two decades ago (7). This
important protein family is involved in a wide variety
of cellular processes in plants, such as RNA editing (8-
10), RNA stabilization (/1,12), post-transcriptional RNA
maturation (/3,14), seed development (/5), endonuclease
activity (/6), and various phenotypic effects (/7).
The PPR protein family comprises the P and PLS
subfamilies. P proteins contain a 35 amino-acid classical
tandem repeat known as the P motif. PLS subfamily
proteins consist of a P motif, an S (short) 31 amino-acid
motif, and an L (long) 35-36 amino-acid motif. The PLS
subfamily can be divided into the PLS, DYW, and E
subclasses. DYW and E proteins contain an additional,
conserved C-terminal motif with deaminase properties
that plays a distinct role in RNA editing in plants (/8-

www.biosciencetrends.com



BioScience Trends. 2018, 12(6):569-579. 570

21). The DYW domain has C-to-U converting activity
and shares similarity with the domain found in cytidine
deaminase (22). The P subfamily members are mainly
involved in RNA splicing, stabilization, cleavage, and
the activation or repression of translation (23). PPR
proteins primarily form complexes with other family
members or sometimes with associated group members
to form editosome complexes (9). In addition to the
PLS subfamily, the P subfamily of PPR proteins is
involved in RNA editing in plants (27,24).

RNA editing efficiency varies in different tissues
and developmental stages, such as non-green tissues
in seedlings and mature plants, although most RNA
editing sites are found in green tissues (25). The PPR
motif can be reprogrammed to target any RNA molecule
(26). Recent advancements in the use of synthetic
PPR molecules have created interest in programmable
targeting to RNA substrates. Most PPR proteins localize
to the mitochondria, chloroplasts, or both organelles,
whereas very few localize to the cytoplasm and nucleus
(27). Tissue-specific alternative splicing affects protein
phosphorylation, which ultimately alters protein
stability, enzymatic activity, subcellular localization in
mammalian tissues (28). However, the role of extensive
tissue-specific alternative splicing in plants is less well
understood.

To date, most studies investigating alternative splicing
have been performed using whole plants. However, we
were interested in investigating this process in specific
tissues and at particular developmental stages. The aim
of the current study was to investigate tissue-specific
alternative splicing of selected PPR genes in Arabidopsis
seedling, leaf, stem, stipe, and root tissue. We also
investigated the expression patterns of alternatively
spliced transcripts in various Arabidopsis tissues on day
4,8,12, 16, 21, 27, and 32 of plant development. Finally,
we performed bioinformatics analysis to investigate how
alternative splicing affects protein diversity in this plant,
shedding light on this important process during plant
development.

2. Materials and Methods
2.1. Plant growth conditions and sample collection

Arabidopsis thaliana ecotype Colombia (Col-0) seeds
were sown in paper pots containing a 1:2:1 mixture
of horticultural perlite, peat moss, and vermiculite,
covered with plastic wrap, and incubated for 3 to 4
days in the dark. The pots were transferred to a U-ING
Green Farm hydroponic grow box (Osaka, Japan) in
a growth room at 22°C, relative humidity 45%, and a
16 h light/8 h dark cycle. After germination, the plants
were watered every morning and evening and fertilized
twice weekly. Seedlings (whole plants on days 4, 8, and
12) and 16-, 21-, 27-, and 32-day-old leaf, stipe, stem,
and root tissue were collected for analysis.

2.2. RNA extraction and cDNA synthesis

RNA was extracted from the samples using a Qiagen
Plant Mini kit (Hilden, Germany, catalog no. 74904)
according to the manufacturer's instructions. The RNA
was treated with DNase (RQ1 RNase free DNase;
Promega, Madison, WI, USA) to digest contaminating
genomic DNA. After DNase treatment, the samples
were purified by phenol-chloroform and ethanol
precipitation. The final purified RNA was quantified
using a NanoDrop (Thermo Fisher Scientific,
Waltham, MA, USA). The cDNA was synthesized
using reverse transcriptase (Superscript III, Invitrogen,
Carlsbad, CA, USA) with oligo dT primers, which
was confirmed using primers for the Arabidopsis
housekeeping gene GAPDH: forward primer:
GTTGTCATCTCTGCCCCAAG, reverse primer:
TGCAACTAGCGTTGGAAACA.

2.3. Selection of PPR candidate genes from the
Arabidopsis genome and mRNA database

Candidate of alternatively spliced genes were selected
from various databases as follows: The accession
numbers of 425 PPR genes were obtained from Attps://
www.ncbi.nlm.nih.gov/. The accession numbers were
used as queries against the www.plantgdb.org/AtGDB/
database to obtain a genomic map of each gene.
Based on these genomic maps, likely alternatively
spliced genes (whole genome model) were selected
using At-TAIR10. After identifying 27 genes that
are alternatively spliced and expressed in different
tissues from the Arabidopsis information resource
(TAIR; https://www.arabidopsis.org/), the full-length
genomic DNA, mRNA, and cDNA of each gene was
identified as well. Finally, for each gene, the whole
genome sequence, intron-exon sequences, CDS,
transcript sequence, and deduced protein sequence were
downloaded from http://atgenie.org and crosschecked.

2.4. Primer design

Primers were designed using Primer3 primer design
software (bioinfo.ut.ee/primer3-0.4.0/primer3/), and
BLAST analysis was performed using NCBI/Primer
BLAST. When the primers failed to produce the desired
product, another set of primers was designed and
tested. The primers (in TE buffer at a concentration of
50 pmol/uL under salt-free conditions) were purchased
from Eurofins Genomics (Tokyo, Japan). Each primer
set was diluted to 10 pmol/uL with TE buffer (working
concentration).

2.5. PCR and polyacrylamide gel image analysis

PCR was performed using 30-35 cycles at a denaturation
temperature of 94°C and an elongation temperature
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Table 1. Candidates studied genes and accession number of PPR family proteins

Sequence (5'— 3")

Tentative Gene Name Accession number AT°C Cycle

Forward Reverse
PPRI AT5G24060 55 30 GAACACAGAGGACGGAGGAG TTGACTTCCCAGTTGGCTTC
PPR2 AT5G27300 58 30 GTTTTGATCCCACCCATCAC TGAACGTGTTGGGACTGAAG
PPR3 AT2G19280 58 30 TGATCCCGAACAGTCTCAAGT CTCTCATCTTCCTCCGGCTA
PPR4 AT4G38150 59 35 ATTTCCGTCTTTGGCTTGG CAGTGCCTTTGGAGGATGAT
PPR5 AT1G30610 58 30 GGATATGGAAAGCCGTGGTA  GCCAGTGTAAGTCACCACGA
PPR6 AT1G05670 58 30 AAGAACTGATGCTGGTGCAA  TGGAGAGATGATGTGGCTCTT

All genes belong to the P-subfamily of PPR family proteins which were confirmed by PCR and sequencing. The table indicates annealing

temperature, thermal cycle and primer sequences.

of 72°C (Table 1); the annealing temperature varied
depending on the primer. The PCR products were
subjected to electrophoresis on a ~6% polyacrylamide
gel and stained with SYBR Green Dye (Lonza,
Rockland, ME, USA). An equal amount of PCR product
was subjected to polyacrylamide gel electrophoresis in
a gel containing ethidium bromide. Each gel image was
photographed using different exposure times to obtain
high-quality images for analysis. The gel images were
analyzed using LAS3000 software (Fujifilm, Tokyo,
Japan). The experiments were conducted thrice (n = 3).

2.6. Transcript sequencing

The PCR products were sequenced on an Applied
Biosystems 3130x1 Genetic Analyzer (Foster City, CA,
USA). The desired bands from PAGE were excised,
transferred to a disposable pellet pestle/tissue grinder
(Kimble®, Capitol Scientific, Inc., Austin, TX, USA,
catalog no. 749520-0090), and incubated in a -80°C
freezer for 1 h. The frozen gel piece was ground well
with a pestle. Approximately 10 uL of 0.1x TE was
added to the gel powder, followed by additional grinding.
After discarding the pestle, the tube was vortexed for 10
min and centrifuged at full speed at 4°C for 20 min in
a tabletop centrifuge. The supernatant was transferred
to another tube, and 3 pL of sample was used for
sequencing with a BigDye Terminator V3.1 Sequencing
Standard kit (Applied Biosystems, Austin, TX, USA,
catalog no. 4336935). However, in some samples where
the PCR product was unable to sequence, in that case
the PCR product was amplified by TA cloning using
the pGEMT-Easy vector system (Promega, catalog no.
A1360). The sequencing results using the reverse primers
were reverse complemented using the online software,
http://www.bioinformatics.org/sms2/reference.html (29).
All sequencing results were aligned with the Arabidopsis
genome via BLAST searches (30). The experiments were
conducted thrice (n = 3).

2.7. Analyzing the tissue-specific expression patterns of
the isoforms of different PPR genes

The PCR products were subjected to 6% polyacrylamide

gel electrophoreses in 1x TBE buffer at 200 volts for
20 min. The gel was stained with SYBR Green Dye
(Lonza) for 20 min in 1x TBE buffer in a constant
rotating shaker. The gels were imaged using an LAS3000
Imaging System (Fujifilm). Image J software (NIH, MD,
USA) was used for densitometry analysis of the bands
for comparative expression analysis of the different
alternatively spliced transcripts, which were confirmed
by sequencing.

2.8. Determining the effect of alternative splicing on
protein diversity

I-TASSER (Iterative Threading ASSEmbly Refinement)
bioinformatics tools (3/-33) were used to examine
the effects of alternatively spliced isoforms on protein
levels, as well as ligand-binding sites and the distances
between residues. Each full-length amino-acid sequence
was submitted to the -TASSER server. The amino-acid
sequence of each isoform was obtained from http.//
atgenie.org. However, the sequences of newly identified
isoforms were transcribed using the ExPASy Translate
tool. The amino-acid sequences were then submitted
to the server with the desired output parameters, and
data were obtained 1-2 weeks later. Various parameters
were comparatively analyzed between the alternatively
spliced isoforms.

3. Results

We identified 27 alternatively spliced genes of PPR
family proteins from an Arabidopsis database (https.//
www.ncbi.nlm.nih.gov) that were differentially expressed
in different tissues. Of these genes, we have selected
six genes due to their functional importance for further
analysis by semi-quantitative PCR and sequencing. We
have represented the alternatively spliced isoforms of a
gene in alphabetic order a, b, ¢, d.

3.1. Tissue-specific expression patterns of the isoforms
of different PPR geness

In PPRI harboring a 3' alternative-splicing site, a 39
nucleotide (nt) sequence was added to exon 3, creating
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PPRIc. This 3' alternative-splicing site was identified in
4, 8 and 12-day-old seedlings, in leaves on days 16, 21,
27, and 32, in stipes on days 16, 21, 27, and 32, in stems
on days 16, 21, 27, and 32, and in roots on days 16, 21,
27, and 32 (Figure 1A-C). We detected another new,
unannotated splice isoform containing a 3' alternatively
spliced site resulting in an additional 15 nt sequence in
exon 3, creating PPR1b, which was expressed in leaves
on day 21 (Figure 1A-C). PPRIc expression gradually
increased in stipes but gradually decreased in stems and
roots; however, this isoform was highly expressed in all
of these tissues on day 27 (Figure 1B).

In PPR2 harboring a 3' alternatively spliced site, a
26 nt sequence was added to exon 2, creating PPR2b,
a previously unannotated splicing product. The only 3'
alternative-splicing site was activated in leaves on day 32
and in stems on days 16, 21, 27, and 32, but not in leaves
on day 16 (Figure 2A-C). Both isoforms were expressed
in leaf 21 and 27 days but PPR2b expression found
higher in 21 days whereas PPR2a expression higher in
27 days. In leaves, PPR2b was expressed at gradually
decreasing levels on days 21, 27, and 32 whereas PPR2a
highly expressed on day 16 (Figure 2B). In stems, PPR2a
was not expressed, but PPR2b was highly expressed. The
expression of PPR2b in stems gradually increased on
days 16, 21, and 27 but decreased on day 32 (Figure 2B).

In PPR3, a 73 bp intron sequence was retained
within exons 3 and 4, creating PPR3b. This isoform was
not expressed in seedlings on days 4 and 12, leaves on
day 27, stipes on days 16, 21, and 32, stems on days 21
and 32, or roots on days 16, 21, and 32 (Figure 3A). In
leaves, PPR3a expression gradually increased on days
16, 21, 27, and 32, with the expression level on day 32
almost twice that on day 16. In stipes, the expression
of this splice isoform gradually decreased on days 16,
21, 27, and 32 (Figure 3B); this expression pattern is
opposite to that detected in leaves.

In PPR4, a 325 bp intron sequence was retained
between exons | and 2, producing PPR4d (Figure
4A). This splice isoform was expressed in almost all
tissues except 21 days old stem and root (Figure 4A).
We detected two new, unannotated splice isoforms,
including one with an additional 5' 80 nt sequence in
exon 1, creating PPR4b, and another with a 201 bp 5'-
3' sequence within exons 1 and 2, creating PPR4c, as
confirmed by Sanger sequencing (Figure 4A-C). PPR4d
expression was higher in almost all tissues but PPR4c
highly expressed in stipe 16 days and stem 32 days
(Figure 4B).

In PPR5, an 84 bp intron sequence was retained
between exons 7 and 8, creating PPR5b (Figure 5A).
This splice isoform was not activated in seedlings on
day 4, leaves on days 16 and 27, stipes on days 21 and
32, stems on day 21, or roots on days 21, 27, and 32
(Figure SA). In PPR6, a 106 bp intron sequence was
retained between exons 2 and 3, creating PPR6¢c. This
isoform was not activated in seedlings on days 4, 8, and

12, leaves on days 16 and 32, stipes on days 16, 21, and
27, stems on days 16, 21, 27, and 32, or roots on days
16, 21, 27, and 32 (Figure 6A).

Finally, we detected another unannotated alternative-
splicing event: a 3' alternative-splicing site resulting in
a 9 nt deletion in exon 3, which was detected in stems
on day 16, as confirmed by Sanger sequencing (Figure
6A-C). PPR6b, containing a 3' alternative-splicing site,
is expressed in all tissues. On the other hand, a splice
isoform, PPR6¢ with intron retention between exons 2
and 3 was expressed only in leaves on days 21 and 27
and in stipes on day 32 (Figure 6B).

3.2. Determining the effect of alternative splicing on
protein structure

We detected alternative-splicing events in the
coding regions of PPR1, PPR2, and PPR5. Next, we
investigated whether alternative splicing affects protein
structure. The secondary structure of PPR1 differs
among the three isoforms (Table 2). Reference isoform
PPRI1c, a 3" alternative-splicing site leads to the in-
frame addition of 39 nt encoding 13 amino acids:
(CGFLKCYSDYITR; amino acids 48th-60th). Due
to a 13 amino-acid addition to PPR1a, the number of
alpha helices, beta sheets, and random coils is altered
in the resulting isoform, PPR1c; PPR1c lacks a beta
sheet in its upstream region but contains an additional
alpha helix at its C-terminus (Figure 7D). Moreover, the
distance among the first 100 residues in the upstream
regions of these isoforms is nearly identical (Figure 7D).
The addition or deletion of 13 amino acids may alter the
ligand-binding ability of the isoforms (Figure 7F-G).
PPR1b harbors a new 3' alternative-splicing site leading
to the addition of a 15 nt sequence with an in-frame
addition of five amino acids: DYITR (48th-52th) (Table
2). Interestingly, however, despite the addition of five
amino acids in PPR1a, the number of alpha helices, beta
sheets, and random coils remains unchanged (Table 2).

In PPR2, the reference isoform is PPR2a, and
another new isoform, PPR2b (Table 2). In PPR2, a
26 nt addition resulted in a frameshift. In this case,
the number of alpha helices and beta sheets changed,
but the number of coils remained the same (Table
2). In PPRS, due to the addition of 28 amino acids
(VNFVNPVVLKLIENLIYKADLVHTIQFQ; amino
acids 719th—746th), number of alpha helices, beta
sheets and random coil changed (Table 2).

4. Discussion

Much is known about alternative splicing in humans
and animals, but little is known about this process
in plants. In plants, alternative splicing is a highly
diversified process, which greatly affects transcript
diversity; in Arabidopsis, even a single nucleotide exon
has been reported (34). In this study, we focused on
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Figure 2. PCR and sequence analysis of PPR2 (accession no. AT5G27300). (A) PCR analysis of seedling, leaf, stipe, stem, and
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Table 2. Summary of alternative-splicing events affecting PPR protein structure

Tentative Effect on No.of  No.of  No.of
Gene Name Alternative-splicing event alpha beta random
Nucleotides Amino acids helices sheets coils
PPRIa Reference isoform shorter - - 18 14 31
PPRIb New 3' alternative-splicing 15 nucleotide addition 5 amino-acid addition 18 14 31
site (TGACTATATTACAAG) MDYITR)
PPRIc Reference isoform 3' 39 nucleotide addition 13 amino-acid addition 20 13 33
alternative-splicing site (GTGTGGATTTCTTAAGTGT (CGFLKCYSDYI
TATAGTGACTATATTACAAG) T R)
PPR2a Reference isoform shorter - - 32 1 33
PPR2b New 3' alternative-splicing 26 nucleotide addition Frameshift 27 1 28
site (TTTCGATTTTTATTCGAATC
CGGAAQG)
PPR5a Reference isoform shorter - - 48 5 54
PPR5b Reference isoform intron 84 nucleotide addition 28 amino-acid addition 55 6 58
retention (GTAAATTTTGTAAATCCTG (VN FV NPV VLKLI
TAGTCCTTAAGCTTATCGA ENLIYKADLVHT
GAATTTGATTTACAAAGCT IQFQ
GATCTTGTTCATACCATCCA
ATTTCAG)

indicate not applicable.

alternative splicing of PPR genes. According to the
http://www.uniprot.org database, PPR binds with iron
as a cofactor, but its biological function is unknown.
PPR2, PPR3, PPR4, PPR5, and PPR6 exhibit
endonuclease activity and bind to RNA, and function
in RNA modification. PPRS likely functions in plant
embryo development (/7,35). This protein is expressed
in the female gametophyte and is responsible for the
initiation of gametogenesis (36). PPR4 is predicted to
be localized to the mitochondria (6).

The tissue-specific expression patterns of PPR genes
differ due to alternative splicing. In the current study,
we found that retained introns were highly expressed
in all tissues than 3" and 5’ alternative-splicing sites. In
different cell of Arabidopsis root tissue, intron retention
is more common than other types of alternative splicing
(37). However, it is interesting that in almost all type of
tissues even in different aged condition, we found intron
retention is the common phenomenon. In the current
study, we detected higher tissue-specific expression
of PPRI and PPR?2 than of the other PPR genes. RNA
editing in ndhB-149, ndhB-1255, and ndhD-2 does
not occur in roots or in lincomycin-treated seedlings
(25). In addition, matK-640 is fully edited, and accD-
794, atpF-92, psbE-214, psbF-77, psbZ-50, and rps14-
50 are completely or highly edited, in both green and
non-green tissues (25). Based on these findings and the
current results, it is likely that alternative splicing of
PPR genes affects tissue-specific RNA editing.

We also investigated the effects of alternative
splicing on protein structure and functionality. PPR1c
contains a 13 amino-acid sequence, CGFLKCYSDYITR
(48th-60th). Compared with the shorter isoforms, PPR1c
contains a higher number of alpha helices and random
coils but fewer beta sheets (Table 2). This amino-acid

sequence is homologous to that of THCA synthase
in Cannabis sativa. The major role of these residues
is substrate binding rather than direct catalysis (38).
Another homolog of this peptide is found in a juvenile
hormone esterase-related protein in Operophtera
brumata. This protein plays a major role in controlling
growth and development (39). In PPR1b, the addition
of the amino-acid sequence DYITR (48th-52th) creates
a long random coil. This peptide is homologous to
non-ribosomal peptide synthases (NRPSs), which
help produce natural products with antimicrobial
and anticancer properties (40). The additional 26 nt
sequence in PPR2b is homologous to that in Apis cerana
endothelin-converting enzyme 1 (ECE-1), as revealed
by BLAST searches (https://www.ncbi.nlm.nih.gov).
ECE-1 and ECE-2 can both cleave amyloid-f in mouse
brain (47).

In this study, we found that alternative splicing
in PPR genes adversely affects their structure and
functionality. PPR proteins are highly diversified due
to alternative splicing. [-TASSER analysis showed that
the structures of these proteins, especially their folding
ability and sometimes their ligand-binding ability, were
completely altered due to alternative splicing. This
process can also affect the number of alpha helices,
beta sheets, and coils in a protein. Indeed, alternatively
spliced exons were previously shown to affect the
tertiary structures of proteins and have a great impact
on protein folding ability and (ultimately) functionality
(42). Protein-protein interaction pathways can also be
altered due to tissue-specific alternative splicing (43).

Therefore, it is obvious that due to alterative splicing
our studied PPR proteins might be greatly affected with
altered even opposite function as these proteins bind
to its target RNA with an algorithmic manner (8,44).
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Figure 7. Effects of the addition and deletion of 13 amino acids on the structures and changes in ligand-binding site
residues in PPR1, as revealed using the I-TASSER bioinformatics tool. (A) Addition of 13 amino acids (48th—60th), (B)
Deletion of 13 amino acids, (C) Superposition of the two isoforms. (D) The beta sheet is absent in the N-terminus and an alpha
helix is present in the C-terminus due to the addition of 13 amino acids, arrow indicates additional alpha helix in C-terminus. (E)
A beta sheet is present in the N-terminus and the alpha helix is absent in the C-terminus due to a deletion of 13 amino acids. (F-G)

Ligand-binding site is completely altered in the two isoforms.

Therefore, alternative splicing may not only alter
binding location but also binding affinity. In the current
study, we also determined that the secondary structures
and ligand-binding activities of different isoforms from
the same gene can be altered due to alternative splicing.
Indeed, in the nuclear transcripts of AT1G29930.1 and
AT1G52400.1 from Arabidopsis, C-to-U and U-to-C
RNA editing occurs in the translation borders (45).
These deamination and amination reactions occur in

highly adjacent sites, suggesting that the deamination
reaction serves as the donor of amino groups for
the amination reaction (45), although the amination
frequency is higher. Another factor might also function
as an amino-group donor. The interesting thing is
that the same PPR gene may produce the enzyme
with amination and deamination activity that may be
generated due to alternative splicing.

In conclusion, the findings of this study indicate that
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tissue-specific alternative splicing highly diversified in
plants. Alternative-splicing events in PPR transcripts have
strong effects on protein diversity. More investigations of
the localizations of alternatively spliced transcripts and
proteins, as well as site-specific and tissue-specific RNA
editing, are needed to further understand their effects on
growth and development. PPRs are modular proteins
that are highly reprogrammable. Therefore, it would
be interesting to investigate how these types of natural
editing events in transcripts affect substrate recognition
and plant physiology. Additional experiments are needed
to understand the precise effects of alternative-splicing
and editing events on the highly programmable PPR
protein family.
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Summary

Irisin is a myokine secreted from the cleavage of fibronectin type III domain-containing
protein 5 (FNDCS5) and has an effect on bone formation. There are limited studies about
the structure of irisin and its functional unit. In order to clarify the candidate domain
responsible for irisin action, we constructed several irisin variants and tested their influence
on the proliferation and osteogenesis of MC3T3-E1 cells. On the one hand, His-tag was
added to the N terminal or C terminal of irisin. On the other hand, the flexible region or
salt bridge site were chosen as the candidate for point mutation. Alkaline phosphatase (ALP),
Runt related transcription factor 2 (Runx2) and collagen type I alpha 1 (COL1al) were
chosen to test the differentiation efficiency. We found point mutation on flexible regions,
Glu-57 and Ile-107, and adding His-tag on the C-terminal of irisin did affect its action. The
osteogenic potential of irisin E57K, irisin 1107F and irisin“"* decreased about 90.1%, 88.8%
and 96.6% activity of recombinant-irisin (r-irisin) (P < 0.05), respectively. Point mutation
on the salt bridge, Arg-75, partly decreased the effect of irisin (45 £ 11.3% of r-irisin) (P <
0.05). N-terminal His-tag showed almost no effect (93.5 = 25.7% of r-irisin) (P = 0.658). This
study suggested that the flexible region of residues 55-58 and 106-108, and C-terminal of
irisin are vital for its activity. Disrupting the dimerization of irisin might result in a partly
reduced effect on cell differentiation.

Keywords: Irisin, MC3T3-El cell, osteogenesis, His-tag, point mutation

1. Introduction

Exercise acts as an important role on bone metabolic
disorders in addition to pharmaceutical treatment.
Besides mechanical interaction, it could remold bone
tissue through regulating the expression of many factors
such as tumor necrosis factor (/). Irisin is one of them
and has attracted much attention since its discovery.
Irisin is composed of 112 amino acids, which can
be cleaved from membrane protein human fibronectin
type III domain-containing protein 5 (FNDC5) and can
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Chengdu, No.20, Section 3, Renmin South Road,
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be detected in fat, skeletal muscle, serum and so on (2).
Up to now, the relationship between irisin and glycolipid
metabolism, muscle remodeling, non-alcohol fatty liver
disease, chronic kidney disease and tumorigenesis have
been reported (3).

Moreover, evidence suggests that irisin also
contributes to bone metabolism (4-6). Both bone mass
and bone quality of mice, with or without osteoporosis,
were improved after irisin treatment (7). It has a direct
effect on bone, including boosting bone formation and
inhibiting bone absorption (§-/0), which means it has
potential in dealing with bone loss and even osteoporosis.

The concentration of irisin varies in different
articles, from 0.01 to 2,000 ng/mL (//), which partly
may be because of the detecting method. Enzyme
linked immunosorbent assay (ELISA), which is the
most common method, has shortages of cross reaction
and inconsistent antibodies (//,/2). Through mass
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spectrometry, Jedrychowski et al. reported a level of 3.6
ng/mL in human serum in the resting state, and 4.3 ng/
mL after exercise (/3). This is much lower than its dose
in experiments, which suggests that irisin beyond its
physiological level might have benefits.

Irisin consists of a N-terminal fibronectin I11-like
domain, which is attached to a flexible C-terminal
structure and forms dimers (/4). However, studies about
the structure of irisin are limited and there is little known
about its critical domains. His-tag is helpful in purifying
or detecting protein, but it is unknown that if the activity
of recombinant irisin (r-irisin) will be influenced or not
by the existence and the site of the tag. Studies on irisin
structure is about its synthesis, secretion and stability
through mostly point mutations (/4,15), but failed to
examine its effect. In order to further understand the
molecular structure of irisin, based on our previous study
that r-irisin can promote the proliferation and osteogenesis
of osteoblast cells (/0), we made some changes on irisin
and detected their effect on these cells.

2. Materials and Methods
2.1. Materials

Reagents used here included dexamethasone, ascorbic
acid, beta-glycerophosphate, phenylmethanesulfonyl
fluoride (PMSF) and sodium azide (NaN,) (Sigma,
USA). Recombinant irisin (r-irisin), which is without
tag and synthsized from E. coli, was purchased from
Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA.
BCIP/NBT alkaline phosphatase color development Kkit,
and alkaline phosphatase assay kit was purchased from
Beyotime Inst Biotech, China. Fetal bovine serum (FBS)
and MEM Eagle - alpha modification (a-MEM) were
purchased from Gibco, USA. The bicinchoninicacie
(BCA) protein assay kit was purchased from Pierce,
USA. Chromogenic substrate limulus reagent kit was
purchased from Solarbio, China. The pET28a(+) vector
was purchased from Novagen, USA. The MC3T3-E1
cells were provided by laboratory of transplant
immunology, West China Hospital, Sichuan University.

2.2. The plasmid construction and protein purification

The whole FNDCS5 sequences were amplified
from mouse cDNA with the following primer:
5'-G AGTCGCCATGCCCCCAGG (forward) -3',
5'-GCTGCTCAGAGCAAGCACTG-3' (Reverse) and
was subcloned into pTeasy vector (Transgen biotech,
China) and confirmed by direct sequencing. Six
histidines were added on its terminal. For the N-his tag
irisin (irisin"""), the only irisin sequence was amplified
from this plasmid with Ndel and Xhol recognizing
sequence tag primers: 5'-GGAATTCCATATGGACAG
CCCCTCAGCCCCT-3' (forward), 5'-GGCTCGAGT
TATTACTCCTTCATGGTCACCTC-3' (Reverse), and

ligated the fragment with pET28a(+) vector at Ndel
and Xhol sites. For the irisin“"* the Ncol sites were
chosen instead from Ndel with reverse primer: 5'-G
GCTCGAGCTCCTTCATGGTCACCTCATCTTT-3'
, and the PCR product was subcloned into pET28a(+)
vector at Ncol and Xhol sites. After identification by
DNA Sequencing, the plasmids were transformed into
Rosetta (DE3) E. coli.

The plasmids containing point mutations were
generated with the Fast mutagenesis System (Transgen
biotech, China). Briefly, the primers containing the point
mutation with 15-20 bp 5" and 10 bp 3" overlap region
were designed, then PCRed the pET28a- irisin™""™ plasmid
with each pair of primers individually. The aa mutation
numbers are those for FNDCS, starting with the signal
peptide. The pair of oligonucleotides for PCR of irisin™
" ESTK were (forward)5'-TGG GAT GTC CTG GAG
GAT AAA GTG GTC ATT G-3', (reverse)5'-T ATC CTC
CAG GAC ATC CCA GCT CAG CAC GGC-3'". The
pair irisin"* R75E were (forward)5'-AAG GAT GTG
CGG ATG CTC GAG TTC ATT CAG G-3', (reverse)5'-
TC GAG CAT CCG CAC ATC CTT CTT CTG CTG
AG-3'. The pair of irisin™™* 1107F were (forward) 5'-
CAT GTG CAG GCC ATC TCC TTC CAG GGA CAG-
3', (reverse) 5'-A GGA GAT GGC CTG CAC ATG GAC
GAT ATA TTC-3'. All plasmids were identified by direct
sequencing and transformed into Rosetta (DE3) E. coli.

The E. coli were cultured at 37°C respectively in LB
overnight, then the overnight cultures were diluted 1:100
and cultured under the same conditions continupusly.
When the ODy, of the culture reached 0.6-0.8, 0.15mM
IPTG was added and cultured at 25°C for 3 hours to
induce the expression and translation of irisin protein.
The protein was purified using a Ni-sepharose 6FF
column and dialyzed with PBS (pH7.4) solution. The
concentration of the recombinant irisin was measured
with Pierce BCA protein Assay Kit. The chromogenic
substrate limulus reagent kit was used to detect the
endotoxin.

2.3. Cell culture and treatment

The mouse osteoblastic MC3T3-E1 cells were grown
in a-MEM supplemented with 10% FBS, 100 units/mL
penicillin and 100 pg/mL streptomycin. All the cells
were cultured in a humidified atmosphere of 95% air
and 5% CO, at 37°C. The culture medium was changed
every 2-3 days.

The cells were divided into seven groups and treated
with different r-irisin proteins at a concentration of
20nm, they were: a blank control group (con), irisin™*",
irisin“™*, irisin E57K, irisin R75E, irisin I107F and a
commercial r-irisin.

2.4. Cell proliferation detection

The cells were plated into a 96-well plate at a density
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of 1.5 x 10* cells/cm’. The medium was added with the
different irisin proteins after cell adherence. At 0, 24,
48 and 72 hours of culturing, cell counting kit (CCK-
8) solution was added to each well and incubated for
2 hours, then the absorbance was measured at 450 nm.
All experiments were performed in four replicates.

2.5.qPCR

Cells were seeded into 6-well plates at a density of
1.5 x 10*cm” and cultured in osteogenic medium
composed of 10%FBS, 0.1 uM dexamethasone, 10mM
B-glycerophosphate and 50 ug/mL ascorbic acid. After
culturing for 3 or 14 days, cells were harvested for total
RNA extraction with Trizol (Ambion, USA). According
to manufacturer's instructions, the cDNA was
synthesized by Revert Aid First Strand cDNA synthesis
Kit (Thermo, EU). SYBR Green Master Mix (Applied
Biosystems, USA) was used to perform real-time PCR
on Applied Biosystems 7500 Real-time PCR system.
The 2—Actmethod was used to calculate the relative
gene expressions of alkaline phosphatase (ALP), Runt
related transcription factor 2 (Runx2) and collagen type
I alpha 1(COL1al). The primers of each target gene are
listed in Table 1.

2.6. ALP detection

Cells were plated into 6-well plates at a density of
1.5 x 10*cm” and grouped as described above in two
replicates. All cells were cultured in osteogenic medium
and the medium was changed every 3 days. After
culture for 14days, the cells were fixed or harvested for
ALP staining or quantification, respectively.

For ALP staining, cells were washed with PBS and
fixed with 4% paraformaldehyde for 10 minutes, then
rinsed with deionized water and stained to recognize
ALP following the instruction of BCIP/NBT alkaline
phosphatase color development kit. Images of each
group were taken.

For ALP quantification, cells were washed with PBS,
then lysed and collected with buffer comprised of 20
mM pHS8.0 Tris-HCI, 150 mM NaCl, 1% TritonX-100,
0.02% NaN, and 1 mM PMSF. The collections were
centrifuged and the supernatant was used to detect the
ALP activity through alkaline phosphatase assay kit.
After being normalized to the total protein content
quantified by BCA protein assay kit, the ALP activity
was standardized and compared with each other.

Table 1. Primer pairs used for gPCR

2.7. Statistical analysis

Data are presented as mean + standard deviation (SD)
and analyzed with SPSS22.0. Comparisons among two
groups were evaluated by two-tailed student's ¢ test.
Comparisons among multiple groups were evaluated by
one-way analysis of variance (ANOVA) and Turkey's
test. P < 3.35 was considered as significant.

3. Results
3.1. Detecting the irisin with tag or point mutation

The recombinant plasmids were confirmed by direct
DNA sequencing. The concentration of irisin™™"",
irisin“™*, irisinE57K, irisin R75E, and irisin 1107F
were 0.413 ug/ul, 0.367 ug/ulL, 0.179 ug/ul, 0.341
ug/ul and 0.691 ug/uL, respectively. The endotoxin
of each of them was 5.71 EU/mL, 5.09 EU/mL, 5.27
EU/mL, 4.92 EU/mL, 5.39 EU/mL and 6.59 EU/mL,

respectively.

3.2. The effect of irisin with tag on the proliferation and
differentiation of MC3T3-E1 cells

Compared with the blank control group, cells cultured
with irisin™™"* or r-irisin were significantly more after
48 hours, while no difference was found between the
two groups. irisin“** had no effect on cell proliferation
(Figure 1A).

MC-3T3 El cells were cultured with osteogenic
medium. Three days later, irisin™™* and r-irisin
increased the expression of ALP about 82% and 95%
(1.82+0.29 vs. 1.00 £ 0.10, 1.95 + 0.25 vs. 1.00 + 0.10,
respectively). The expression of Collal increased about
52% and 70% (1.52 £ 0.24 vs. 1.00 + 0.12, 1.70 + 0.20
vs. 1.00 = 0.12). The expression of Runx2 increased
about 64% and 77% (1.64 + 0.13 vs. 1.00 + 0.13, 1.77
+ 0.09 vs. 1.00 = 0.13) (Figure 1B). After culture for
14 days, irisin"™ and r-irisin increased the expression
of ALP about 140% and 157% (2.40 = 0.44 vs. 1.00
+0.22, 2.57 £ 0.28 vs. 1.00 = 0.22, respectively). The
expression of Collal increased about 253% and 273%
(3.53+£0.40 vs. 1.00 + 0.18, 3.73 £ 0.60 vs. 1.00 = 0.18).
The expression of Runx2 increased about 279% and
351% (3.79 £ 0.42 vs. 1.00 £ 0.25, 4.51 = 0.49 vs. 1.00
+ (0.25). No significant differences of osteogenic-related
markers were found between the irisin“™ group and
the control (Figure 1C).

Target gene Forward (5'-3")

Reverse (5'-3")

ALP TGACCTTCTCTCCTCCATCC
Runx2 CCGTGGCCTTCAAGGTTGT
COLlal GCTCCTCTTAGGGGCCACT
GAPDH TGCACCACCAACTGCTTAG

CTTCCTGGGAGTCTCATCCT
TTCATAACAGCGGAGGCATTT
CCACGTCTCACCATTGGGG
GGATGCAGGGATGATGTTC
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Figure 1. Effects of irisin with tag on the proliferation and differentiation of MC3T3-E1 cells. (A) At 0, 24, 48 and 72 hours of
culture, cell counting kit (CCK-8) was applied to detect proliferation. (B-C) MC3T3-E1 cells were cultured with osteogenic medium
and irisin with tags. After culture for 3 days (B) and 14 days (C), the cells were harvested and used for real-time RT-PCR. The
mRNA expression levels are shown relative to the values of the control.
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Figure 2 Effects of irisin with tag on the osteoblastic potential of MC3T3-E1 cells. After culture for 14 days, the cells were fixed
and stained to recognize ALP following the instruction of BCIP/NBT alkaline phosphatase color development kit (A). The cells were

washed and collected to detect the ALP activity through alkaline

Table 2. The ALP activity of MC3T3-E1 cells cultured
with irisin with tag for 14 days. Data are shown as mean
+SD

Items Fold r-irisin (ALP activity) P value
irisinN'”fS 0.935 +0.257 0.658
irisin“** 0.034+0.134 <0.01
r-irisin 1.000 +0.210 -

As to ALP staining and ALP quantification, the
expression of ALP in irisin™™"™ or r-irisin group was
higher than that in the blank control group (Figure 2).
After eliminating the initial differentiation result revealed
by the control group, a similar ALP activity between

phosphatase assay kit (B).

NS and r-irisin group was found. The ALP activity

NS group was about 93.5% of that in the r-irisin
“H group was about

irisin
of irisin
group, and the ALP activity of irisin
3.4% of that in the r-irisin group (Table 2).

3.3. The effect of irisin with point mutation on the
proliferation and differentiation of MC3T3-E1 cells

Compared with the blank control group, cells cultured
with irisin E57K was significantly more after 48 hours,
and irisin R75E group showed this effect after 72 hours.
No significant difference was discovered among irisin
E57K, irisin R75E and r-irisin. Irisin 1107F had no
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Figure 3. Effects of irisin with point mutation on the proliferation and differentiation of MC3T3-E1 cells. (A) At 0, 24, 48 and
72 hours of culture, cell counting kit (CCK-8) was applied to detect the proliferation. (B-C) MC3T3-E1 cells were cultured with
osteogenic medium and irisin with point mutation. After culture for 3 days (B) and 14 days (C), the cells were harvested and used for
real-time RT-PCR. The mRNA expression levels are shown relative to the values of the control.
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Figure 4. Effects of irisin with point mutation on the osteoblastic potential of MC3T3-E1 cells. After culture for 14 days, the
cells were fixed and stained to recognize ALP following the instruction of BCIP/NBT alkaline phosphatase color development kit (A).
The cells were washed and collected to detect the ALP activity through alkaline phosphatase assay kit (B).

effect on cell proliferation (Figure 3A).

When culturing in osteogenic medium, the mRNA
expression of ALP and Runx2 were elevated by irisin
R75E after 3 days (1.36 + 0.16 vs. 1.00 £ 0.10, 1.34
+ 0.11 vs. 1.00 = 0.13) (Figure 3B). The expression
of ALP, Collal and Runx2 were about 74%, 122%
and 175% more than the control, respectively (1.74 +
0.37 vs. 1.00 = 0.22, 2.22 + 0.38 vs. 1.00 + 0.18, 2.75
+ 0.37 vs. 1.00 £+ 0.25), after culturing for 14 days. No
significant differences of osteogenic-related markers
were found among irisin E57K, irisin 1107F group and
blank-control group (Figure 3C).

The ALP staining showed a higher expression of
ALP in irisin R75E group, but less than the r-irisin
group. While such elevation was not observed in irisin
I107F or irisin E5S7K group (Figure 4). When the initial

Table 3. The ALP activity of MC3T3-E1 cells cultured
with irisin with point mutation for 14 days. Data are
shown as mean + SD

Items Fold r-irisin (ALP activity) P value
irisin ES7K 0.099 +£0.152 <0.01
irisin R75E 0.450+0.113 <0.05
irisin I107F 0.112 £0.160 <0.01
r-irisin 1.000 +0.210 -

differentiation result, which was revealed by the blank
control group, was eliminated, these three groups all
revealed decreased ALP activity than the r-irisin group.
The ALP activity of irisin R75E group was about 45.0%
of that in the r-irisin group. The numbers were 9.9%
and 11.2% for the irisin E57K group and irisin 1107F
group, respectively (Table 3).
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4. Discussion

In this study, we conducted 6XHis-tag or point mutation
on irisin and detected their influence on the proliferation
and differentiation of MC3T3-E1 cells. We found that
irisin™™*, irisin E57K and irisin R75E could boost cell
proliferation. irisin"™* and irisin R75E had a positive
effect on cell differentiation, and irisin™™ had the most
similar effect as wild type irisin, while irisin R75E had a
weaker effect than r-irisin.

Irisin has two glycosyl sites which make irisin a
glycoprotein. In order to exclude the interference of
glycosylation, prokaryotic cell E. coli was chosen to
synthesize irisin in this study. Mineralized nodule could
be observed in MC3T3-El cells after culture in induced
medium for 14 days (/6). So we detected the expression
of Runx2, Collal and ALP at the 3" and 14" day of
induced differentiation.

Our experiment showed that the N-terminal his-
tag did not influence the effect of irisin on promoting
the proliferation and differentiation of osteoblasts, but
when the His-tag was on the C terminal, the protein
almost completely lost its function. This suggested
that the C-terminal might play a critical role. Another
study found that His-tag on the C-terminal did not
influence the effect of irisin on increasing oxygen
consumption of cadiomyoblasts (/7). The different
cell might partly explain the difference. It needs to be
mentioned that irisin™* used in this study contains 18
amino acid residues before the irisin sequence, and they
are MGSHHHHHHSSGLVPRGS; and irisin“"™ has 8
residues (LEHHHHHH) following the C-terminal.

Structure analysis by crystallization suggests that
irisin is composed of a B-sandwich with three f-strands
on one side and four on the other, which is shown
below: BA(35-43) -BB(46-52) -BC(60-69) -BC'(73-81)
-BE(85-91) -BF(95-106) -BG(108-116). The flexible
loops (residues 55-58 and 106-108) are considered as
possible candidates to interact with other proteins (/4).
So the 57" and 107" amino acids were chosen for point
mutations. We replaced the acidic glutamic, the 57"
amino acid located between ligand BB and BC, with
a basic lysine. The 107" amino acid, isoleucine, was
replaced by a larger amino acid, phenylalanine. Our
results showed that the irisin I107F did not influence
the proliferation and differentiation of osteoblast
cells. The irisin E57K had a significant effect on cell
proliferation but failed to influence cell differentiation.
This proved that residues 106-108 and 55-58 are very
critical for irisin, and the pathways involved in cell
proliferation and differentiation activated by irisin
might be different.

Schumacher et al. reported that the salt bridges
between Arg-75 and Glu-79 were important for
maintaining irisin dimers (/4). We used the glutamine
instead of Arg-75 to interfere with formation of the salt
bridge, and found that the osteogenic activity of the

protein still exists but is weaker. This indicated that the
salt bridge also contributes to the protein activity.

The endotoxin mixed in protein product from E. coli
could induce inflammation and influence cell activity
(18-20). The concentration of endotoxin in every
protein sample was below the minimum concentration
reported to exert an effect on osteoblasts (27). However,
the candidate sites chosen to be changed were limited in
this study and there is still a problem about identifying
the receptor for irisin. Future research focusing on these
might be helpful in biochemical or pharmacological
exploration.

In conclusion, this research reported the influence
of 6XHis-tag and point mutants of irisin on the
proliferation and differentiation of osteoblasts. The
flexible region of residues 55-58 and 106-108, and
C-terminal of irisin are vital for its activity, and
disrupting the dimerization of irisin might result in a
reduced effect.
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Summary

Obesity has become a severe public health problem worldwide. Crocin, a natural product,
has been reported to have a number of pharmacological activities, including anti-
inflammatory, anti-cancer, neuroprotective, antihypertensive, and cardioprotective action.
The aims of the current study were to identify the beneficial effects of crocin on obesity,
adipocyte differentiation, and lipolysis and to evaluate the possible role of AMPK. Results
indicated that crocin significantly increased AMPK phosphorylation in differentiated
adipocytes in vitro and in adipose tissue in db/db mice. Crocin reduced lipid accumulation in
differentiated adipocytes. In addition, crocin inhibited the expression of mRNA of important
adipogenesis-related regulators, including CEBPa, CEBPf, PPARY, aP2, FAS, and CD36,
in both differentiated adipocytes and adipose tissue in db/db mice. Crocin increased the
expression of mRNA of key lipolysis-associated factors, including PPARa, LPL, and HSL, in
both differentiated adipocytes and adipose tissue in db/db mice. In adipocytes, knockdown
of AMPK significantly suppressed the crocin-induced inhibition of adipocyte differentiation
and increase in lipolysis. BML-275 is an inhibitor of AMPK. In adipose tissue in db/db
mice, BML-275 suppressed crocin-induced inhibition of fat formation and alleviation of a
metabolic disorder. The current results suggest that crocin alleviates obesity in db/db mice
and that it inhibits adipocyte differentiation in preadipocytes. Crocin inhibits adipogenesis
and promotes lipolysis via activation of AMPK. Therefore, crocin may have promise as an
option for the clinical treatment for obesity and associated metabolic diseases.

Keywords: Obesity, crocin, AMPK, adipocyte differentiation, lipolysis

1. Introduction

Obesity and overweight have become a severe public
health problem worldwide (/). In the United States,
17.1% of children and adolescents and 32.2% of adults
were determined to be obese (2). In China, 21 million
children were estimated to be overweight, 50% of which
were considered obese (3). Obesity is a strong risk factor
for many metabolic diseases, such as type 2 diabetes,
and cardiovascular diseases (4,5). Obesity is a state
of excessive accumulation of body fat, resulting from
increased intake and storage of calories and/or decreased
consumption of calories. Fat content is controlled by

*Address correspondence to:

Dr. Kai Fang, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, No. 1277
Jiefang Avenue, Wuhan 430022, China.

E-mail: xinsilu930@163.com

adipocyte differentiation and lipolysis. White adipocytes
can store energy and produce numerous hormones and
metabolites that modulate glucose and lipid metabolism
(6). Increased adipocyte differentiation (7) and enlarged
adipocytes are characteristics of obesity ().

Natural products have long been used in Asia to
treat various conditions such as inflammation, obesity,
and diabetes (9). Crocin, a carotenoid compound, is
a bioactive constituent of both the saffron (Crocus
Sativus L.) and gardenia plants (/0). Several studies
have verified the antioxidant activities of crocin (/-
14). Crocin has been reported to have a number of
pharmacological activities, including anti-inflammatory,
anti-cancer, neuroprotective, antihypertensive, and
cardioprotective action (/5). Studies have reported that
crocin lowers blood glucose levels and insulin resistance,
providing protection against obesity and improving the
lipid profile (16,17). The protective effects of crocin
against tissue damage in diabetes have been verified
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(14,17-19). Crocin ameliorated the oxidative burden and
inflammatory cascade and it suppressed the progression
of diabetic nephropathy in diabetic rats (/7). Crocin
is effective in relieving the symptoms of obesity and
diabetes, including hyperinsulinemia, hyperleptinemia,
insulin resistance, and weight gain in animals that were
obese or that had type 2 diabetes induced by a high
fat diet and streptozotocin (/7). In another study in
which rats were fed a high-fat diet, crocin was found
to alleviate functional and histopathological changes in
obese rats in a dose-dependent manner (20). However,
the mechanism by which crocin inhibits obesity is not
fully understood.

AMP-activated protein kinase (AMPK) is an
important sensor and central regulator of metabolism
(21). Abnormal regulation of AMPK is associated
with obesity, insulin resistance, type 2 diabetes, non-
alcoholic fatty liver disease, and cardiovascular disease
(21). AMPK has been found to regulate glucose
and lipid metabolism by increasing glucose uptake,
fatty acid oxidation, mitochondrial biogenesis, and
autophagy while suppressing the synthesis of fatty acids,
cholesterol, and protein (22).

Preliminary studies by the current authors indicated
that crocin upregulated the phosphorylation of AMPK
and that it activated AMPK signaling. The aims of the
current study were to identify the beneficial effects of
crocin on obesity, adipocyte differentiation, and lipolysis
and to evaluate the hypothesis that crocin inhibits
obesity via activation of AMPK-dependent inhibition of
adipogenesis and promotion of lipolysis

2. Materials and Methods

2.1. Cell culture and induction of adipocyte
differentiation

3T3-L1 preadipocytes cells were purchased from the
American Type Culture Collection (ATCC; Manassas,
VA, USA). 3T3-L1 cells were cultured in DMEM
supplemented with heat-inactivated 10% bovine calf
serum (Gibco, CA, USA), 100 mg/mL penicillin, and
100 mg/mL streptomycin in a 5% CO2 incubator at
37°C.

Induction of adipogenic differentiation was
performed as previously reported (23). Two days after
reaching confluence (designated day 0), pre-adipocytes
were cultured in differentiation induction medium
(DMI) with DMEM containing 10% fetal bovine serum
(FBS, Gibco, CA, USA), 10 pg/mL insulin (Sigma-
Aldrich, Saint Louis, MO, USA), 0.5 mM 3-isobutyl-
1-methyl-xanthine (Santa Cruz, USA), and 0.25 uM
dexamethasone (Sigma-Aldrich, Saint Louis, MO, USA)
for 2 days. Next, cells were cultured for an additional
2 days (designated days 2-4) in maturation medium
(DMEM containing 10% FBS and 10 pg/mL insulin)
and then maintained in DMEM medium containing 10%

FBS. The medium was replaced every two days for an
additional four days (designated days 4-8) until the cells
were harvested. For treatment, 20 UM crocin was added
to the medium on days 0-8. The concentration of crocin
used was based on previous studies (24).

2.2. Lentivirus transfection

Lentivirus (LV)-shAMPK was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Preadipocytes
were transfected with LV-shAMPK according to the
manufacture's protocols. 3T3-L1 preadipocytes with
stable knockdown of AMPK were produced.

2.3. Lipid accumulation determination

After the induction of adipogenic differentiation, cells
were washed with phosphate-buffered saline (PBS),
fixed with 10% formaldehyde for 30 min, and then
washed with distilled water. The cells were then stained
with BODIPY and Hoechst reagent for 20 min at room
temperature. Cells were then washed with PBS and
viewed under a confocal microscope (Olympus, Japan).

2.4. Animal experiments

All animal experiments were approved by the
Institutional Animal Care and Use Committee of Union
Hospital, Tongji Medical College, Huazhong University
of Science and Technology and were conducted in
accordance with ARRIVE and NIH guidelines for
animal welfare. C57BL/KsJ-Lepdb (db/db) mice and
their lean littermates (wild-type) were obtained from the
Model Animal Research Center of Nanjing University.
Ten-week-old male mice were housed at 22 + 2°C and
60 + 5% relative humidity and kept on a 12-h light/dark
cycle with free access to water and a regular chow diet.
db/db mice were randomly divided into three groups
(db/db, Crocin, and CrocintBML-275, n = 10 in each
group). Mice in the Crocin+BML-275 group were
intraperitoneally injected with BML-275 before the
administration of crocin. Mice in the Crocin group were
given 20 mg/kg of crocin daily. The dose of crocin was
selected based on a previous study (25). Wild-type (WT)
mice were treated with the vehicle in the same manner
as the normal controls. This experiment lasted 8 weeks.
Blood samples were collected, and tissue samples
were flash-frozen in liquid nitrogen or collected for
embedding in paraffin.

2.5. Histological examination of adipose tissue

A histological examination was performed to evaluate
morphological changes in adipose tissue. Paraffin-
embedded adipose tissue sections (5 um) were prepared
and stained with H&E. Images were captured using a
light microscope (Olympus, Japan).
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2.6. Metabolic and biochemical analysis

Before the OGTT and IPITT, mice were fasted for 12
h and 6 h, respectively. Blood glucose was measured
0, 30, 60, 90, and 120 min after the administration
of glucose and insulin. Blood glucose levels were
determined using tail vein blood via the Accu-Chek
glucometer (Roche, Basel, Switzerland). At the end
of the experiment, mice were fasted for 12 h and
blood samples were collected from the orbital venous
plexus immediately prior to sacrifice. Serum levels of
triglycerides (TG), non-esterified fatty acids (NEFA),
and total cholesterol (TC) were quantified using
commercial kits (Nanjing Jiancheng, Nanjing, China).
Serum insulin levels were determined using an enzyme-
linked-immunosorbent assay (ELISA) kit (Invitrogen,
Carlsbad, CA, USA).

2.7. Real-time quantitative PCR

Total RNA from liver tissue was isolated using TRIzol
reagent (Life Technologies, Carlsbad, CA, USA).
RNA samples were treated with DNase and reverse-
transcribed into cDNA using Superscript IT (Life
Technologies, Foster City, CA). Real-time RT-PCR was
performed with SYBR Green PCR Master Mix (Takara,
Tokyo, Japan) in an ABI StepOnePlus Real-time PCR
System. The expression of mRNA for each target gene
was normalized relative to that of glyceraldehyde
3-phosphate dehydrogenase (GAPDH).

2.8. Western blot analysis

Liver tissues were lysed in RIPA Lysis Buffer (Beyotime,
Jiangsu, China). After determination of the protein
concentration using the BCA Protein Assay Kit
(Beyotime, Jiangsu, China), the samples were separated
with sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transblotted onto
polyvinylidene fluoride membranes (PVDF, Millipore).
Membranes were then incubated with primary antibodies
(diluted 1:1000; Cell Signaling Technology, USA)
overnight at 4°C. Membranes were washed with TBST
and then were incubated with horseradish-peroxidase
(HRP)-conjugated secondary antibody (diluted
1:5,000; Thermo Fisher Scientific, USA) for 1 h at
room temperature. Finally, the blots were visualized
using chemiluminescence (ECL) detection reagents
(Thermo Fisher Scientific, USA). Data were analyzed by
calculating the integrated optical density.

2.9. Statistical analysis

Results are expressed as the mean + SD. Significant
differences among groups were assessed using one-
way ANOVA followed by Dunnett's test. Statistical
significance was defined as p < 0.05.

3. Results

3.1. Crocin upregulates AMPK phosphorylation and
lipid accumulation in differentiated adipocytes

A 3T3-L1 adipogenic differentiation model was
used to evaluate the effect of crocin on the course of
adipocyte differentiation. Phosphorylation was inhibited
with LV-shAMPK in differentiated adipocytes, but
crocin significantly increased that phosphorylation,
as shown in Figure 1A. Figure 1B shows that crocin
markedly increased BODIPY staining in differentiated
adipocytes, indicating a reduction in lipid accumulation
and inhibition of adipocyte differentiation. In addition,
knockdown of AMPK significantly blocked crocin's
action on lipid accumulation in differentiated adipocytes
(Figure 1B). Findings indicated that crocin inhibited
adipocyte differentiation via upregulation of AMPK

signaling.

3.2. Crocin inhibits adipogenic differentiation and
promotes lipolysis in differentiated adipocytes

To investigate the mechanism of crocin-induced
inhibition of lipid accumulation in differentiated
adipocytes, the expression of adipogenesis-related factors
and lipolysis-associated regulators was determined. As
shown in Figure 2A-F, crocin reduced the expression
of mRNA of important adipogenesis-related regulators,
including CCAAT/enhancer binding protein o (CEBPa),
CEBPp, PPARY, aP2, FAS, and CD36, in differentiated
adipocytes. Moreover, treatment with crocin increased
the expression of key lipolysis-associated regulators
such as PPARa, lipoprotein lipase (LPL), and hormone-
sensitive lipase (HSL) (Figure 2G-I). Results indicated
that the inhibition of lipid accumulation by crocin
in differentiated adipocytes may be attributed to its
inhibition of adipogenic differentiation and its promotion
of lipolysis. Moreover, these actions of crocin were
inhibited by the knockdown of AMPK (Figures 2A-
I). These findings suggest that treatment with crocin
resulted in a reduction in adipocyte differentiation and an
increase in lipolysis in an AMPK-dependent manner.

3.3. Crocin inhibits adipose formation in diabetic and
obese db/db mice

To evaluate the effect of crocin on adipose formation
in vivo, db/db mice were injected with crocin. Figure
3A and B show that AMPK phosphorylation in adipose
tissue was significantly lower than that in WT mice.
Treatment with crocin significantly increased AMPK
phosphorylation in adipose tissue in db/db mice (Figure
3A and B). BML-275 decreased AMPK phosphorylation
in adipose tissue in the presence of crocin (Figure
3A and B). Findings indicated that crocin decreased
the weight of epidydimal and perirenal white adipose
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Figure 2. Effects of crocin on the expression of regulators of adipogenesis and lipolysis in differentiated adipocytes.
Expression of CEBPa (A), CEBPJ (B), PPARy (C), aP2 (D), FAS (E), CD36 (F), PPARa (G), LPL (H), and HSL (I) mRNA
in differentiated adipocytes was determined using real-time qPCR. #p < 0.05 indicates a significant difference between the two
groups.
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Figure 1. Effects of crocin on AMPK phosphorylation and lipid accumulation in differentiated adipocytes. (A) Western blot
analysis of AMPK phosphorylation in differentiated adipocytes. (B) Statistical analysis of AMPK phosphorylation. (C) BODIPY
staining of differentiated adipocytes. #p < 0.05 indicates a significant difference between the two groups.
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Figure 3. Effects of crocin on AMPK phosphorylation, adipocyte size, and the expression of regulators of adipogenesis
and lipolysis in adipose tissue. (A) Western blot analysis of AMPK phosphorylation in differentiated adipocytes. (B) statistical
analysis of AMPK phosphorylation. (C) HE staining of adipose tissue. Expression of CEBPa (D), CEBPJ (E), PPARy (F), aP2
(G), FAS (H), CD36 (I), PPARo (J), LPL (K), and HSL (L) mRNA in differentiated adipocytes was determined using real-time
gPCR. #p < 0.05 indicates a significant difference between the two groups.

tissue, though this action was inhibited by injection of
BML-275, an inhibitor of AMPK (Table 1). Figure 3C
shows that crocin decreased the size of adipocytes in
db/db mice. However, injection of BML-275 reversed

the crocin-induced shrinkage in adipocyte size in db/
db mice (Figure 3C). Moreover, crocin reduced the
expression of mRNA of important adipogenesis-
related regulators, including CEBPa, CEBPf, PPARY,
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Table 1. Effects of crocin on general parameters in db/db mice

Parameters WT db/db Crocin CrocintBML-275
Body weight (g) 254+1.7 43.7+2.5% 343 +2.3% 39.7 +2.17##
Epididymal adipose weight (g) 0.19 £ 0.07 2.53 £0.23% 1.91 £0.16% 2.34 £0.12###
Perirenal adipose weight (g) 0.1+0.04 1.35 £ 0.08" 0.98 +0.13# 1.22+0.11%##
Serum NEFA (mM) 0.22 £0.05 0.71 +0.12% 0.45+0.11% 0.62 + 0.08%##
Serum TG (mM) 0.94£0.09 1.53 £0.16" 1.14 £0.13% 1.38 £ 0.08"##
Serum TC (mM) 2.02£0.16 2.89 £0.20* 243 +£0.11% 2.72 4+ 0.12%#
Blood glucose (mM) 5.97+0.82 16.4 +2.81" 9.6+ 1.15" 14.5 +2.15%##
Serum insulin (ng/mL) 2.8+0.43 18.7+1.18* 10.9 £3.11% 16.3 £2.25%##

WT, wild type; db/db, db/db mice; #, p < 0.05, compared with WT; #, p < 0.05, compared with db/db mice; ##, p < 0.05, compared with Crocin

treatment.
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Figure 4. Effects of crocin on general glucose and lipid metabolism in db/db mice. (A) OGTT test. (B) area under the curve
during the OGTT. (C) IPITT test. (D) area under the curve during the IPITT. #p < 0.05 indicates a significant difference between

the two groups.

aP2, FAS, and CD36, in adipose tissue (Figure 3D-
I). Treatment with crocin increased the expression of
key lipolysis-associated regulators such as PPARa,
LPL, and HSL in adipose tissue (Figure 3J-L). Crocin's
action on adipocyte differentiation and lipolysis was
inhibited by BML-275 (Figure 3D-L). Results indicated
that crocin suppressed the formation of adipose by
inhibiting adipogenesis and promoting lipolysis via
AMPK-dependent regulation of key regulators.

3.4. Crocin attenuates a metabolic disorder in diabetic
and obese db/db mice

The protective effect of crocin against systemic
metabolic disorder was evaluated in db/db mice. As
shown in Table 1, crocin reduced body weight, fasting
blood glucose levels, and serum levels of insulin, TG,
TC, and NEFA in db/db mice, but these effects of crocin
were inhibited by BML-275. In addition, treatment with
crocin reduced glucose levels at different times after the
administration of glucose and insulin (Figure 4A-D).
Improvement in glucose and insulin tolerance as a result
of crocin was inhibited by BML-275. Findings suggested
that crocin provided protection against a systemic
metabolic disorder via upregulation of AMPK signaling.
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4. Discussion

Obesity is a result of excessive accumulation of fat
in the body (26), and dysregulated adipogenesis and
lipolysis are involved in this process. Adipogenic
differentiation and maturation of pre-adipocytes are
complex processes, and a battery of regulators are
involved in the regulation of the formation of adipose.
In response to adipogenic stimuli, expression of CEBPf
initiates the differentiation process (27), which is
followed by the sequential activation of various key
regulators such as CEBPa and PPARy (28). During
differentiation, FAS and other fat synthesis-related
genes are activated, leading to the synthesis of lipids
droplets and storage of TG (29). Lipolysis, the catabolic
pathway of the fatty acid cycle, is also crucial to
balanced fat metabolism. Enhanced lipolysis contributes
to the release of fatty acids and a decrease in fat
deposition. The lipolytic process is mainly controlled
by PPARa, LPL, HSL, and other key regulators. LPL is
the rate-limiting enzyme for the hydrolysis of TG and
very low-density lipoproteins (30).

The current study evaluated the effect of crocin
on obesity with a focus on adipocyte differentiation
and lipolysis in 3T3-L1 cells. Findings revealed that
administration of crocin significantly reduced body
weight and fat mass in obese mice, suggesting that
crocin may be a potential option as an intervention
to fight obesity and associated metabolic disorders.
In addition, results indicated that crocin significantly
reduced lipid accumulation in differentiated adipocytes.
Moreover, crocin decreased the weight of adipose
tissue in db/db mice, helping to alleviate a systemic
metabolic disorder in mice. The possible mechanisms
of these actions were examined, and crocin was found
to inhibit the expression of adipogenesis-related factors
and to promote the expression of lipolysis-associated
regulators. The findings support the hypothesis that
crocin inhibits the formation of adipose tissue and thus
protects against systemic metabolic dysfunction.

AMPK is a serine/threonine protein that is
an important regulatory sensor of cellular energy
metabolism (37). Activated AMPK inhibits acetyl-CoA
carboxylase (ACC), which is an essential enzyme for
lipid biosynthesis (32). During adipogenesis, AMPK
inhibits the expression of sterol regulatory element
binding protein-1 (SREBP-1), CEBPa, PPARY, and
FAS (33), resulting in suppression of the differentiation
of adipocytes. In addition, AMPK has been found
to promote lipolysis and thus decrease the mass of
adipose tissue (34). Preliminary studies by the current
authors indicated that AMPK was activated by crocin.
The current study examined whether activation of
AMPK was involved in crocin's protection against
obesity. Results revealed that downregulation of AMPK
via lentivirus transfection inhibited crocin-induced
suppression of lipid accumulation, downregulation of

the expression of adipogenesis-related regulators, and
upregulation of the expression of lipolysis-associated
factors in vitro. BML-275 is an inhibitor of AMPK. In
vivo, BML-275 reversed crocin's inhibition of obesity
and diabetes. Results indicated that activation of AMPK
was involved in crocin's protection from obesity and
diabetes via regulation of adipocyte differentiation and
lipolysis.

The current results suggest that crocin alleviated
obesity in db/db mice and that it inhibited adipocyte
differentiation in preadipocytes. Crocin inhibits
adipogenesis and it promotes lipolysis via activation of
AMPK. Therefore, crocin may have promise as an option
for the clinical treatment for obesity and associated
metabolic diseases. Further studies are needed to verify
crocin's potential in other animal models and to explore
the specific and non-specific biological actions of crocin.
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Summary

Danzhi Jiangtang Capsule (DJC), a traditional Chinese medicinal formula, has been used
clinically in treating diabetes and diabetic nephropathy (DN). We previously demonstrated
that DJC is capable of improving renal function in patients and rats with DN, but the
mechanisms underlying these therapeutic benefits of DJC are not quite clear yet. In this study,
STZ-induced diabetic rats were orally administered DJC for 8 weeks. Fasting blood glucose,
renal function indicators in the serum, renal index, and the expression of proteins related to
JAK-STAT signaling pathway were evaluated at the end of the experiment. The kidneys were
sliced for pathological histology. Antioxidant status was assessed by measuring SOD, LPO
and MDA in serum. The expression levels of COX2, iNOS, SOCS and the phosphorylation
status of JAK2, STAT1, and STAT3 in renal tissues were evaluated by Western blot analyses.
IL-6, TNF-0, and MCP-1 expression levels in renal tissues were determined using double-
antibody sandwich ELISA. Diabetic renal dysfunction and its associated pathologies were
ameliorated by DJC treatment. DJC significantly reversed the high expression of COX2 and
iNOS in renal tissues. Furthermore, DJC inhibited the JAK2-STAT1/STAT3-SOCS3 signaling
pathway, resulting in decreased concentrations of IL-6, TNF-0, and MCP-1. Moreover, the
oxidant status in the kidney was substantially ameliorated by DJC treatment. In conclusion,
the ability of DJC to ameliorate diabetic renal dysfunction and the associated pathologies of
this disease might be due to its antioxidant capacity and suppression of the JAK2-STAT1/
STAT3 cascade.

Keywords: Danzhi Jiangtang capsule, diabetic nephropathy, JAK-STAT signaling pathway,
oxidative stress

1. Introduction

Diabetic nephropathy (DN), the most common and
most serious microvascular complication of diabetic
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mellitus (DM), is a major cause of chronic renal failure
or end-stage renal disease (ESRD). With the increase of
the incidence of DM, the subsequent incidence of DN is
increasing worldwide. Multiple mechanisms contribute
to the occurrence and development of DN, such as
glucose and lipid metabolic disorders, oxidative stress,
accumulation of advanced glycosylation end products
(AGEs) and the interaction with their receptors, and
renal hemodynamic alterations. Accumulating evidence
suggests that inflammation is an important pathogenic
mechanism of diabetic complications (/-4).

Elevated levels of proinflammatory cytokines,
chemokines, adhesion molecules and growth factors in
renal tissues, serum and urine of diabetic patients are
correlated with albuminuria (/-4). During inflammation,
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cytokines and growth factors exert their functions
mainly through activation of the Janus tyrosine kinase
(JAK)-signal transducers and activators of transcription
(STAT) pathway. The activated JAK-STAT signal
cascade can accelerate the proliferation of glomerular
mesangial cells and matrix expansion, contributing to
DN (5,6). Thus the modulation of this pathway may
prevent or alleviate the progression of DN (5,7). The
JAK-STAT cascade is a relatively simple signaling
pathway with only a few principal components. There
are four members in the JAK family (JAK1, JAK2,
JAK3, and TYK?2) and seven members in the STAT
family (STAT1, STAT2, STAT3, STAT4, STAT5A/B,
and STAT6). The binding of ligands to their receptors
triggers the JAK-STAT signal cascade (5,7) and
subsequently regulates the expression of target genes
encoding cytokines, chemokines, adherence molecules,
and inducible enzymes such as iNOS (inducible nitric
oxide synthase) and COX-2 (Cyclooxygenase 2). The
JAK-STAT signaling pathway is regulated by several
mechanisms, among which suppressors of cytokine
signaling (SOCS) family is the most important negative
regulator. SOCS family, containing at least eight
members (CIS; SOCS1 to SOCS7), can be induced
by many cytokines and pathogenic mediators, and
thereby, serves to inhibit further signal transduction in a
negative feedback loop (7-9).

Danzhi Jiangtang Capsule (DJC) is a traditional
Chinese medicinal formula that has been shown to have
good clinical efficacy in diabetes and DN. Our previous
studies demonstrated that DJC inhibits oxidative stress
and suppresses elevated inflammatory factors including
IL (Interleukin)-8, tumor necrosis factor (TNF)-a,
CXCL[The chemokine (C-X-C motif) ligand]-5, 9, and
MCP-1 (monocyte chemotactic protein 1) in diabetic
patients and rats (/0-13). DJC has also been reported
to inhibit NF-kB and ameliorate renal inflammation in
diabetic rats (/0,/4) and to reduce the urinary albumin
excretion rate (UAER) in early-stage DN patients
(10,15).

However, the mechanisms underlying these
therapeutic benefits of DJC are not quite clear yet.
Therefore, the present study was carried out to evaluate
the efficacy and to explore the potential underlying
mechanism of DJC on DN. In this study, STZ-induced
diabetic rats were treated with DJC intragastrically for
8 weeks, the antioxidant effects of DJC were evaluated
and the roles of DJC in JAK-STATs signaling and
SOCS proteins expression were also explored.

2. Materials and Methods
2.1. Preparation of DJC
DJC was provided by the Department of Pharmaceutics

at the First Affiliated Hospital of Anhui University of
Traditional Chinese Medicine (Hefei, Anhui, China).

DIC contains 6 medicinal components at a ratio of
6:5:4:4:3:3: Radix Pseudostellariae, Radix Rehmanniae,
Cortex Moutan, Rhizoma Alismatis, Semen Cuscutae
Chinensis, and Leech. As mentioned in the previous
study (/6), Cortex Moutan was extracted using ethanol
and the extract was dried under vacuum. The gruffs of
Cortex Moutan and the other 4 medicinal components
except for Leech, were mixed and extracted with water.
After vacuum drying, the dried extract powder was
obtained. The ground fine powder of Leech was mixed
with the above-mentioned dry extract powder, and the
resulting powder was prepared as capsules with each
capsule containing 0.4 g of extract (equivalent to 8 g
mixture of herbal medicine). The components of the
DIJC capsule were detected and quantitated by ultra-
performance liquid chromatography (UPLC) (/7).

2.2. Chemicals and reagents

Rat TNF-a and IL-6 ELISA kits were obtained from
ExCell Bio Inc (Shanghai, China), and the MCP-1
kit was from Neobioscience (Shenzhen, Guangdong,
China). Serum super oxide dismutase (SOD), lipid
peroxidation (LPO) and malondialdehyde (MDA)
kits were purchased from Jiancheng Bio-engineering
Institute (Nanjing, China). The COX2, p-STAT1 (Tyr
701) and STAT1 polyclonal antibodies were obtained
from SAB (Signalway Antibody Company, College
Park, MD, USA). The monoclonal antibodies against
p-STAT3 (Tyr 705) and STAT3 were supplied from Cell
Signaling Technology (Beverly, MA, USA). p-JAK2
and JAK2 polyclonal antibodies were from Millipore
(Billerica, MA, USA). The SOCSI polyclonal antibody
was from ImmunoWay Biotechnology (Plano, TX,
USA). The SOCS3 and iNOS polyclonal antibodies
were obtained from Santa Cruz (Santa Cruz, CA,
USA). Rabbit polyclonal B-actin antibody and all of the
secondary antibodies used for Western blotting were
obtained from Abmart (Hangzhou, Zhejiang, China). An
electrochemiluminescence (ECL) kit and BCA protein
assay kit were supplied by Thermo Scientific Pierce
(Rockford, IL, USA). STZ was from Sigma Chemical
Co (St. Louis, MO, USA). All chemicals used in this
study were analytical grade reagents and obtained
commercially.

2.3. Animals and Experimental procedures

Male healthy Sprague-Dawley rats, weighing 80 + 10
g (4 weeks old), were provided by the Experimental
Animal Center of Anhui Medical University (Hefei,
Anhui, China). After feeding with a high fat diet
(containing 10% lard, 2.5% milk powder, 5% glucose,
10% egg yolk, 1% cholesterol, and 71.5% standard
rat feed) for 4 weeks, the rats were intraperitoneally
injected with STZ in citrate buffer (pH 4.5) at a dose of
30 mg/kg body weight weekly for 3 weeks (/8). Non-
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diabetic, normal animals fed with a normal diet were
injected with vehicle and used as controls (Ctrl). The
rats with fasting blood glucose (FBG) levels above 16.7
mmol/L were considered to be diabetic animals, then
the diabetic rats were weighed and randomly divided
into the model (DM), low-dose DJC (DJCL, 600 mg /
kg.d" in tap water) and high-dose DJC (DJCH, 2,000
mg/kg.d” in tap water) groups, each consisting of 8 rats.
The low dose of DJC (equivalent dose) was calculated
from the human dose on the basis of estimated body
surface area. Rats in the DJCH and DJCL groups were
orally administered DJC for 8 consecutive weeks, while
those in the control and DM groups were given an equal
volume of vehicle. Rats were placed in a temperature
and humidity controlled room, free access to high fat
or standard rat feed and drinking water was allowed
during the experiment. Furthermore, the rats were
weighed on a weekly basis. FBG measurements were
taken bi-weekly using a One Touch Glucometer (Life
scan, Johnson & Johnson, Milpitas, California, USA).
After 8 weeks of treatment, all rats were sacrificed for
analysis of renal tissue. This study was approved by the
Committee for the Care and Use of Laboratory Animals
of Anhui University, and procedures were in accordance
with the Guidelines for the Welfare and Ethics of
Laboratory Animals of China.

2.4. Determination of biochemical parameters

After 8 weeks of DJC administration, the rats were
fasted overnight, weighed and sacrificed under chloral
hydrate anesthesia (300 mg/kg, IP), and their blood
was collected and centrifuged at 1,400 g for 10 min
to obtain serum. The serum urea nitrogen (BUN),
creatinine (Cr), uric acid (UA), FBG, cholesterol (CHO),
triglycerides (TG), low-density lipoprotein (LDL) and
high-density lipoprotein (HDL) were determined using
an automatic biochemistry analyzer (Dimension RxL
Max, Siemens, US).

2.5. Detection of oxidative stress indicators

The activities of total SOD and the concentrations
of MDA and LPO in the serum were assayed using
commercial test kits from Jiancheng Bio-engineering
Institute (Nanjing, China) following the manufacturer's
instructions.

2.6. Histopathological assay

The kidney samples were dissected and fixed in 10%
formalin, followed by dehydration and embedding in
paraffin. Then the tissues were cut into 5-pm-thick
sections and stained with H&E (hematoxylin and eosin)
and PAS (periodic acid Schiff) and then were studied;
photos were taken using a binocular Olympus DX45
microscope (Olympus Corporation, Tokyo, Japan).

2.7. Renal cytokine determination

After mashing and homogenizing, the renal tissues
were centrifuged at 4,500 g for 10 min at 4°C, the
supernatants were then collected, and the levels of
IL-6, TNF-0 and MCP-1 levels were measured using
commercial enzyme-linked immunoassay (ELISA)
kits according to the manufacturer's instructions.
Cytokine concentrations were normalized to the
amount of total protein of each sample, which was
determined by BCA assay (Thermo Scientific Pierce,
Rockford, IL).

2.8. Western blotting

Renal tissues were homogenized in ice-cold RIPA buffer
(50 mM Tris pH 7.5, 150 mM NaCl, 2 mM EGTA, 2
mM Na3VO,, | mM phenylmethane sulfonyl fluoride)
containing HALT protease/phosphatase inhibitor
cocktail (Sangon, Shanghai, China) and lysed for 60
min. The lysates were collected and centrifuged at 4°C
for 20 min at 30,500 g. The protein concentration of the
supernatant was determined using a BCA kit (Thermo
Scientific Pierce, Rockford, IL). Aliquots containing
40 pg of protein were separated by electrophoresis
through 10% or 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) gels and
then transferred to nitrocellulose membranes (Bio-
Rad, Hercules, CA, USA). After blocking with 5%
nonfat milk in PBST buffer (phosphate buffer saline
containing 1% Tween-20) for 1 h, the membranes were
probed with primary antibodies [anti-COX2 (1:500
dilution), anti-iNOS (1:300 dilution), anti-phosphor-
JAK2 (1:500 dilution), anti-JAK2 (1:500 dilution),
anti-phosphor-STAT1 (1:500 dilution), STAT1 (1:500
dilution), anti-phosphor-STAT3 (1:500 dilution),
STAT3 (Cell 1:500 dilution), SOCS1 (1:300 dilution),
SOCS3 (1:300 dilution) and actin (1:5,000 dilution)]
at 4°C overnight. After washing with PBST, the
membranes were probed with appropriate secondary
antibodies for 2 h at room temperature and finally
developed using ECL detection reagent. The antibody—
antigen complexes were visualized by the FluorChem™
E System (ProteinSimple, California, US), and the
relative densities of the bands were evaluated and
quantified using ImagelJ software (NIH, Bethesda, MD,
USA).

2.9. Statistical analysis

Data were analyzed by GraphPad Prism 5.0 Software
(GraphPad Software, San Diego, CA, USA) and are
represented as means + SEM. Statistical significance
was evaluated by the One-Way Analysis of Variance
(ANOVA) followed by the Student-Newman-Keuls
test. p < 0.05 was considered to be statistically
significant.
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Table 1. Effect of DJC on FBG, lipid profile, and renal function parameters in diabetic rats

Parameters Ctrl DM DICL DICH

FBG (mmol/L) 5.32+0.88 23.26 + 4.29%*x* 23.19+3.93 19.82 +3.85
Body weight (g) 310.38 £45.43 245.14 + 48.55* 235.50 +38.44 257.75 £31.19
Kidney weight (g) 1.58 +£0.25 2.81 & 0.54%** 2.53+£0.61 2.41+0.64
Renal index (KW/BW) 0.51+0.07 1.13 £ 0.08%** 1.08 £ 0.06 0.93 £0.17#
Cr (umol/L) 38.53+5.77 58.57 + 10.24%** 48.86 + 6.367# 4488 + 6.38%#
BUN (mmol/L) 8.61 £0.37 17.48 + 4.15%** 12.05 £ 3.06% 10.4 + 5.34##
UA (umol/L) 67.75 +11.04 223.71 £ 54.81*** 187.15 £ 29.81%** 157.63 £ 33.01 % *##
CHO (mmol/L) 1.24+0.21 2.58 +0.47** 1.92 £ 0.41%# 1.72 £ 0.27##
TG (mmol/L) 0.29+0.10 1.62 + 0.36** 1.33 £0.28%* 1.21 £+ 0.33%*#
HDL (mmol/L) 2.124+0.25 1.28 £0.32%* 1.52 +£0.25%* 1.71 £ 0.40*#
LDL (mmol/L) 0.32+0.13 1.15+0.28** 0.63 &+ 0.25%## 0.46 +0.19#

Data are presented as the means = SEM (n = 8 in the control and DJCH groups, n = 7 in the other groups). *p < 0.05, **p < 0.01, ***p <0.001, vs.

ctrl; #p < 0.05, #p < 0.01, #¥p < 0.001, vs. DM group.

3. Results

3.1. Effects of DJC on the metabolic indexes and renal
function in diabetic rats induced by STZ

During the experiment, one rat in the diabetic (DM)
group and one in the DJCL group died of undetermined
causes. As displayed in Table 1, after 8§ weeks of DJC
administration, body weights of rats in the DM group
were lower than those in control group (p < 0.05).
Even at the high dose of 2,000 mg/kg.d", DJC did not
markedly influence the body weight of diabetic rats.
As expected, FBG was obviously higher in the STZ-
induced diabetic rats than those in control group (p <
0.001). DJC treatment slightly reduced FBG levels, but
without significant differences. Additionally, the serum
levels of CHO, TG, and LDL were markedly increased,
while serum HDL was markedly reduced in diabetic
rats compared with the control group (Table 1). DICL
changed serum levels of CHO and LDL, and DJCH
significantly changed CHO, TG, LDL, and HDL in
diabetic rats during the course of the experiment.

The renal functional alterations in the diabetic rats
were evaluated by examining serum BUN, Cr, and UA.
All these serum parameters in the diabetic group were
significantly elevated (p < 0.001) compared with the
non-diabetic group, while the parameters were obviously
reduced (p < 0.01) after 8 weeks of DJC treatment. The
kidney weight and renal index [kidney weight/body
weight ratio (KW/BW)] in the diabetic rats substantially
increased compared with the non-diabetic rats (p <
0.001). The rats in the DJC treatment groups showed a
significant reduction in the renal index (p < 0.01), but
no significant reduction in body weight. These results
indicate that the administration of DJC is beneficial in
ameliorating DN in rats.

3.2. Effect of DJC on antioxidant status in diabetic rats

Compared with the non-diabetic rats, serum LPO and
MDA levels were markedly increased (p < 0.01 and p
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Figure 1. Effect of DJC on oxidative stress in diabetic rats.
The activities of total SOD (A) and the concentrations of MDA
(B) and LPO (C) in the serum were assayed using commercial
test kits. Data are presented as the means + SEM. *p < 0.05,
*p <0.01, ***p < 0.001, vs. DM group.

< 0.001), and SOD activity was significantly decreased
in the diabetic rats (p < 0.01), indicating that oxidative
stress is initiated in diabetic rats (Figure 1). DJC
markedly enhanced SOD activity (p < 0.05), and notably
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Figure 2. H&E and PAS staining of representative sections from kidney (x400).
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Figure 3. Effects of DJC on COX2 and iNOS expression in the diabetic rat kidneys. Total protein was extracted from the
renal tissues for conducting Western blot analysis. Protein expression levels of COX2 and iNOS were normalized to the level of
B-actin. (A) Quantitative analysis of COX2 expression; (B) Quantitative analysis of iNOS expression. The data are presented as
the means = SEM, n = 3. *p <0.05, **p < 0.01, ***p < 0.001, vs. DM group.

decreased LPO and MDA (p < 0.05, p < 0.001). The
results suggest that DJC is able to improve antioxidant
capacity and attenuate oxidative damage in rats with DN.

3.3. Effects of DJC on renal morphology in diabetic rats

The representative histology of the kidney by
H&E staining is shown in Figure 2. No obvious
histopathological alternations were observed in the
glomerulus, kidney tubules, or mesenchyme in the
renal biopsies from the animals in the control group.
However, mesangial expansion with glomerular
hypertrophy, basement membrane (GBM) thickening,
and tubular atrophy/dilation were clearly observed in
the diabetic group. The histopathological changes were
clearly attenuated after DJC treatment in rats with DN.
Moreover, the DJCH group showed more improvement
than the DJCL group. In PAS-stained sections of the

glomeruli, the mesangial matrix fraction was notably
increased in the diabetic rats compared with the non-
diabetic rats. This increase in the mesangial matrix
fraction of diabetic rats was suppressed by DJC treatment
for 8 weeks but remained higher than the control
group. Taken together, these results confirmed that DJC
improved renal dysfunction in diabetic rats induced by
STZ.

3. 4. Effects of DJC on COX2 and iNOS expression levels
in diabetic rat kidneys

To explore the anti-inflammatory effects of DJC and
its mechanism of action in the kidney, we evaluated
its effect on the expression of iNOS and COX-2, key
enzymes in the inflammatory processes of DN. As
illustrated in Figure 3, the expression of COX2 and iNOS
in the kidneys of diabetic rat were significantly increased
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Figure 4. Effects of DJC on the inflammatory cytokine
levels in diabetic rat kidneys. The renal tissues were
homogenized and the supernatants were collected for
cytokine detection. The levels of IL-6 (A), MCP-1 (B) and
TNF-a (C) levels were measured using ELISA kits. Cytokine
concentrations were normalized to the amount of total protein
of each sample. Data are presented as the means + SEM (n = 8
in the control and DJCH groups, n = 7 in the other groups).**p
<0.05, **p <0.01, ***» <0.001, vs. DM group.

compared to the normal control group (p < 0.05). DJCH
administration significantly attenuated the elevated
expression of COX2 and iNOS (p <0.05).

3. 5. Effects of DJC on the inflammatory cytokine levels
in diabetic rat kidneys

Inflammatory cytokines are thought to play pivotal roles
in the pathogenesis of DN. Cytokines including IL-6,
TNF-0 and MCP-1 are correlated with deterioration of

renal function (/-4). Therefore, to validate the effect of
DJC on the JAK-STAT signaling pathway, we measured
the expression profiles of IL-6, MCP-1, and TNF-a,
which contain STAT binding sites in their promoter
regions. As shown in Figure 4, IL-6, MCP-1, and TNF-a
expression levels in the diabetic group were significantly
increased as compared with the non-diabetic group (p <
0.01), administration of DJC remarkably reduced these
increased inflammatory cytokines (Figure 4, p < 0.05).

3. 6. DJC ameliorates JAK-STAT signaling in diabetic
rat kidneys

JAK?2, STAT1, and STAT3 are important signaling
factors for the production of iNOS, COX2 and
proinflammatory cytokines in the DN rat (5-7). Thus,
to determine whether the inhibitory effect of DJC
on the expression of proinflammatory cytokines and
mediators is associated with inhibition of JAK-STAT
signal pathway, we next examined the effect of DJC
on the phosphorylation of JAK2, STAT1, and STAT3
in diabetic rat kidneys. The results demonstrated that
the expression levels of tyrosine- phosphorylated
JAK2, STAT1, and STAT3 were substantially increased
in the diabetic group in comparison with the control
group. DJC treatment significantly decreased the
tyrosine-phosphorylated JAK2, STAT1, and STAT3
(p < 0.05, Figure 5A, 5B, 5C), implying that the anti-
inflammatory activity of DJC is due to inhibition of the
JAK-STAT pathway in diabetic rat kidneys.

To validate the mechanism of the JAK-STAT
signaling cascade in DJC treatment, we measured
the effects of DJC on SOCS1 and SOCS3 protein
expression levels in DM renal tissues. As illustrated in
Figure 5, the expression levels of SOCS1 and SOCS3
were significantly increased in diabetic rats compared
with normal rats (Figure 5D, 5E). DJC markedly
reduced the expression level of SOCS3 (p < 0.01), but
no significant alteration was seen in SOCS1.

4. Discussion

In this study, intraperitoneal injections of STZ resulted
in overt hyperglycemia. Kidney weight and renal
index were significantly increased, and renal function
(Cr, BUN, UA) was compromised. Consistently,
mesangial cell proliferation, extracellular matrix
(ECM) accumulation, mesangial expansion, glomerular
hypertrophy, and thickened tubular and GBM were
observed on the renal histopathological pictures of
diabetic rats. These results indicate that the rat model
of DN was successfully established. DJC treatment
resulted in an obvious increase in renal function and
improved associated pathologies, a decrease in renal
index, and a slight reduction in blood glucose, while the
general condition of the animals improved.

Growing evidence demonstrates that chronic
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Figure 5. DJC suppressed JAK/STAT signal pathway in renal tissues of diabetic rats. Total proteins extracted from kidneys
were subjected to Western blot analysis. Densitometry analysis of (A) p-JAK2/JAK2, (B) p-STAT1/STAT1, (C) p-STAT3/STAT3
expression, laser densitometry of the bands was shown in upper panels and this experiment was repeated three times. Densitometry
analysis of (D) SOCS1 and (E) SOCS2 expression. Levels of SOCS proteins were normalized to f-actin. The columns and error bars
represent the mean and SEM (n = 3 per group). *p < 0.05, **p < 0.01, ***p <0.001, vs. DM.

low-grade inflammation resulting from activation by various resident renal cells including monocyte-
of the innate immune system plays a vital role in macrophages, mesangial cells, tubular epithelial cells,
the pathogenesis of DN (/-4). Cytokines, produced podocytes, and endothelial cells, promote glomerular
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hypertrophy, glomerular cell proliferation, ECM
accumulation and increase glomerular filtration rate
(GFR) in early DN (2,3). The glomerular injury
eventually leads to albuminuria and renal failure.
Circulating levels of cytokines (e.g. IL-6, MCP-1,
TNF-a and its receptors TNFR-1 and 2) have been
found correlated with albuminuria and renal function
decline in DN patients (/9). IL-6 has been demonstrated
to play an important role in stimulating mesangial
cell proliferation, promoting ECM accumulation,
and increasing endothelial cell permeability (7,2,20-
22). A significant correlation between IL-6 and ECM
accumulation, GBM thickening, and glomerulosclerosis
was observed in type 2 diabetic patients with overt
nephropathy (22). TNF-a promotes the recruitment of
monocytes and macrophages, stimulates local generation
of reactive oxygen species (ROS), reduces GFR by
hemodynamic changes (23-25), alters endothelial
permeability (2,3,25), and thereby increases albumin
permeability. A variety of chemokines including MCP-
1 can be induced by proinflammatory cytokines such as
TNF-a, IL-6, and interferon-o. (INF-a) (2,26). MCP-1
facilitates the activation of macrophages and monocytes
and their migration to lesions, and induces the expression
of adhesion molecules and other proinflammatory
cytokines (3,26,27). MCP-1 has also been demonstrated
to relate to the progression of glomerular lesions
and deterioration of GFR. In the present study, DJC
significantly suppressed the production of inflammatory
cytokines including IL-6, TNF-a, and MCP-1, whose
promoter regions contain a potential STAT binding
site. Therefore, we subsequently detected whether
the activation of the JAK-STAT signaling pathway is
involved in the anti-inflammatory actions of DJC in
diabetic renal tissues.

JAK?2-STATs signaling is activated in many cell
types exposed to high concentrations of glucose and
the renal cortex in rodent models of early DN (6,7,28).
Upon ligand binding, JAKs become activated, then
phosphorylate and activate STATs. The activated STATs
form dimers and translocate to the nucleus, bind to
specific response elements in the promoters of target
genes, and regulate the expression of target genes
encoding cytokines, chemokines, adherence molecules,
and inducible enzymes such as iNOS and COX-
2. JAK?2 and its downstream signaling components,
STAT1 and STAT3 are required for the production
of iNOS, COX2 and proinflammatory cytokines in
diabetic rat kidneys (6,7). The STAT3 inhibitor, S3I-
201, exhibits an inhibitory effect on renal interstitial
fibroblast activation and interstitial fibrosis (29). In this
study, we found that DJC treatment markedly reversed
JAK2-STAT1/STAT3 activation. These results agree
with previous observations (30,31) and support our
hypothesis that DJC ameliorates STZ-induced renal
inflammatory responses via suppressing the JAK-STAT
signaling pathway.

SOCS is a critical negative regulator of JAK-STAT
signaling. Increased expression levels of SOCS1 and
SOCS3 were detected in the STZ-induced diabetic rat
model, biopsies of patients with DN and renal cells
cultured with high glucose (32-34). SOCS proteins,
which are rapidly induced by cytokines, have been
demonstrated to regulate JAK-STAT signaling through
a classic negative feedback loop (8,9). Lu et al. (35)
reported that Stat3SA/— animals (transgenic mice that
have a reduced capacity for STAT3 activation) with
STZ-induced diabetes presented with less proteinuria,
decreased mesangial cell proliferation and mesangial
expansion in glomeruli, reduced macrophage
infiltration, matrix accumulation and inflammatory
cytokine expression at the early stage of DN. In our
current study, the ability of DJC to inhibit JAK-
STAT signaling was verified by the observation that it
reversed the elevated protein expression level of SCOS-
3 in renal tissues. We also reported a similar result in
mesangial cells stimulated by AGEs (/6). Our results
indicate that the elevated SOCS proteins are involved
in the activated JAK-STAT signaling in diabetic renal
tissues. However, we did not find the obvious inhibition
of SOCS1 by DJC in this study. Collectively, the data
presented here support a novel function of DJC and put
forward a possible molecular mechanism for its action.

Hyperglycemia induces ROS, resulting in oxidative
stress in the kidney. Oxidative stress is thought to
contribute to the occurrence and development of DN
(36,37). Increased ROS interacts with the lipid in cell
membranes and causes subsequent cellular damage
including lipid peroxidation, which, in turn, affect
cellular function. MDA, one of the final products of
LPO, is considered to be a biomarker of oxidative
stress and is induced by excessive ROS. SOD, a major
defender against superoxide, is part of the superoxide
defense system and plays an extremely important role
in protecting all aerobic life-systems from oxygen
toxicity. Under diabetic conditions, the balance between
the oxidant/ pro-oxidant and antioxidant defense
systems is destroyed and manifested as enhanced LPO
and MDA and depletion of the antioxidant defense
system (e.g. decreased SOD), giving rise to rapid
increases in intracellular ROS levels. Antioxidants have
been demonstrated to attenuate renal function decline
and pathological structure in diabetic rats (37,38).
Chronic hyperglycemia generates ROS and oxidative
stress, resulting in the activation of the JAK-STAT
signaling pathway (39,40). Diverse stimuli, including
Ang II, cytokines, AGEs, and hyperglycemia have
been reported to contribute to the development of
DN through a ROS involved JAK2/STATs signaling
pathway (4,39,40). 1t is possible that inhibiting
oxidative stress may suppress the JAK-STAT signaling
cascade (41,42). Therefore, targeting oxidative stress-
induced expression of inflammatory cytokines signaling
via a JAK-STAT dependent mechanism may increase
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the therapeutic effect of DN. As shown in the current
study, diabetic rats exhibited significant oxidative
stress, administration with DJC significantly enhanced
antioxidant capacity and decreased LPO and MDA
content in DN rats, indicating that DJC is capable
of eliminating oxidative stress and the suppression
of JAK-STAT signaling via the antioxidant defense
system.

In conclusion, our results demonstrate that DJC
amelioration of diabetic renal injury and associated
pathology might be due to its antioxidant ability and
suppression of the JAK2-STAT1/STAT3 cascade.
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Summary

Mitochondrial damage is involved in the pathogenesis of osteoarthritis. Metformin, one of
the most common prescriptions for patients with type 2 diabetes, can reportedly activate
Sirtuin 3 (SIRT3) expression which protects mitochondria from oxidative stress. In this study,
we investigated the inhibitory property of metformin on mitochondrial damage by focusing
on the interleukin-1 beta (IL-1p)-stimulated osteoarthritis model by using primary murine
chondrocytes. Our results demonstrated that SIRT3 was downregulated in chondrocytes
under IL-1p stimulation, where its expression was positively correlated with mitochondrial
damage and reactive oxygen species (ROS) production. Metformin treatment upregulated
SIRT3 expression and mitigated loss of cell viability and decreased the generation of
mitochondria-induced ROS in chondrocytes stimulated with IL-1p. Metformin also attenuated
IL-1B-induced expressions of catabolic genes such as matrix metalloproteinase-3 (MMP3)
and MMP13 and enhanced the anabolic indicator Collagen II. These effects were mediated by
phosphatase and tensin homolog (PTEN)-induced putative kinase protein 1 (PINK1)/Parkin-
dependent mitophagy and the autophagic elimination of damaged mitochondria. Further,
the SIRT3 inhibitor 3-TYP effectively inhibited the initiation of mitophagy, as decreased
expression of PINK1 and Parkin, decreased the LC3II/LC3I, enhanced the expression of
MMP3 and MMP13, and decreased the expression of Collagen II. Overall, our findings
provide evidence that metformin suppresses IL-1p-induced oxidative and osteoarthritis-like
inflammatory changes by enhancing the SIRT3/PINK1/Parkin signaling pathway, thereby
indicating metformin's potential in prevention and treatment of osteoarthritic joint disease.

Keywords: Osteoarthritis, mitophagy, SIRT3

1. Introduction

Osteoarthritis (OA) is a common degenerative
joint disease affecting patients worldwide, which is
characterized by articular cartilage degradation and
elevated chondrocyte mortality, in addiction to synovial
inflammation, osteophyte formation and remodeling
of subchondral bone (/). It is well documented that
mitochondrial dysfunction and damages can cause an
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inflammatory response, characterized by interleukin-1
beta (IL-1P) release which is a classic hallmark of OA
chondrocytes (2).

The mitochondria is a membrane-enclosed organelle
that converts nutritional molecules into adenosine
triphosphate(ATP) via oxidative phosphorylation
(OXPHOS) (3). Mitochondria are at the center of
multiple specific pathways in cartilage homeostasis
owing to their central role in catabolic and anabolic
metabolism, generation of reactive oxygen species
(ROS), apoptosis, and signal transduction. OA
chondrocytes demonstrate impaired mitochondrial
function (4) and decreases in mitochondrial biogenesis
and OXPHOS (5).

Protein acetylation in mitochondria typically
promotes decreased mitochondrial integrity and function
(6).The nicotinamide adenine dinucleotide (NAD")-

www.biosciencetrends.com



BioScience Trends. 2018, 12(6):605-612. 606

dependent protein deacetylase, SIRT3 (Sirtuin 3), is the
major mitochondrial protein deacetylase localized to the
mitochondria (7,8), thereby regulating mitochondrial
antioxidant system and OXPHOS (9,10). SIRT3 protects
mitochondria from oxidative stress by deacetylating
superoxide dismutase (SOD2) and mitigates OA
progression (/7).Chen et al. recently showed that
SIRT3 was regulated by AMP-activated protein kinase
(AMPK) activation in human chondrocytes, which
reduced mtDNA*”" deletion and improved mitochondrial
functions (/2). AMPK activator metformin also
increased SIRT3 expression and knockdown SIRT3
by short hairpin RNA (shRNA) transfection mediated
accumulation of oxidative stress (/3). In our study, we
chose metformin to induce SIRT3 expression. Meanwhile
considering metformin is an autophagy-inducing drug
possibly through mitophagy (/4), we investigated
the relationship between SIRT3 and mitophagy using
metformin.

The role of autophagy in human chondrocytes and
the pathophysiology of OA has been elucidated, which
is known to modulate OA-related gene expression and
apoptosis (/5). Mitophagy is the specific autophagic
elimination of damaged mitochondria, regulated by
the kinase phosphatase and tensin homolog (PTEN)-
induced putative kinase protein 1 (PINK1) and the E3
ubiquitin ligase Parkin in many metazoan cell types (/6).
A recent study has shown that loss of Parkin can impair
the elimination of damaged/dysfunctional mitochondria
in IL-1B-stimulated OA chondrocytes (/7). Together,
these data suggest that the functional role of mitophagy
is critical in the pathophysiology of OA.

The relationship between SIRT3 and mitophagy has
been previously reported (/8,79) wherein depletion of
SIRT3 strongly reduced mitophagy. However, to our
best knowledge, the effectiveness of SIRT3-mediated
mitophagy in OA has not yet been investigated. Herein,
we aimed to examine the effects of SIRT3-mediated
mitophagy on IL-1B-induced mitochondrial damage and
inflammatory responses in primary murine chondrocytes
(PMCs).

2. Materials and Methods
2.1. Materials and chemicals

Metformin was purchased from Sigma (St.Louis, USA).
It was dissolved in dimethyl sulfoxide (DMSO) for
the in vitro assay and was stored at a concentration
of 1 M, diluted with Dulbecco's modified Eagle's
medium (DMEM), and a solvent control with DMSO
was performed at no more than 2%o (v/v). 3-TYP was
purchased from Selleck (Shanghai, China) and was
dissolved in DMSO and stored at a concentration of 5
mM.

DMEM/F12 and fetal Bovine Serum (FBS) were
from Gibco BRL (Grand Island, NY, USA). Antibodies

against Parkin, LC3B and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were from Cell Signaling
Technology (Boston, USA). Antibodies against
PINK1, MMP3, MMP13 and Collagen llwere from
Abcam (Cambridge, UK). IL-1p was from Preprotech
(Chicago,USA). Phenylmethylsulfonyl fluoride
(PMSF), ethylenediamine tetraacetic acid (EDTA),
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-tetrazolium
bromide (MTT) and other chemicals were purchased
from Sigma.

2.2. PMC isolation and culture

All experiments with mice were approved by the Ethics
Committee for Animal Research (Zhongshan Hospital,
Shanghai, China). Mouse articular chondrocytes were
isolated from the knee of 6~8-week-old C57BL/6 male
mice. Cartilage was dissected from the joint explant
surfaces and then rinsed with saline. The cartilage
explants were digested overnight at 37°C in 1.5 mg/mL
collagenase II solution (Gibco, CA, USA). The primary
isolated chondrocytes were seeded in flasks after being
filtered through a 70 uM cell strainer. Cells are cultured
in DMEM/F12 (Gibco) with 10% fetal bovine serum
(FBS)(Gibco). Passage 2 was used for experimentation.

2.3. Cell viability assay

Chondrocytes were seeded in 96-well plates. After
stimulation with IL-1B for 24 h in the presence or
absence of different concentrations of metformin, cell
viability was evaluated using the Cell Counting Kit-8
solution (Beyotime, Shanghai, China).

2.4. Detection of reactive oxygen species (ROS)

Intracellular ROS generation was detected by
Cellular Reactive Oxygen Species Detection Assay
Kit (Beyotime). Cells were incubated with 10 uM
2',7'-dichlorofluorescin diacetate (DCF-DA) for 30 min
and then washed with phosphate buffered saline (PBS)
thrice. The fluorescent signals were recorded with a
fluorescent microscope (Olympus, Japan). Six random
fields were selected and quantified and measured by
using the Image J software (National Institutes of Health,
Bethesda, Maryland, USA).

2.5. Protein isolation and western blot analysis

To extract whole-cell proteins, the chondrocytes were
collected, washed thrice with ice-cold PBS, and then
lysed using the cell lysis buffer (25 mM tris-CI [pH
7.5], 250 mM NacCl, 5 mM ethylenediaminetetraacetic
acid, 1%Nonidet-P40, 1 mM phenylmethylsulphonyl
fluoride, 5 mM dithiothreitol, 2X protease and
phosphatase inhibitor [Thermo Scientific, Waltham,
MA, USA]) for 15 min before cell debris were removed
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by centrifugation. The same amounts of protein
(20 pg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked with 5%
non-fat dry milk for 1 h at room temperature and
subsequently probed with primary antibodies overnight
with gentle agitation at 4°C. After washing three times
with Tris-buffered saline containing 0.1% Tween-20
(TBST) for 5 min, the membranes were incubated
with the corresponding horseradishperoxidase-linked
secondary antibodies (Proteintech, Wuhan, China) for 1 h
at room temperature. The membranes were visualized by
enhanced chemiluminescence (ECL) solution (Epizyme
Bio, Shanghai, China) and the density of each band was
measured on the Tanon Imager 4600 system (Tannon,
China) and quantified by Image J software.

2.6. Gene expression analyses by Real-time Quantitative
Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted using the TRIZOL reagent
(Sigma, St. Louis, USA). cDNA was synthesized using
1 ug RNA isolated from mice articular chondrocytes
with the First Strand cDNA synthesis kit (Takara,
Dalian, China) according to the manufacturers'
recommendations. Quantitative PCR analyses were
performed using SYBR Green qPCR master mix
system (Takara, Dalian, China) according to the
manufacturers' recommendations. The target genes
expressions were normalized to the mRNA levels
of the housekeeping gene GAPDH. The following
conditions were used for PCR amplification: incubation
for 10 min at 95°C followed by 40 amplification cycles
of 15 s of denaturation at 95°Cfollowed by 45 s of
annealing-elongation at 60°C. Primers used for qPCR
analysis are as follows GAPDH forward primer:5'-
AGGTCGGTGTGAACGGATTTG-3', reverse primer:
5'-TGTAGACCATGTAGTTGAGGTCA-3'; SIRT3
forward primer: 5'-ATCCCGGACTTCAGATCCCC-3',
reverse primer: 5'-CAACATGAAAAAGGGCTTGGG-3'".

2.7. Mitochondrial specific fluorescence staining

MitoTracker™ Green FM (M7514, ThermoFisher)
is a mitochondrial membrane potential independent
mitochondrial staining regent. The experiment was
performed according to the manufacturer's protocol.
Mitochondria were observed under fluorescence
microscopy.

2.8. Immunofluorescence staining

Chondrocytes were inoculated on the culture slide
(Corning, Corning, NY, USA) to facilitate microscopic
observation. After 4% paraformaldehyde fixation, 0.5%
Triton X-100 permeabilization and serum blocking

overnight, cells were incubated with the rabbit polyclonal
anti-LC3B antibodies (1:200) (CST) at 4°C overnight
and then incubated with rabbit IgG (H+L) secondary
antibodies (Alexa Fluor 555, 1 : 1000) (Invitrogen) at
room temperature for 1 h. The fluorescent signals were
recorded with a fluorescent microscope (Olympus,
Japan).

2.9. Statistical analysis

All experiments reported in this study were replicated in
six independent experiments. The results are presented
as the mean + SD. All data analyses were performed
using GraphPad Prism 7 software (GraphPad Software
Inc., San Diego, CA, USA). Statistical significance
was assessed by unpaired #-test (between two groups)
and one-way analysis of variance followed by least
significant difference (LSD) test (among multiple
groups). A P value of < 0.05 was considered statistically
significant.

3. Results

3.1. IL-1p reduces chondrocyte viability and metformin
prevents it

In the present study, IL-1B (20) significantly reduced
chondrocytes viability in a dose dependent manner
(Figure 1A). There was nearly a 40% decrease in cell
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Figure 1. Effects of IL-1p and metformin on cell viability.
(A) Cell Counting Kit-8 (CCK-8) results of primary murine
articular chondrocytes treated with different concentrations
of IL-1B (0, 0.3, 1, 3 10 and 30 ng/mL) for 24 h. (B) CCK-8
results of metformin-pretreated (0, 0.1, 0.2, 0.5, 1 and 2 mM)
chondrocytes stimulated by 10 ng/mL IL-1f. The data in the
figures represent the averages + SD. Significant differences
between groups are indicated as *P < 0.05 compared to group
NC; #P< 0.05 compared to the cells treated with IL-1B (n = 6).
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Figure 2. Effects of IL-1p and metformin on the expression of SIRT3. (A) Chondrocytes were incubated with IL-1f (0, 0.3,
1, 3, 10 and 30 ng/mL) respectively, the expression of SIRT3 proteins were detected by Western blotting. (B) Chondrocytes were
incubated with IL-1f (0, 0.3, 1, 3, 10 and 30 ng/mL) respectively, the level of relative mRNA expression of SIRT3 were detected
by qPCR. (C) After metformin treatment (0, 0.1, 0.2, 0.5, 1 and 2 mM) for 24 h, the expression of SIRT3 proteins were detected
by Western blotting. (D) Chondrocytes were incubated with 1mM metformin for 0, 4, 8, 12, 24 or 48 h respectively, the expression
of SIRT3 proteins were detected by Western blotting. The data in the figures represent the averages + S.D. Significant differences
between the treatment and control groups are indicated as *p < 0.05, n = 6.

viability after treatment with 30 ng/mL IL-1 compared
with the control group (p < 0.01). Metformin alone did
not exhibit any toxic effects on cells (data not shown). In
the presence of metformin, IL-1B-induced cell toxicity
was reduced by different concentration of metformin
(Figure 1B).

3.2. SIRT3 is downregulated in chondrocytes stimulated
with IL-1f, and metformin can activate SIRT3
expression

To investigate the effect of IL-1P on the expression of
SIRT3, the level of SIRT3 expression was detected by
western blotting and qRT-PCR assays in chondrocytes
stimulated with different concentration of IL-1p.
As shown in Figure 2A-B, the expression of SIRT3
decreased in a dose dependent manner. We also
detected whether SIRT3 expression was regulated
by metformin in chondrocytes, the cells were treated
with different concentrations or with 1 mM metformin
for different time points as shown in Figure 2C-D.
Metformin increased the expression of SIRT3 in a

concentration- and time-dependent manner. We found
that treatment with 1 mM metformin for 24 h resulted
in autophagy activation reaching its highest point.
According to these findings, the concentration of
metformin was chosen as 1 mM and treatment course
as 24 h for subsequent studies.

3.3. Metformin ameliorates IL-1B-induced oxidative
stress in chondrocytes

As oxidative stress also plays a critical role in the
progression of OA (27), we performed ROS staining
assay and mitochondrial membrane potential detection
in chondrocytes treated by IL-1p and metformin to
confirm whether metformin could alleviate IL-1p-
induced mitochondrial stress. As shown in Figure
3, pretreatment with metformin could significantly
decrease IL-1pB-induced ROS production and rescue
downregulated mitochondrial membrane potential.

3.4. Effect of metformin on mitochondrial function
regulators in chondrocytes
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Figure 3. Metformin treatment reduces chondrocytes oxidative stress and decreases mitochondrial membrane potential. (A)
ROS measurement was described as the fluorescence intensity imaged by fluorescence microscopy. (B) Mitochondrial membrane
potential was described as relative mean fluorescence intensity of Green/Red. The data in the figures represent the averages + S.D.
Significant differences between groups are indicated as *p < 0.05 compared to group NC; #p < 0.05 compared to the cells treated

with IL-1f (n = 6).
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Figure 4. Effect of metformin on mitochondrial function regulators in chondrocytes. (A)The protein expression of PGC-1a,
MEFNI1, MFN2, Drpl in chondrocytes treated with different concentration of metformin (0, 0.1, 0.2, 0.5, 1 and 2 mM) for 24 h. (B)
Relative level of PGC-1a, relative level of MENT, relative level of MFN2, relative level of Drpl. The data in the figures represent
the averages = S.D. Significant differences between the treatment and control groups are indicated as *p < 0.05, n = 6.

To confirm the effect of metformin on mitochondrial
functional statement, we screened the change of
mitochondrial fission and fusion-related protein
including peroxisome proliferator-activated receptor
gamma coactivator 1 Alpha (PGC-1a), mitofusin
I(MFN1), mitofusin 2(MFN2), dynamin-related
protein 1(Drpl) (Figure 4). We found that the levels
of PGC-1a and MFN2 protein expression increased
in a concentration-dependent manner after metformin
treatment while the level of Drpl decreased. These
findings indicated metformin promoted mitochondrial
fusion and inhibited mitochondrial fission which
elevated mitochondrial quality.

3.5. Metformin promotes PINKI/Parkin-mediated
mitophagy in chondrocytes

To investigate the effect of metformin on autophagy,
the expression of SIRT3, PINKI1, Parkin and LC3B
was detected by western blotting. As shown in Figure
5A, the expression of SIRT3 decreased in chondrocytes
stimulated with IL-1B. Metformin upregulated the

expression of SIRT3, PINK1, Parkin and the ratio of
LC3II/LC3I under inflammatory cytokines stimulation.

To further confirm the effect of metformin on
mitophagy, MitoTracker Green staining and LC3B
immunofluorescence staining were used to detect
mitophagy. Metformin significantly increased co-
localization of autophagosome with mitochondria,
as evidenced by the merged fluorescent signaling of
LC3B and MitoTracker (Figure 6B). Taken together,
these data suggest that metformin stimulates mitophagy
by activating mitochondrial PINK1/Parkin signaling
pathway in OA chondrocytes.

3.6. SIRT3 inhibitor 3-TYP inhibits SIRT3-mediated
PINK1/Parkin-dependent mitophagy in chondrocytes

We further investigated the effect of SIRT3 inhibitor
3-TYP on mitophagy for the study of mechanisms
involved in the SIRT3-mediated PINK1/Parkin-
dependent mitophagy. Western blotting results showed
pretreatment of 3-TYP inhibited the increase of PINK1,
Parkin and the ratio of LC3II/LC3Ias compared to
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Figure 5. Metformin promotes PINK1/Parkin-mediated
mitophagy in chondrocytes. (A) After 10 ng/mL IL-1f
treatment with or without metformin for 24 h, the expression
of SIRT3, PINK1, Parkin and LC3B were determined by
Western blot analysis. (B) Representative colocalization
images of LC3B immunofluorescent (green) and mitochondria
(MitoTracker Green). Chondrocytes were pretreated without or
with IL-1f for 1 h, followed by incubation with metformin for
another 24 h.

chondrocytes treated with metformin alone (Figure
6).These results indicated that SIRT3 may serve as
a upstream regulator of the PINK1/Parkin/LC3B
pathway.

3.7. SIRT3/PINK 1/Parkin signaling pathway is involved
in the pathogenesis of OA

To confirm the protective effect of SIRT3-mediated
mitophagy in chondrocytes, we screened the expression
of OA markers-MMP3, MMP13 and collagen II-when
chondrocytes were treated with IL-1B. As shown in
Figure 7, immunoblotting revealed that inflammatory
cytokine IL-1f increased matrix degrading enzymes,
MMP3 and MMP13 and decreased collagen II, as
compared to the levels in vehicle-treated chondrocytes.
However, metformin reversed the inflammatory
response caused by IL-1B, which was dented by
SIRT3 inhibitor 3-TYP. These findings illustrated that
the inhibition of SIRT3 enhanced the chondrocyte
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Figure 6. SIRT3 inhibitor 3-TYP inhibits SIRT3-mediated
PINK1/Parkin-dependent mitophagy in chondrocytes.
After 1 h of pretreatment without or with3-TYP (50 uM),
chondrocytes were treated with metformin for another 24 h.
The expression of PINK1, Parkin and LC3B was detected by
Western blotting.
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Figure 7. Effects of activation of mitophagy mediated by
SIRT3 on ECM catabolism and anabolism balance. After 1
h of pretreatment without or with3-TYP (50 uM), chondrocytes
stimulated with IL-1B were treated with metformin for another
24 h. The expression of MMP3, MMP13 and Collagen IIwas
detected by Western blotting.

pathological phenotype via the PINK1/Parkin-
dependent mitophagy.

4. Discussion

OA is a common disease that shows increasing
incidence with age. Chondrocytes, which are the only
cell type found in articular cartilages, maintain the
dynamic balance between synthesis and degradation of
ECM (22). Inflammatory cytokines, especially IL-1,
were upregulated in OA joints and have been showed to
decrease the production of type II collagen and increase
the levels of cartilage matrix degrading proteases in
chondrocytes (20). Therefore, IL-1p is often used to
mimic pathological conditions and establish an in
vitro OA model. Previous studies have shown that
stimulation of primary murine chondrocytes with IL-
1B result in loss of mitochondrial membrane potential,
significant increase in mitochondrial ROS levels, and
chondrocyte death (/7). Mitochondria dysfunction is
tightly associated with oxidative stress. Therefore, we
sought to establish the role of mitophagy in eliminating
dysfunctional mitochondria and its impact on ROS
level and chondrocyte-specific anabolic and catabolic
balance under IL-1f stimulation in this study.

In this study, we investigated the role of SIRT3
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on mitophagy in OA. We found that SIRT3-meidated
mitophagy exerted a potent protective effect against
OA progression. These beneficial effects may be the
result of specific autophagic elimination of damaged
mitochondria.

In our study, we found that SIRT3 was decreased
in IL-1pB stimulated chondrocytes, where its expression
was positively correlated with mitochondrial damage
and ROS production. The results that IL-1p promoted
generation of ROS in chondrocytes were consistent
with the phenomenon that the accumulation of ROS
was elevated in degenerated articular cartilage in vivo
(23). We also found that metformin treatment elevated
SIRT3 expression in chondrocytes. Furthermore,
metformin treatment mitigated the loss of chondrocytes
viability caused by IL-1p. We also demonstrated that
metformin activated SIRT3/PINK1/Parkin pathway
could reverse the increased ROS level and loss of
AYM. Consistent with our results, studies have also
shown that Parkin-mediated mitophagy may eliminate
damaged mitochondria and decrease the level of ROS in
human umbilical vein endothelial cells and fibroblasts
(24,25).

We also investigate the effect of metformin on
mitochondrial dynamics. The dynamic balance of
mitochondrial fusion and fission is critical in the
maintenance of mitochondrial membrane potential and
function. We found that 24 h of metformin treatment
promoted fusion level and suppressed fission level in
chondrocytes. Metformin significantly enhanced the
mitochondrial fusion level and restored its normal
function.

Mitophagy recently emerged as an important
mechanism that controls mitochondrial quality. and as
a cytoprotective mechanism to maintain mitochondrial
homeostasis and cell survival under conditions of stress
(26). We found that PINK1/Parkin was elevated in IL-
1B stimulated murine chondrocytes. We considered
the upregulation of PINK1/Parkin as a chondrocytic
response to combat pathological conditions. When
metformin-mediated SIRT3 was elevated, the
PINK1/Parkin pathway was more enhanced, and the
immunofluorescence staining results showed enhanced
mitophagy in metformin-treated and inflammation-
stimulated chondrocytes as compared to the IL-1f3
group, indicating that the SIRT3 regulated mitophagic
activity in OA chondrocytes eventually helped to
eliminate damaged mitochondria.

One of the critical events during OA is the loss of
chondrocyte cellularity within the articular cartilage.
This phenomenon can disrupt the balance between
catabolic and anabolic processes and consequently
destroy the cartilage. In our studies, metformin
abolished IL-1B-induced ECM catabolism by inducing
mitophagy related to the activation of the SIRT3/
PINK1/Parkin signaling pathway. SIRT3 inhibitor
3-TYP effectively enhanced the expression of MMP3

and MMP13 and decreased the expression of collagen
II. Thus, we speculate this effect of metformin
on chondrocyte ECM balance may depend on the
activation of PINK 1/Parkin-mediated mitophagy.

In conclusion, our data reveals that SIRT3
expression is associated with the progression of OA,
it is also involved in the clearance of dysfunctional
mitochondria via mitophagy in chondrocytes.
Metformin could suppress IL-1B-induced oxidative
stress via the activation of the SIRT3/PINK1/Parkin
signaling pathway. Thus, mitophagy may become
a therapeutic target for OA. Finally, owing to the
association between mitophagy and OA, a wide range
of drug screening targeting mitophagy may support
clinical treatment of OA.
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Summary

To assess the predictive value of integrating multiple of the median (MOM) with the risk cut-
off value for serological screening of Down syndrome. In this retrospective study, women with
singleton pregnancies who underwent triple serological screening for Down syndrome were
followed, and their screening results and pregnancy outcomes were recorded. The range of
MoM value of each indicator was calculated, different protocols integrating various MoM
values with the risk cut-off value were compared. A total of 120,269 women with singleton
pregnancy were screened and included in the analysis, of those 52 fetuses were confirmed as
trisomy-21 by amniocentesis chromosomal karyotyping. Using a risk cut-off value of 1:380,
8,809 samples tested positive and the screen positive rate was 7.32% (8,809/120,269). The
normal reference ranges (5-95%) of the MoM value of AFP, B-hCG, and uE3 were 0.60-1.72,
0.43-2.21 and 0.60-1.58, respectively. The detection rate of each screening protocol integrating
different MoM percentile values was between 75% and 79%, the positive rate was between 7%
and 18%, and the false positive rate was between 7% and 18%. Protocol-6 which combined
the screening risk cut-off value and f-hCG MoM > 97.5% percentile is an optimal protocol
with a relatively high detection rate (78.8%) and low false positive rate (8.2%). Integrating
MoM values of serological indicators can appropriately increase detection rate when
interpreting the results of Down syndrome screening.

Keywords: Down syndrome, serological screening, multiple of the median, prediction

1. Introduction

Down syndrome, also known as trisomy-21 syndrome,
is the most common aneuploid type with a reported
incidence between 1/1000 and 1/650 (/,2). Serological
screening is widely used in prenatal screening for
Down syndrome for fetal risk assessment (3). For cases
with high-risk serological screening results, further
prenatal diagnosis is recommended for confirmation.
The serological screening mainly includes quadruple
test [AFP (alpha fetoprotein), f-hCG (human chorionic
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gonadotropin), uE3 and Inh-A (Inhibin-A)] and triple
test (AFP, B-hCG and uE3) in the second trimester, and
the latter is widely used in China (4).

Multiple of the median (MoM) value is referred
to as the ratio of the actual measured value of the
three markers over the normal median value of
the corresponding gestational weeks (days). When
interpreting the results of Down syndrome screening,
there are different notions on whether or not to include
MoM values of each serological indicator and no
consensus has been reached yet. Some researchers
suggest that AFP MoM < 0.5 and -hCG MoM>2.5 can
be used as suitable cut-off values for screening Down
syndrome pregnancy (5). And others only use median
of MoM (mMoM) as a quality control measure but do
not include in the screening criteria (6-8). From our
clinical experiences, we have found that MoM value
has certain clinical significance. In this retrospective

www.biosciencetrends.com



BioScience Trends. 2018, 12(6):613-619. 614

study, we mainly aimed to evaluate the clinical value
of integrating different MoM percentile values with the
risk cut-off value for serological screening of Down
syndrome.

2. Materials and Methods
2.1. Study population

This retrospective study was conducted at the Obstetrics
and Gynecology Hospital of Fudan University. A total
of 122,671 pregnant women who underwent second
trimester (14 weeks™ to 21 weeks ™) triple serological
test (AFP, B-hCG, and uE3) for Down syndrome
screening during the period of June 2007 to July 2016
were included. Of those women, 120,269 women
were with singleton pregnancy. Gestational week was
confirmed with the last menstruation period and fetal
crown-rump length (CRL). The pregnancy outcome of
all those women was followed up.

The study protocol conformed to the ethical
guidelines of the 2000 Declaration of Helsinki and was
approved by the institutional review board at Obstetrics
and Gynecology Hospital of Fudan University. Oral
informed consent was obtained from all participants.

2.2. Serological screening

For each pregnant woman, 2 ml of maternal peripheral
blood was extracted, and conserved at 4°C after
separation of serum. Serological markers (AFP,
B-hCG and uE3) were detected within 3 days using
chemiluminescent immunoassay (9). Instruments and
reagents were provided by BECKMAN COULTER
(USA). Chemiluminescence detection was performed
using Beckman Coulter Access2 Automatic
Immunoassay System (BECKMAN COULTER, USA)
according to the manufacturer's instructions.

After chemiluminescent immunoassay, TCsoft
prenatal screening software was used to calculate the
screening risk. Values included in the software were
serological markers (AFP, B-hCG and uE3), birthday of
the mother, gestational weeks, height, weight, history
of pregnancy, and fetal numbers (/0). It automatically
calculated the risk of Down syndrome, Open spina
bifida (OSB) and Trisomy 18 syndrome (Final risk
= age related risk* AFP likelihood ratio* B-hCG
likelihood ratio* uE3 likelihood ratio). Using the
software, the cut-off value for Down syndrome risk was
set at 1:380 (/7).

2.3. MoM calculation and correction for each
serological marker

MoM value is the ratio of the actual measured value of
the indicator to the normal median of the gestational
weeks (days). In order to eliminate the influence of

gestational weeks on markers when calculating the
screening risk of Down syndrome, the MoM values of
various serological indicators were calculated (/2). In
addition, a quality control system based on the mMoM
was utilized to control the quality of the prenatal
screening for Down syndrome. The ideal mMoM value
should be within the range of 1.0 £ 0.05 (7,8). The
mMoM values of the three markers (AFP, B-hCG, uE3)
in our hospital in the last decade were 0.83, 1.00, and
1.00 respectively. The mMoM value of the AFP marker
was significantly off 1.00 (median = 0.83, range: 0.73-
0.94). In order to control for systematic error, all MoM
AFP values were divided by 0.83 to correct for this
deviation (6,13).

2.4. Statistical analyses

Mean and standard deviation (SD) were calculated
for continuous variables, and were compared using
Student's ¢ test. Number and frequency were calculated
for categorical variables, and were compared using
Chi-square tests. Wilcoxon rank sum test was used
to compare MoM values of each serological marker.
Positive rate (screening positive cases/total cases),
detection rate (true positive cases detected/true positive
cases total), false positive rate (false positive cases/true
negative cases total), positive predictive value (true
positive cases detected/total positive cases detected)
were calculated for each screening protocol.

All above analyses were two sided and were
performed by SPSS 16.0 for Windows (SPSS Inc.,
Chicago, IL, USA). A P value of < 0.05 was considered
statistically significant.

3. Results
3.1. Population characteristics

A total of 120,269 women with singleton pregnancies
were included in the final analysis. Of those
screened, 52 fetuses were confirmed as trisomy-21
by chromosomal karyotyping during amniocentesis
or blood test after birth. The prevalence rate of Down
syndrome in our population was 0.04% (52/120,269).
Table 1 shows the population characteristics of the two
groups. Compared to women without Down syndrome
pregnancies, the average age of pregnant women in the
Down syndrome pregnancy group was significantly
older (31.15 £ 4.17 vs. 29.23 £ 3.44, P < 0.05). There
was no statistically significant difference in weight,
gestational age, smoking and gestational diabetes status
between the two groups (P > 0.05 for all).

3.2. Results of screening and follow-up outcome

As shown in Table 2, using a risk cut-off value of
greater than 1:380 (//,13), 8,809 samples tested
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Table 1. Characters of the Down syndrome pregnancy group and the group without Down syndrome pregnancy

Items Down syndrome pregnancy group (N = 52) Control group (N =120,217) P
Age (years), Mean + SD 31.15+4.21 29.23+3.44 <0.001
AMA
Yes 8 6,324 0.001
No 44 113,875
Weight (kg) 57.32+7.77 57.91 + 8.88
Gestational age (weeks) 16.65 +0.99 16.89 +1.27 0.63
Smoking 0.18
Yes 1 1,692 0.75
No 51 118,525
GDM
Yes 0 533 0.63
No 52 119,684

AMA, advanced maternal age, defined as > 35 years of age; GDM, gestational diabetes mellitus; SD, standard deviation.

Table 2. Second trimester serological screening results of
Down syndrome

Down syndrome Control

Screening Total
pregnancy group group

Positive (> 1:380) 39 8,770 8,809

Negative (< 1:380) 13 111,447 111,460

Total 52 120,217 120,269

Table 3. Percentile distribution of the MoM values of each
indicator in 120,269 samples

Percentile (%) AFP MoM B-hCG MoM uE3 MoM
2.5 0.550 0.357 0.540
5 0.604 0.426 0.603
50 0.995 0.994 0.999
95 1.719 2.213 1.576
97.5 1.930 2.603 1.718

AFP, alpha fetoprotein; B-hCG, human chorionic gonadotropin;
MoM, multiple of median.

positive among 120,269 samples and the screen positive
rate was 7.32% (8,809/120,269). Of the 8,809 samples,
39 (39/8,809, 0.4%) cases of Down syndrome were
confirmed. Among the screening negative women, 13
were false negative cases classified using serological
screening risk cut-off value of Down syndrome.

3.3. Distribution of MoM values for each indicator

Table 3 lists the different percentile distributions of
the MoM values for each indicator. Compared to the
control group, the Down syndrome pregnancy group
had a higher B-hCG value, but lower AFP and uE3
values (P < 0.05 for all).

3.4. Down syndrome cases

Among the 52 women with Down syndrome
pregnancies, one was a smoker, while none of them
had gestational diabetes. Ten cases (10/52, 19.23%)
were delivered, while 42 cases (42/52, 80.77%) were

confirmed by amniocentesis chromosomal karyotyping
and underwent induced labor. Eight of the 10 (8/10,
80%) live birth Down syndrome cases were screened as
low risk using the risk cut-off value of less than 1:380,
another 2 (2/10, 20%) cases were classified as high
screening risk but refused amniocentesis. The detailed
information of 10 cases of live birth Down syndrome
cases is presented in Table 4.

Thirty-seven of the 42 (37/42, 88.10%) cases
that underwent induced labor were screened as high
risk (risk cut-off value of > 1:380) and received
amniocentesis chromosomal karyotyping; another
5 cases (5/42, 11.90%) were screened as low risk
using the risk cut-off value of less than 1:380 but
ultrasonographic screening indicated fetal abnormality,
and were then confirmed by amniocentesis
chromosomal karyotyping (Table 5). In total, twenty-
six of the 52 (26/52, 50%) confirmed cases were
detected with soft ultrasound markers for Down
syndrome, including 6 cases of absent or hypoplastic
nasal bone, 6 cases of nuchal fold thickness > 6
mm, 5 cases of ventricular septal defect, 3 cases of
ventriculomegaly, 2 cases of dilation of the renal
pelvis, and 4 cases with multiple risk markers.

3.5. False negative cases

Among the confirmed 52 Down syndrome cases, 13
(13/52, 25%) were classified as false negative cases
using serological screening of Down syndrome. The
information of these 13 cases is shown in Table 6. The
average age of the false negative cases was less than 35
(mean =29.97, SD =2.96). The risk of Down syndrome
was between 1:1423 and 1:475. The MoM value of AFP
was less than 0.7 for 4 cases, the MoM value of B-hCG
was more than 2.0 for 2 cases, and the MoM value of
uE3 was less than 0.7 for 2 cases. Five of the 13 (5/13,
38.46%) false negative cases underwent amniocentesis
chromosomal karyotyping after ultrasound indication
of fetal anomalies and then underwent induced labor,
while the other 8 cases were delivered.
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Table 4. Information of the 10 live birth Down syndrome cases

Clinical information

Gestational age ~ Weight  Down syndrome  Maternal

uE3

AFP B-hCG
MoM

Case

Weight of  Chromosome  Outcome

Sex of
newborn

Delivery

Gestational age
at delivery (week)

Ultrasound

risk age (year)

(kg)

(week)

MoM MoM

Number

examination

newborn (g)

mode

Live

Trisomy-21
Trisomy-21
Trisomy-21
Trisomy-21
Trisomy-21
Trisomy-21
Trisomy-21
Trisomy-21
Trisomy-21
Trisomy-21

3065
3450
3660
2380

Male

CS

37.1

Nasal bone hypoplasia
Ventricular septal defect

35.55
30.35

345
508

66
57
66
55
63

15.4

0.93
0.65
0.72
0.94
0.84
0.83
0.99
0.79

1.1

0.62
1.03
1.18
1.01
0.59
0.63
0.75
0.87
0.88

1.11

Live

Male

VD
VD

382

154

1.47
1.37
091

2.5

Live

Male

39.5

31.85
26.58

730

15.4

Dead

Male

CS

36.3

Placental previa

3601

15.6

1795 Dead
2530

Male
Female

VD

322

26.66
23.89

169
435

16.3

Live

VD

374

54
49

16.1

1.69
1.05
1.26
1.99
1.06

Live

3120
3010

Female

CS

383

34.49
34.48
29.53

754
391
787

16.1

Live

Female

CS

37.6

Breech fetus

50
72
53

17.6

Live

Female 4050

VD

40.0

17.6

1.06
0.65

Live

2830

Male

CS

Breech fetus 37.6

29.23

1380

17.6

10

AFP, alpha fetoprotein; B-hCG, human chorionic gonadotropin; CS, cesarean section; MoM, multiple of median; VD, vaginal delivery.

Table 5. Down syndrome screening results and pregnancy

outcomes

Items Induced labor Delivery Total
High risk (< 1:380) 37 2 39
Low risk (> 1:380) 5 8 13
Total 42 10 52

3.6. Comparison of different screening protocols

We integrated the risk cut-off value with different
combinations of the serological marker MoM percentile
values to form different screening protocols, and
summarized positive rate, detection rate, false positive
rate, and positive predictive value of each protocol
(Table 7). In general, integrating the risk cut-off value
with different MoM percentile values of each indicator
improved the detection rate of Down syndrome up to
79%.

Generally, the positive rate and false positive rate for
most of the screening protocols were below 20%. It is
observed that two protocols (3 and 6), which combined
the screening risk and serological B-hCG MoM value,
increased the detection rate to almost 80% while did not
significantly increase the positive rate and false positive
rate (both below 10%).

4. Discussion

The diagnosis of Down syndrome is mainly dependent
on invasive prenatal examination and postpartum
chromosome examination. The reported pregnancy
loss rate for invasive prenatal diagnosis is between
0.3% and 1%, and varies depending on the skill and
experience of the operators and specialist centers
(14). Therefore, it is necessary to improve the
detection rate of prenatal screening and reduce the
false positive rate, thus reducing the invasive prenatal
diagnostic procedure. Current prenatal screening
is divided into early pregnancy screening and mid-
pregnancy screening, based on the conditions and initial
diagnostic time window of the medical institutions
where the pregnant woman receives prenatal care.
During the early pregnancy (11 weeks to 13" weeks),
evaluation of Down syndrome risk is often based on
the comprehensive analysis of maternal age, fetal
neck translucency (NT) thickness, serum B-hCG and
pregnancy-associated plasma protein A (PAPP-A). The
detection rate of early pregnancy screening is between
80% and 82%, with a false positive rate of 3% (/4).
During the second trimester, serological triple (AFP,
B-hCG, uE3) or quadruple (AFP, B-hCG, uE3 and Inh
A) test integrating computation of maternal age risk
is commonly used. Studies from other countries have
reported that the quadruple test performed better than
the triple test, with a detection rate close to 80%, and a
false positive rate of 3% (15, 16). However, in most parts
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of China, early pregnancy screening rate is low because
of missing time or technical limitations (/7). The main
method of screening fetal chromosomal abnormality in
China is serological triple test, and further diagnostic
procedures are recommended for high-risk pregnant
women. Down syndrome screening in second trimester
is a simple procedure with relatively low cost, which can
be widely applied in China especially in less developed
and resource limited regions.

It was reported that in the early time of second
trimester, the AFP value of normal pregnant women
had increased by 15-20% per week, serum uE3 value
had increased by 20-25% per week, while serum B-hCG
had decreased from the peak at 15 weeks and decreased
slowly after 20 weeks (/8). An early study reported that
the AFP MoM of Down syndrome pregnancy was under
1.0 (19). A subsequent study found that the serum B-hCG
of Down syndrome pregnancy was more than twice that
of normal pregnancy, and the uE3 value was lower than
normal pregnancy (20). Similarly, our data showed that
the values of both AFP MoM and uE3 MoM decreased,
while the value of B-hCG MoM increased. It is important
to consider the serological screening test results, since
clear deviations from the normal range also indicate
an increased risk of chromosome abnormality. In our
study, the screening risk of all 13 false negative cases
were below the cut-off value (1:380); however, MoM
values of some cases deviated significantly from the
normal range. For example, the AFP MoM value of case
number 4 was 0.52 (< 97.5%), the B-hCG MoM value of
case number 5 was 3.68 (> 97.5%); and for case number
13, the AFP MoM value was 0.46 (< 97.5%) and the
B-hCG MoM value was 3.68 (> 97.5%). Therefore, the
MoM value of the serological markers should be taken
into consideration when interpreting Down syndrome
screening report, which could reduce the occurrence of
false negative cases.

MoM values provide a simple way to compare the
deviation of an individual from the overall population.
When using software to calculate Down syndrome risk,
the level of serological markers in pregnant women was
correlated with their race, age, gestational age, weight,
diabetes and smoking, and the correction of gestational
age and weight is most significant (27). Several
regression equations have been developed for risk
estimate correction (6,73,22). In our hospital, gestational
age was corrected by ultrasonographic measurements,
and weight was corrected by the reciprocal correction
equation (22).

Both the positive rate and false positive rate increase
with the increase of detection rate, which may lead to
unnecessary invasive prenatal diagnostic procedures.
Generally, the positive rate and false positive of an
optimal screening protocol should be below 10%. It
is observed that protocol-3 and protocol-6 combining
screening risk and different serological B-hCG MoM
values (protocol-3: screening risk > 1:380 and B-hCG

MoM value more than 2.213; protocol-6: screening
risk > 1:380 and f-hCG MoM value > 2.603) increased
the detection rate up to almost 80% while did not
significantly increase the positive rate and false positive
rate. It is of significant importance to incorporate
ultrasound screening findings when interpreting
serological examination results, so as to improve the
detection rate of Down syndrome. As shown among
the 13 false negative cases (Table 6), 6 cases showed
abnormal soft indexes of ultrasound, including NF
thickened, nasal bone hypoplasia, cardiac abnormalities,
and head edema.

With the advancement of non-invasive prenatal
testing technology, more and more pregnant women
have chosen non-invasive prenatal testing (NIPT) to
screen for fetal chromosome abnormalities (23). NIPT
has the advantage of high accuracy and noninvasiveness
(23). An increasing amount of data has shown that
NIPT can be used in medium risk groups as stated
by the International Society for Prenatal Diagnosis
(24). In economically developed regions, for pregnant
women with critical Down syndrome screening risk
or abnormal serological indicator MoM values, using
NIPT is advantageous. But in less developed regions,
traditional Down syndrome screening remains the
main method for chromosome abnormality screening.
Therefore, choosing an appropriate screening protocol
is particularly important. The detection rate of our
protocol-3 and protocol-6 was close to 80%, in
combination with prenatal ultrasound screening, and can
detect most Down syndrome pregnancies.

As a routine method of prenatal examination in
China, the Down syndrome triple serological screening
test has the advantages of efficiency, economy and
convenience. The main purpose of this study was to
incorporate different MoM values of serological markers
into the existing Down syndrome screening test, so as
to increase the efficiency of Down syndrome screening.
Our study with a relatively large sample size utilizing
data from the last decade in our hospital showed a
similar positive rate, detection rate and false positive
rate to reports from other countries and regions (25,26).
Protocols (protocol-3 and protocol-6) which combined
serum B-hCG MoM value > 95% (2.213) or > 97.5%
(2.603) with the traditional screening risk showed high
detection rate, low positive rate and false positive rate,
and could increase the efficiency. However, the results
need to be further evaluated in a validation study. In
addition, the overall incidence rate of Down syndrome
was lower in our dataset, which may be related to a pre-
selection of pregnant women in our hospital.

In conclusion, the efficiency of combining screening
risk with serological marker MoM values to screen for
Down syndrome needs to be prospectively evaluated in
different centers with large sample sizes. Selection of
an optimal screening protocol should be based on the
population characteristics of each center.
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Summary

Surgical treatment for intra-abdominal/retroperitoneal desmoid-type fibromatosis (IA/
RPDF) is still controversial. Studies regarding en bloc resection in IA/RPDF with adjacent
organ involvement are scanty. This study aims to evaluate the safety and effectiveness of en
bloc resection in IA/RPDF with adjacent organ involvement. This retrospective clinical study
included 21 patients who were diagnosed with IA/RPDF and underwent tumor resection
at a single center between March 2013 and June 2018. All patients included in the study
underwent surgery with curative intent, and IA/RPDF with adhesive organs was removed en
bloc. The safety of surgical treatment was verified by the analysis of intraoperative bleeding,
postoperative morbidity and perioperative mortality. The efficacy of surgical treatment was
evaluated based on the status of tumor infiltration of adjacent organs and patient follow-up
results. Complete macroscopic (R0 or R1) resection was achieved in all cases. A median of 2
(range, 1-7) organs were resected. The median operating time was 300 (90-650) minutes. The
median intraoperative bleeding was 300 (20-4,500) milliliters. For postoperative pathological
diagnosis at our center, tumor infiltrated at least one organ in each patient. Infiltration was
noted in 45 resected organs (45/57, 78.9%). Grade III-V postoperative morbidity developed
in one patient (4.8%). During the follow-up, one patient developed local recurrence. No DF-
related death was noted during the follow-up. The 3-year disease-free survival rate was 94.1%
(95% confidence interval: 83.6-100%). Therefore, en bloc resection of the tumor and involved
adjacent organs is a safe and effective treatment modality for IA/RPDF.

Keywords: Desmoid-type fibromatosis, retroperitoneum, surgery

1. Introduction

Desmoid-type fibromatosis (DF) is a rare monoclonal,
fibroblastic proliferation characterized by locally
infiltrative but rarely metastatic lesions (/,2). The
local recurrence rate is high and varies between 15%
and 77% (3,4). DF can occur in many locations, the
most common being the extremities and abdominal
wall. It can also occur in the abdominal cavity and
retroperitoneum. Desmoid tumors have been reported
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Translational Research (Ministry of Education, Beijing),
Department of Hepato-Pancreato-Biliary Surgery, Peking
University Cancer Hospital and Institute, #52 Fucheng Road,
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E-mail: haochunyi@bjmu.edu.cn

to occur in 7.5% to 16% of patients with familial
adenomatous polyposis (FAP) and the relative risk of
developing desmoid tumors is much higher in patients
with FAP than in the general population (5,6). FAP-
related tumors more commonly arise in the intra-
abdominal region (7).

The consensus for treatment of DF has changed
over the past decade, with most centers moving
away from primary radical surgery toward a front-
line "watchful waiting" policy (/,2,8-11). However,
most of the results of previous studies were based on
the analysis of extra-abdominal DF (/,2,8-11). There
are limited studies on intra-abdominal/retroperitoneal
DF (IA/RPDF), and most previous studies were case
reports. The effectiveness of surgical treatment for 1A/
RPDF remains controversial. Given the lower risk of
complications and recurrence rates than extremity DF

www.biosciencetrends.com
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following surgical resection, some investigators have
suggested that there should be a low threshold for
surgery in the treatment of intra-abdominal DF (2,72).
However, other investigators have recommended
that surgical treatment should be chosen with caution
according to the changing consensus regarding extra-
abdominal DF therapy (/,13).

Several studies show that margin status does not
affect recurrence and has no prognostic significance
in desmoid tumors (/4-16). However, some large
retrospective studies have reported higher recurrence
rates for patients with positive margins when compared
to negative margins (/5,17,18). Considering that DF is
characteristically locally infiltrative, en bloc resection
in IA/RPDF with adjacent organ involvement may
help reduce relapse and improve prognosis. Studies
regarding en bloc resection in IA/RPDF with adjacent
organ involvement are scanty.

Hence, to assess the safety and efficacy of en bloc
resection in IA/RPDF with adjacent organ involvement,
we conducted a retrospective case series analysis and
literature review.

2. Materials and Methods
2.1. Data source and patient selection

A retrospective clinical study was conducted, with data
retrieved on 21 consecutive patients with IJA/RPDF who
were treated at the Peking University Cancer Hospital
Sarcoma Center between March 2013 and June 2018.
All patients included in the study underwent surgery
with curative intent, and IA/RPDF with adhesive organs
were removed en bloc. The median follow-up period
was 24 (range, 4-68) months. The ethics committee
of Peking University Cancer Hospital and Institute
approved the study.

2.2. Pathological diagnosis

All resected tumors were delivered to the Department
of Pathology after the operation. Overall tumor size
was defined as the sum of the perpendicular maximum
diameters. All margins were perpendicularly sampled,
with two or more sections taken from all margins.
Additional sections were taken from the closest margin.
Serial sampling of all resected organs and surrounding
fat was performed. Two sarcoma pathologists
independently diagnosed the tumor pathology.

2.3. Definitions

Different from the DF located in extremities and
abdominal wall, it is difficult to achieve a reliable
assessment of the margin status of IA/RPDF (/9). Thus,
surgical resection was described as macroscopically
complete (RO or R1) or incomplete (R2) (/9).

Postoperative complications were graded according to
the Clavien-Dindo classification (20). Postoperative
pancreatic fistulae (POPF) were defined according to
the International Study Group on Pancreatic Fistula
definition (21).

2.4. Follow-up

At our center, patients were prospectively followed
up via clinical examination, chest radiography, and
abdominopelvic computed tomography or magnetic
resonance imaging every 3 months for the first year,
every 6 months for the subsequent 4 years, and yearly
thereafter.

2.5. Statistical analysis

Data extracted from the database, computerized
hospital notes, and pathology records were analyzed.
Data are presented as median and range or number
and percentage, as appropriate. We analyzed the local
disease-free survival (DFS) from the date of operation
to the date of last follow-up. Statistical analyses were
performed using SPSS version 24.0 (IBM Corp.,
Armonk, NY, USA) and R version 3.4.0 (http.//www.
r-project.org).

3. Results
3.1. Patient characteristics

Data from 21 patients, comprising 11 male (52.4%) and
10 female (47.6%), were retrospectively analyzed in
our study. The median age was 35 (range, 21-73) years.
DF was located in the abdominal cavities of 6 (28.6%)
patients, and in the retroperitoneum of 15 (71.4%)
patients. Seventeen (81.0%) patients received primary
surgical treatment, while 4 patients underwent surgery
after tumor recurrence. Meanwhile, DF in 3 patients
(14.3%) was considered to be related to FAP due to a
history of colon polyposis. All the patients achieved
macroscopically complete resection (RO and R1). The
clinicopathologic characteristics of all the patients are
displayed in Table 1.

3.2. Details of surgery

All patients included in the study underwent surgery
with curative intent, and the surgical policy was to
remove tumors with adhesive organs en bloc (Figure
1). Complete macroscopic (RO or R1) resection was
achieved in all cases. The median number of resected
organs was 2 (range, 1-7). The median operating time
was 300 (90-650) minutes. The median intraoperative
bleeding was 300 (20-4,500) milliliters. The tumor of
the patient with the largest amount of intraoperative
bleeding was located in the pelvic cavity, and the
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amount of bleeding in the presacral venous plexus was
large. Except in this patient, the maximum volume of
intraoperative blood lost was 1,000 milliliters. The
details of operating time and intraoperative bleeding are
displayed in Table 2.

The small intestine, including the duodenum, was the
organ most commonly resected (14/21, 66.7%), followed
by the colon (12/21, 57.1%). Of the 4 patients (4/21,

Table 1. Patient characteristics

Characteristics n (%)
Age, (years; median [range]) 35 (21-73)
Sex

Male 11 (52.4)

Female 10 (47.6)
Presentation

Primary 17 (81.0)

Recurrent 4 (19.0)
Tumor site

Abdomen 6 (28.6)

Retroperitoneum 15(71.4)
Number of tumors

Single 17 (81.0)

Multiple 4(19.0)
Tumor size

<10cm 11 (52.4)

>10 cm 10 (47.6)
FAP-related desmoid-type fibromatosis

Yes 3(14.3)

No 18 (85.7)
Number of organs resected [median (range)] 2 (1-7)
Resection margins

Macroscopically complete 21(100.0)

Macroscopically incomplete 0(0)

19.0%) who underwent nephrectomy, 1 had a tumor that
invaded the kidney and 3 had a tumor that encapsulated
the proximal ureter for a long length, making it difficult
to reconstruct the ureters. Two patients (2/21, 9.5%)
underwent distal pancreatectomy, and 1 patient (1/21,
4.8%) underwent partial resection of the uncinate
process. Three patients (3/21, 14.3%) underwent
resection of the iliac vessels and artificial vessels
replacement because the vessels adhered to the resected
tumor; among them, 1 patient underwent resection of
the iliac artery and vein, while the remaining 2 patients
underwent resection of the iliac vein alone. The details of
resected organs are displayed in Table 2 and Table 3.

|
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Figure 1. The resected specimen of en bloc resection of
intra-abdominal/retroperitoneal desmoid-type fibromatosis
and involved adjacent organs. The tumor and adjacent organs
were resected en bloc. The tumor invaded the duodenum and

FAP, familial adenomatous polyposis.

colon. T, tumor; C, colon; D, duodenum; I, ileum.

Table 2. Details of resected organs, intraoperative bleeding, duration of operating time, infiltrated organs and

postoperative morbidities of patients

Duration of

Intraoperative . . .
Items Resected organs bleeding (mL) . operaFlng Infiltrated organs Post-operative morbidities
time (minutes)
Case 1  Colon, ovary, kidney, AG, ureter, IA, IV 1,000 650 1A, TV, ureter, colon Gastroparesis
Case2 SI 300 135 SI
Case3  Colon, ureter, SI 200 300 Colon, ureter, SI Grade A POPF
Case 4  Colon, pancreas, spleen 500 300 Colon, pancreas
Case 5  Pancreas, stomach, spleen 50 210 Pancreas, stomach, spleen
Case 6  Colon, SI, ureter 100 190 SI, ureter
Case7 SI 800 180 SI
Case 8 Colon, SI 1,000 210 Colon, SI
Case9 SI 100 90 SI
Case 10 SI 50 480 SI
Case 11  Colon, stomach 50 300 Stomach Hemorrhage
Case 12 Pancreas, SI 50 480 Pancreas, SI
Case 13 SI 900 180 SI Gastroparesis
Case 14 Colon, SI 200 210 Colon, SI Incomplete intestinal obstruction
Case 15 Colon, SI 50 150 Colon, SI
Case 16 SI, ureter, kidney 800 210 SI, ureter
Case 17 Kidney, AG, ureter, ovary, AW, colon, IV 20 600 Kidney, ovary, AW, colon
Case 18 Colon, kidney, ureter 300 330 Colon, ureter
Case 19 Colon, SI, AW 800 460 Colon, SI, AW
Case 20 Rectus, uterus, ovary, ureter, [V 4,500 630 rectum, ureter, [V
Case 21 Colon, SI 1,000 380 Colon, SI

AG, adrenal gland; AW, abdominal wall; TA, iliac artery; IV, iliac vein; POPF, postoperative pancreatic fistula; SI, small intestine.
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3.3. Infiltration details

All tumors were diagnosed as DF, and tumor infiltrated
at least one organ in each patient. The median number
of infiltrated organs was 2 (range, 1-5) in each patient.
Infiltration was noted in 45 resected organs (45/57,
78.9%). The tumors commonly infiltrated the small
intestine, and all the resected small intestines were
infiltrated by DF while some of the DF lesions even
infiltrated the submucosae of the small intestines (Figure
2A). DF infiltrated all the resected abdominal walls,
stomachs, rectums, pancreata (Figure 2B), and iliac
vessels (Figure 2C). Among 4 patients who underwent
nephrectomy, only 1 (1/4, 25%) kidney infiltration by
DF, and the remaining 3 had tumor infiltration of the
ureters. The details of infiltration are displayed in Table
2 and Table 3.

3.4. Postoperative morbidity and follow-up

Grade II postoperative morbidity developed in 4
patients (19.0%); 2 of them experienced gastroparesis,
1 experienced incomplete intestinal obstruction, and
1 experienced grade A POPF. Grade III postoperative
morbidity developed in 1 patient (4.8%). This patient
experienced postoperative hemorrhage and required

Table 3. Resection and infiltration details of intra-
abdominal/retroperitoneal desmoid-type fibromatosis at
our center

Items Resected number Infiltrated number (%)
Small intestine 14 14 (100)
Colon 12 10 (83.3)
Ureter 7 6 (85.7)
Vessel 4 4 (100)
Kidney 4 1(25)
Pancreas 3 3 (100)
Ovary 3 1(33.3)
Stomach 2 2 (100)
Abdominal wall 2 2 (100)
Spleen 2 1(50)
Adrenal gland 2 0(0)
Rectum 1 1 (100)
Uterus 1 0(0)
Total 57 45 (78.9)

FAP, familial adenomatous polyposis.

reoperation. No patient died of surgery.

During the follow-up, 1 patient developed local
recurrence in the 15" month after surgery, and the tumor
progressed despite non-steroidal anti-inflammatory
drug treatment. Thus, the patient underwent secondary
surgery, and no recurrence was noted during follow-
up (20 months). The 3-year DFS rate was 94.1% (95%
confidence interval: 83.6-100%). No DF-related death
was noted during the follow-up. The patients' functional
ability was scored according to the Barthel Index (22),
with all patients scoring 100.

4. Discussion

The consensus for treatment of DF has changed over
the past decade, with most centers moving away from
primary radical surgery toward a front-line "watchful
waiting" policy (/,2,8-11). However, most of the results
of previous studies were based on the analysis of extra-
abdominal DF (/,2,8-11). There are limited studies on
IA/RPDF, and most previous studies were case reports
(Table 4) (23-42). A case series of IA/RPDF treated
with en bloc resection of the tumor with adhesive
organs is reported for the first time in this study.
Complete macroscopic resection was achieved in all
cases.

Although the "watchful waiting" policy was
recommended as the first-line management for extra-
abdominal DF, it is a controversial one for IA/RPDF
(2,12,43). Several previous studies have reported tumor
location as a risk factor for recurrence after surgery, and
a lower rate of recurrence for intra-abdominal DF than
for tumors located in the extremities (/,18). Lev et al.
reported that the most common sites of local recurrence
were the extremities (16/57 [28%]), superficial trunk
(7/71 [10%]), and viscera (4/47 [9%]) (18). The response
rate to medical therapy varies from 15-60% (44-47), and
grade 3-4 toxicities occurred in approximately 13-43%
of patients (46,48-50). Considering the uncertain effect
of medical therapy and the occurrence of adverse effects,
there is insufficient evidence that drug therapy is better
than surgery in the treatment of IA/RPDEF. Furthermore,
for patients with symptoms, awaiting spontaneous
regression or drug onset is intolerable. Therefore, there
should be a low threshold for surgery in the treatment

Figure 2. Intra-abdominal/retroperitoneal desmoid-type fibromatosis infiltrating the adjacent organs. (A) Desmoid-type
fibromatosis infiltration of the submucosa of the small intestine. (B) Desmoid-type fibromatosis infiltration of the pancreatic
parenchyma. (C) Desmoid-type fibromatosis infiltration of the iliac vessels. T, tumor; SM, submucosa of the small intestine; PP,

pancreatic parenchyma; IA, iliac artery; IV, iliac vein.
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Table 4. Summary of 23 cases of intra-abdominal/retroperitoneal desmoid-type fibromatosis published in the PubMed

database between 2006 and 2017

Authors Age Sex Site Size Resected organs Complication ~ Recurrence | Follow up
(cm) time (months)

Yong W. 2013 (24) 31  Male Abdomen 10.0 None No No /
Deepak V. 2010 (25) 46 Female Abdomen 6.2 colon No No 3
Koichi T. 2006 (34) 73  Female Abdomen 6.3 Small intestine No No 48
B. Kreuzberg 2007 (26) 48 Female Abdomen / Small intestine, colon, uterus No No /
B. Kreuzberg 2007 (26) 60 Female Retroperitoneum / None No Yes 24
B. Kreuzberg 2007 (26) 43 Male Retroperitoneum ~ / None No No /
Mohammad K. 2010 (33) 37 Male Abdomen 6.0 None No No 8
Jae Young C. 2010 (36) 46 Female Retroperitoneum 5.5 Colon, ureter No No /
Christos N. 2010 (42) 65 Male Abdomen 12.0 Small intestine Bowel ischemia No /
Coskun P. 2010 (27) 57 Male Abdomen 10.0 Small intestine, colon No No /
Bouhabl S. 2011 (41) 71  Male Abdomen 19.0 Small intestine No No 12
Sung Hoon J. 2009 (40) 49 Female Abdomen 7.5 Colon, ovary, oviduct No No /
Liang-Yu S. 2012 (39) 56 Male Retroperitoneum 3.6 None No No 6
Mohammed K. 2012 (28) 47 Male Abdominal 28.0 Small intestine No No 6
Marek W. 2010 (38) 44  Female Abdominal 10.1 Small intestine No No /
Cemli C. 2011 (37) 35 Female Abdominal 6.0 Colon No No /
Kinyanjui J. 2012 (32) 41 Male Abdomen / Small intestine No No /
LH Tan 2010 (35) 58 Female Abdomen 4.5 Small intestine No No 6
Menegazzo M. 2013 (23) 35 Female Abdomen 34.0 Small intestine No No 25
Norihito O. 2013 (30) 45 Male Abdomen 9.0 Pancreas, spleen No No 27
Norihito O. 2013 (30) 74 Female Abdomen 6.0 Small intestine Bowel obstruction No 7
Mari M. 2017 (31) 45 Female Abdomen 5.5 Pancreas, spleen, stomach No No /
Hirotoshi K. 2014 (29) 55 Male Abdomen 1.2 Small intestine No No /

of intra-abdominal DF, particularly for patients with
symptoms that are difficult to endure (8).

For postoperative pathological diagnosis, DF
infiltrated at least one organ in each patient. Infiltration
was noted in 78.9% resected organs. Some of the A/
RPDF lesions even infiltrated the submucosa of the
small intestine. All these results indicate that I[A/RPDF
has a high infiltration tendency, such that it frequently
infiltrates organs. Although margin status remains a
controversial topic in the management of desmoid
tumors, it is often agreed that RO resections are ideal
(13). Considering the high infiltration tendency of 1A/
RPDF, to reduce the local recurrence, achieving negative
surgical margins by en bloc resection of the tumor and
adjacent organs is recommended.

In our present study, grade III-V postoperative
morbidity occurred in 1 of the patients, and only 1
patient developed local recurrence during the follow-up.
The 3-year DFS rate was 94.1%. No DF-related death
was noted during the follow-up. Among the 23 patients
previously reviewed, grade III-V postoperative morbidity
occurred in only 1 of the patients, and no patient
developed local recurrence and died during the follow-
up (Table 4) (23-42). Based on the above results, en bloc
resection in IA/RPDF with adjacent organ involvement
is a safe and effective treatment modality. However, the
varied anatomical locations of the DF within abdominal
cavity and retroperitoneum result in local invasion
to different adjacent organs, and there is no standard
surgical approach or procedure for IA/RPDF treating.
We have reported details of anterior approach to en
bloc resection in left sided retroperitoneal sarcoma with

adjacent organ involvement, which also can be applied in
left sided retroperitoneal DF (51).

Most DF are sporadic, but the incidence of DF
associated with FAP has been reported to be 7.5 to 16%
(5,6). FAP-related tumors more commonly arise in the
intra-abdominal region (7). FAP-related DF has a high
recurrence rate after surgical resection (/2,52). However,
in our study, no recurrence occurred in the patient with
FAP-related DF during follow-up, suggesting that en bloc
resection in IA/RPDF with adjacent organ can effectively
control the tumor. This was confirmed by a 10-year
review of the management of FAP-associated DF (53).
However, larger-scale, prospective observational studies
with longer follow-up periods are needed to validate
the most appropriate treatments for IA/RPDF and FAP-
associated DF.

This study has certain limitations. Although it was
a case series of IA/RPDF in patients who underwent en
bloc resection of the tumor and adjacent organs, because
of its low incidence, the sample size was relatively
small, which might influence the accuracy of our results.
Further multicenter and larger sample studies are needed
to provide more reliable results.

In conclusion, according to the case series study
and literature review, en bloc resection of the tumor
and adjacent organ involvement is a safe and effective
treatment modality for IA/RPDF.
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Summary

A novel protocol to reuse agarose following agarose gel electrophoresis was established in

this study. By repeated freeze-and-thaw of the agarose gel, ethidium bromide and other
buffer components in the gel were safely removed from the gel without generation of any
toxic fume. The agarose recovered using this method can be used for further electrophoretic

experiments without any issues.
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1. Introduction

It is widely known that agarose gels for electrophoresis
are reusable. Used gels can be boiled and melted again,
and poured into a template gel tray, as is done for new
agarose gels. However, agarose gels are commonly
stained with ethidium bromide (EtBr; 3,8-diamino-5-
ethyl-6-phenylphenanthridinium bromide, C,,H,,BrNj,).
EtBr is a toxic substance that forms fumes and vapor
during the boiling and melting steps; this can lead to
inhalation of EtBr molecules. Therefore, boiling and
melting EtBr-stained agarose gels is not recommended.
Dialysis of used agarose gel can help remove EtBr,
but it is not suitable on a day to day basis since 100 L of
distilled water is needed for diluting the EtBr in 100 mL
of agarose to a final dilution of 10°. A method consisting
of repeated gel washing/dialyzing for reusing agarose
gels has been reported (/,2). This method reduces the
amount of water, but its execution is difficult owing to
the fragility of agarose gels, which causes them to break
easily. Here, I report a safe, easy, and suitable method for
effectively removing EtBr from used agarose gels.

2. Materials and Methods

Standard agarose was purchased from different providers
(e.g., STAR Agarose RSV-AGRP from Rikaken,

*Address correspondence to:

Dr. Noboru Sasagawa, Department of Applied Biochemistry,
School of Engineering, Tokai University, Hiratsuka, Kanagawa
259-1292, Japan.

E-mail: noboru.sasagawa@tokai.ac.jp

Aichi, Japan). Agarose gels contained agarose 1% (w/
v) dissolved in Tris-acetate-cthylenediaminetetraacetic
acid buffer (TAE buffer; 40 mM Tris, 40 mM acetic
acid, and 1 mM EDTA). Agarose gel electrophoresis
was performed at 100 V for 45 min by standard protocol
(3) using TAITEC PICO-1 (Saitama, Japan). After
electrophoresis, the agarose gels were stained with EtBr
by incubating them in TAE buffer containing EtBr (0.1
ng/mL final concentration) for 30-60 min. Finally, the
gels were photographed.

3. Results and Discussion

The protocol for reusing agarose gels proposed in this
paper is summarized in Figure 1. Stained gels were
collected in clean paper cartons or plastic bags. When a
carton or bag was filled with gels, it was left in a —20°C
freezer overnight. Using paper cartons or plastic bags
is essential because the glass or plastic bottles crack
during freezing. The next day, the containers were
settled upside-down on a kitchen mesh or colander
on top of a bucket and incubated at room temperature
until completely thawed. The resulting solution seeped
through the gels, which contains EtBr, can be collected
and decontaminated following standard protocols (4, 5).
Generally, buffers and solutions freeze
disproportionally because of freezing-point depression.
In a buffer, pure water freezes faster and the concentrated
buffer freezes later. In the thaw step, the concentrated
buffer elutes first and the pure water elutes later. The
"Freeze-out" or "Freeze-concentrate" technique based
on this principle has been widely used to concentrate
molecules from diluted buffers and solutions (6). The
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Figure 1. Scheme of the freeze-and-thaw method proposed
in this manuscript.

TAE buffer in the agarose gel freezes in the same way
as in the freeze-concentrate technique. This property
contributes to the effective removal of EtBr and agarose
purification. Another attractive feature is that agarose
gel changes its structure to flakes. The freezing step
causes ice crystals to form in the agarose gel, destroying
its mesh structure resulting in wet flakes of agarose.
This "cake-to-flake" conversion causes the agarose gel
to reduce its volume. The smaller the volume, the less
water is needed for dilution of unnecessary content.

It is well known that DNA is separated from agarose
gel by the freeze-squeeze method (7). Therefore, the
freeze-and-thaw step and "cake-to-flake" conversion are
also useful for removing nucleic acids from the agarose
gel.

Figure 2 shows the effectivity of the freeze-and-
thaw steps to remove solutions from the agarose gels.
In this experiment, the thawed agarose gels were
subjected to five freeze-and-thaw cycles without adding
additional water. In the initial freeze-and-thaw step, a
large amount of solution (including water, EtBr, and
other molecules) was eluted.

However, repeated freeze-and-thaw steps did not
seem to result in complete removal of water. Therefore,
adding distilled water to the thawed gel before re-
freezing it is the more effective way of removing the
buffer and other contaminants. The ratio of the wet
weight of the agarose gel before- and after- the initial
freeze-and-thaw is 0.35 (s.d. = 0.03), indicating that the
freeze-and-thaw step is more effective for removing
electrophoresis buffer than simple dialysis. It also
means that 5 cycles of freeze-and-thaw result in and
EtBr dilution of 10~ when 100 mL of distilled water is
added to 100 mL of agarose gel before each re-freezing

Weight-Loss Rate

1.0

0.8

0.6

0.4

0.2 =

0 1 2 3 4 5 Trial

Figure 2. Weight loss of the agarose by freeze-and-thaw.
Repeated freeze-and-thaw of agarose gel reduces gel weight
but does not completely remove contaminant solutions (n = 3).

The thawed agarose gels were placed back in the —20°C freezer
without any additional water.

1 2 3 4

Figure 3. Agarose gel electrophoresis using recycled agarose
(1%). Lambda DNA/Hin dIII digest was applied for the
electrophoresis. DNA at volumes 125, 250, 375, and 500 pg
was applied to lanes 1, 2, 3, and 4, respectively.

step. In conclusion, a total of 500 mL of distilled water
is needed to reuse 100 mL of agarose gel (200 times
more water is necessary to achieve the same level of
purification by dialysis). Moreover, no fume or vapor is
generated in this method.

Gel flakes are kept in the refrigerator as dumplings.
A piece of flake from the dumpling is weighed (wet
weight). Then, it is completely dried by simply leaving
in the air and weighed again (dry gel weight). This dry-
up calibration reveals the agarose concentration in the
wet gel flake which enables to calculate the adequate
agarose gel concentration for electrophoresis. In my
experience, the wet gel flakes contain 3-7% agarose.
Based on this calibration step, the residual gel dumpling
is boiled, melted, and poured into a bottle in the
appropriate concentrations and buffers and then cooled
until hard. This melting step is also a good chance for
filtrating dust from the agarose. The reused agarose
gels can be used for gel electrophoresis, as previously
described (3), without any difficulties (Figure 3).

In conclusion, I propose a novel protocol for reusing
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agarose after agarose gel electrophoresis. This method
is simple, free from EtBr toxicity, and very easy to
execute. Furthermore, no special equipment is needed
to use this method. Although five days are needed to
complete the protocol, only a simple freeze-and-thaw
process is needed at each step; thus, only 5-10 min are
needed for completing each step.
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Summary

FIiL is an inner membrane protein, occupying a position between the rotor and the stator
of the bacterial flagellar motor. Its proximity to, and interactions with, the MS (membrane
and supramembranous) ring, the switch complex and the stator proteins MotA/B suggests a
role in recruitment and/or stabilization of the stator around the rotor, although the precise
role of FliL in the flagellum remains to be established. In this study, recombinant C-terminal
domain of Helicobacter pylori FliL. (amino-acid residues 81-183) has been expressed in
Escherichia coli and purified to > 98% homogeneity. Purified recombinant protein behaved
as a monomer in solution. Crystals were obtained by the hanging-drop vapour-diffusion
method using ammonium phosphate monobasic as a precipitant. These crystals belong to
space group P1, with unit-cell parameters a = 62.5, b = 82.6, c=97.8 A, a = 67.7, f = 83.4,
y = 72.8°. A complete data set has been collected to 2.8 A resolution using synchrotron
radiation. This is an important step towards elucidation of the function of FIiL in the

bacterial flagellar motor.

Keywords: Flagellar motor, Helicobacter pylori, protein crystallization, X-ray crystallography

1. Introduction

Helicobacter pylori infection of the human stomach
is associated with chronic gastritis and gastric ulcers
and has a strong correlation with gastric cancer (/-4).
Motility by means of a tuft of sheathed, unipolar flagella
is an essential colonization factor (5,6). The flagellum
has two major components, the cell wall-embedded
basal body, that spans both inner and outer membrane,
and the extracellular filament composed of flagellins
(7). The basal body consists of the cytoplasmic C-ring,
the MS (membrane and supramembranous) ring, the
rod, the export apparatus and the stator. The basal body
serves as a rotary motor that spins the filament, with
the energy for rotation derived from the proton-motive

*Address correspondence to:

Dr. Anna Roujeinikova, Infection and Immunity Program,
Monash Biomedicine Discovery Institute Department of
Microbiology, Department of Biochemistry and Molecular
Biology, Monash University, Clayton, Victoria, Australia.
E-mail: anna.roujeinikova@monash.edu

force (8). Rotation is driven by the interaction of the
C-ring with several circumferentially positioned stator
complexes, composed of the cytoplasmic protein MotA
and peptidoglycan-anchored MotB (7,9,10).

Whilst it is well understood that MotA/MotB
complex functions as a proton channel that does bind
efficiently to the cell wall and is 'plugged' until it
incorporates into the motor (//-14), little is known
about the mechanism by which the stator assembles
around the rotor and switches into a proton-conducting
state. Previous studies of the flagellar motor in
Salmonella and E. coli suggested that conserved protein
FIiL, which contains a single transmembrane helix and
an approximately 150 a.a. long periplasmic domain,
plays an important role in the stator assembly, as it has
been shown to interact with the stator proteins MotA
and MotB, as well as the rotor components FliF (MS
ring) and FliG (C ring) (/5). Deletion of Salmonella

fliL caused only a small reduction in swimming, but

eliminated swarming (/6). It is thought that FliL is
required for Salmonella swarming, when the motor
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must produce sufficient torque to move through
viscous mediums (high load), because it enhances the
interaction between MotA and MotB, increases the time
that the stator is engaged with the rotor and/or improves
the efficiency of proton flow through the motor (/5). In
addition, it has been suggested that FliL may assist the
release of the MotB plug helices from the membrane
and thus activate the stator complexes upon their
assembly into the motor, as point mutations within the
plug suppressed the motility defect of the Salmonella
AfIiL mutant (15).

The deletion of the fliL gene in Rhodobacter
sphaeroides impaired its motility (/7). It has been
proposed that in R. sphaeroides, FliL, together with
MotF, promotes the opening of the proton channel
through FlgT, which interacts with MotB and triggers
the release of the plug (/8-20). Similarly, a fliL mutant
of Caulobacter crescentus had non-functional flagella,
indicating the essential role of FIiL in flagellar rotation
(21). FliL defect in Proteus mirabilis resulted in the
impairment of motility and the synthesis of flagellin
proteins, and it has been suggested that P. mirabilis FliL
may also serve as a surface sensor that regulates the
gene expression (22-24).

In Borrelia burgdorferi, the deletion of FliL altered
the periplasmic flagellar orientation and caused motility
impairment (25). Crucially, cryo-electron tomography
of the B. burgdorferi flagellar motor revealed that
FIiL is located between the rotor and the stator (25),
a position consistent with the hypothetical role of
FliL in the assembly and/or stabilization of the stator
around the rotor. Similarly, in the recent cryo-electron
tomography study of the H. pylori flagellar motor, the
putative FIiL ring is clearly seen between the MS ring
and the stator, although the role of FliL in the motor
function in H. pylori remains to be established (26).

FIiL shares no significant sequence similarity to any
protein of a known structure. However, it is anticipated
that determination of the crystal structure of its soluble
periplasmic domain will provide a critical insight into its
function through identification of functional homologues
with a similar fold, as protein structure is more conserved
than sequence. The production of the crystals of the
periplasmic domain of FliL from Vibrio alginolyticus
was reported (27), but no structure is available yet. Here,
we report the cloning, purification, crystallization and
the preliminary X-ray crystallographic analysis of the
C-terminal periplasmic domain of H. pylori FliL.

2. Materials and Methods

2.1. Gene cloning and overexpression

The membrane topology and disordered regions of FliL
from H. pylori strain SS1 (Genbank ID AQM65563.1)

were predicted by using the TOPCONS (http://topcons.
net/) (28) and DISOPRED3 (http.//bioinf.cs.ucl.ac.uk/

81
40

20
N

Figure 1. The predicted membrane topology of H. pylori
FIiL and the boundaries of the periplasmic domain CtaB
FIliL-C characterized in this study.

disopred) (29) servers, respectively (Figure 1). The
coding sequence for the C-terminal domain of FliL
(FIiL-C, comprising amino-acid residues 81-183) was
codon optimized for expression in Escherichia coli,
synthesized and ligated into the pET151/D-TOPO
vector (Invitrogen, Waltham, MA, USA) by GenScript
(Piscataway, NJ, USA) to produce an expression vector
that harbors an N-terminal His, tag followed by a
tobacco etch virus (TEV) protease cleavage site. The
109-residue recombinant protein used for crystallization
comprised residues 81-183 of FIiL plus six additional
residues from the TEV cleavage site (GIDPFT).
Escherichia coli strain BL21(DE3)-RIPL cells
(Stratagene, La Jolla, CA, USA) were transformed
with the expression vector and cultured at 37°C in LB
medium containing 50 mg/L ampicillin. Overexpression
of FliL-C was induced with 1 mM isopropyl-D-1-
thiogalactopyranoside at an ODy, of 0.6. The cells were
grown for a further 4 h at 37°C and then harvested by
centrifugation at 4,800 g for 15 min at 4°C.

2.2. Purification and determination of the oligomeric
state

Protein was purified by following the procedure based
on that described in (30). Briefly, the cell pellet was
resuspended in buffer A (20 mM Tris-HCI pH 8.0, 150
mM NaCl, 1 mM phenylmethanesulfonyl fluoride) and
lyzed using an Avestin EmulsiFlex-C5 high-pressure
homogenizer (Avestin, Ottawa, Canada). Cell debris
was removed by centrifugation at 10,000 g for 20 min
(4°C). NaCl and imidazole were then added to the
supernatant to final concentrations of 500 and 10 mM,
respectively, after which the supernatant was loaded
onto a 5 mL Ni-NTA affinity column (GE Healthcare,
Chicago, IL, USA) pre-equilibrated in buffer B (20 mM
Tris-HCI pH 8.0, 500 mM NaCl, 20 mM imidazole),
washed with 10 column volumes of the same buffer and
eluted with buffer C (20 mM Tris-HCI pH 8.0, 500 mM
NaCl, 500 mM imidazole). The hexahistidine tag was
cleaved off using TEV protease (Invitrogen, Waltham,
MA, USA) while dialyzing the sample against buffer
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D [20 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM
dithiothreitol, 1% (v/v) glycerol] at 10°C overnight.
NaCl and imidazole were then added to the sample to
final concentrations of 500 and 20 mM, respectively,
and the TEV protease and the uncleaved protein were
removed by passing the sample through the Ni-NTA
column. The flowthrough was concentrated to 2 mL in
a VivaSpin 10,000 Da cutoff concentrator and passed
through a Superdex 200 HiLoad 26/60 gel-filtration
column (GE Healthcare) equilibrated with buffer E
(10 mM Tris-HCI pH 8.0, 150 mM NaCl). Protein
concentration was determined using the Bradford assay
(31), and protein purity was evaluated using SDS-
PAGE. The oligomeric state of FIiL-C in solution was
determined by calculating the molecular weight (MW)
using a calibration plot of log MW versus the retention
volume [V, enion (ML) = 549.3 — 73.9 x log MW] (32).

2.3. Protein buffer optimization

Thermal shift analysis of protein stability in different
buffers was performed using a Rotor-Gene Q Real-
time PCR instrument (QIAGEN, Hilden, Germany).
FIiL-C was concentrated to 1.0 mM in buffer E and
then diluted 100 fold with a series of test buffers
containing 10xSYPRO Orange reagent (purchased from
Sigma-Aldrich, St. Louis, MO, USA as 5000x stock,
catalogue number S5692) in a final volume of 25 pL.
The samples were thermally denatured by heating them
from 35°C to 90°C at a ramp rate of 0.5°C/min. Protein
denaturation was monitored by following SYPRO
Orange fluorescence emission (A, 530 nm/A,,, 555 nm).
The denaturation data were fit to a derivation of the
Boltzmann equation for the two-state unfolding model
to obtain the midpoint of denaturation (the melting
temperature 7)) (33). All experiments were performed
in triplicates.

2.4. Crystallization

FIliL-C was concentrated to 8 mg/ml and centrifuged
for 20 min at 13,000 g to clarify the solution. The
crystallization screening was carried out by the hanging-
drop vapour-diffusion method using an automated
Phoenix crystallization robot (Art Robbins Instruments,
Sunnyvale, CA, USA) and commercial screens JBS
Classic HTS1, JBS Classic HTS2, JBS JCSG++ (Jena
Bioscience, Jena, Germany), Crystal Screen HT, and
PEG/lon HT (Hampton Research, Laguna Niguel, CA).
The crystallization droplets comprised 100 nL protein
solution mixed with 100 nL reservoir solution, and were
equilibrated against 50 puL reservoir solution in a 96-
well Art Robbins CrystalMation Intelli-Plate (Hampton
Research). Clusters of needle-like crystals appeared
after one day in condition G5 of the JBS Classic HTS2
screen, which contained 0.5 M ammonium di-hydrogen
phosphate and 0.2 M trisodium citrate, and in condition

A1ll, which contained 1.0 M ammonium phosphate
monobasic and 0.1 M trisodium citrate dehydrate pH
5.6. Optimization of the condition to improve the crystal
quality yielded thin plate-like crystals using 0.4 M
ammonium phosphate monobasic and 0.1 M trisodium
citrate dehydrate pH 5.6 and a protein concentration of
12 mg/mL. These crystals had maximum dimensions of
0.1 x 0.03 x 0.02 mm.

2.5. Data collection and processing

Prior to data collection, the FliL-C crystals were
briefly soaked in a cryoprotectant solution (0.48 M
ammonium phosphate monobasic, 0.12 M trisodium
citrate dehydrate pH 5.6, 20% (v/v) glycerol), and then
flash-frozen by plunging in liquid nitrogen. A complete
X-ray diffraction data set was collected to 2.8 A from
a single cryo-cooled crystal on the MX1 beamline
of the Australian Synchrotron. A total of 360 images
were collected using a 0.5° oscillation. The data were
processed and scaled using XDS (34) and AIMLESS
from the Collaborative Computational Project, Number
4 (CCP4) suite (35). Data collection and processing
statistics are summarized in Table 1. Calculation of
the self- rotation function was performed using the
POLARRFN program (35).

3. Results and Discussion

H. pylori FIiL (183 a.a.) was predicted to contain one
N-terminal transmembrane (TM) helix (amino-acid
residues 20-40), with the protein's amino-terminus
in the cytoplasm, followed by a disordered linker
region (residues 41-85) connecting the TM helix to the
periplasmic domain (Figure 1). For the purpose of protein
production for crystallization, the domain boundaries
of the recombinant periplasmic domain FIiL-C have

Table 1. Data collection and processing. Values in
parentheses correspond to the highest resolution shell

Diffraction source

Wavelength (A)

Temperature (K)

Detector

Rotation per image (°)

Total rotation range (°)

Space group

a,b,c(A)

@By

Mosaicity (°)

Resolution range (A)

Total No. of reflections

No. of unique reflections

Completeness (%)

Multiplicity

<lo(l)>

CCy, (%)

Rierge

Opverall B factor from
Wilson plot (A%)

MX1 beamline, Australian Synchrotron
0.95

100

ADSC Quantum 210r CCD
0.5

180

Pl

62.5, 82.6,97.8
67.7,83.4,72.8

0.6

54.16-2.80 (2.91-2.80)
81,483 (9,191)

41,760 (4,676)

98.1 (97.6)

2.0

5.2(1.6)

98.5(71.3)

0.103 (0.323)

30.7
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Figure 2. Coomassie Blue-stained 16.5% SDS-PAGE gel
of recombinant FliL-C.

been set at residues 81-183. FliL-C was over-expressed
in BL21(DE3)-RIPL cells from the pET151/D-TOPO
plasmid, upon induction of T7 polymerase, and
purified to > 98% electrophoretic homogeneity based
on Coomassie Blue staining of the SDS-PAGE gel
(Figure 2). It migrated on SDS-PAGE with an apparent
molecular weight of ~12 kDa, which is close to the value
calculated from the amino-acid sequence (12.18 kDa).

When subjected to gel filtration, the protein eluted
as a single symmetrical peak (data not shown). The
particle weight value estimated from the mobility of the
gel-filtration column calibrated using globular proteins
of a known mass gave the value of approximately
11.2 kDa, which suggested that H. pylori FliL-C is
monomeric in solution under the tested conditions.
This result is in agreement with the previous report on
the periplasmic domain of Vibrio alginolyticus FIiL,
which is also primarily monomeric in solution in the
concentration range used in this study (27).

In preparation for crystallization experiments,
we have assessed the protein stability in different
buffers using a thermal shift assay (Figure 3), and
ascertained that gel-filtration buffer E (10 mM Tris-HCI
pH 8.0, 150 mM NaCl) was optimal, as the melting
temperature in this buffer was one of the highest among
all tested conditions. Thus, no buffer exchange step
was needed between gel filtration and crystallization.
Crystals of FliL-C were obtained using a sparse-matrix
crystallization approach. A complete X-ray diffraction
data set was collected for a cryo-cooled crystal of
FliL-C (Figure 4) to 2.8 A using the Australian
Synchrotron facility. Autoindexing of the diffraction
data using XDS was consistent with space group Pl,
with unit-cell parameters a = 62.5, b = 82.6, ¢ = 97.8 A,
o =677, =83.4,y="72.8° The average 1/o(I) value

80~
== I
784 = BB I

76+

Tn (°C)
L
o
o
H
_
—

741

Figure 3. Comparison of the melting temperature 7,, of
the 10 #M solution of FliL-C in different buffers. Results
are means = S.D. for three independent replicates.

0.1 mm

e

Figure 4. The FliL-C crystal mounted in the cryo-
loop prior to data collection at the MX1 station of the
Australian Synchrotron.

was 5.2 for all reflections (resolution range 54.2-2.8 A)
and 1.6 in the highest resolution shell (2.91-2.80 A).
Data processing gave an R, of 0.103 for intensities
(0.323 in the highest resolution shell), and these data
were 98% complete (98% completeness in the outer
shell).

Estimation of the Matthews coefficient Vy, (36)
gave plausible values for 8 (Vy, = 4.6 A’/Da) to 18 (Vy,
= 2.1 A’/Da) protein molecules in the asymmetric unit.
The x = 90, x = 120 and y = 180° sections of the self-
rotation function were unremarkable. Thus, we are
currently not able to establish the protein content of the
asymmetric unit. A search for heavy-atom derivatives
with the aim to solve the structure using multiple
isomorphous replacement and/or multi-wavelength
anomalous dispersion methods is underway. Production
of the recombinant periplasmic domain of H. pylori
FliL in its pure form will enable proteomics-based
identification of its interacting partners in the flagellar
motor. Furthermore, generation of well-ordered,
reproducible crystals will allow determination of its 3-D
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structure which would be an important step towards our
understanding of its function in the bacterial flagellum.
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Summary

In Japan, national official surveillance for influenza has been performed at about 5,000
sentinel hospitals/clinics by the National Official Sentinel Surveillance of Infectious Diseases
(NOSSID). Meanwhile, all electronic medical claims nationwide in the National Database of
Electronic Medical Claims (NDBEMC) were recently disclosed by the Ministry of Health,
Labour and Welfare of Japan. We compared the regional variation of influenza incidence
among prefectures between the NOSSID and NDBEMC. The data were extracted from
NOSSID and the NDBEMC for the 2010/2011 through 2013/2014 seasons. We compared the
data of both datasets season by season by using Spearman's rank correlation in each season.
Spearman's rank correlation values for the four seasons were 0.7823, 0.3907, 0.4961 and
0.4543, and their p-values were less than 0.00005, 0.0066, 0.0004 and 0.0013, respectively.
Statistically, regional variation of influenza incidence in NOSSID is not imprecise, but its
correlation with the NDBEMC dataset is not so high. It is important to note this fact when
interpreting regional variation in NOSSID.

Keywords: Influenza, National Database for Electronic Medical Claims, National Official
Sentinel Surveillance, regional variation

1. Introduction

Official surveillance, especially for influenza, is sentinel
surveillance in many countries such as the United
States (https://www.cdc.gov/flu/weekly/overview.htm),
Europe (http://flunewseurope.org/System) and Japan.
Because sentinel surveillance is not comprehensive, its
interpretation or preciseness should be evaluated more
comprehensively and precisely, as so called "big data,"
and not as timely information. "Big data" has not been
available in the past, and thus sentinel surveillance
has been considered to be the gold standard without
evaluation its preciseness. However, recently, we have
had access to "big data" with which to evaluate sentinel
surveillance.

*Address correspondence to:

Dr. Kenzo Takahashi, Teikyo University Graduate School of
Public Health, 2-11-1 Kaga, Itabashi-ku, Tokyo 173-8605,
Japan.

E-mail: kenzo.takahashi.chgh@med.teikyo-u.ac.jp

Based on the Law Related to the Prevention of
Infectious Diseases and Medical Care for Patients
of Infections (The Infectious Diseases Control Law)
in Japan, national official surveillance for influenza
has been performed at about 5,000 sentinel hospitals/
clinics, which represent about one tenth of the pediatric
or internal medicine facilities nationwide. We call this
system the National Official Sentinel Surveillance of
Infectious Diseases (NOSSID) (/,2). As there has been
no comparable surveillance so far, the preciseness of
NOSSID cannot be evaluated. Recently, however, data
of almost all electronic medical claims nationwide have
been disclosed in the "National Database of Health
Insurance Claims and Specific Health Checkups of
Japan" (3) by the Ministry of Health, Labour and Welfare
(MHLW) of Japan (4-7). We call this the National
Database of Electronic Medical Claims (NDBEMC).
This data covered 98.4% of all medical claims made in
2015 (8). All doctors must record a diagnosis for medical
claims; therefore, this data must necessarily constitute
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the most reliable data source to date. Exceptionally,
only small clinics operated by only one doctor older
than 65 years of age were exempted from providing
non-electronic medical claim information as an interim
measure.

In Japan, almost all influenza patients receive a rapid
diagnostic test. Therefore, influenza patients in Japan
are not patients with influenza-like-illness; rather, they
are patients actually diagnosed as having influenza by
a rapid diagnostic test. Information in both NOSSID
and the NDBEMC is reported by the diagnosing doctor.
For NOSSID, doctors have to report their diagnostic
information to the public health center weekly.
NDBEMC contains the information they send monthly
to the health insurer when submitting electronic medical
claims, which includes the diagnosis.

Our previous study evaluated the number of influenza
patients from NOSSID nationwide (9). In the present
study, we focus on the regional variation of influenza
incidence among prefectures in NOSSID in comparison
with that in the NDBEMC. So far, as there is no more
comprehensive information available than that from
sentinel surveillance, we have to believe that the sentinel
surveillance data is accurate. For example, the MHLW
or mass media have sometimes reported the highest
influenza incidence in a prefecture based on sentinel
surveillance. However, we questioned whether the
information was true or credible. This study attempted to
answer this question by using NDBEMC, which has the
most comprehensive data, to evaluate the preciseness of
NOSSID by comparing the data of NOSSID with that of
NDBEMC.

2. Materials and Methods
2.1. Data and study period

NOSSID for influenza has about 5,000 sentinels, which
represent almost one tenth of all pediatric or internal
medicine clinics/hospitals nationwide. Among these
5,000 sentinels, 3,000 are pediatric clinics/hospitals and
2,000 are clinics/hospitals for adult patients. They report
the number of influenza patients per sentinel weekly
by prefecture. Age, sex, and other characteristic of the
patients were not available. We used the published data
of the number of reported patients by prefecture weekly.
The NDBEMC can be used to count patients
diagnosed as having influenza. We used the reported
number of patients who had been diagnosed as having
influenza, excluding suspected cases but including
complex cases, by prefecture and by month in the
NDBEMC. Age, sex, and other characteristic of the
patients were also not available in this application.
In May 2015, approximately 98.4% of all electronic
medical claims were covered (8). Data from the
NDBEMC were available from April 2009 through
March 2015. We obtained permission to use this data for

research purposes.

The influenza season was defined as the period
spanning September to August of the following year or,
equivalently, from the 36th epidemiological week to the
35th epidemiological week of the following year. The
study period was from the 2010/2011 season through the
2013/2014 season.

2.2. Statistical analysis

Data from NOSSID were aggregated in the season by
prefecture and divided by the number of sentinels in each
prefecture. Data from the NDBEMC were aggregated in
the season by prefecture and divided by the population
in each prefecture. The mid-year population during
cach season was adopted as the population for each
prefecture. Since the data distribution was not linear,
thus we decided to apply non-parametric method. We
compared the rank of influenza incidence by prefecture
in both datasets season by season for the study period
so as to solve objective in the present study. We used
Spearman's rank order correlation among prefecture in
the incidence of influenza in each season. We adopted 5%
as a significant level.

2.3. Ethical considerations

This study used only anonymous data that had been de-
linked from individual patient information. Therefore,
ethical issues related to medical institutions and
pharmacies do not pertain in this study. The NOSSID
data were open to all. Author MK was approved to use
the NDBEMC data by the MHLW on July 27, 2016
(Research project: Estimation of the number of patients
of infectious diseases).

3. Results and Discussion

Figure 1 shows the regional variations in the incidence
rate in the NDBEMC over the four seasons, and Figure
2 shows the regional variations in the total number of
patients per sentinel in NOSSID. These figures show that
the influenza incidence in the 2013/2014 season, which
is shown as a black line in the graphs, was higher than
that for other three seasons in almost all prefectures in
the NDBEMC, whereas in NOSSID, there was no clearly
dominating season in almost all prefectures.

Table 1 shows the prefecture rankings for the number
of influenza cases in both datasets. We can see some
discrepancies among the NDBEMC and NOSSID.
For example, Okinawa was on top for three seasons in
NOSSID and in second place in the 2012/2013 season.
It was also second in the NDBEMC for three seasons,
but it was 43rd, which was 5th from the bottom, in the
2012/2013 season. Conversely, the top prefectures in the
NDBEMC did not appear in the top ten of NOSSID in
the same season except for Hiroshima in the 2012/2013
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Figure 1. Incidence rate per 1000 population in the NDBEMC by prefecture for the four seasons. Note: The NDBEMC is
the National Database of Electronic Medical Claims. This figure shows the cumulative incidence, which is the number of newly
diagnosed influenza patients from the 2010/2011 season through the 2013/2014 season in the NDBEMC divided by the population
by prefecture. The influenza season is defined as September to August of the following year. The bold black line shows the situation
in the 2013/2014 season, the thin black line shows the 2012/2013 season, the gray line shows the 2011/2012 season, and the dashed

line shows the 2010/2011 season.
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Figure 2. Cumulative number of patients per sentinel in NOSSID by prefecture for the four seasons. Note: NOSSID is the
National Official Sentinel Surveillance for Infectious Diseases. This figure shows the cumulative number of influenza patients in
one season per sentinel by prefecture. The influenza season for NOSSID extends from the 36th epidemiological week to the 35th
epidemiological week of the following year. The epidemiological week in Japan is defined as Monday through Sunday. The first
epidemiological week is the week including the first of January if that day was Monday-Wednesday. If that day was Thursday-
Saturday, then the first epidemiological week starts from the first Monday of the year. The bold black line shows the situation in the
2013/2014 season, the thin black line shows the 2012/2013 season, the gray line shows the 2011/2012 season, and the dashed line

shows the 2010/2011 season.

season. Spearman's rank correlation coefficients for the of the NDBEMC and NOSSID. For example, Okinawa
four seasons were 0.7823, 0.3907, 0.4961 and 0.4543, prefecture was the top prefecture in three of the four
and their p-values were less than 0.00005, 0.0066, 0.0004 seasons in the NOSSID ranking, but it was never ranked
and 0.0013, respectively. on top in the NDBEMC. In the exceptional season of

It shows some discrepancies between the rankings 2012/2013, Okinawa prefecture was ranked second in
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Table 1. Ranking by prefecture of the incidence rate per 1,000 population in the NDBEMC and the cumulative number of

patients per sentinel in NOSSID for the four seasons

. Season
Ranking
2010/2011 2011/2012 2012/2013 2013/2014

NDBEMC  NOSSID NDBEMC  NOSSID NDBEMC NOSSID NDBEMC  NOSSID
1 Gunma Okinawa Kagawa Okinawa Hiroshima  Aichi Tokyo Okinawa
2 Okinawa Oita Okinawa Fukui Ehime Okinawa Okinawa Oita
3 Okayama Fukuoka Fukui Fukushima Aichi Kagoshima Kanagawa  Fukui
4 Oita Miyazaki Tokushima  Iwate Gifu Miyazaki Saitama Miyazaki
5 Gifu Yamaguchi Yamagata ~ Miyagi Kagoshima Gifu Gunma Fukuoka
6 Hiroshima  Aichi Fukushima Yamagata Kagawa Hiroshima Hokkaido Aomori
7 Yamaguchi  Nagasaki Tochigi Saitama Toyama Nagasaki Nara Nagano
8 Fukuoka Nagano Iwate Aichi Tokushima  Fukuoka Mie Iwate
9 Aichi Saga Kumamoto  Akita Nagasaki Ishikawa Iwate Saitama
10 Nagasaki Saitama Shizuoka Chiba Ishikawa Nagano Shiga Nagasaki
11 Toyama Toyama Kochi Hokkaido Okayama  Niigata Fukui Aichi
12 Mie Gunma Wakayama Kagawa Niigata Ehime Aomori Mie
13 Nagano Gifu Tokyo Kagoshima Shimane Yamaguchi Yamagata  Hokkaido
14 Yamanashi  Mie Akita Miyazaki Tottori Saga Osaka Fukushima
15 Miyazaki Fukui Hyogo Oita Shizuoka Fukui Nagano Saga
16 Tottori Ishikawa Gifu Ishikawa Yamanashi ~ Shizuoka Kumamoto Niigata
17 Shimane Niigata Chiba Hyogo Shiga Toyama Chiba Chiba
18 Ehime Hokkaido Okayama Shizuoka Wakayama  Yamanashi Nagasaki Kumamoto
19 Shiga Kagoshima Ibaraki Fukuoka Miyazaki Fukushima Hyogo Miyagi
20 Kumamoto  Hiroshima Ehime Mie Yamaguchi  Shiga Kagawa Gifu
21 Saga Chiba Ishikawa Kochi Nagano Oita Miyagi Kanagawa
22 Kagawa Kanagawa Osaka Kumamoto Gunma Chiba Oita Gunma
23 Ishikawa Okayama Yamanashi  Niigata Hyogo Gunma Ehime Shiga
24 Fukui Yamanashi Nara Tochigi Kumamoto Mie Gifu Yamagata
25 Kanagawa  Kochi Gunma Kanagawa Ibaraki Iwate Fukuoka Tokyo
26 Niigata Shizuoka Saitama Yamaguchi Mie Kochi Kyoto Yamaguchi
27 Saitama Shiga Miyagi Saga Nara Saitama Fukushima  Shizuoka
28 Tokyo Tokyo Kagoshima Ehime Kochi Tottori Tochigi Kagoshima
29 Hyogo Kumamoto Kanagawa  Gifu Fukuoka Akita Ibaraki Ishikawa
30 Chiba Shimane Hokkaido Aomori Fukui Shimane Aichi Ehime
31 Shizuoka Yamagata Shiga Tokyo Saga Tokushima Tokushima  Toyama
32 Kagoshima Ehime Kyoto Shiga Tokyo Ibaraki Yamanashi ~ Kyoto
33 Kochi Hyogo Saga Tokushima Fukushima Hyogo Shizuoka Hyogo
34 Yamagata Aomori Mie Osaka Yamagata ~ Okayama Miyazaki Tochigi
35 Miyagi Tottori Toyama Nagano Chiba Kumamoto Okayama Yamanashi
36 Hokkaido Kagawa Aichi Ibaraki Oita Hokkaido Toyama Okayama
37 Nara Ibaraki Aomori Kyoto Tochigi Tochigi Wakayama  Ibaraki
38 Tokushima  Tochigi Tottori Okayama Iwate Kagawa Tottori Osaka
39 Aomori Osaka Hiroshima  Wakayama Kyoto Yamagata Shimane Kochi
40 Osaka Nara Fukuoka Nagasaki Kanagawa  Aomori Niigata Akita
41 Ibaraki Fukushima Niigata Toyama Osaka Kanagawa Saga Tokushima
42 Tochigi Kyoto Nagano Nara Akita Kyoto Ishikawa Tottori
43 Kyoto Akita Miyazaki Yamanashi Okinawa Wakayama Hiroshima  Nara
44 Wakayama  Iwate Oita Tottori Hokkaido  Tokyo Akita Shimane
45 Fukushima  Miyagi Nagasaki Gunma Saitama Osaka Yamaguchi Kagawa
46 Akita Tokushima Yamaguchi  Hiroshima Miyagi Miyagi Kagoshima  Hiroshima
47 Iwate Wakayama Shimane Shimane Aomori Nara Kochi Wakayama

Note: NDBEMC is the National Database of Electronic Medical Claims. The influenza season in the NDBEMC is defined as September to August of
the following year. NOSSID is the National Official Sentinel Surveillance for Infectious Diseases. The influenza season in NOSSID extends from the
36th epidemiological week to the 35th epidemiological week of the following year.

NOSSID but fifth from the bottom in the NDBEMC.
Similarly, Wakayama prefecture was ranked as the least
flu-prevalent prefecture in the two seasons of 2010/2011
and 2013/2014 in NOSSID, but it was never ranked as
the lowest in the NDBEMC. The exceptional case was
Shimane prefecture in the 2011/2012 season. It ranked
as the least prevalent prefecture in both datasets. These
discrepancies between the two datasets may have caused
the low rank correlation of around 0.5, even though the
four p values were quite small, and the null hypothesis

that the two datasets were independent was rejected in all
seasons.

We can surmise three reasons for the low rank
correlation. First, in principle, the sentinels in NOSSID
were chosen randomly. However, they were determined
as the outcome of bargaining between the local
government and the regional medical associations, and
thus, in fact, the sentinels were not selected randomly.
For example, if a local government would like to know
about the early stage of an outbreak, they might ask
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larger hospitals and clinics to be sentinels. This process
may bias the NOSSID data. The second reason relates
to bias in the proportion of sentinels. Among the 5,000
sentinels in NOSSID, about 3,000 are pediatric clinics/
hospitals and 2,000 are clinics/hospitals for adult
patients. Thus, the coverage in children is much higher
than that in adults, even though its ratio is not well
known because the age distribution of the pediatric and
adult patients was not published by prefecture. Therefore,
NOSSID may reflect epidemics in children much more
accurately than in adults. In contrast, the NDBEMC has
no such bias in age because almost all electronic claims
are included. This difference in the two datasets may
have caused the low rank correlation. The third reason
might be incompleteness of the NDBEMC. As explained
above, the coverage of the NDBEMC was quite high
but not 100%. The information defect may occur at
small clinics operated by only one older doctor. In such
cases, the doctor can report records by handwriting,
rather than electronically, and this interim measure can
cause this defect. If there were systematic variations in
the proportion or size of these small clinics to which the
interim measure was applied, among regions, the lack of
these clinics' data might cause bias in the NDBEMC and
thus a subsequent lower rank correlation with NOSSID.
However, since such a defect might affect a very small
proportion of the data at least in the national average, and
there is no specific reason for systematic variations in the
proportion or size of these small clinics among regions,
the possibility of this effect might be small.

There were some limitations in this study. First, we
examined regional variation in influenza, but we do not
know whether similar phenomena might be observed in
other infectious diseases including respiratory syncytial
virus infection; gastrointestinal infections; varicella;
hand, foot and mouth disease; erythema infectiosum; or
pertussis. Therefore, we cannot extend the obtained result
to NOSSID itself.

Second, though we do not know the age distribution
of the patients with influenza in NOSSID, we will be able
to obtain it from the NDBEMC with a future application.
Such information on age distribution may be insightful in
interpreting regional variation. As mentioned before, the
sentinels in NOSSID were designed to bias to pediatric
patients rather than adult. Conversely, NEDEMC does
not have those bias in age distribution. This difference
might cause some discrepancies in two data set.

Third, as we have examined no research in countries
other than Japan, we cannot apply the obtained results to
sentinel surveillance itself, especially as related to other
countries. As medical claims or records in other countries
are available, we need to verify the preciseness of the
sentinel surveillance.

In conclusion, we found that regional variation in the
influenza data in NOSSID was not imprecise statistically,
but its correlation with the NDBEMC dataset was not so

high. It is important to note this fact when interpreting
regional variation in the NOSSID data. The examination
of infectious diseases other than influenza remains as a
future challenge.
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Summary

Benign portal vein stenosis is a rare complication following pancreaticoduodenectomy.

Because a direct surgical approach to the portal vein is difficult due to severe adhesions
following pancreaticoduodenectomy, portal vein stent placement is considered a good
treatment option. Herein, we report 3 cases of severe portal vein stenosis following
pancreaticoduodenectomy that were treated with portal venous stent placement in a hybrid
operating room, combining a conventional operating room with an angiography suite. High-
resolution images on digital subtraction angiography provide better contrast and support
accurate stent placement compared to using a mobile C-arm.

Keywords: Digital subtraction angiography, portal hypertension, hepato-biliary-pancreatic surgery

1. Introduction

Benign portal vein (PV) stenosis is a rare complication
following hepato-biliary-pancreatic surgery, such as
hepatectomy and pancreaticoduodenectomy (PD) (/,2).
The most frequent cause of stenosis is postoperative
inflammation, which leads to portal hypertension and
subsequent gastrointestinal hemorrhage from varices
(3). Because a direct surgical approach to the PV is
difficult due to adhesions following hepato-biliary-
pancreatic surgery, PV stent placement is considered a
good treatment option for benign PV stenosis (4).

Here, we report 3 cases of severe PV stenosis
following PD treated with portal venous stent placement
in a hybrid operating room (OR), which combines a
conventional OR with a digital subtraction angiography
(DSA) unit (35).

Released online in J-STAGE as advance publication December
28,2018.
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We place this study into appropriate perspective
with the most recent clinical practice guidelines.

2. Patients and Methods
2.1. Patients

From August 2016 to July 2017, 62 patients underwent
PD, including five hepatopancreatic duodenectomies
(HPDs), at the University of Tokyo Hospital. Two
patients developed acute PV stenosis with symptoms
(patients 1 and 3). Patient 2 was referred from another
hospital for surgical resection of remnant pancreatic
cancer following PD. In total, 3 patients underwent
PV stent placement for severe PV stenosis following
PD in a hybrid OR in our hospital from April 2017
to October 2017. Portal vein stent placement was
considered when a patient developed symptoms due to
portal vein stenosis. However, in patient 2, portal vein
stent placement was indicated to avoid complication,
such as ascites, related to portal vein stenosis after
distal pancreatectomy. Table 1 shows the patient
characteristics prior to stent placement. After the
surgery, all three patients developed benign PV stenosis
at 2, 52, and 3 months. Patient 1 developed melena 6
months after PD, and PV stenosis was identified on
computed tomography (CT) scan (Figure 1). In patient 2,
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Table 1. Preoperative Patient Characteristics

Patient Characteristics Patient 1 Patient 2 Patient 3
Age, years 68 68 75
Sex (Male/Female) Male Female Female
Primary lesion cC PC CcC
Pathological TNM staging™ T3aN1MO T3NOMO T3bNIMO
ASA score 2 2 2
BMI, kg/m’ 30.0 19.2 19.4
Albumin, g/dL 3.5 34 2.7
Total bilirubin, mg/dL 0.7 0.9 0.6
AST, U/L 19 50 60
ALT, U/L 14 16 30
PT-INR 1.04 0.92 1.11
Comorbidities

Hypertension yes yes no

Diabetes mellitus yes yes no

Tobacco use (ever) no yes no

Alcohol use (ever) no yes no
PD

Operative time, min 597 494 689

Estimated blood loss, mL 840 884 1680

Portal vein resection no no yes

Additional right hemihepatectomy no no yes

RBC transfusion required no yes yes
Characteristics after PD

Major abdominal complications™*

POPF yes™* no no
Cholangitis no yes no

*According to the American Joint Committee on Cancer Classification (8). **International Study Group of Postoperative Pancreatic Fistula Grade B
(9). TNM, tumor, lymph node, metastasis; ASA, American Society of Anesthesiologists; AST, aspartate transaminase; ALT, alanine transaminase; PT-
INR, prothrombin time-international normalized ratio; CC, cholangiocarcinoma; PC, pancreatic cancer; POPF, postoperative pancreatic fistula; RBC,

red blood cells.

Figure 1. Preoperative findings. (A) Coronal image on contrast-enhanced CT showing extrahepatic portal vein stenosis (arrow).
(B) Axial image on contrast-enhanced CT showing the dilated collateral vessel from the first jejunal vein (arrow head).

preoperative CT scan revealed severe PV stenosis with
surrounding soft tissue density area. No malignant cells
were found in the soft tissue on repeated endoscopic
ultrasound-guided fine needle aspiration (EUS-FNA);
thus the PV stenosis might be because of postoperative
cholangitis associated with severe stenosis resulting
from choledocojejunostomy. Stent placement was
performed to relieve stenosis 17 months after PD.
Patient 3 developed a liver abscess 2 months after HPD
with CT scan revealing PV stenosis. The study was
approved by the institutional ethics committee (approval
number: CL2017037).

2.2. Surgical technique

For our three patients, we used an open trans-ileocecal
approach to the portal venous system in a hybrid OR
because safe puncture using a percutaneous approach
was difficult. In patients 1 and 2, the portal vein diameter
of the umbilical portion was small (5 mm) and portal
vein flow was difficult to detect. In patient 3, although
the portal vein diameter was relatively thick (9 mm),
liver abscess existed at the puncture tract.

During transileocolic PV stent placement, a midline
incision was made on the lower abdomen. A vascular
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Figure 2. Intraoperative and postoperative findings. (A) Portography showing portal vein stenosis (yellow arrow head) and
collateral vessels from the first jejunal vein (white arrow head). (B, C) Contrast-enhanced CT images 3 months after stent placement
showing stent patency (B) and collateral vessel shrinkage (C, yellow arrow head).

Table 2. Intraoperative and Postoperative Outcomes of Stent Placement

Variables Patient 1 Patient 2 Patient 3
Intraoperative outcome
Operative time, min 164 140 154
Estimated blood loss, mL 115 50 0
Decrease in pressure gradient between the PV and SMV, cm H,0O 7.5 18.4 8.5
Postoperative morbidity
Clavien-Dindo classification 0 0 0
Postoperative hospital stay, d 11 7 9

*According to Dindo et al's classification (/0). PV, portal vein; SMV, superior mesenteric vein.

sheath was introduced into the peripheral ileal vein
following ileal mesentery dissection. The severity and
length of the PV stenosis were examined by high-
resolution portography using DSA (Figure 2A). A
metallic stent was placed following balloon dilatation
of the stenotic site, and additional balloon dilatation of
the PV from inside of the stent was performed. Portal
pressure gradient was measured before and after stent
placement.

Anticoagulant therapy with heparin was administered
for 1 week following stent placement and then switched
to warfarin (5) for 6 months. Intraoperative and
postoperative outcomes are shown in Table 2.

3. Results and Discussion

The portal system was clearly visualized in all three
patients using DSA in a hybrid OR. The pressure gradient
at the stenotic site was 10.5, 21.2, and 9.5 ¢cmH,0,
respectively. It improved to 3.0, 2.8 and 1.0 cmH,0 after
stent placement. Postoperative courses were uneventful
in all patients. The postoperative hospital stay was 11, 7,
and 9 days, respectively.

Contrast-enhanced CT scan was performed 1 week
after the surgery confirmed PV stent patency. In patient
1, stent patency and collateral vessel shrinkage were
detected on contrast-enhanced CT 3 months after stent
placement (Figure 2B, C).

Patients 1 and 3 were symptom free following stent
placement for 9 and 3 months, respectively, and patient
2 underwent resection of remnant pancreatic cancer 1
month after stent placement and was complication free
for 7 months. The latest stent patency for each patient
was confirmed on contrast-enhanced CT at 9, 1, and 5
months following stent placement, respectively.

We herein report 3 cases of stent placement for severe
benign PV stenosis in a hybrid OR with high-resolution
DSA. To our knowledge, this is the first study to report
successful PV stent placement owing to the use of hybrid
OR.

A hybrid OR combines a conventional OR with an
angiography suite, providing radiologists with the same
environment as an angiography room outside of the
surgical unit. Compared to using a mobile C-arm, better
contrast resolution on DSA facilitates optimal balloon
inflation and supports accurate stent placement. In the
present cases, stent placement using high-resolution DSA
images in a hybrid OR contributed to successful stent
placements.

In an angiography room, the percutaneous
transhepatic approach is ultrasound guided and less
invasive but is performed under local anesthesia, and
the patient must undergo interventional treatment for
2-3 hours. Additionally, using the retrograde approach
to the main PV, the guidewire is sometimes difficult
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to advance beyond the stenotic site (3). On the other
hand, the transileocecal approach requires laparotomy
under general anesthesia, but it is possible to advance a
guidewire through the thin portal branches, which are
difficult to approach using percutancous transhepatic
access. Furthermore, it is easier to place a stent at the
stenotic site using an antegrade approach than using
a retrograde approach. A hybrid OR is superior to the
angiography suite or a regular OR as the approach can
be switched immediately whenever necessary. Therefore,
referral to a specialized institution with a high-resolution
hybrid OR may be beneficial in patients with severe PV
stenosis.

Benign PV stenosis is a rare complication following
hepatobiliary-pancreatic surgery (/,2), and is possibly
caused by postoperative inflammation, such as
pancreatic fistula. In the present cases, the origin of
benign PV stenosis was probably due to inflammation
after the surgery. Malignancy was ruled out using
contrast-enhanced CT, positron emission tomography CT
(PET-CT), and biopsy. Patients often develop symptoms
of portal hypertension, such as gastrointestinal
hemorrhage, ascites, and thrombocytopenia, when PV
stenosis is > 80% (6). In our study, stenosis was > 90%
in each case, and two of three patients suffered from
complications.

Kato et al. (3) performed stent placement in 29
patients using a percutaneous transhepatic approach in 22
patients and using laparotomy via the transileocolic vein
in seven patients. In total, 7 patients had stent occlusion:
three had acute thrombosis, one had thrombosis at 80
days after stenting, and three had tumor growth. The
patency rate was 76%, and the mean stent patency period
was 17.3 £ 21.4 months. They also found that presence
of a collateral vein is a significant variable related to the
development of stent occlusion. Scant evidence supports
using anticoagulant therapy following stent placement
(7). In the present cases, warfarin was administered for 6
months after the surgery.

As a major limitation of this study, we did not
compare this new approach to previous technique. Future
study is necessary to clearly demonstrate the usefulness
of a hybrid operating room for this relatively rare
situation.

In conclusion, benign PV stenosis is a good

indication for PV stent placement. A hybrid OR with
high-resolution DSA contributed to the success of PV
stent placement.
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