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Testes produce sperms, and gamete generation relies on a proper niche environment. The disruption of hierarchical regulatory
homeostasis in Leydig or Sertoli cells may evoke a sterile phenotype in humans. In this study, we recapitulated type 2 diabetes
mellitus by using a high-fat diet- (HFD-) fed mouse model to identify the phenotype and potential mechanism of diabetes-
induced testicular impairment. At the end of the study, blood glucose levels, testosterone structure, testicular antioxidant
capacity, and testosterone level and the expression of hypoxia-inducible factor- (HIF-) la, apoptosis-related protein cleaved-
caspase3, and autophagy-related proteins such as LC3I/II, p62, and Beclinl were evaluated. We found that long-term HFD
treatment causes the development of diabetes mellitus, implicating increased serum glucose level, cell apoptosis, and testicular
atrophy (P < 0.05 vs. Ctrl). Mechanistically, the results showed enhanced expression of HIF-1a in both Sertoli and Leydig cells
(P <0.05 vs. Ctrl). Advanced glycation end products (AGEs) were demonstrated to be a potential factor leading to HIF-1a
upregulation in both cell types. In Sertoli cells, high glucose treatment had minor effects on Sertoli cell autophagy. However,
AGE treatment stagnated the autophagy flux and escalated cell apoptosis (P < 0.05 vs. Ctrl+Ctrl). In Leydig cells, high glucose
treatment was adequate to encumber autophagy induction and enhance oxidative stress. Similarly, AGE treatment facilitated
HIF-la expression and hampered testosterone production (P <0.05 vs. Ctrl+Ctrl). Overall, these findings highlight the dual
effects of diabetes on autophagy regulation in Sertoli and Leydig cells while imposing oxidative stress in both cell types.
Furthermore, the upregulation of HIF-1a, which could be triggered by AGE treatment, may negatively affect both cell types.
Together, these findings will help us further understand the molecular mechanism of diabetes-induced autophagy
dysregulation and testicular impairment, enriching the content of male reproductive biology in diabetic patients.

1. Introduction

The rising incidence of male infertility has become a global
issue in recent decades. Like the increase in many cancer
cases, the causes of this outcome are multifactorial, includ-
ing workplace exposure [1], environmental change [2], drug
intake [3], and lifestyle factors [4]. Among these, it has been

accepted that the loss of dietary control and its derivate fat
and type 2 diabetes mellitus (T2DM) are major factors that
engender male infertility [5]. Even several studies have
linked the association between T2DM and male infertility,
but the underlying mechanisms remain unclear.

Testes are the sites where sperms are produced. The
spermatogenic process requires the Sertoli cells, which
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nourish spermatocytes [6], and Leydig cells, which regulate
the Sertoli cell function by producing testosterone [7]. Sev-
eral studies have demonstrated that the disorder of metabo-
lism in Sertoli cells and the increased apoptosis in Leydig
cells contribute to the testicular structure alteration in dia-
betics [8, 9]. Oxidative stress contributes to the development
of diabetic complications [10]. Simultaneously, oxidative
stress is one of the leading causes of male infertility [11].
Numerous studies have shown that oxidative stress can
induce blood-testis barrier (BTB) damage by mediating a
series of intracellular signaling pathways, such as activating
the p38/MAPK pathway [12, 13]. In addition, sperm are par-
ticularly susceptible to oxidative stress, with low levels of
reactive oxygen species (ROS) playing an essential role in
spermatogenesis. However, excess ROS can lead to oxidative
damage to sperm, including reduced sperm concentration
and motility and reduced fertilization [14]. Mammalian cells
have developed several strategies to counteract ROS. On the
one hand, ROS could be enzymatically quenched by super-
oxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPX). On the other hand, ROS can be balanced
by removing ROS origins, including impaired mitochondria
and redundant protein aggregations, by autophagy [15, 16].
In the testes, autophagy plays an essential role in the Sertoli
cell function, especially in the assembly of ectoplasmic spe-
cialization [17]. Similarly, autophagy is involved in testoster-
one production by facilitating cholesterol uptake [18]. It is
noteworthy that abnormal regulation of autophagy is also a
contributor to impaired testicular functions, and this phe-
nomenon has been detected in several diabetic animal
models [19-21], highlighting the potential role of autophagy
in diabetes-induced testicular pathogenesis. However, many
of these studies evaluated the change of autophagy levels at
the whole testicular level and did not discriminate between
different cell types in the testes, which may cause the unspe-
cificity or inaccuracy of conclusions.

Autophagy, an evolutionarily conserved self-degradation
mechanism, affects cellular metabolism and may help bal-
ance stress-induced functional disorders [22-24]. Autoph-
agy levels vary in different statuses and could be regulated
by many stresses or metabolism-related signaling pathways.
For example, autophagy could be induced under serum dis-
ruption via Akt/mTOR pathway and hypoxia in a HIF-1a-
dependent manner [25, 26]. Previous investigations have
established that diabetic context can exacerbate the homeo-
stasis of HIF-la content in several organs of diabetic
patients, which enables the progression of diabetic complica-
tions. In the male testes, an increase of HIF-1« is linked to
the pathogenesis of varicocele [27]. HIF-1a is also necessar-
ily required for the process of spermatogenesis [28]. Based
on our knowledge, no studies have evaluated the role of
HIF-1« in diabetes-induced testicular dysfunction. Further-
more, it is known that advanced glycation end products
(AGEs) exert a regulatory role on HIF-1a expression in Ley-
dig cells [29], but its pathological effects remain poorly
understood.

In the present study, we constructed a high-fat diet-fed
mouse model to understand the influences of diabetes on
testicular morphology and implicated mechanisms, since
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previous studies have shown that diabetes can cause testicu-
lar damage, even infertility, but the underlying mechanism is
not clear. The data showed that diabetes could drive the
alteration of normal testicular morphology and disrupt the
balance of cellular oxidative status. We also showed that
the dimorphic manipulation of autophagic status in Sertoli
and Leydig cells may drive the progression of testicular path-
ogenesis in diabetic mice. Collectively, these findings will
contribute to our further understanding of the molecular
mechanisms of diabetes-induced autophagy dysregulation
and oxidative stress leading to testicular damage and further
enrich the content of male reproductive biology in diabetic
patients, providing a theoretical basis for subsequent studies.

2. Materials and Methods

2.1. Animals. All male C57/BL6] mice (4 weeks) were pur-
chased from Wushi Experimental Animal Supply Co. Ltd.
(Fuzhou, China). The animals were maintained under a
14h and 10h light-dark schedule with a continuous supply
of chow and water. The high-fat diet (HFD) contained
58% lard oil, 25.6% carbohydrate, and 16.4% protein, while
the normal control diet (NCD) contained 11.4% fat, 62.8%
carbohydrate, and 25.8% protein [30]. The mice were ran-
domly divided into two groups (n=10/group) and were
fed with either NCD or HFD for 8 weeks. The testes were
then excised for further analysis. The Institutional Animal
Care and Use Committee and the Ethics Committee on Ani-
mal Experimentation at Fujian Normal University approved
the experimental protocol. All efforts were made to mini-
mize animal discomfort and to reduce the number of ani-
mals used.

2.2. Immunofluorescent Staining. The testes were fixed in
10% neutral formalin for 48 h at 230 C+ 20 C. After fixa-
tion, these testes were embedded in paraffin, and 5 uM sec-
tions were cut and mounted on slides. For
immunofluorescent (IF) staining, the sections were dried,
dewaxed, and rehydrated, followed by antigen retrieval with
citrate buffer solution (pH 6.0). The sections were then incu-
bated with anti-LC3 antibody (1:200 dilution) and anti-p62
antibody (1:200 dilution) overnight at 4°C. Goat serum
(Boster Biological Technology, Wuhan) was used as negative
control instead of a primary antibody. After washing with
PBS, sections were incubated with secondary antibody
(A20204 or A20206, Invitrogen, Carlsbad, CA) at RT for
1 h. Finally, the sections were counterstained with 4',6-diam-
idino-2-phenylindole (DAPI) and mounted with coverslips.

2.3. Western Blotting. The testes were removed from mice
with great care, followed by subcomponent isolation. Briefly,
Leydig cells were isolated using a 70 uM cell strainer after the
disruption of the tunica albuginea. Seminiferous tubules
were collected and minced and then subjected to EDTA
(pH7.4) treatment to remove peritubular cells to purify Ser-
toli cells. The tubular pellet was digested with collagenase for
10 min at 37°C to remove the germinal cells. The Sertoli cell
suspension was collected by centrifugation at 300 x g for
5min. The Leydig and Sertoli cells were lysed using ice-
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cold RIPA buffer supplemented with protease inhibitors
(protease inhibitor cocktail, Beyotime Institute of Biotech-
nology, Haimen, SU) for protein extraction. Protein concen-
trations were determined using the BCA Kit (Beyotime
Institute of Biotechnology, Haimen, SU) with bovine serum
albumin standards. Subsequently, 40ug protein samples
were loaded onto SDS-PAGE gel and separated by electro-
phoresis. The membranes were blocked by 5% skimmed
milk, followed by primary antibody incubation at 4°C over-
night (Supplementary Table 1). After washing, the
membranes were incubated with horseradish peroxidase-
conjugated goat antirabbit or mouse IgG (1:1000 dilution,
Beyotime Institute of Biotechnology, Haimen, SU) for 1h
at RT. Eventually, the bands were visualized by enhanced
chemiluminescence star (ECL, Beyotime Institute of
Biotechnology, Haimen, SU). The bands were quantified
using the Image] 1.49 software (National Institutes of
Health, Bethesda, MD).

2.4. ROS Detection. For tissular detection, the testes were
removed and dissociated according to the protocol in a pre-
vious study [31]. After centrifugation, the cells were homog-
enized in lysis buffer (250mM sucrose, 20mM HEPES-
NaOH, pH?7.5, 10mM KCl, 1.5mM MgCl2, 1mM EDTA,
1 mM EGTA, and protease cocktail inhibitor) [32], and the
supernatants were collected by centrifugation at 10,000 x g,
4°C for 5min. The mixes were suspended in HBSS contain-
ing dichlorodihydrofluorescein diacetate (DCFH-DA) (Jian-
cheng Biotech Institute, Nanjing, SU). Then, the mixes were
incubated at 37°C for 30 min in the dark. The fluorescence of
DCF was measured using a microplate reader at an excita-
tion wavelength of 488 nM and an emission wavelength of
535nM. The intracellular ROS level was measured using a
commercial kit (Beyotime Institute of Biotechnology, Hai-
men, SU). Briefly, cells were washed with cold PBS and then
incubated with DCFH-DA at 37°C for 20 min. Subsequently,
cells were washed with PBS before measurement, and a
microplate reader was used to determine the DCF fluores-
cence of 20,000 cells at an excitation wavelength of 488 nM
and an emission wavelength of 535nM.

2.5. Detection of Oxidative Stress Markers. SOD, GPX, and
CAT were detected in testicular tissues using commercial
kits (Jiancheng Bioengineering Institute, Nanjing, SU)
according to the manufacturer’s instructions.

2.6. Immature Sertoli Cell Culture. According to a previous
study, three-week-old mice were used for Sertoli cell extrac-
tion [31]. Briefly, the testes were removed and decapsulated
before Sertoli cell isolation. Then, the testes were digested
with  0.1% collagenase (SCR103, Sigma) in HBSS
(14025092, Gibco) for 10 min in a 37°C incubator. During
digestion, the tube was gently shaken to promote tissue dis-
persing. The suspension was then filtered through a 70 uM
filter. Seminiferous tubules were collected and minced,
followed by EDTA (pH7.4) treatment to remove the peri-
tubular cells. Afterward, the germinal cells were removed
by digesting the tubular pellet with collagenase for 10 min
at 37°C. The suspension of Sertoli cells was collected by sed-

imentation and then resuspended in a Sertoli cell culture
medium (4521, ScienCell).

2.7. Mitochondria Isolation. The mitochondria were isolated
using a commercial kit (C3601, Beyotime Institute of Bio-
technology, Haimen, SU) to detect the level of cytosolic cyto-
chrome C. Briefly, after the isolation, cells were washed with
chilled PBS and then centrifuged at 600 x g to obtain the
pellet. The pellet was resuspended in the isolation reagent
with PMSF, followed by pipetting up and down several times
and incubation on ice for 15 min. It was then centrifuged at
600 x g, 4°C for 10 min. Subsequently, the resulting pellet
was transferred into a new tube and centrifuged at 10,000
x g, 4°C for 10 min. Finally, the supernatant was collected
for Western blotting analysis.

2.8. Statistical Analysis. All data are presented as means + SD
. The significant differences within or between groups were
evaluated by a one-way analysis of variance, followed by
Tukey’s multiple range test. Statistical analysis was con-
ducted using SPSS version 20 software, and P < 0.05 was rec-
ognized as a statistically significant difference.

3. Results

3.1. Diabetes Induces Testicular Apoptosis and Structural
Atrophy. To model T2DM, the mice were fed HFD for 8
weeks. Expectedly, HFD-treated mice showed T2DM pheno-
types, including the fortified gain of body weight
(Figure 1(a)) and escalated serum glucose (Figure 1(b)). In
addition, the testes from HFD-treated mice exhibited dimin-
ished size and weight compared to those of the control, sug-
gesting the atrophy of the testes (Figure 1(c)).
Morphologically, the diabetic testes showed chaotic struc-
tural organization and curtailed size of seminiferous tubule
(Figure 1(d)). We, therefore, wondered if diabetes drives tes-
ticular apoptosis and thus detected the expression of apopto-
tic marker cleaved caspase-3, which showed a palpable
enhancement in diabetic mice (Figure 2(a)). This result
was further validated by Western blotting (Figure 2(b)).
These results suggested that HFD enabled the development
of T2DM phenotype, accompanied by increased cellular
apoptosis and atrophy of testicular structure.

3.2. Diabetes Has Dual Effects on Autophagy Regulation in
Sertoli and Leydig Cells. As autophagy is a mechanism for
ectoplasmic specialization in Sertoli cells [17] and steroido-
genesis in Leydig cells [18], we next detected the
autophagy-related markers LC-3I/II, p62, and Beclinl by
IF staining. Interestingly, the expression changes of LC-31/
I1, p62, and Beclinl exhibited divergent trends in Sertoli cells
and Leydig cells. Briefly, the level of LC-3I/II and Beclinl
was increased in Sertoli cells while it decreased in Leydig
cells (Figure 3(a)). Meanwhile, we noticed the concomitant
increase of p62 in diabetic mice (Figure 3(a)), suggesting
the disordered autophagy regulation in both cell types. The
results of AO staining also confirmed this conclusion (Sup-
plementary Figure 2). To further verify this result, we
isolated Sertoli and Leydig cells and proved that our
separation was successful by identifying the respective
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specific markers of Sertoli and Leydig cells (Supplementary
Figure 1) and then detected the contents of LC-3I/II, p62,
and Beclinl by Western blotting. Consistently, we observed
the augmentation of LC-3I/II, p62, and Beclinl expression
levels in Sertoli cells (Figures 3(b) and 3(c)) while
decreased levels of LC-3II and Beclinl in Leydig cells

(Figures 3(d) and 3(e)). These findings indicated that
diabetes exerts dimorphic roles during autophagy
regulation in Sertoli and Leydig cells.

3.3. Induction of Autophagy Attenuates High Glucose-Induced
Oxidative Stress in Leydig Cells. Considering the significant
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apoptosis and autophagy observed in Leydig cells of the dia-
betic testes, we wondered how autophagy plays a role in Ley-
dig cells’ survival. Because autophagy is tightly associated
with mitochondrial homeostasis and oxidative stress, we
detected the level of cytochrome C in the cytoplasm (Cyto-
cyc) of Leydig cells. When compared with that of the control,
an increase in Cyto-cyc content was observed in diabetic mice
(Figures 4(a) and 4(b)), accompanied by the increase of ROS
(Figure 4(c)) and the mitigation of GPX and CAT
(Figures 4(e) and 4(f)). However, we did not observe the pal-
pable change of SOD in Leydig cells (Figure 4(d)). In vitro,
we found that high glucose (HG) can induce the upregulation
of Cyto-cyc (Figures 5(a) and 5(b)) and ameliorate LC-3II
(Figures 5(a) and 5(c)). Nevertheless, rapamycin, an autoph-
agy inducer, partially deregulated the effect of HG on Leydig
cells (Figures 5(a) and 5(c)). Furthermore, we found that HG
decreased cell viability, whereas rapamycin partially protected
the cells (Supplementary Figure 3A). Meanwhile, the
induction of autophagy attenuated the increase of ROS
induced by HG (Figures 5(a) and 5(d)). These findings
suggested that HG is implicated in the oxidative stress of
Leydig cells via inhibition of autophagy, and induction of
autophagy can partially rescue this phenotype.

3.4. HIF-1o /BNIP3 Pathway May Be Involved in the Autophagy
Regulation in Sertoli Cells. Considering the divergent pheno-
types in terms of autophagy regulation in Leydig and Sertoli
cells, we explored the potential regulation of autophagy induc-
tion in Sertoli cells. Therefore, the levels of the predominant
autophagy regulator p-Akt and its downstream effector p-
P70S6K were detected in Sertoli cells. The results indicated
the concomitant upregulation of both proteins (Figures 6(a)-
6(d)), suggesting that the Akt pathway may be involved in
autophagy regulation in Sertoli cells. HIF-1« is essential in
autophagy regulation, especially under hypoxic or oxidative
contexts. We showed that, similar to many other diabetic
organs, diabetes increased the expression of HIF-1« in Sertoli
cells (Figures 6(c) and 6(d)). Interestingly, even though diabetic
mice exhibited significant formation of BNIP3 homodimer
(Figures 6(e) and 6(f)), we did not observe the concomitant
upregulation of BNIP3 monomer (Figures 6(e) and 6(f)).
Because BNIP3 homodimerization is an important step for
mitophagy initiation, we separated the mitochondrial compo-
nent and detected the expression changes of both dimer and
monomer forms of BNIP3 (Figure 6(g)). Both cytoplasmic
and mitochondrial components consistently showed increased
homo-BNIP3 (Figures 5(g) and 5(h)), while mono-BNIP3
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3.5. AGEs Promote Oxidative Stress in Sertoli Cells by
Enhancing HIF-1a-Mediated Autophagy. To explore the
causative factors for autophagy induction, we treated Sertoli
cells with HG and AGEs, a nonenzymatic product of glucose

remained unchanged in the cytoplasm (Figure 5(g)). These
findings suggested that HIF-1a may be involved in mitophagy
regulation by promoting the formation of BNIP3
homodimerization.
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and proteins. The results indicated that the effects of HG on
HIF-1a, LC-3II, and p62 expression were not apparent
(Figures 7(a)-7(c)). However, AGEs significantly intensified
the expression of HIF-la, LC-3II, p62, and Beclinl
(Figures 7(a)-7(c)), suggesting a positive role of AGEs in
autophagy regulation. The increase of p62 indicated a
decrease in autophagy flux in Sertoli cells. Furthermore,
Chloroquine, an autophagy inhibitor, partially abolished
the effect of AGEs on Sertoli cells, and the expression of
HIF-la was also relatively reduced (Supplementary
Figure 4). Moreover, we found that AGEs decreased cell
viability ~while chloroquine partially protected cells
(Supplementary Figure 3B). To further confirm the role of
HIF-la in AGE-induced autophagy, we treated the cells
with Px478 to inhibit HIF-1a expression and observed the
concomitant decrease of LC-3II (Figures 8(a) and 8(b)),
suggesting a positive role for HIF-la in autophagy
regulation.

We also detected the effects of HG and AGEs on the apo-
ptosis of Sertoli cells (Figures 7(a) and 7(c)). Comparatively,
AGEs led to an apparent increase of cleaved caspase-3
expression (Figures 7(a) and 7(c)), while this effect could
be partially reversed by HIF-1a inhibition (Figures 8(a),
8(c), and 8(d)). When measuring the level of ROS, we
observed concomitant mitigation after Px478 treatment
(Figure 8(e)). These results suggested that AGEs significantly
contribute to enhanced autophagy levels and aggravate oxi-
dative stress in Sertoli cells.

3.6. Upregulation of HIF-la Ameliorates Testosterone
Production in Leydig Cells. A previous study demonstrated
the stable expression of HIF-1a in Leydig cells and its func-
tion as a crucial regulator of steroidogenesis [33]. However,
how HIF-1« is regulated and its role in testosterone produc-
tion remains unknown. In the present study, an improve-
ment of HIF-la content was detected in Leydig cells of
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diabetic mice (Figures 9(a) and 9(b)). Additionally, AGEs
enabled the upregulation of HIF-1a, indicating a potential
regulatory effect on HIF-l1a expression (Figures 9(d) and
9(e)). Consistent with preceding results, diabetic mice exhib-
ited downregulation of serum testosterone content
(Figure 9(c)), and this effect could be recapitulated by AGEs
treatment in vitro (Figure 9(f)). However, inhibition of HIF-
la attenuated the decrease in testosterone production
(Figure 9(f)). These findings suggested that AGEs can induce
HIF-1« expression, and this enhanced HIF-1a expression is
associated with lowered testosterone levels.

4. Discussion

In this study, we investigated the role of autophagy in
diabetes-induced testicular impairment and demonstrated
that diabetes disrupted testicular structure and exerted dual
effects on autophagy regulation in Sertoli and Leydig cells.
Nevertheless, the autophagy dysregulation in both cell types
contributed to skewed-oxidative homeostasis. Our results
also suggested that enhanced HIF-1a expression is a driving
force for autophagy in Sertoli cells and promotes oxidative
stress in Leydig cells in an autophagy-independent manner.

Diabetes is an important causative factor for hormonal
dysregulation, testicular impairment, and male infertility. Ser-
toli and Leydig cells are the major components of the testis,
and they are, respectively, involved in sperm maturation and
testosterone production. Sertoli cells are also required to form
BTB to prevent the invasion of extracellular material into the
intratubular fluid. Previous investigations have demonstrated
the deleterious effect of diabetes on the integrity of BTB [34].
Similarly, the diabetic context can drive the change of the
ultrastructure of Leydig cells and facilitate cell apoptosis [35].
However, most of these studies adopted a streptozotocin-
induced mouse model, which is different from the pathologi-
cal process. In the present study, we constructed a diabetic
model by HED feeding of rats and observed the increase of cell
apoptosis, the loss of testicular architecture, and the atrophy of
the testes. These findings are consistent with those from
streptozotocin-induced diabetic mice, which validated the role
of diabetes in male infertility.

Although several lines of evidence have confirmed the
effect of diabetes on testicular damage, the mechanism
remains elusive. It has been reported that the disruption of
the microvascular system induced by Akt downregulation
is one of the impactors of testicular impairment, and this
effect could be recapitulated by HG treatment [36].
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Autophagy is a stress-driven, self-degradation mechanism
that is initiated under unfavorable conditions. The dysregu-
lation of autophagy is a hallmark of many human diseases,
especially cancer [37] and degradative diseases, including
Alzheimer’s disease [38]. Predominantly, the essential con-
tribution of autophagy in testicular function has also been
evaluated in several publications. However, the pathological
function of autophagy under diabetic conditions has not
been investigated yet. In our study, through IF staining
and Western blot of autophagy-related proteins and AO
staining, we found that diabetes plays dimorphic roles in
autophagy regulation, promoting autophagy in Sertoli cells
while inhibiting autophagy in Leydig cells. Nevertheless,
both effects undermine cell functions.

Extensive research data suggest that ROS contribute to
glucolipotoxicity in diabetes, leading to cellular and tissue

dysfunction and damage [39]. Indeed, high ROS production,
low ATP levels, and mitochondrial dysfunction are hall-
marks of type 2 diabetes [40]. The increased oxidative stress
has been confirmed in many diabetic tissues and detected in
the testes [41, 42]. So far, compelling evidence has verified
the decrease of testosterone in diabetic patients [43], and
oxidative stress is detrimental to Leydig cell functions [44].
However, how diabetes drives oxidative stress and its pheno-
type has not been uncovered. Studies have shown that the
overproduction of ROS caused by TIDM activates apoptotic
signaling pathways in supporting cells, ultimately affecting
the survival of these cells [45]. We mainly studied the effect
of ROS excess caused by T2DM on Sertoli and Leydig cells.
Our results indicated that diabetes induced an appreciable
release of Cyto-cyc in Leydig cells, which was consistent with
the increase of ROS and the downregulation of GPX and
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CAT, indicating mitochondrial balance and oxidative stress.
The results also showed that HG is a causative factor for
attenuated autophagy, and autophagy induction can attenu-
ate the cytochrome C level in the cytoplasm, suggesting a
protective role for autophagy in Leydig cell function under
diabetic context.

The regulation of autophagy involves a spectrum of signal-
ing pathways. Among these, Akt/mTOR mainly regulates
autophagy under serum or glucose starvation. HIF-1a signal-
ing is another pathway that could be activated under hypoxia
or oxidative stress condition [46]. In the present study, we
observed the amelioration of p-Akt expression and its down-
stream p-p70s6k in Sertoli cells. Conversely, we found that
the level of HIF-1a was upregulated compared with that in
the control. BNIP3 is a primary target of HIF-1« to regulate
mitophagy in eukaryotes [47], which forms a homodimer to
localize on mitochondria and label it for degradation. We
found that the diabetic condition drives the formation of
dimer-BNIP3 in the mitochondria of Sertoli cells, indicating
a positive role for HIF-1a/BNIP3 pathway in autophagy regu-
lation. Nonetheless, when treating Sertoli cells with HG, we
did not observe a significant increase in autophagy level, while
AGE treatment increased both HIF-1a and LC-3II expression.
We also compared the effects of HG and AGEs on the apopto-

sis of Sertoli cells and found that AGEs can exacerbate
caspase-3 cleavage compared to HG. This effect could be par-
tially rescued by HIF-1« inhibition, suggesting that AGEs may
regulate autophagy in Sertoli cells by promoting HIF-1«
expression. We also showed that AGEs could induce HIF-1«
expression in Leydig cells, which is related to attenuated tes-
tosterone levels.

5. Conclusion

Our present study showed a dual effect of diabetes on
autophagy in Sertoli and Leydig cells, which drives the for-
mation of oxidative stress in both cell types. HIF-1a plays
a consistent role in exacerbating oxidative homeostasis in
an autophagy-dependent or independent manner. Further-
more, the HFD-fed diabetic mouse model used in the pres-
ent experiment was more in line with the pathological
process of type 2 diabetes and is more helpful for studying
type 2 diabetes. Our findings also draw attention to testicular
damage in diabetic patients and indicate that HIF-1« inhib-
itors may become a new direction for research and treatment
of diabetes. Although we have confirmed that the HIF-1«
signaling plays a role in testicular injury in diabetic mice,
further studies are still needed to identify possible HIF-1«
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upstream-regulated genes and their downstream target
genes to explore whether it regulates or coregulates
diabetes-induced autophagy leading to testicular damage.
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Diabetic kidney disease (DKD) is a major microvascular complication of diabetes mellitus (DM) and is closely associated to
programmed cell death. However, the complex mechanisms of necroptosis, an alternative cell death pathway, in DKD
pathogenesis are yet to be elucidated. This study indicates that necroptosis is involved in DKD induced by high glucose (HG)
both in vivo and in vitro. HG intervention led to the activation of RIPK1/RIPK3/MLKL signaling, resulting in renal tissue
necroptosis and proinflammatory activation in streptozotocin/high-fat diet- (STZ/HFD-) induced diabetic mice and HG-
induced normal rat kidney tubular cells (NRK-52E). We further found that in HG-induced NRK-52E cell, necroptosis might,
at least partly, depend on the levels of reactive oxygen species (ROS). Meanwhile, ROS participated in necroptosis via a
positive feedback loop involving the RIPKI1/RIPK3 pathway. In addition, blocking RIPKI/RIPK3/MLKL signaling by
necrostatin-1 (Nec-1), a key inhibitor of RIPK1 in the necroptosis pathway, or antioxidant N-acetylcysteine (NAC), an
inhibitor of ROS generation, could effectively protect the kidney against HG-induced damage, decrease the release of
proinflammatory cytokines, and rescue renal function in STZ/HFD-induced diabetic mice. Inhibition of RIPKI1 effectively
decreased the activation of RIPK1-kinase-/NF-«B-dependent inflammation. Collectively, we demonstrated that high glucose
induced DKD via renal tubular epithelium necroptosis, and Nec-1 or NAC treatment downregulated the RIPK1/RIPK3/MLKL
pathway and finally reduced necroptosis, oxidative stress, and inflammation. Thus, RIPK1 may be a therapeutic target for DKD.

1. Introduction

Type 2 diabetic kidney disease (DKD) is a major microvas-
cular complication of diabetes mellitus (DM), which is the
leading cause of chronic renal disease (CKD) and end-
stage renal disease (ESRD) worldwide [1, 2]. The mecha-

nisms leading to the initiation and progression of renal dys-
function in DKD are yet to be elucidated. Confounding
factors have been reported that mainly relate to metabolic
disorders, inflammatory responses, oxidative stress [3], and
DNA methylation profiles [4]. Cell depletion, loss or necro-
sis in the form of apoptosis, and other programmed cell
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death pathways may also play important roles and are recog-
nized as considerable drivers of progressive decline in renal
function [5, 6]. Both apoptosis and necrosis can cause tubu-
lar injury. Renal cell loss which is partly a consequence of
apoptosis is the predominant mechanism mediating renal
tubular epithelial cell loss and is central to the pathophysiol-
ogy of renal damage [7-9].

Necroptosis shares several upstream signaling pathways
with apoptosis; cell death can switch into a specific form of
necrosis when aspartate-specific cysteine protease-8 (cas-
pase-8) is defective, resulting in necroptosis [10, 11].
Necroptosis, a recently recognized form of nonapoptotic,
regulated necrotic cell death, has a typical necrotic morphol-
ogy. It can be activated by death receptors such as tumor
necrosis factor receptor 1 (TNFR1) and a factor associated
with suicide (FASL) [12, 13]. Among the various triggers,
TNF-a/TNEFR signaling has been the most typical and inten-
sively investigated [14]. The binding of TNF to TNFRI1 leads
to the activation of receptor-interacting protein kinase 1
(RIPK1) and receptor-interacting protein kinase 3 (RIPK3),
resulting in the recruitment a RIPK1-RIPK3-mixed lineage
kinase domain-like protein (MLKL) complex that is local-
ized on the cell membrane via phosphorylation of MLKL
by RIPK3. This leads ultimately to the disruption of the
plasma membrane and causes cell lysis [15, 16]. Reactive
oxygen species (ROS), DNA methylation profiles, mitochon-
drial bioenergetic disorders, and advanced glycation end
products (AGEs) have been implicated as necrotic effectors
[17]. RIPK1, a crucial regulator of cell fate [18], functions
as a start switch for caspase-8-dependent apoptotic or
RIPK3/MLKL-mediated necroptosis, as well as for the acti-
vation of the nuclear factor-kB (NF-«xB) pathway that is
involved in promoting cell survival and inflammation [19].
RIPK1 can be regulated and pharmacologically inhibited
by necrostatin-1 (Nec-1). Nec-1 is a cellular protector that
has been widely used in various cellular and animal models
of human diseases and is especially sensitive to TNEF-
induced necroptosis [20-22].

Accumulating evidence has shown that necroptosis plays
an important role in various pathological conditions in
humans, including neurodegenerative and cerebrovascular
diseases [23-25], liver and retinal injuries [21, 26], and oste-
oporosis [27, 28]. Few studies have reported the role of
necroptosis in the pathogenesis of renal diseases. Although
necrosis nephron segment injury is the main mediator of
acute kidney injury (AKI), necroptosis is another alternative
cell death pathway that operates alongside [29]. Necroptosis
is the primary mechanism mediating renal tubular epithelial
cell loss in early and intermediate chronic renal disorders
that result from necrosis preceding regeneration and/or
fibrotic tissue remodeling [30]. Diabetes-related risk factors
such as high glucose, AGEs, and lipopolysaccharide (LPS)
can induce necroptosis in cardiomyocytes [31, 32], podo-
cytes [33], glomerular endothelial cells, and umbilical vein
endothelial cells [34]. It was speculated that high glucose-
induced necroptosis mediated by TNF might be further reg-
ulated by ubiquitin carboxy-terminal hydrolase L1 (UCHL1)
via the RIPK1/RIPK3 pathway, leading to enhanced progres-
sion of diabetic nephropathy and increased podocyte injury
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and loss [33]. Nec-1 effectively protects against renal ische-
mia and reperfusion (I/R) injury by inhibiting necroptosis
and oxidative stress [35]. However, whether RIPK1 mediates
damage by high glucose stimulation via activation of necrop-
tosis in DKD patients and animal models remains unknown.
Moreover, it has not yet been investigated whether
necrostatin-1 effetely repairs the injury and ameliorates loss
of renal tubular epithelial cells and if the antioxidants of N-
acetylcysteine (NAC) decrease the release of inflammatory
cytokines by inhibiting the RIPK1/RIPK3 pathway.

To validate this hypothesis, we created an in vitro cell
model of HG intervention using normal rat kidney tubular
cells (NRK-52E) and an in vivo mouse model of DKD along
with an investigation of human kidney tissue samples col-
lected postsurgery. Our research revealed that HG treatment
increased renal tubular epithelial cell necroptosis and accel-
erated renal injury and fibrosis and that ROS are a driving
force for necroptosis to an extent. Furthermore, Nec-1 and
NAC were found to ameliorate renal function via inhibition
of the RIPK1/RIPK3/MLKL signaling pathway. Our findings
indicate that RIPK1 and targeted antioxidants may be poten-
tial therapeutic targets for DKD.

2. Materials and Methods

2.1. Kidney Sample Collection from Patients. Three patients
with DKD (aged 56-65 years, two males and one female)
in the Department of Pathology and three nondiabetic
patients in the Department of Urology, Affiliated Hospital
of Southwest Medical University, China, were recruited for
histological and immunohistochemical studies. DKD was
diagnosed by the urinary microalbumin/creatinine ratio
(UACR, >30mg/g) and typical pathological manifestations
of the kidney, in accordance with the policies of the Clinical
Trial Ethics Committee of the Affiliated Hospital of South-
west Medical University (KY2021086).

2.2. Animal Experiments. The animal experimental protocols
were approved by the Animal Research Center of Southwest
Medical University (20210928-007) and were performed in
compliance with the policies of the Chinese Animal
Research Committees. Six-week-old male C57BL/6] mice
were purchased from Chengdu Dossy Experimental Animal
Co., Ltd. (China) and randomly assigned to four groups:
control vehicle-treated (NC), necrostatin-1 drug control
(Nec-1), diabetic kidney disease (DKD), and type 2 diabetes
mellitus (T2DM) injected with necrostatin-1 (DKD+Nec-1)
(n=15/group). After feeding the mice a high-fat diet for 8
weeks and followed by the occurrence of insulin resistance,
50 mg/kg streptozotocin (STZ, Sigma-Aldrich, Louis, USA)
was continuously injected intraperitoneally (ip) for 4 days.
When the fasting blood glucose level was higher than
16.7mM, 1.65mg/kg/d of necrostatin-1 (Sigma-Aldrich,
Louis, USA) was injected intraperitoneally, and the control
received 1000 uL/kg/d of 1% DMSO solution (Sigma-
Aldrich, Louis, USA) in the same volume for 16 weeks.
Mice were anesthetized with 1% pentobarbital sodium
(50mg/kg body weight, ip, Sigma-Aldrich, Louis, USA),
and blood was collected for the detection of the blood urea
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nitrogen (BUN) levels and urine albumin-to-creatinine ratio
(ACR) and urine for microalbuminuria. Microalbuminuria
was measured by ELISA, ACR by picric acid colorimetry,
and BUN by urease. The kidneys were cut along the coronal
plane, and the right was used for pathological assessments
and the left for western blotting and real-time PCR assays.

2.3. Cell Culture. The NRK-52E cells were purchased from
American Type Culture Collection (ATCC, USA) and cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Grand Island, NY, USA) containing 5.6 mM glucose
and supplemented with 10% fetal bovine serum (FBS; Gibco,
Grand Island, NY, USA), 100 U/mL penicillin, and 100 ug/
mL streptomycin (Invitrogen, Grand Island, NY, USA).
The incubated cells were grown at 37°C with 5% CO, and
were starved for 6h and treated with different concentra-
tions of glucose (5.6 mM for control group and 30 mM for
high glucose intervention) and then pretreated with 50 uM
Nec-1 and 2 mM NAC for 24, 48, and 72 h. Following induc-
tion for 48h, the total protein and mRNA were extracted
from the cells for further study.

2.4. Cell Viability Assay. Cell growth and viability were mea-
sured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium  bromide (MTT; Beyotime Institute of
Biotechnology, Shanghai, China) assay. NRK-52E cells
(1% 10° cells/well) were seeded in 96-well plates in growth
medium and pretreated with different concentrations of glu-
cose; 10 uL of MTT (1 mg/mL) was added to each well, with
5 replicate wells, to allow the formation of MTT formazan
crystals at 37°C for 4 h, which were solubilized in 100 L of
DMSO. Cell proliferation was recorded at 570 nm (Thermo
Fisher Scientific, MA, USA) according to the manufacturer’s
instructions, and the appropriate time and concentration of
glucose intervention were determined. The same method
was used for Nec-1 and NAC.

2.5. Histopathological Analysis. Human and mouse kidneys
were fixed in 4% PFA for 24h and embedded in paraffin.
The sections were deparaffinized, dehydrated, and stained
with hematoxylin and eosin (H&E) and subjected to Mas-
son’s staining for histomorphometric analysis (Leica, Ger-
many). Other sections subjected to immunofluorescence
and immunohistochemical (IHC) analysis were incubated
with rabbit phosphor-RIPK1 (p-RIPK1; 1:100; Cell Signal-
ing Technology, USA), mouse phosphor-RIPK3 (p-RIPK3;
1:100; Abcam, Cambridge, UK), phospho-MLKL (p-MLKL;
1:100; Abcam, Cambridge, UK) antibodies, and anti-active
caspase-3 (1:100; Abcam, Cambridge, UK), treated with
goat anti-rabbit IgG (1:100), and incubated with
streptavidin-horseradish peroxidase complex (HRP, 1:100,
Biosynthesis Biotech, China). To visualize the signals, the
sections were treated with the peroxidase substrate DAB
(3,3-diaminobenzidine) and counterstained with hematoxy-
lin. The renal tissue structure was observed, and the percent-
age of p-RIPK1-, p-RIPK3-, and p-MLKL-positive cells was
calculated using Image-Pro Plus software.

2.6. Western Blotting Analysis. Total protein was extracted
from kidney and mouse NRK-52E cells using the RIPA cell

lysis buffer system (Cell Signaling Technology, USA), sup-
plemented with phosphatase inhibitors, and was quantified
by BCA-protein assay kit (Beyotime Institute of Biotechnol-
ogy, Shanghai, China). An aliquot (20 ug) of the proteins
was separated by 10% SDS-PAGE for protein electrophoresis
and transferred to a polyvinylidene fluoride (PVDF) mem-
brane (Millipore). Following blocking in 5% nonfat dry milk
for 1h at room temperature, the membrane was incubated at
4°C overnight with primary antibodies. The following anti-
bodies were used: mouse RIPK1, p-RIPK3/RIPK3, p-
MLKL/MLKL, IL-1$, anti-active caspase-3, phosphor-
inhibitor kB « (p-IxBa), phosphor-inhibitor of kappa B
kinase o/f (p-IKKa/f), GAPDH (all antibodies dilution
ratios are 1:1000; Abcam, Cambridge, UK), and rabbit p-
RIPK1. After washing three times with phosphate-buffered
saline with Tween-20 (PBST), the membrane was incubated
with HRP-conjugated secondary antibody (1:2000, Abcam,
Cambridge, UK) at room temperature for 1h. Bands were
quantified using Image] software and normalized to
GAPDH.

2.7. Quantitative Real-Time PCR (qRT-PCR) Analysis. Total
RNA was isolated from mouse kidney tissue and NRK-52E
cells using TRIzol reagent (Qiagen, Valencia, CA, USA),
and the concentration and purity were assessed using a spec-
trophotometer. The isolated RNA was subjected to reverse
transcription using a ReverTra Ace® qPCR RT Kit (Toyobo,
Japan), and the synthesized cDNA was used as a template
for quantitative PCR analysis. The primer sequence of
monocyte chemoattractant protein- (MCP-) 1 was deter-
mined using Primer Premier 5.0 software, which confirmed
the definition of primers in the NCBI website via Primer-
BLAST, and synthesized by Shanghai Biotechnology Co.,
Ltd. Quantitative PCR reactions were performed in triplicate
to remove any outliers. Finally, the CT values were analyzed
in relation to GAPDH CT values (RQ = —AACt).

2.8. Intracellular ROS Assay, ELISA Assay, and TUNEL
Assay. The intracellular production of ROS was measured
using a ROS detection kit (Beyotime Institute of Biotechnol-
ogy, Shanghai, China). The fluorescence of 2'-7'-dihydro-
dichlorofluorescein diacetate (DCFH-DA) was determined
using a spectrofluorophotometer (BMG LABTECH, Ger-
many) and measured in a plate reader with excitation at
488 nm and emission at 525 nm according to the manufac-
turer’s instructions. Urine microalbuminuria levels were
measured using a mouse microalbuminuria ELISA kit (Bei-
jing Cheng Lin Biological Technology Co. Ltd., China)
according to the manufacturer’s protocols in 96 wells. The
same method was applied to examine urine creatinine,
BUN, and ACR in mouse serum. Apoptosis was detected
using a TUNEL assay. Sections were incubated with 50 yL
TUNEL reaction mixture in a wet box for 60 min at 37°C
in the dark. Apoptotic cell death was quantified using a fluo-
rescence microscope in the wavelength range of 570-620 nm
(Roche).

2.9. Data Analysis. All data are expressed as mean+
standard deviation (SD) from at least three independent
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experiments, and comparisons between multiple groups
were analyzed using one-way analysis of variance (ANOVA)
with SPSS 22.0 software (SPNN Inc., Chicago, IL, USA). Sta-
tistical significance was set at p < 0.05.

3. Results

3.1. Protein Signaling Necroptosis Increased in Human DKD.
To explore cell lysis by necroptosis in DKD, we performed
IHC analysis for the necroptosis markers p-RIPK1 and p-
RIPK3 in kidney biopsy specimens from three nondiabetic
patients (control, NC) and three patients with DKD. Histo-
morphometric analysis performed on H&E-stained sections

revealed that glomerular volume decreased and glomerular
basement membrane (GBM) thickness increased in diabetic
patients. It also indicated glomerulosclerosis and mesangial
thickening in these patients. Masson’s staining showed col-
lagenous matrix deposition in glomeruli and tubules (indi-
cated by more collagen deposition, blue staining in
Figure 1(a)) and tubulointerstitial fibrosis. These are the typ-
ical renal pathological manifestations of DKD. Notably, IHC
staining indicated an increase in the expression of p-RIPK1
and p-RIPK3 in glomeruli, especially in renal tubules,
whereas the cleaved caspase-3 levels were not significantly
different between the NC and DKD groups (Figure 1(b)).
Therefore, we focused on the necroptosis of renal tubules



Oxidative Medicine and Cellular Longevity

for the remaining study. Next, NRK-52E cells were cultured
and stimulated by high glucose (30 mM) for 48 h. Transmis-
sion electron microscopy (TEM) analysis revealed that the
plasma membrane was disrupted, mitochondrial mem-
branes fragmented and vacuolated, and the endoplasmic
reticulum expanded (Figure 1(c)), which are the typical
characteristics of necroptosis. We concluded that the renal
tubules developed necroptosis in patients with DKD.

3.2. HG-Induced Necroptosis of Renal Tubular Epithelial
Cells by the Activation of RIPK1/RIPK3/MLKL Signaling.
To investigate the effects of HG-induced necrocytosis in
the mouse model of streptozotocin/high-fat diet- (STZ/
HFD-) induced DKD, we detected necroptosis signaling.
Interestingly, TUNEL staining indicated that the number
of necrotic cells increased in the DKD kidneys
(Figures 2(a) and 2(b)). The apoptosis marker, anti-active
caspase-3, showed no significant change in the kidneys of
mice with HG-induced DKD (Figures 2(c) and 2(d)). HG
markedly elevated necroptosis in renal tissue, as indicated
by the increased number of p-RIPKI1- and p-MLKL-
positive cells (Figures 2(e) and 2(f)) observed by IHC stain-
ing. Further, to investigate the molecular signaling pathways
underlying cell death, we cultured NRK-52E cells, starved
them for 6h, and stimulated them with 30mM glucose,
followed by a 50 uM Nec-1 treatment for 48 h each. The pro-
tein expression levels of p-RIPK1, p-RIPK3, and p-MLKL
increased correspondingly, and Nec-1 treatment lowered
these elevated levels both in vivo (Figures 2(g) and 2(h))
and in vitro (Figures 2(i) and 2(j)). Therefore, we concluded
that high glucose-induced cell death could mainly be attrib-
uted to necroptosis rather than apoptosis of renal tissue and
NRK-52E cells and depends on the activation of RIPK1/
RIPK3/MLKL signaling.

3.3. Nec-1 Treatment Ameliorated Renal Dysfunction and
Pathophysiology in DKD Mice. Necroptosis occurs in the
renal tissues of STZ/HFD-induced diabetic mice, and
RIPK1 plays an important role in the occurrence and devel-
opment of DKD. To examine whether necrostatin-1 treat-
ment ameliorated renal dysfunction, we treated mice with
1.65 mg/kg/d Nec-1 for 16 weeks and observed renal func-
tion, morphological changes, and fibrosis. We found that
Nec-1 treatment substantially reduced the increased urine
microalbuminuria, BUN, and ACR, as assayed by ELISA
(Figures 3(a)-3(d)). Furthermore, H&E staining revealed
that Nec-1 treatment significantly improved pathological
changes in the kidney and inhibited mesangial cell prolifer-
ation and decreased matrix increase, basement membrane
thickening, and interstitial inflammatory cell infiltration
(Figure 3(e)). Masson’s staining showed that the renal fibro-
sis in DKD mice was significantly ameliorated following
Nec-1 treatment (Figures 3(e) and 3(f)). Collectively, these
data suggest that Nec-1 significantly improves renal func-
tion, renal remodeling, and fibrosis in DKD mice.

3.4. Nec-1 Treatment Reduced Kidney Inflammation Induced
by HG. Immune-mediated chronic low-grade inflamma-
tion is closely associated with the pathogenesis of diabetes

mellitus and microvascular complications. Inflammatory
cytokines are involved in the progression of diabetic
nephropathy [36]. The protein expression levels of p-IxBa
and p-IKKa/f3 correspondingly increased, and Nec-1 effec-
tively suppressed this increase (Figures 4(a) and 4(b)). IL-
1 expression was upregulated after HG intervention, both
in vivo (Figures 4(c) and 4(e)) and in vitro (Figures 4(d)
and 4(f)). The expression of MCP-1 mRNA was significantly
increased in DKD mice (Figure 4(g)) and cells in the high
glucose group (Figure 4(h)), and Nec-1 treatment signifi-
cantly reversed this phenotype. Therefore, we believe that
Nec-1 intervention can reduce proinflammatory cytokine
levels in the kidneys of DKD mice.

3.5, NAC Treatment Decreased Necroptosis and
Inflammation by Inhibiting the RIPK1/RIPK3 Signaling. Pre-
vious studies have found that the overproduction of ROS
plays an important role in programmed cell death, such as
apoptosis [37], pyroptosis [38, 39], and necroptosis [40].
Among the various stimuli that trigger necroptosis, ROS
are essential factor [41]. However, whether ROS increase
kidney necroptosis in DKD remains unclear. Our results
supported that HG intervention increased the intracellular
ROS levels compared with the control group. Moreover,
Nec-1 directly inhibited the elevated ROS, and the effect
was equivalent to the treatment with NAC, an inhibitor of
ROS (Figures 5(a) and 5(b)). We further explored whether
ROS are crucial for HG-induced necroptosis in NRK-52E
cells using the antioxidant NAC to inhibit ROS production.
Addition of NAC effectively reduced HG-induced necropto-
sis in NRK-52E cells, as NAC attenuated the upregulation of
the RIPK1 signaling pathway, including p-RIPK1, p-RIPK3,
and p-MLKL, compared to that in the control group
(Figures 5(d) and 5(e)). Meanwhile, NAC treatment signifi-
cantly lowered the elevated levels of MCP-1 (Figure 5(c))
and significantly downregulated the production of proin-
flammatory cytokines (IL-1f3) in vitro (Figures 5(f) and
5(g)). Together, these results highlight the role of ROS in
the regulation of HG-induced NRK-52E cell necroptosis
via a positive feedback loop involving RIPK1/RIPK3 and
confirm that NRK-52E cell necroptosis, at least in part, pro-
motes the generation of ROS.

4. Discussion

The mechanisms underlying DKD have not been fully eluci-
dated. At present, studies have found that high glucose [31,
42, 43] and LPS [44] could induce necroptosis and partici-
pate in the development of diabetes and related complica-
tions. High glucose [32] and AGE [45] levels induce
necroptosis in cardiomyocytes, thus contributing to the
occurrence and development of diabetic myocardial fibrosis.
Hyperglycemia-induced necroptosis of endothelial cells may
accelerate the formation of atherosclerotic plaques in diabe-
tes patients [34], and the apoptosis or necroptosis of podo-
cytes [43] and glomerular endothelial cells [42] results in
diabetic glomerulopathy and fibrosis. Herein, we found that
the expression levels of p-RIPK1/RIPK1, p-RIPK3/RIPK3,
and p-MLKL/MLKL in the kidney tissues of DKD mice were
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domain-like protein; Nec-1: necrostatin-1.

significantly increased, suggesting that necroptosis may be
involved in the development of DKD. Furthermore, we
found that treatment with RIPK1 inhibitor, Nec-1 signifi-
cantly inhibited the activation of the RIPK1/RIPK3/MLKL
signaling pathway, ameliorated renal dysfunction, and
reduced kidney inflammation and renal fibrosis. These con-
clusions indicate the involvement of necroptosis-associated
mechanisms in HG-treated kidneys.

Necroptosis is triggered by the ligation of death recep-
tors or initiators, leading to the phosphorylation of RIPKI.
This initiates the phosphorylation of a pseudokinase sub-
strate MLKL, which recruits p-RIPK3 to form a necrosome
and translocates to the cell membrane, finally leading to
necroptosis. Previous studies have revealed important func-
tions and regulatory mechanisms of RIPK1 in inflammation
and have indicated that RIPK1 may be a therapeutic target
for multiple human diseases [46]. However, our study is
the first to show that blocking RIPK1 by Nec-1 ameliorates
renal dysfunction and reduces kidney inflammation in
DKD. Our findings suggested that Nec-1 significantly
reduced necrosis of kidney tissue, decreased the expression
of necroptosis markers, and blocked/reduced inflammation.
Meanwhile, the activation of RIPK1 and RIPK3 was sug-
gested to play a key role in the process of regulated necrotic
cell death [18, 41]. Tumor necrosis factor receptor type 1-
related death domain protein (TRADD) acts as an interac-
tion partner of RIPK3 to mediate RIPKI-independent
necroptosis [47]. RIPK3-dependent calcium/calmodulin-
dependent kinase (CaMKII) activation plays a key role in
necroptosis in cardiac ischemia-reperfusion injury models
[48]. Thus, the molecular mechanisms underlying necropto-
sis are complex and diverse. While our research focused on
the mechanisms involving RIPKI, further research is

required to investigate whether necroptosis induced by high
glucose is dependent on the activation of RIPK3 and to val-
idate its role in necroptosis in DKD though knockdown
experiments or by the use of specific inhibitors.

Chronic persistent inflammation plays an important role
in the progression of DKD. The activation of necroptosis can
strongly promote inflammation by regulating the produc-
tion of inflammatory cytokines and the release of DAMP-
related molecular patterns (DAMPs) from damaged cell
membranes after lysis [15]. Studies have revealed that RIPK1
was involved in regulating the production and activation of
proinflammatory factors such as TNF, IL-6, NLRP3 inflam-
masome, and NF-xB [49]. RIPK1 plays an important role in
the signaling pathways triggered by death receptors through
its regulation of caspase-dependent apoptosis and RIPK3/
MLKL-mediated necroptosis. It is also involved in promot-
ing cell survival and inflammation by activating the NF-«xB
pathway [19, 50]. Deubiquitination of RIPK1 promotes the
formation of complex Ila with caspase-8 and FADD to
induce apoptosis, or complex IIb with RIPK1 and RIPK3
to induce necroptosis [51, 52]. When RIPK1 is modified by
ubiquitination, it forms a scaffold for stabilization of IKKa/
B, degradation of IxBa, release of NF-«B, and activation of
inflammation and prosurvival genes [53]. Given this, we
found that the expression of p-IxBa and p-IKKa/pf, phos-
phorylation of $321 RIPK1, and proinflammatory cytokines
IL-15 and MCP-1 increased. Moreover, inhibition of RIPK1
with Nec-1 effectively lowered the elevated levels in vivo and
in vitro. Since the phosphorylation of S321 RIPK1 and
IKKa/3 is both mediated by TNF-mediated signaling
[54-56], these results suggest that high glucose levels
increase the activation of RIPK1-kinase-/NF-«xB-dependent
inflammation upon stimulation by TNF-a. Thus, RIPK1 is
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FIGURE 3: Nec-1 treatment ameliorates renal dysfunction in DKD mice. (a-d) Nec-1 (1.65 mg/kg/d for 16 weeks) treatment substantially
reduces the increased urine microalbuminuria, blood urea nitrogen (BUN), and urine albumin-to-creatinine ratio (ACR) in mice serum
as detected by ELISA. (e) H&E-stained sections revealing that Nec-1 treatment significantly improves the pathological changes in DKD,
such as mesangial cell proliferation, matrix increase, basement membrane thickening, and increase in interstitial inflammatory cells. Scale
bar: 50 gm and 100 ym. (f) Masson’s staining showing the renal fibrosis in mice with DKD improved significantly after treatment with
Nec-1. Scale bar: 50 ym.

the key checkpoint that determines cell survival based on the ROS are mainly derived from the electron transfer pro-
activation of NF-xB prosurvival signaling or induction of  cess during mitochondrial oxidative respiration. At the
necroptosis. physiological level, ROS are involved in a variety of
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FIGURE 4: Nec-1 treatment reduces kidney inflammation induced by HG. (a, b) The protein expression levels of p-IxkBa and p-IKKa/f3
increased correspondingly, and Nec-1 effectively lowered the elevated levels. The expression levels of IL-1 were upregulated after HG
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chemotactic protein-1.

intracellular signal transduction pathways and play an
important role in the regulation of cell proliferation, differ-
entiation, and other physiological processes [57]. Excessive
intracellular ROS production leads to an imbalance in oxida-
tive and reductive capacity, and oxidative stress damage

occurs in the development of numerous diseases, including
cardiovascular system diseases such as coronary heart dis-
ease, chronic lung diseases, pulmonary fibrosis [58], neuro-
degenerative diseases [59], and chronic kidney diseases
such as diabetic nephropathy [60]. ROS overproduction
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by HG, FADD and TRADD recruit RIPK1 and form complex II when caspase-8 is inhibited. ROS leads to the activation and
phosphorylation of RIPK1 to an extent, recruits the RIPK1-RIPK3-MLKL complex, and localizes on the cell membrane via MLKL
phosphorylation, ultimately disrupting the plasma membrane and causing cell lysis. When RIPK1 is modified by ubiquitination, it forms
a scaffold for the stabilization of IKKa/f, leading to the release of NF-«xB and activation of inflammation and prosurvival genes.
Ultimately, occurrence of tubular cell necroptosis, inflammation, renal fibrosis, and renal dysfunction contribute to DKD. HG: high
glucose; TNFRI: tumor necrosis factor receptor 1; FADD: Fas-associated protein with death domain; TRADD: TNFR1-associated death
domain; NEMO: nuclear factor kappa B essential modulator; IKKa/f: inhibitor kappa B kinase a/f; NF-xB: nuclear factor-xB; Ub:
ubiquitination; ROS: reactive oxygen species; Nec-1: necrostatin-1; NAC: antioxidant N-acetylcysteine.

leads to oxidative stress injury and cell death in renal tissues,
which is one of the key mechanisms underlying the occur-
rence and development of DKD. In addition, ROS overpro-
duction is involved in mediating programmed necrosis
induced by inflammatory factors such as TNF-a [61],

ischemia-reperfusion injury [48], and respiratory syncytial
viral infection [62]. ROS have been considered as a driving
force for necroptosis [63], and their major function is the
regulation of RIPK1 kinase activity. Three crucial cysteines
(cysteines 257, 268, and 586) sense ROS levels and promote
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RIPK1 autophosphorylation on serine residue 161 (S161)
and form a functional necrosome [64]. TNF induced ROS
activation in a positive feedback to enhance necrosome for-
mation and induced NRK-52E necroptosis; ROS production
decreases upon knockdown of RIPK1 or RIPK3 [65]. How-
ever, most of the research on ROS and disease, especially
high glucose-stimulated ROS production, did not clearly dis-
tinguish the specific type of ROS. Unfortunately, we did not
perform a direct analysis to distinguish between various ROS
or precisely the specific type of ROS in our study. In our
study, we found that HG treatment increased the production
of intracellular ROS and the necrosome complex. Further-
more, NAC markedly suppressed necroptosis and proin-
flammatory cytokine production in NRK-52E, and Nec-1
treatment effectively reduced the elevated ROS levels. Alto-
gether, hyperglycemic necroptosis partly depends on ROS
generation, and high glucose can induce necroptosis by pro-
moting ROS overproduction (Figure 6).

5. Conclusion

In conclusion, our findings provide the first evidence that
Nec-1 inhibits RIPKI/RIPK3/MLKL-dependent signaling
by targeting RIPK1 and that NAC partly decreases the activa-
tion of necroptosis by preventing the production of ROS,
ultimately regulating renal necroptosis, oxidative stress, and
inflammation. Consequently, we postulated that the efficacy
of Nec-1 or NAC treatment against DKD may be driven by
the inhibition of necroptosis signaling. Our data highlights
the role of RIPK1 as a key determinant of whether the cell
activates the NF-xB prosurvival signaling or undergoes death
by necroptosis. Thus, our study underscores RIPKI as a
potential therapeutic target for DKD.
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Congenital disorders of glycosylation (CDG) are severe metabolic disorders caused by an imbalance in the glycosylation pathway.
Phosphomannomutase2 (PMM2-CDG), the most prevalent CDG, is mainly due to the disorder of PMM2. Pathogenic variants in
cysteine have been found in various diseases, and cysteine residues have a potential as therapeutic targets. PMM?2 harbor six
cysteines; the variants Cys9Tyr (C9Y) and Cys241Ser (C241S) of PMM?2 have been identified to associate with CDG, but the
underlying molecular mechanisms remain uncharacterized. Here, we purified PMM2 wild type (WT), C9Y, and C241S to
investigate their structural characteristics and biophysical properties by spectroscopic experiments under physiological
temperature and environmental stress. Notably, the variants led to drastic changes in the protein properties and were prone to
aggregate at physiological temperature. Meanwhile, PMM2 was sensitive to oxidative stress, and the cysteine pathogenic
variants led to obvious aggregate formation and a higher cellular apoptosis ratio under oxidative stress. Molecular dynamic
simulations indicated that the pathogenic variants changed the core domain of homomeric PMM2 and subunit binding free
energy. Moreover, we tested the potential drug targeting PMM2-celastrol in cell level and explained the result by molecular
docking simulation. In this study, we delineated the pathological mechanism of the cysteine substitution in PMM2, which
addressed the vital role of cysteine in PMM2 and provided novel insights into prevention and treatment strategies for
PMM2-CDG.

1. Introduction

Congenital disorders of glycosylation (CDG) 2 are genetic
disorders resulting from abnormal glycosylation. PMM2-
CDG, due to the impairment of enzyme phosphomannomu-
tase2 (PMM2), is the most prevalent CDG with an incidence
rate of 1 in 20,000 individuals [1-3]. The clinical symptoms
of PMM2-CDG involve multisystem disorders, such as hypo-
tonia, stroke-like episodes, and peripheral neuropathy [4].

There is a substantial childhood mortality rate of approxi-
mately 15-30%, and surviving patients develop permanent
neurological disabilities [5]. PMM2-CDG, considered a
misfolding proteins disease, ongoing efforts are made to
develop drugs, including glucose-1,6-bisphosphate, D-man-
nose, epalrestat, or proteostasis regulators [6-9]. Increasing
efforts towards the treatment of misfolding proteins disease,
such as identification some chaperones: small-molecule
modulators or structural-correctors for conformationally
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destabilized proteins; PROTACs and autophagosome-tethering
compound (ATTEC) to degrade misfolded proteins, DAXX
to prevent aggregation, etc [10-13]. However, to date there
is no specific curative treatment is available [14-16]. There-
fore, elucidating the pathogenesis of PMM2-CDG is war-
ranted and might provide new insights into its treatment.

PMM? is highly conserved among species and essential
for early development, and deficiency of PMM?2 led to lethal-
ity in a mouse and zebrafish model [17, 18]. PMM2 catalyzes
mannose-6-phosphate to the mannose-1-phosphate precur-
sor of the GDP-mannose [1]. Very recently, the complete
crystal structure of hPMM2 was resolved, including the
cap domain (87-184 aa) and the core domain (1-83 and
189-246 aa), folding 9 a-helix, 11 f-sheet and two flexible
linker regions (84-86 and 185-188 aa) [19]. Over 135-point
pathogenic variants have been reported in PMM?2, and
approximately 85% of these pathogenic variants are mis-
sense (http://www.hgmdl.cf.ac.uk). When we examined the
specific mutation sites of PMM2 in the clinical report, cyste-
ine (Cys) pathogenic variants have attracted our attention.
The primary structure of PMM2 comprises six Cys residues
(C9, €83, C103, C136, C192, and C241), and four (C9Y,
C103F, C192G, and C241S) of these sites are linked to
PMM2-CDG [20-22].

The Cys residues, as one of the least abundant amino
acids, have unique attributes to the structure and function
of proteins, especially for the catalytic activity and protein
folding [23-25]. As the Cys residues likely have higher reac-
tivity properties than other amino acids, replacement of even
one such ‘critical’ residue may lead to drastic changes in the
protein’s properties [26, 27]. Sulfur-containing amino acid
residues, such as the Cys residues in proteins, are particu-
larly sensitive to oxidative damage [28, 29]. However, in this
case, the opposite is observed. The Cys residues are mutated
to other amino acids that cause the disease. Thus, it is sig-
nificantly important to delineate the uncommon role of
Cys in PMM2.

Previous studies focused on detecting the enzymatic
differences between WT and disease-associated variants
[14, 15, 30]. There was no study focused on the effects of
Cys variants on the structure of the PMM2 protein and cel-
lular function. In this study, we selected two Cys variants
that may form disulfide bonds to identify the role of the
Cys residue in the protein structure and function in cells.

Our results showed that the C9Y and C241S destabilized
the secondary and tertiary structures of PMM?2, increased
the susceptivity to oxidase stress and temperature, and pro-
moted PMM2 protein aggregation and degradation, which
eventually induced cell death. Findings from this study will
help elucidate the molecular mechanism underlying the
loss-of-function of the Cys pathogenic variants in PMM?2
and facilitate the development of personalized PMM2-
CDG treatment strategies.

2. Materials and Methods

2.1. Materials. DNA polymerase, restriction endonucleases,
and DNA ligase were purchased from Takata. Dimethyl
sulfoxide (DMSO), paraformaldehyde (PFA), Triton X-100,
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Nonidet P40 (NP-40), phenylmethanesulfonyl fluoride
(PMSE), heparin, protease inhibitor cocktail, KCI, MgCl,,
DTT, EDTA, Imidazole, cisplatin, H,O,, isopropyl-1-thio-
B-D-glucopyranoside (IPTG), and 1-anilinonaphthalene-
8-sulfonate (ANS) were Sigma products. Escherichia coli.
(E. coliy DH5a and BL21 (DE3) strains were obtained
from Biomed (Beijing, China). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), lipofectamine
2000, and DAPI were purchased from Invitrogen. The anti-
body against PMM2 and p62 were obtained from Abcam,
while the antibodies against GFP and GAPDH were from
Yeasen Biotechnology. Donkey anti-rabbit Alexa Fluor 549,
HRP-conjugated affinipure goat anti-rabbit IgG (H+L) were
from EarthOx. BSA and skim milk powder were from BD
Biosciences. All other chemicals were local products of
analytical grade.

2.2. Plasmid and Site-Directed Mutagenesis. The open
reading frame of PMM?2 (NM_000303) was purchased by
Youbio Co., Ltd. For the prokaryotic system, the WT PCR
primers were as follows: Forward (F): 5'- ATTCGAGCT
CCGTCGACATATGGCAGCGCCTGGCCCAGCGCTCT-
3'; Reverse (R): 5'- TGCTCGAGTGCGGCCGCTTAGGAG
AACAGCAGTTCACAG-3'. The C9Y variant was con-
structed by PCR-based site-directed mutagenesis: F, 5'-
TCAGATCTCGAGCTCAAGCTTATGGCAGC GCCTGG
CCCAGCGCTCTAC-3'; R, the same with WT. The C241S
variant was constructed by PCR-based site-directed muta-
genesis: F, the same with the WT; R, 5'- TGCTCGAGTGC
GGCCGCTTAGGAGAACAGCAGTTCACTGATCC-3'.
Then, PCR product was inserted into the expression
pET28a(+) plasmid containing 6x His-tag. The recombi-
nant plasmids containing the WT or mutation gene was
transformed into E. coli BL21 (DE3) for the overexpression
of the recombinant protein. For the eukaryotic system, the
WT PCR primers were as follows: Forward (F): 5'- TCAG
ATCTCGAGCTCAAGCTTATGGCAGCGCCTGGCCCA
GCGCTCT-3'; Reverse (R): 5'- CGACTGCAGAATTCGA
AGCTTGGAGAACAGCAGTTCACAGATCC-3'. The C9Y
variant was constructed by PCR-based site-directed mutagen-
esis: F, 5'- TCAGATCTCGAGCTCAAGCTTATGGCAGC
GCCTGGCCCAGCGCTCTA c¢-3; R, the same with WT.
The C241S variant was constructed by PCR-based site-
directed mutagenesis: F, the same with WT; R, 5'-CGACTG
CAGAATTCGAAGCTTGGAGAACAGCAGTTCACTGA
TCC-3'. The obtained gene was inserted into the pEGFP-
C3 vector, and endotoxin-free plasmids for cell transfec-
tion were obtained using the Plasmid Maxiprep Kkit.

2.3. Expression and Purification of Recombinant PMM?2.
Details about expression and purification were conducted
by the same methods as those described previously [14].
The E. coli BL21 (DE3) containing the WT or variants’
plasmids were amplified in the Luria-Bertani medium. The
E. coli cells were harvested, lysed, and the soluble fraction
were obtained by centrifugation at 12000g at 4°C for
0.5 hours. After filtration 0.22um pore size filter twice,
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the recombinant protein was collected using a Ni-NTA
affinity column and purified by Hiload 16/600 Superdex
75 preparative column equipped with AKTA purifier in
buffer containing 20mM Na,HPO,, 150mM NaCl, and
1mM EDTA. The protein concentration was determined
according to the BCA method.

2.4. Size Exclusion Chromatography (SEC), SDS-PAGE
Analysis, and Protein Solubility. The purity of the final
protein (>98%) was checked through SDS-PAGE and size
exclusion chromatography (SEC) analysis and stored at
-80°C. The SEC analysis was performed using AKTA purifier
in the buffer with an elution rate of 0.6 mL/min. About
100 uL protein solutions were injected into the column.
The protein concentration for SEC analysis was 0.2 mg/mL.
The SDS-PAGE analysis was performed using the 10% sep-
arating gel. About 10uL protein solutions with a protein
concentration of 0.2mg/mL were used for the SDS-PAGE
analysis. Size exclusion chromatography can be used to
estimate the molecular weight (MW) [31-33]. The purified
protein was concentrated by Millipore Amicon Ultra-15
series and Millipore Amicon Ultra-0.5 series concentrators
at 11000xg on 4°C. The protein concentration was deter-
mined every 15min until the maximum concentration was
reached. The maximum protein concentration was defined
by the unchanged value after three successive replications
of centrifugation. All 7solubility experiments are performed
at least in triplicate.

2.5. Spectroscopy Experiments. Details about spectroscopic
experiments were conducted by the same methods as those
described previously [34]. In brief, the fluorescence spectra
was determined using the F-4700 fluorescence spectropho-
tometer (Hitachi Co., Tokyo, Japan). The intrinsic fluores-
cence was monitored with an excitation wavelength of
280 nm or 295 nm, respectively, and an emission wavelength
from 300 to 400 nm. For extrinsic ANS fluorescence mea-
surement, the excitation wavelength was 380nm and the
scanning wavelength ranged from 400 to 700 nm. The Far-
UV circular dichroism (CD) experiments were measured
using Jasco J-715 spectropolarimeter (Jasco Corp, Tokyo,
Japan) at room temperature using 0.2 mg/mL protein con-
centrations, respectively. Far-UV CD signals were collected
using a 1 mm path length cell over a wavelength range of
190-250nm. The solution turbidity was detected by the
absorbance at 400 nm with an Ultraspec 4300 pro UV-Vis
spectrophotometer (Amersham Pharmacia Biotech). The
parameter A, defined as the ratio of the intensity at 320 nm
(I559) to 365nm (I5), suggested the position and shape
change of the Trp fluorescence spectrum [35]. All spectros-
copy experiments were repeated at least three times, and
the buffer control was subtracted for correction.

2.6. Free Thiol Measurement. The number of free thiol in the
proteins was determined by a micrototal mercapto assay kit
(Solarbio, product number: BC1375). The thiol groups react
with 5,50-dithiobis-(2-nitrobenzoic acid) (DTNB) and form
yellow compounds with a maximum absorption peak at
412 nm. Evolution 300 Security UV-Vis Spectrophotometer

(Thermo Fisher Scientific, Madison, USA) was used to detect
the absorption peak at 412 nm, and then, the number of free
thiols was calculated according to the formula given in the
assay Kkit.

2.7. Cell Culture, Cell Transfection, and Immunofluorescence.
HEK293T cells were obtained from public cell banks
(ATCC, USA). These cells were cultured in DMEM contain-
ing 4.5g/L high glucose, 10% fetal bovine serum, and 1%
penicillin/streptomycin (Solarbio Science & Technology).
All the cells were incubated in a humidified 37°C incubator
and 5% CO,. All the recombinant plasmids (WT, C9Y,
and C241S) were transiently transfected in HEK293T cells
by Hieff Trans™ Liposomal Transfection Reagent (Yeason),
following the manufacturer’s protocol. After 24h transfec-
tion, for the oxidative stress group, the cells were treated
with 2mM H,O, for 2 h. Then, the two groups of cells were
washed by PBS buffer three times for 5 min, fixed by 4% PFA
for 40 min, treated by 0.4% Triton X-100 for 10 min, and
blocked by 10% FBS for 40 min. The fixed cells were stained
by P62 antibody. The nuclei were dyed with DAPI. The cells
were observed by OLYMPUS IX83-FV3000-OSR confocal
microscope. The percentage of cells with aggregates was
qualified by calculating the percentages from at least 200
positively transfected cells from 5 random fields.

2.8. Cell Apoptosis Assay. Untreated or treated cells were
detached using Trypsin-no EDTA and collected by 300g
for 5 min and washed with cold PBS twice at 4°C. The proce-
dure was followed by the instruction of Annexin V-Alexa
Fluor 647/PI Apoptosis Detection Kit. Cell analysis was
performed on BD FACS Calibur flow cytometer (BD Bio-
sciences) within 1h. All experiments were performed in
triplicate.

2.9. Cell Viability. The Cell Counting Kit-8 (Solarbio Science
& Technology) was performed to detect cell proliferation.
The 3*10° cells in 96-well plates were treated with 2mM
H,0, for 2h. 10 yL CCK8 reagent was added into each well
according to the instruction of CCK8. And then, absorbance
of samples was detected at 450 nm wavelength using an MD
M5 (molecular devices).

2.10. Western Blot. The cells transfected for WB were
divided into four groups based on different treatments:
normal, 2mM H,0,, 0.5 uM celastrol, and DMSO. The total
protein concentration was detected using BCA Protein
Quantification Kit (Vazyme). The nonreducing SDS-PAGE
was done following the same protocol of the normal SDS-
PAGE analysis without 3-mercaptoethanol.

2.11. Molecular Dynamic Simulations. This study used the
X-ray structure of the human PMM?2 dimer template with
residues 7-245 at pH7.0 (PDB ID: 700C). The structure of
the PMM2-C9Y and C241S dimer were constructed based
on WT by PyMOL. Details of molecular dynamic (MD) sim-
ulation analysis were the same as those described previously.
In brief, all structures were immersed in cubic water box
with 10 A between protein and the box boundary and water
box contained 150 mM NaCl and 5 mM MgCl,. Calculations



were simulated by GROMACS in CHARMM36 force field.
Water was described with the TIP3P model. Electrostatics
were treated using the particle mesh Ewald (PME) method
We equilibrated the system for 5ns under NVT and NPT
conditions at 300K and ran program for 100 ns to generate
trajectories. Finally, visual molecular dynamics (VMD) was
used to process and analyze the trajectories.

2.12. Protein Disulfide Bond Determination by Mass
Spectrometry (MS). Related principles and procedures were
referred from Gorman et al. [36]. This study used 50 uL
PMM2-WT protein solution with a concentration of
0.2 ug/puL. We added prewashed beads and ethanol and
elution the protein sample. Digestion the sample with tryp-
sin+lysC mix (trypsin : protein =1 : 50 (w/w)), and samples
were freeze-dried in vacuum concentrator and redissolved
with 0.1% trifluoroacetic acid. The sample was further
analyzed by matrix-assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI) in MS platform
of Westlake University Institute for advanced study.

2.13. Data Analysis and Visualization. Data were analyzed
by GraphPad Prism 8.0 (GraphPad Software Inc., San Diego,
CA, USA). A p value of less than 0.05 was considered
statistically significant. Results were visualized by GraphPad
prism 8.0. All experiments in this work were repeated three
times.

3. Results

3.1. Cys Substitution Impaired the Secondary and Tertiary
Structures of PMM?2 and Decreased Protein Solubility. The
C9Y (c. G26A) variant has been identified in at least 7 fam-
ilies from France, Germany, Sweden, and the USA [37, 38].
The C9 was highly conserved and located near the active
site Aspl2, probably leading to enzymatic inactivation.
And the C241S (c. G722C) variant has been identified in
at least 6 families from France, Belgium, Spain, and the
USA [3, 21, 22]. In terms of the enzyme, the C9Y variant
retained approximately 28% of the enzymatic activity of
the WT, and the C241S variant retained approximately
32% [30]. The C9Y and C241S substitution were predicted
to be “probably damaging” with scores of 0.969 and 0.987,
respectively, by Polyphen analysis, which was consistent
with the result predicted by PROVEAN (C9Y: -5.493,
C241S: -2.986). Combining the structure from the PDB
website (PDB ID: 700C) and bioinformation, we found
that the distance between Cys9 and Cys241 of PMM?2
was suitable for disulfide bond formation and MS have
confirmed (Figure 1(a) and Table 1).

To elucidate the Cys substitution effect on the PMM2
protein, the recombinant WT, C9Y, and C241S proteins
were purified from the E. coli expression system and mea-
sured by spectroscopic experiments. According to the results
of SEC analysis and SDS-PAGE, a single main peak and
band indicated that the purified proteins had high homoge-
neity (Figure 1(b)). The results showed that the C9Y variant
had slight shift at elution volume, which suggested that it
had a bigger apparent molecular weight, consistent with
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the SDS-PAGE result. The C241S variant had similar elution
positions in the SEC profiles as WT, thereby suggesting that
C241S mutation did not affect the overall molecular size,
oligomeric state, or hydrodynamic radius of PMM2. Accord-
ing to analysis on the Superdex 75 10/300GL gel column,
both the WT and variants had a molecular mass of
~60kDa in aqueous solution, which is approximately the
theoretical homomer molar mass of 55.7 kDa. The catalyti-
cally active form of the PMM2 enzyme is a homodimeric
protein, and we performed the assay and confirmed that
the purified proteins had the enzyme activity (supplement
Figure 1), meaning the purified proteins as dimmer form,
consistent with a previous study [14, 19]. The effect of the
Cys substitution on the microenvironment around Trp was
further evaluated by the intrinsic Trp fluorescence.
Compared to the WT protein, the Cys pathogenic variants
dramatically decreased the Trp fluorescence of PMM2, and
the C9Y was accompanied with an about 2nm redshift of
the maximum emission wavelength (E_,,), suggesting that
the structure of Cys variants became loose (Figure 1(c)).
The ANS spectra provided clear evidence that the Cys
substitution induced a large change in the nonpolarity of
the ANS-binding site, and the C9Y variant caused a larger
change than the C241S variant did (Figure 1(d)). Far-CD
spectra represent the protein secondary structure elements.
In the Far-UV regions, the variants CD spectra were
generally characterized by distinct peaks at 208 and 222 nm,
respectively, which are features of proteins that contain a-
helix conformational elements, displayed lighter 208 nm and
222 nm minima than the WT (Figure 1(e)). The ratio of a-
helix and f-sheet of C9Y were significantly lower than that
in WT after qualification by CDNN software (Figure 1(f)).
Moreover, the solubility of the C9Y variant was decreased
(WT: 4.12+0.15mgmL", C9Y: 0.75+0.14mgmL", and
C241S: 321+ 0.11mgmL'1) (Figure 1(g)). Taking into
account that the Cys substitution may affect the amount of
free thiol, C9Y and C241S were monitored by DTNB
modification according to Ellman’s method. As expected, the
C9Y variant contained more number of free thiol than the
WT, which provided possible support for the disulfide-
bonding network between the C9 and C241 (Figure 1(h)).
Meanwhile, we performed mass spectrometry (MS) to detect
the formation of disulfide bond. The lower value of score,
the higher potential to form disulfide bond. The value below
1E — 3 was considered to form disulfide bond, and the value
of C9 and C241 was 5.01E — 04 (Table 1). Taken together,
these results support the hypothesis that Cys variants caused
the changes in the secondary and tertiary structures of
PMM2 that led to the Cys variants becoming more unstable.

3.2. Cys Substitution Impaired the Structural Stability at
Physiological Temperature. To assess the effect of Cys substi-
tution on protein stability, the aggregation of the samples
was monitored by measuring the turbidity at 400 nm (A,q,)
at a physiological temperature of 37°C at consecutive time
points, where the optical density of the protein solution
was used as a measurement of the protein aggregation. As
the data showed that the A,y value of C9Y and C241S
reached a plateau at 4 hour (h) and significantly higher than
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F1GURE 1: The cysteine variants decreased protein solubility with changing the secondary and tertiary structures of PMM2. (a) Representative
cartoon crystal structure of the hPMM2 dimer (PDB ID: 700C). All the Cys were marked by stick, C9 and C241 colored by orange and the
others colored by red. (b) SEC profiles of 100 L, 0.2 mg/mL and SDS-PAGE analysis of the purified proteins. The inset shows the SDS-PAGE
analysis of the purified proteins. (c) Intrinsic Trp fluorescence spectra of the 10 uM WT, C9Y, and C2418. (d) ANS fluorescence spectra of the
10 uM WT, C9Y, and C2418S. (e) Far-UV CD spectra of the 10 uM WT, C9Y, and C2418. (f) Qualification the secondary ratio according to the
Far-UV CD spectra by CDNN software. (g) The solubility of WT, C9Y, and C241S at 4°C (*p < 0.05). (h) Number of free thiol of WT C9Y and
C241S, the DTNB-reactive free —SH groups were calculated using a standard curve determined using L-cysteine. The presented results were

calculated from three repetitions (****p < 0.0001).

TaBLE 1: Mass spectrometry (MS) detection the formation of disulfide bond.

Peptide

AAPGPALCLFDVDGTLTAPR(8)-ICELLFS(2)
AAPGPALCLFDVDGTLTAPR(8)-SCSQEER(2)
QNIQSHLGEALIQDLINYCLSYIAK(19)-ICELLES(2)
QNIQSHLGEALIQDLINYCLSYIAK(19)-SCSQEERIEFYELDKK(2)
SCSQEER(2)-ICELLFS(2)
SCSQEERIEFYELDKK(2)-SCSQEERIEFYELDKK(2)

Proteins Protein_Type  Score (<1.00E — 03)
PMM2(9)-PMM2(241)/ Intraprotein 5.01E - 04
PMM2(9)-PMM2(136)/ Intraprotein 5.31E-05

PMM2(103)-PMM2(241)/  Intraprotein 4.55E - 07
PMM2(103)-PMM2(136)/  Intraprotein 5.31E-05
PMM2(136)-PMM2(241)/  Intraprotein 6.19E — 06
PMM2(136)-PMM2(136)/  Interprotein 7.69E — 07

the WT (Figure 2(a)). Thus, the intrinsic Trp, extrinsic ANS
fluorescence, and Far-CD spectra were monitored at the 4 h
timepoint. It is intriguing to discover the Cys variants led to
drastic structural change loss, characterized by a redshifted
peak position and lower intensity (Figure 2(b)). Strikingly,
major alterations of protein secondary structures were
observed by Far-CD spectra (Figure 2(c)). In addition, the
extrinsic ANS fluorescence was higher intensity and a blue-
shifted peak position compared to the WT (Figure 2(d)).
For a more intuitive and more comprehensive analysis,
sedimentation assay was applied, in which samples were
centrifuged, and partitioning of PMM2 into the soluble
fraction was used as a measurement of the state of
PMM2. According to the SDS-PAGE analysis, the C9Y
variant remained mainly in the soluble fraction, whereas
a vast amount of protein entered the pellet fraction after
4h under 37°C treatment; for the C241S variant, almost
half the protein entered the pellet fraction at 37°C treat-
ment. However, WT remained in the soluble fraction even
when all other conditions were the same (Figure 2(e); see
Figure 2(f) for quantification). Together, these results
demonstrate that the Cys substitution became more unsta-
ble and prone to aggregation.

3.3. The Mutation Increased PMM?2 Susceptibility to Heat
Shock. We aimed to elucidate the thermal stability of the
PMM?2, for which we applied previously described proce-
dures [34]. CD spectroscopy, A,y and Uncle were applied
to obtain further information on the temperature sensitivity
of the PMM2 WT and Cys variants. As shown in Figure 3, as
expected, the Cys variants showed significantly decreased
starting and midpoint temperatures of thermal denatur-
ation (T,,) when measured by the transition curves that
were obtained from the changes of E,,, in Far-UV CD
(Figure 3(a)) and A, (Figure 3(b)). In addition, the unfold-
ing profiles were obviously different, and the heat denatur-
ation analysis revealed that the WT began to dramatically
lose the CD signal at 54°C, whereas the Cys variants started
to significantly lose the CD signal at a temperature as low
as 46°C for C9Y and C241S.

The A,y, data of PMM2 were fit very well to a two-state
thermal transition model between the folded and unfolded
states and the T, values were calculated. The T,, values of
the WT, C9Y, and C241S proteins were 60.81 +0.1°C,
42.02+0.2°C, and 48.72 £ 0.1°C, respectively. The thermal
aggregation kinetics were determined by recording the
time-course changes in turbidity when heating the protein
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FI1GURE 2: The C9Y and C241S variants lowered the stability of PMM2 under physiological temperature. (a) Turbidity (A,,) curve of WT,
C9Y, and C241S during under physiological temperature for 15 min, 30 min, 1 h, 2h, 4h, and 8 h. (b) Intrinsic Trp fluorescence spectra of
the 10 uM WT, C9Y, and C241S under physiological temperature for 4h. (c) Far-UV CD of the 10yM WT, C9Y, and C241S under
physiological temperature for 4h. (d) ANS fluorescence spectra of the 10 yM W', C9Y, and C241S under physiological temperature for
4h. (e) SDS-PAGE analysis of the soluble and insoluble fractions of protein solutions incubated at 37°C for 4h. T: total, S: supernatant,
P: precipitate. (f) Qualification of the soluble expression of proteins by SDS-PAGE analysis (e) with the supernatant/total (****p < 0.0001).

solutions at 50°C (Figure 3(c)). The A,y values of Cys
variants abruptly increased over time, but that of WT nearly
sustained at baseline, implying that the variants aggregated
with a shorter lag time and a faster aggregation rate
(Figure 3(d)). Simultaneously, the Uncle was applied to
monitor the more detail status of thermal unfolding and
aggregation of WT and the Cys variants. The results of
E,¢ and E,,; were showed in Figures 3(e) and 3(f). The
Cys variants each had a higher peak and lower temperature
for the formation of small and large aggregates. Notably,
these multifaceted results implied that the Cys pathogenic
variants appeared to disrupt a compact domain organization
and prone to forming more massive aggregates.

3.4. The Cys Substitution of PMM?2 Caused More Aggregates
and Higher Cellular Apoptosis under Oxidative Stress. The
Cys residues and disulfide bonds were expected to exert
reversal thiol oxidation effect upon temporary oxidative
stress shock. In our cases, what effects did the Cys substitu-
tion and subsequent potential disulfide bond disruption on

the protein structure upon temporary oxidative stress shock?
We applied hydrogen peroxide (H,O,) induced oxidative
stress. H,O, played a clear role as signaling second messen-
ger in the cell. The result in Figure 4 indicated that the puri-
fied Cys variant proteins had a redshifted peak position,
lower intensity in the Trp fluorescence curve (Figure 4(a)),
and higher intensity and a blueshifted peak position in
extrinsic ANS fluorescence curve (Figure 4(b)). As shown
in Figures 4(d)-4(g), the intensity of the Trp fluorescence
reduced and the intensity of the ANS fluorescence enhanced
along the time course of H,O, treatment. Together, PMM2
proteins were sensitive to oxidative stress. However, the
changed structures of Cys variant proteins did not cause
aggregate formation showed by A,,, curve (Figure 4(i)).
Further, nonreducing SDS-PAGE results indicated that the
changed structure of Cys variant proteins may exist as
higher multimeric form (Figure 4(c); see Figure 4(f) for
quantification).

To provide deeper insight into the molecular pathogene-
sis of the Cys variants, we studied the effect at the cellular
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level. It was feasible to hypothesize that these proteins were
susceptible to be rapidly aggregated in cells. To test our
hypothesis, we overexpressed the WT and Cys variants in
HEK293T cell lines. Immunofluorescence results indicated
that most of the overexpressed WT and Cys variants were
distributed in the cytoplasm. However, a few cells were
found to form protein aggregates, which were colocalized
with P62 (Figure 5(a)). As expected, the aggregates were
significantly increased after 2mM H,O, treatment, thereby
suggesting that the Cys variants were more sensitive to oxi-
dative conditions (Figures 5(b) and 5(c)). This result was
consistent with that for the purified protein in a tube. To
explore the effect of Cys variants on proliferation and
apoptosis, we performed CCK-8 and flow cytometry experi-
ments. The cell growth result indicated that the proliferation
abilities of the Cys variants were significantly weaker after
Cys substitution and that C241S was heavier than C9Y
(Figure 5(d)). Furthermore, the proportion of late apoptosis
was significantly increased in the C9Y and C241S groups
(Figure 5(e)). According to the WB results of reduced SDS-

PAGE, after treatment for 2h in the presence or absence of
H,0,, the Cys variants did not exhibit changes in protein
molecular weight (Figure 5(f)). According to the WB results
of nonreduced SDS-PAGE, notably, the protein size of C9Y
was larger than that of the WT, while the protein size of
C2418S was smaller than that of the WT (Figure 5(g)). Taken
together, these findings demonstrated that the Cys substitu-
tion elevated the PMM2 susceptibility to H,O, treatment at
both protein and cellular levels.

Gamez et al. have proposed that PMM2-CDG is a
conformational disease and, based on this, suggested that
pharmacological chaperones may be an effective treatment
[16]. Their latest work indicated that celastrol treatment
led to significant increases in variant PMM2 protein concen-
tration and activity [7]. However, in our cases, at the cellular
level, during H,O, treatment, the protein levels of Cys
variants did not change after celastrol treatment, according
to both reduced SDS-PAGE and nonreduced SDS-PAGE
(Figures 5(h) and 5(i)). Celastrol may act as a proteostasis
regulators by triggering the HSR (i.e, it increased the
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expression of Hsp27, Hsp40, Hsp70, and Hsp90) and by
inhibiting the proteasome system, whereas knockdown the
HSR led to different responses of the variants, which suggest
different cellular strategies exist for dealing with misfolded
proteins. In our cases, C9Y and C241S did not change the
protein level compared to WT both at normal and H,0O,
treatment, and celastrol did not elevate the protein level of
these variants. Furthermore, we found celastrol may bind
at the interface between the domains of PMM?2, which is
similar to the binding site of Glc-1,6-P2, the essential activa-
tor of PMM2 (supplement Figure 2). Celastrol could not
change the states of Cys variants, which was taken for
granted.

3.5. The Cysteine Variants Led to More Flexible Structure
Identified by MD. The Cys9 and Cys241 were located in
the N-terminal first f-sheet and last a-helix, respectively,
in the core domain. To monitor the aggregation process
caused by Cys variants, molecular dynamic (MD) simula-
tions of the dimer was performed to establish a structural
basis for the harmful effects of Cys substitution. Alignment
of the dimeric structures accomplished by simulations of
PMM?2 and Cys variants indicated that the mutation appar-
ently altered the overall folding of PMM2 (Figure 6(a)). A
close inspection of the surface electrostatic potentials indi-
cated that the Cys variants modified the distribution of
charged/polar residues around the subunit interface, espe-
cially within the field of dashed circles (Figure 6(b)). The
root mean square deviations (RMSDs) of Ca atoms were
calculated (residues 5-244 aa) from the starting structure.
As shown in Figure 6(c), the RMSD of the PMM2 WT
stayed fairly low, whereas the Cys variants C9Y/C241S
displayed changeable values throughout the simulation.
The changes were most obvious in the simulation around
the C9Y and C241S mutation sites, particularly for the core

domain (1-83 and 189-246 aa). The results of the time
course of Ca RMSD were similar and that of the WT
remained practically steady in the last 100 ns. However, the
CaRMSD values of C9Y and C241S varied substantially
during the simulation (Figure 6(d)). Similar to the changes
in the global dynamics, the Ca root mean square fluctua-
tions (RMSFs) from the initial structures were measured
throughout the trajectories. As Figure 6(e) showed, the large
changes in RMSF were focused on the local mutation sites.
Furthermore, the Cys variants greatly reduced the sub-
unit binding energy arisen from electrostatic interactions
(Figures 6(f)-6(h)). Our simulation results were consis-
tent with experimentally observed phenomena and further
explained the instability of the Cys variants.

4. Discussion

Glycosylation modifications are ubiquitous in biology and
play a pivotal role that includes recognition in the immune
system and mediation of diverse responses such as cellular
trafficking, and surface receptor signaling dynamics to mod-
ulate signal transduction, apoptosis, and tumor metastasis
[39]. PMM2-CDG is a rare autosomal recessive disease.
Normally, it is an outcome of high-risk pregnancy; the risk
of having a child with PMM2-CDG is close to 1/3 instead
of the expected 1/4 that was usually estimated by the
previous studies [1, 19]. PMM2 is a key enzyme in the initial
steps of N-glycosylation, which is essential for the transla-
tion of mannose-6-phosphate into mannose-1-phosphate
[3]. Its mutation in humans leads to various kinds of dis-
eases, including PMM2-CDG, glaucoma, hyperinsulinemic
hypoglycemia, polycystic kidney disease, and premature
ovarian insufficiency [40-43]. The clinical presentation and
onset of PMM2-CDG vary among affected individuals
according to mutation sites and types [44]. However,
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currently, no suitable treatment is available, only symptom-
atic therapy. Previous studies that focused on hotspot path-
ogenic variants R141H and F119L in the native state were
limited to the protein level [8, 14]. Rare attention has been
given to the unique Cys residue functions under stress con-
ditions in PMM?2. However, the Cys residues are active com-
ponents of catalytic, oxidation-reduction, and signal
transduction pathways and have distinct physicochemical
properties [24]. Cys could help constrain any structural
component of a peptide by creating disulfide bonds that
increase the rigidity [45]. Variants in Cys have been found
in various diseases, and Cys residues have potential for use
as therapeutic targets [46-49]. Therefore, the goal of this
article was to elucidate the molecular mechanism underlying
the loss-of-function of the Cys pathogenic variants, by eval-
uating the pathogenicity of the Cys changes and their effects
on the stability of the PMM?2 protein.

Our experimental results showed that the two examined
Cys pathogenic variants changed the secondary and tertiary
structures, led to a looser global structure, and reduced the
solubility of PMM2, as indicated by spectroscopy experi-
ments using purified recombinant proteins (Figures 1(b)-
1(g)). Concomitantly, the MD results suggested that the
two Cys variants mainly disrupted the core domain (1-83
and 189-246 aa) (Figures 6(c)-6(e)). Regardless of whether
the mutation was of the N-terminus (C9Y) or the C-
terminus (C241S), the Ca RMSF values fluctuated similarly,
thereby suggesting that there might be a link between C9
and C241. Alignment of well-balanced simulated structures
indicated that the Cys variants exhibited a higher ratio of
B-sheet and hydrophobic surface and were prone to form
aggregates, which was consistent with the Far-UV data

(Figures 1(d), 1(e), 6(a), and 6(b)). As for the subunit bind-
ing energy, C241Y significantly reduced the subunit binding
energy, especially in the electronic part (Figures 6(f)-6(h)).
Combined with the structural analysis of the Cys variants
by spectroscopy experiments and MD, these experiments
provided detailed insights into the mechanism by which
the Cys pathogenic variants changed the molecular structure
of PMM2.

Cys residues play a vital role in sensing and protecting
cells against oxidation, which is one of the major and most
studied mechanisms. Oxidative stress has been established
as a primary source of various forms of cellular damage,
which all might result in protein misfolding and aggregation
[50]. Sulfur-containing Cys residues not only manifest
potent nucleophilicity but also undergo a facile oxidation
reaction to generate disulfide bonds. From the structure
obtained by X-ray diffraction, we measured the distance
between Cys9 and Cys241, which is suitable for the forma-
tion of disulfide bonds. The result of disulfide linkages
characterized by MS showed that C9 and C241 had a high
potential to form intradisulfide bond (Table 1). Intrachain
disulfide bonds are buried between the two layers of antipar-
allel S-sheet structure [51], and disruption the disulfide
bond may explain that the C9Y and C241S destabilized the
secondary and tertiary structures of PMM2. The free thiol
measurement indicated that C9Y variant contained more
number of free thiol than the WT, and the introduced free
thiol may have come from the disruption of the disulfide
bond (Figures 1(a) and 1(h)). Moreover, as shown in supple-
ment Figure 3, after 100 ns simulation, the C9Y had a visible
looser structure than WT and C241S. Meanwhile, for WT,
there were two hydrogen bonds of Cys9 and two hydrogen
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bonds of Cys241; for C9Y and C241S, there were a total of
three hydrogen bonds. The free thiol contents and
hydrogen bond of the variants may explain why C9Y had
less enzymatic activity than C241S and why C241S
presented a milder phenotype [14, 15].

Consistent with previous results, oxidative stresses
modified the structure and decreased the stability of the
Cys variant proteins [47, 52]. The perturbation of the
disulfide-bonding network favored hydrophobic side chain
exposure, which was consistent with a previous study [46].
H,0,, considered an important redox signaling molecule,
could cause oxidation of thiol groups of Cysteines in target
proteins [53]. Substitution by Cys has been shown to
increase sensitivity to oxidative stress in various diseases
[54-56]. In our case, conversely, the Cys residues were
replaced with other amino acids. Surprisingly, however, at
both the purified protein level and the cellular level, we
found the Cys mutation increased the susceptibility to oxi-
dase stress (Figures 4 and 5). After H,0O, treatment, the
C9Y formed more of the larger oligomers observed in the
nonreducing PAGE gels. To the best of our knowledge, this
is the first study to demonstrate that PMM2 would form
aggregates in cells. The Cys variants could inhibit cell growth
and promote cell apoptosis under oxidizing stress. It may
provide a new horizon that PMM?2 mutation may not only
changed the enzymatic activity of PMM2 but also affected
the cell viability. Of course, it is possible that decreased cell
viability is the indirect result of decreased enzymatic activity.

Previous thermal stability results indicated that PMM?2
variants were less stable than the WT [15]. In our work,
we obtained a similar conclusion: The A,,, turbidity curve
showed a significant increase over time and plateaued at
4h (Figure 2(a)). Trp and ANS fluorescence curves indicated
that a large hydrophobicity surface was exposed after 37°C
treatment (Figures 2(b) and 2(d)). Far-CD spectra result
suggested that most of the variants lost their fold structure
at physiological temperature, namely, 37°C (Figure 2(c)).
Most of the Cys variants were unstable and were present in
the precipitated fraction after treatment at 37°C for 4h
(Figures 2(e) and 2(f)). Further thermal aggregation results
and Uncle data showed the Cys variants disrupted the com-
pact domain organization and that the variants were prone
to forming more massive aggregates (Figure 3). Meanwhile,
we tested the protein stability in vivo by cycloheximide
and got similar results that the C9Y and C241S mutants
showed faster degradation rate than that of EGFP-N1 and
WT in HEK293T cells (supplement Figure 4). Combined
with the spectroscopic results shown in Figures 1 and 6, it is
possible that the Cys mutation destabilized the core domain
of PMM2.

Approximately 20% of human proteins are predicted to
contain a disulfide bond [57]. Combined with the free thiol
assay results and susceptibility to oxidative stresses, the
changes that were observed in the stability and folding of
the PMM2 protein in response to rupture of the disulfide
bond were similar to those of some prion proteins [46].
We hypothesized that the disulfide bond in C9 and C241
stabilized the core structure much like the pincers of a crab.
When one of the Cys residues was substituted, the core
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domain became loose, as indicated by the experimental data.
The number of free thiols for C241S did not change, and
C241S presented a milder clinical phenotype than C9Y
[21]. This may have been due to the occurrence of unwanted
intermolecular disulfide bonding as C241 was located at the
C-terminus. From the MS data, for C241S variant, we
guessed C9 may form disulfide bond with C136. That could
explain why C241S had a free thiol content that was similar
to that of the WT (Table 1). Furthermore, the potential
disulfide bonding could explain why C9Y and C241S were
not in accord with the expectation that the Cys residues
would become more sensitive to oxidative stresses. In this
case, the disulfide bonds were covalent bonds between sulfur
atoms of cysteine residues, which could stabilize the struc-
ture of PMM2.

Patients with PMM2-CDG have a life-threatening insuf-
ficiency; thus, more effective drugs warrant to be developed.
However, celastrol, recently proposed as a potential rescuer
of PMM2 activity [7], did not change the Cys variants pro-
tein level in either nonreducing PAGE gels or reducing
PAGE gels (Figure 5). And our results of molecular docking
simulation revealed that celastrol did not interact at the
mutation sites and no protective effects on the Cys variants.
In this project, we have documented for the first time that
PMM2 variants form aggresomes, inhibit cell growth, and
promote cell apoptosis, especially under environmental
stress (thermal and oxidative). Furthermore, we proposed
Cys and potential disulfide bond may have a significant
effect on the conformation and thermal stability of the
PMM2. These results provide proof-of-concept regarding
the clinical treatment of PMM2-CDG. Beyond pharmacologi-
cal chaperones, combinations with antioxidation reagents
merit investigation as treatments. Our study contributed to fill
in the knowledge gap in terms of PMM2 mechanisms, and
accordingly, the early detection of patients at risk and develop-
ment of prevention and treatment strategies could be con-
ducted by future studies.
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Objectives. The gut microbiota and its metabolites are linked to inflammation and contribute to the progression of atrial
fibrillation (AF), but the predictive value of the gut microbiota-derived metabolite lipopolysaccharide (LPS) for AF recurrence
(RAF) is unknown. This study is aimed at investigating (1) the correlation between LPS and RAF and (2) its relationship with
inflammation and atrial fibrosis. Method. We performed a single-centre retrospective analysis in 159 AF patients. Fasting
plasma samples were collected, and an enzyme-linked immunosorbent assay was used to determine the levels of serum LPS,
interleukin-6 (IL-6), collagen type-1 C-terminal telopeptide (CITP), and transforming growth factor-f1 (TGFp1). The
cumulative risk for RAF was evaluated with Kaplan-Meier analysis. Cox proportional hazard analysis was carried out to
predict the hazard of RAF. The correlations among LPS and IL-6, CITP, TGFf1, and left atrial diameter (LAD) were analysed
by Pearson’s correlation coefficient. Subsequent univariate and multivariable linear regression analyses were carried out to
evaluate the connection between clinical variables and Log-LPS. Results. All 159 AF patients were included in this study. The
proportion of persistent atrial fibrillation was 40.3%, the mean age was 61.9 + 10.1 years, the proportion of males was 61.6%,
and the mean LPS was 56.5 + 29.5 pg/mL. After all patients were divided into tertiles according to the circulating LPS level, a
total of 44 RAF occurred: 10 in the first tertile, 15 in the second tertile, and 19 in the third tertile (log-rank test P =0.037).
Heart failure (hazard ratio 2.029, P =0.041), LAD (hazard ratio 1.064, P =0.022), Log-LPS (hazard ratio 5.686, P = 0.043), and
CITP (hazard ratio 6.841, P=0.033) independently predicted the risk of RAF. In all patients, univariate analysis showed that
heart failure, LAD, hs-CRP, IL-6, CITP, and TGF-f1 were connected with Log-LPS. Multivariate linear regression analysis
indicated that IL-6 and hs-CRP were independently and positively connected with Log-LPS. Conclusions. Our results indicated
that circulating LPS was a predictor of RAF and may contribute to RAF incidence after ablation by increasing systemic
inflammation and atrial fibrosis.

1. Introduction

Atrial fibrillation (AF) is associated with a high prevalence of
arrhythmia, which is connected with heart failure, stroke,
and mortality [1, 2]. Previous studies have shown that the
gut microbiota and its metabolites are linked to inflammation
and contribute to the progression of cardiovascular diseases
[3]. Recent data have shown that gut microbiota-derived
metabolites such as TMAO are connected with the occurrence
and recurrence of atrial fibrillation (AF) [4]. Additionally, ani-

mal experiments have also shown that TMAO can promote
the progression of AF by affecting systemic inflammation
[5]. In addition, Li et al. [6] also demonstrated that a GM-
based taxonomic scoring system can effectively predict the
accuracy of AF recurrence (RAF) after primary ablation.
Therefore, research is necessary to explore the effects of key
gut microbiota-derived metabolites on RAF.
Lipopolysaccharide (LPS), a cell wall component from
Gram-negative bacteria, is involved in various cardiovascu-
lar diseases [7]. Animal experiments have indicated that
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LPS can increase the expression levels of inflammatory cyto-
kines and L-type calcium channel proteins as well as shorten
the atrial effective refractory period (ERP), thereby promot-
ing the occurrence of atrial fibrillation [8, 9]. Additionally,
Zhang et al. [10] demonstrated that age-related gut dysbiosis
induces AF by increasing serum LPS and glucose, which could
activate the atrial NLRP3 inflammasome and promote atrial
fibrosis. In addition, Pastori et al. found that circulating LPS
is significantly associated with major adverse cardiovascular
events (MACEs) in AF patients by increasing platelet activa-
tion [11]. However, the association between LPS and RAF
has not been revealed. In this study, we aimed to assess the
effect of circulating LPS on RAF during follow-up.

2. Materials and Methods

2.1. Study Population. All 159 enrolled patients were diag-
nosed with AF according to the guidelines of the European
Society of Cardiology [12]. All patients were scheduled for
radiofrequency catheter ablation procedures at Renmin Hos-
pital of Wuhan University between February 2019 and Feb-
ruary 2021. Major exclusion criteria were as follows: heart
failure, any structural heart disease, stroke, infectious dis-
eases, postsurgery status, acute coronary syndrome, renal
or hepatic impairment, lipid lowering medication, any auto-
immune disease, and other inflammatory diseases.

2.2. Serum Lipopolysaccharide. Fasting venous blood was
centrifuged and stored at -80°C until biochemical determi-
nation. Serum LPS was determined with commercially avail-
able ELISA (Cusabio, Wuhan, China) following the
instructions. The detection range of the kit was 6.25 pg/ml-
400 pg/ml. The intra-assay and interassay precision were <
8% and < 10%, respectively. The absorbance of the sample
was detected at 450 nm within 5 minutes. All serum samples
were analysed in duplicate.

2.3. Inflammatory and Fibrotic Biomarkers. Serum samples
were diluted twice, and the level of transforming growth fac-
tor betal (TGF-f1) was measured with commercially avail-
able ELISA (Cusabio, Wuhan, China). The value was read
at 450nm, and the detection range was 0.78 ng/mL-50 ng/
mL. The interleukin-6 (IL-6) and collagen type-1 C-
terminal telopeptide (CITP) levels were measured with a
sandwich enzyme immunoassay with a commercially avail-
able ELISA (ELK Biotechnology), following the instructions.
The intra- and interassay precision of all assays were < 8%
and < 10%, respectively.

2.4. Laboratory Analysis. Fasting venous blood was obtained
at baseline, and the levels of blood glucose (mmol/L), LDL
(mmol/L), HDL (mmol/L), TC (mmol/L), TG (mmol/L),
high-sensitivity C-reactive protein (hs-CRP, mg/L), and cre-
atinine (ymol/L) were determined through Dimension EXL
with an LM automatic biochemical analyser (Siemens
Healthcare Diagnostics).

2.5. Echocardiography. After admission, 2-dimensional
transthoracic colour Doppler echocardiography was per-
formed in all patients. Each echocardiographic result was
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analysed by two blinded experts. The left atrial diameter
(LAD) was measured along the parasternal long-axis. The
left ventricular (LV) diameters and wall thickness were mea-
sured, and the LV ejection fraction was quantitatively ana-
lysed according to the modified Simpson method.

2.6. Radiofrequency Catheter Ablation. The intracardiac elec-
trograms were recorded by a computer-based electrophysiol-
ogy system (Lead XP, Jinjiang Inc., Chengdu, China). We
imported and constructed CT image of left atrium and pul-
monary veins using CARTO Segmentation software (Bio-
sense Webster, Inc.). Transseptal puncture was performed,
and unfractionated heparin was started at 100 U/kg and
thereafter at 1,000 U/h by intermittent boluses to maintain
an activated clotting time >250s. The geometries of PVs
were generated under the guidance of the Electroanatomical
Mapping System (CARTO, Biosense Webster, Diamond Bar,
CA, USA). Then, we merged the CT image and PV electro-
anatomical map to construct the left atrium anatomical
model. Circumferential pulmonary vein isolation (CPVI)
was performed using an irrigated catheter. At the endpoint
of the procedure, the pulmonary vein spike potential and
bidirectional block of the lines were assessed. Electrical car-
dioversion was performed in patients without restoring
sinus rhythm.

2.7. Follow-Up. All participants were followed up for one
year after ablation. In the first 3 months, amiodarone ther-
apy was administered to prevent early atrial fibrillation
recurrence. Patients with persistent AF receive oral anticoag-
ulation (warfarin or new oral anticoagulants) for 3 months.
After ablation, medical examination (24-hour Holter moni-
toring and 12-lead ECG) was routinely performed at 3, 6,
9, and 12 months. Additional ECGs are obtained if the
patients have any suspected symptoms of RAF, such as pal-
pitations and shortness of breath. RAF was defined as any
atrial tachycardia lasting at least 30's according to the ECG
recording after the initial 3-month blanking period.

2.8. Statistical Analysis. All numerical analyses were con-
ducted using SPSS 22.0 (SPSS, Inc., Chicago, IL, USA) and
GraphPad prim 7.0 Software. The continuous variables are
presented as the mean + SD, and the differences were deter-
mined by Student’s t test when these variables satisfied a
normal distribution. If these variables determined by the
Mann-Whitney U test were nonnormal distributions, these
variables were presented as medians (interquartile range).
The 2 test or Fisher’s exact test was carried out to compare
the differences. All patients were divided into tertiles accord-
ing to LPS level, and the Kaplan-Meier method was used to
calculate the cumulative risk for RAF. The hazard of RAF
was analysed using Cox proportional hazards analysis. Cor-
relations among LPS and biomarkers of inflammation and
atrial fibrosis were analysed by Pearson’s correlation coeffi-
cient. Univariate and multivariable linear regression analyses
were conducted to detect the clinical variables that were cor-
related with circulating LPS. Statistical significance was set as
a Pvalue < 0.05.
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TaBLE 1: Characteristics of subjects with AF study According to RAF.
Variables All SR maintenance AF recurrence
(n=159) (n=115) (n=44) P

Age (year) 61.9+10.1 61.3+10.2 63.3+9.8 0.265
Male, n (%) 98 (61.6%) 72 (62.6%) 26 (59.1%) 0.638
Persistent AF, n (%) 64 (40.3%) 42 (36.8%) 22 (50.0%) 0.121
Hypertension, n (%) 85 (53.5%) 56 (49.1%) 29 (65.9%) 0.052
Diabetes, 1 (%) 21 (13.2%) 13 (11.3%) 8 (18.2%) 0.252
CHD, n (%) 35 (22.0%) 24 (20.9%) 11 (25.0%) 0.574
Heart failure, n (%) 34 (21.4%) 13 (11.3%) 21 (47.7%) < 0.001
BMI (kg/m?) 25.1+3.1 24.8+2.9 25.8+3.5 0.082
Glu (mmol/L) 5.04 (4.64-5.79) 4.99 (4.64-5.79) 5.20 (4.59-5.82) 0.599
LDL (mmol/L) 2.39+0.81 2.4+0.8 2.5+0.8 0.432
HDL (mmol/L) 1.07 (0.93-1.36) 1.08 (0.94-1.36) 1.06 (0.85-1.36) 0.437
TC (mmol/L) 4.11 +£0.96 4.10+0.94 4.1+1.0 0916
TG (mmol/L) 1.4 (0.99,2.25) 1.38 (1.01-1.36) 1.33 (0.98-2.05) 0.605
Cr (umol/L) 71 (58-81) 69 (57-80) 72 (60-86) 0.127
LAD (mm) 39.6+6.1 384455 427463 < 0.001
Hs-CRP (mg/L) 0.55 (0.41-0.72) 0.52 (0.40-0.68) 0.57 (0.47-0.79) 0.064
LPS (pg/mL) 56.5+29.5 51.5+29.2 69.5+26.2 0.001
IL-6 (pg/mL) 56.8 +22.3 53.5+20.8 64.8 +23.0 0.004
CITP (ng/mL) 0.62+0.19 0.59+0.19 0.69 +0.15 0.004
TGF-1 (ng/mL) 41.1+15.1 39.5+14.4 452 +16.3 0.030

CHD: coronary heart disease; BMI: body mass index; LAD: left atrial diameter; IL-6: interleukin-6; CITP: collagen type-1 C-terminal telopeptide; TGF-f1:

transforming growth factor betal; LPS: lipopolysaccharide.

3. Results

3.1. Clinical Characteristics of AF Patients. The characteristics
of all 159 enrolled AF patients are presented in Table 1. The
mean age was 61.9 +10.1 years, 61.6% of the patients were
male, and the proportion of persistent atrial fibrillation was
40.3%. The most common comorbidities were hypertension
(53.5%), coronary heart disease (22.0%), and heart failure
(21.4%). Compared with sinus rhythm (SR) maintenance
patients, patients with AF recurrence had a greater LAD and
higher levels of inflammatory and fibrotic biomarkers (Table 1).

3.2. LPS and RAF. During the 12-month follow-up period,
72.3% (115/159) of patients successfully maintained sinus
rhythm. Of the 159 patients, the mean LPS was 56.5 +29.5
pg/mL, 25.2 +12.4pg/mL in the first tertile, 54.9 + 8.4 pg/
mL in the second tertile, and 89.3 + 17.8 pg/mL in the third
tertile. Kaplan—-Meier survival analysis indicated a signifi-
cantly higher recurrence probability in patients with LPS
levels in the third tertile. However, compared to the first ter-
tiles, there were no significant differences in the second ter-
tiles (Figure 1). The multivariable Cox regression analysis
showed that Log-LPS, LAD, heart failure, and CITP were
independent predictors of RAF (Table 2).

3.3. Association between Circulating LPS with Systemic
Inflammation and Atrial Fibrosis. Log-LPS was significantly

higher than that in patients with RAF (Table 1). Addition-
ally, inflammatory biomarkers (hs-CRP and IL-6), atrial
fibrotic biomarkers (CITP and TGF-p), and LAD were sig-
nificantly increased in patients with RAF (P <0.05,
Table 1). Log-LPS was positively correlated with serum
inflammatory biomarkers (IL-6: r=0.289, P <0.001; hs-
CRP: r=0.271, P=0.001), fibrotic biomarkers (CITP: r =
0.179, P=0.024; TGF-f1: r=0.197, P=0.013) and LAD
(r=0.227, P=0.004) using Pearson’s correlation analysis
(Figures 2(a)-2(e)). Univariate linear regression analyses
showed that Log-LPS was correlated with heart failure,
LAD, hs-CRP, IL-6, CITP, and TGF-f (P <0.05, Table 3).
Subsequent multivariate analysis identified that heart failure,
IL-6, and hs-CRP were independently related to Log-LPS
(P <0.05, Table 3).

4. Discussion

Accumulating evidence has shown that gut dysbiosis is
related to the progression of RAF. The present study con-
firmed the findings that the gut microbiota-derived metabo-
lite LPS is significantly positively correlated with RAF.
Baseline LPS levels were higher in the RAF group than in
the sinus rhythm group. In addition, we demonstrated that
circulating LPS levels may promote RAF by increasing sys-
temic inflammation and atrial fibrosis.
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Figure 1: Kaplan-Meier curve for survival free from AF after
ablation according to circulating LPS tertile.

TaBLE 2: Multivariable Cox regression to predict RAF.

Variables Hazard ratio (95% CI) P

Age (year) 0.990 (0.954-1.027) 0.598
Persistent AF, n (%) 1.018 (0.520-1.992) 0.959
Hypertension, n (%) 1.117 (0.562-2.221) 0.752
Diabetes, 1 (%) 1.505 (0.596-3.796) 0.387
CHD, n (%) 0.794 (0.331-1.905) 0.606
Heart failure, n (%) 2.029 (1.030-3.997) 0.041
BMI (kg/m?) 1.065 (0.972-1.167) 0.178
LAD (mm) 1.064 (1.009-1.123) 0.022
Hs-CRP (mg/L) 1.689 (0.456-6.253) 0.433
IL-6 (pg/mL) 1.009 (0.995-1.023) 0.226
CITP (ng/mL) 6.841 (1.168-40.069) 0.033
TGF-p1 (ng/mL) 1.021 (0.998-1.045) 0.079
Log-LPS (pg/mL) 5.686 (1.055-30.635) 0.043

CHD: coronary heart disease; BMI: body mass index; LAD: left atrial

diameter; IL-6: interleukin-6; CITP: collagen type-1 C-terminal
telopeptide; TGF-f1: transforming growth factor betal; LPS:
lipopolysaccharide.

In this study, we found a RAF rate of 27.7% after abla-
tion during the one-year follow-up, which is in accordance
with other experimental data. This study is consistent with
the meta-analysis conducted by Turagam et al., who found
a rate of 27.5% RAF in 1212 AF patients after one-year
follow-up [13]. Similar evidence has been reported in 256
AF patients to evaluate the effect of perindopril on RAF. In
the subgroup of 128 patients treated with placebo, the recur-
rence rate of atrial fibrillation was 28.5% during the one-year
follow-up [14]. However, another prespecified study from
the CABANA Trial showed that 12.6% of ablation patients
experienced symptomatic AF, and atrial tachycardia
occurred in 36.4% of patients [15]. Overall, our results are
consistent with the findings of these studies.

Considerable evidence has indicated that disordered gut
microbiota contributes to RAF. Catheter ablation has been
used as a first-line treatment strategy. However, the high
recurrence rate postablation requires the identification of
novel biomarkers to select optimal patients to improve clin-
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ical outcomes. The novel finding of the current study is that
the patients with RAF disclosed higher baseline LPS during
follow-up. In particular, we demonstrated that the circulat-
ing levels of patients in the third tertile of LPS (> 67.3 pg/
mL) had the highest risk of RAF. Our results extend current
knowledge on the effect of gut microbiota-derived metabo-
lites in RAF, suggesting that gut microbiota may not only
play a pathogenetic role in AF development but may also
affect clinical outcomes after ablation.

Inflammation and oxidative stress are central mediators
of AF, which exacerbate cardiac remodelling and facilitate
AF initiation [16]. Menichelli et al. [17] confirmed that cir-
culating LPS could contribute to impaired antioxidant sta-
tus in the ATHERO-AF study. In this study, we further
assessed the association between LPS and inflammatory
cytokines. Inflammatory biomarkers (hs-CRP and IL-6)
and fibrotic biomarkers (TGFf1 and CITP) were measured,
which have proved to be an important mechanism leading
to RAF [18, 19]. Previous studies have confirmed that a
potential elevation in circulating hs-CRP and IL-6 has a
higher risk of RAF [20]. Deftereos et al. found that colchi-
cine can effectively prevent early AF recurrence by decreas-
ing the levels of inflammatory mediators such as IL-6 and
CRP [21]. Animal experiments found that LPS can stimu-
late M1 macrophage polarization to produce various proin-
flammatory cytokines. Additionally, TLR4 activation by
LPS triggers consecutive MyD88 and TRIF-dependent
signalling pathways, which synergistically promote the pro-
inflammatory response [22]. In a canine model, inflamma-
tion induced by LPS could promote connexin 43 expression
and cause heterogeneous atrial conduction, thereby increas-
ing the risk of recurrence [23]. Consistent with previous
studies, our data also indicated a significant association
between circulating LPS and hs-CRP and IL-6. These stud-
ies showed that increasing chronic inflammation may be an
important mechanism of LPS-induced recurrence of atrial
fibrillation.

Clinical and animal evidence supports the viewpoint that
atrial fibrosis is the hallmark of atrial structural remodelling
and contributes to the occurrence and perpetuation of AF.
The main pathological feature of atrial fibrosis was increased
and disordered collagen deposition. CITP generated by the
hydrolysis of type I collagen fiber, a serological marker of
type I collagen degradation, has been demonstrated to be
connected with the occurrence of AF [24, 25]. In addition,
the progressive accumulation of the extracellular matrix pro-
duced by cardiac fibroblasts under profibrotic stimuli such
as angiotensin II (Ang IT) and TGF-1 plays a pivotal role
in promoting atrial fibrosis [26, 27]. Existing studies recog-
nize the critical role played by TGF-f1 in inducing myocar-
dial fibrosis [28]. In animal experiments, Zhang et al.
demonstrated that gut dysbiosis induced AF partly through
increased concentrations of circulating LPS and activated
the atrial NLRP3 inflammasome, which promoted atrial
fibrosis [10]. The present data demonstrated that circulating
LPS levels were positively associated with the serum TGF-f1
and CITP levels. Subsequent multivariate analysis verified a
significant independent association between LPS and the
CITP levels. Another finding was that LAD is positively
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FIGURE 2: Scatter diagrams showing the association between the circulating LPS with the concentrations of inflammatory biomarker (IL-6
(a) and hs-CRP (b)), atrial fibrotic biomarkers (CITP (c) and TGE-f1 (d)), and LAD (e). Pearson’s correlation coefficient and P values are
indicated.

TaBLE 3: Univariate and multivariable linear regression analysis for the correlation of between Log-LPS with anthropometric and

biochemical variables.

Variables Univariate Multivariable
Standardized 95% CI P Standardized 8 95% CI P

Age (year) 0.089 -0.002-0.008 0.267

Male, n (%) -0.057 -0.143-0.067 0.472

Persistent AF, n (%) 0.132 -0.016-0.191 0.098

Hypertension, n (%) 0.125 -0.020-0.183 0.116

Diabetes, 1 (%) 0.121 -0.034-0.266 0.128

CHD, n (%) 0.078 -0.062-0.184 0.328

Heart failure, n (%) 0.255 0.081-0.323 0.001 0.138 -0.010-0.228 0.071
BMI (kg/mz) 0.007 -0.016-0.017 0.926

Glu (mmol/L) -0.030 -0.029-0.021 0.743

LDL (mmol/L) 0.087 -0.028-0.099 0.275

TG (mmol/L) 0.078 -0.027-0.080 0.328

Cr (umol/L) 0.016 -0.002-0.003 0.837

LAD (mm) 0.227 0.004-0.021 0.004 0.144 0.001-0.016 0.057
Hs-CRP (mg/L) 0.271 0.175-0.619 0.001 0.215 0.105-0.525 0.003
IL-6 (pg/mL) 0.289 0.002-0.007 < 0.001 0.182 0.001-0.005 0.016
CITP (ng/mL) 0.179 0.042-0.589 0.024 0.123 -0.036-0.469 0.092
TGF-f1 (ng/mL) 0.197 0.001-0.008 0.013 0.144 0.001-0.006 0.050

CHD: coronary heart disease; BMI: body mass index; LAD: left atrial diameter; IL-6: interleukin-6; CITP: collagen type-1 C-terminal telopeptide; TGF-f1:
transforming growth factor betal; LPS: lipopolysaccharide.



correlated with serum LPS levels. These results may further
support the hypothesis that LPS induces RAF by promoting
atrial fibrosis.

In addition, other mechanisms may contribute to the
connection between LPS and RAF. Indeed, LPS may contrib-
ute to recurrence of AF through acceleration of heart failure
and may induce myocardial infarction and left ventricular
dysfunction, both of which could increase the recurrence
risk of AF [29, 30]. Furthermore, there is an evidence that
elevated circulating levels of LPS are connected with MACEs
in AF patients. In the present study, our results demonstrate
a significantly positive association between circulating LPS
and heart failure and hypertension. Collectively, these stud-
ies confirm that promoting the occurrence of RAF-related
risk factors may be an indirect mechanism leading to AF
recurrence.

4.1. Study Limitations. The present study has several limita-
tions. First, serum biomarkers of inflammation and atrial
fibrosis are not heart specific. In addition, the findings were
more convincing if measuring these biomarkers in the atrial
tissue. Because of this potential limitation, we made strenu-
ous efforts to exclude those patients with conditions related
to inflammation and fibrosis. Second, the sample size was
limited. Hence, more prospective studies are necessary to
investigate the differences between paroxysmal AF patients
and persistent AF patients in the future. Finally, we could
not exclude other mechanisms by which LPS may contribute
to RAF.

5. Conclusion

In conclusion, the results support the role of gut microbiota
in the prognosis of AF postablation by demonstrating that
baseline circulating LPS is associated with recurrence of AF
during the one-year follow-up. Furthermore, baseline circu-
lating LPS levels are associated with systemic inflammation
and fibrotic biomarkers. However, further animal experi-
ments are necessary to elucidate the potential mechanism
of LPS-induced systemic inflammation and atrial fibrosis.
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Endoplasmic reticulum (ER) stress, pyroptosis, and apoptosis are critical molecular events in the occurrence and progress of renal
ischemia reperfusion (I/R) injury. Naringenin (4',5,7-trihydroxyflavanone) is one of the most widely consumed flavonoids with
powerful antioxidant and anti-inflammatory activities. However, whether naringenin is able to relieve renal I/R injury and
corresponding mechanisms have not been fully clarified. This study was aimed at exploring its role and relevant mechanisms
in renal I/R injury. The C57Bl/6 mice were randomly assigned to receive administration with naringenin (50 mg/kg/d) or
sterile saline (1.0 mL/d) for 3 d by gavage and suffered from renal I/R surgery. One specific ER stress inhibitor, 4-phenylbutyric
acid (4-PBA, 100mg/kg/d), was intraperitoneally administered to validate the regulation of ER stress on pyroptosis and
apoptosis. Cultured HK-2 cells went through the process of hypoxia/reoxygenation (H/R) to perform cellular experiments with
the incubation of naringenin (200 M), 4-PBA (5mM), or brusatol (400 nM). The animal results verified that naringenin
obviously relieved renal I/R injury, while it refined renal function and attenuated tissue structural damage. Furthermore,
naringenin treatment inhibited I/R-induced ER stress as well as pyroptosis and apoptosis as indicated by decreased levels of
specific biomarkers such as GRP78, CHOP, caspase-12, NLRP3, ASC, caspase-11, caspase-4, caspase-1, IL-1, GSDMD-N,
BAX, and cleaved caspase-3 in animals and HK-2 cells. Besides, the upregulated expression of Nrf2 and HO-1 proteins after
naringenin treatment suggested that naringenin activated the Nrf2/HO-1 signaling pathway, which was again authenticated by
the usage of brusatol (Bru), one unique inhibitor of the Nrf2 pathway. Importantly, the application of 4-PBA showed that
renal I/R-generated pyroptosis and apoptosis were able to be regulated by ER stress in vivo and in vitro. In conclusion,
naringenin suppressed ER stress by activating Nrf2/HO-1 signaling pathway and further alleviated pyroptosis and apoptosis to

protect renal against I/R injury.

1. Introduction

Acute kidney injury emerges as a fairly intractable and worri-
some clinical problem, which is often accompanied by varie-
ties of syndromes such as urinary tract obstruction,
cardiorenal syndrome, and sepsis. AKI occurs in more than

50% of patients in intensive care and in 10-15% of patients
[1]. Blood flow to the kidney is suddenly reduced or stopped
in renal I/R injury. After blood supply is restored, the injury
is further aggravated and can develop into acute kidney injury
and other serious kidney diseases [2]. Although the pathogen-
esis of renal I/R injury remains to be clearly elucidated,
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relevant studies have confirmed that oxidative stress, ER
stress, mitochondrial dysfunction, ion accumulation, pyrop-
tosis, and apoptosis are critical molecular mechanisms. Fur-
thermore, relevant articles have authenticated that ER stress
proves to be the critical regulatory mediator in renal I/R injury
as evidenced by reduced renal I/R injury after effectively inhi-
biting ER stress [3-5]. In view of the significant mortality and
morbidity of related diseases including AKI caused by renal I/
Rinjury, it is increasingly necessary to completely understand
its cellular pathophysiological mechanisms and persistently
explore new therapeutic strategies of renal I/R injury [6, 7].

ER stress, pyroptosis, and apoptosis are substantial and
interrelated processes in the occurrence and etiopathogen-
esis of renal I/R injury [3, 8]. When the internal environ-
ment has changes including disruption of calcium
homeostasis, hypoxia, and oxidative stress, endoplasmic
reticulum homeostasis is imbalanced, leading to an abnor-
mal increase in intracellular misfolded or unfolded proteins,
which ultimately induce ER stress [9]. When cells are con-
tinuously under pathological stress, apoptotic pathways are
triggered, resulting in massive accumulation of unfolded
proteins and apoptosis [10]. In addition, ER stress has been
verified to have participation in the activation of NF-«B sig-
naling pathway and NLRP3 inflammasome, which in turn
cause pyroptosis [11, 12].

As one of the largely consumed flavonoids which widely
exist in Citrus genus, naringenin possesses a broad prospect
of clinical application owing to its excellent bioavailability,
low cytotoxicity, and remarkable anti-inflammatory and
antioxidant properties [13-15]. Recent researches in differ-
ent fields have testified that naringenin has showed notewor-
thy protective effects in cardiovascular diseases, neurological
disorders, diabetes mellitus, virus infection, and I/R injury.
These functions are mainly achieved through mitigating
inflammatory response, oxidative stress, ER stress, and apo-
ptosis [16-18]. Meanwhile, naringenin is able to relieve
myocardial I/R injury by inhibiting oxidative stress, ferrop-
tosis, and ER stress via AMPK-SIRT3, Nrf2/GPX4, and
PI3K/AKT pathways [19-21]. Pretreatment of naringenin
protects retinal and brain against I/R injury as well as ame-
liorating ischemic stroke [22, 23]. Nevertheless, whether it
can alleviate renal I/R injury and the corresponding mecha-
nisms demands to be further authenticated.

Therefore, we innovatively investigated the protective
influence and the underlying mechanisms of naringenin
treatment on renal I/R-generated ER stress, pyroptosis, and
apoptosis by establishing the typical renal I/R model in
C57Bl/6 mice and an H/R model in HK-2 cells, so as to pro-
vide some new perspectives into the pathogenesis occur-
rence of renal I/R injury and a theoretical basis for
naringenin in the clinical treatment of kidney ischemic
diseases.

2. Materials and Methods

2.1. Antibodies and Reagents. Naringenin (HPLC >98%)
used in this study was acquired from Solarbio (IN0350,
Solarbio Life Sciences, Beijing). Annexin V-FITC/PI apopto-
sis kit that was applied in flow cytometry was supplied by
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Multi Sciences Biotech (Hangzhou, China). The 5x protein
loading buffer, BCA protein quantification kit, radio-
immunoprecipitation assay (RIPA) buffer, SDS-PAGE gel
preparation kit, 10x TBS with Tween-20 buffer, and phenyl-
methanesulfonyl fluoride (PMSF) all were bought from Ser-
vicebio Technology (Wuhan, China). Fetal bovine serum
was purchased from Invitrogen (MA, USA). Polyvinylidene
difluoride (PVDF) membrane and chemiluminescent HRP
substrate were obtained from Millipore (Billerica, MA,
USA). Sources and usage of other reagents are described in
detail in the following instructions.

2.2. Renal I/R Injury Mice Model. Eight-week-old adult male
C57Bl/6 mice (22-24 g) were provided by the First Clinical
College Experimental Animal Center of Wuhan University.
The project was approved by Bioethics Committee of the
Renmin Hospital of Wuhan University. These mice were
provided with adequate food, sufficient water, appropriate
room temperature (22-23°C), and light for a fixed period of
time (the time is all 12h of darkness or light for one cycle)
according to the Laboratory Animal Guidelines.

The renal I/R model was built as we did in the previous
studies; we selected 30 min of ischemia followed by suturing
the incision and one full day (24h) of reperfusion because
renal I/R damage of this model was obvious [24, 25]. 0.2%
pentobarbital sodium (60 mg/kg) was selected to anesthetize
the mice in the experiments by intraperitoneal injection
followed by placing the experimental mice on a thermostatic
blanket. After skin preparation, a longitudinal abdominal
incision was made to expose and separate bilateral kidneys
and renal arteries. Only the right kidney was removed with-
out subsequent treatment, and the mice were followed by the
suture of abdominal incision in the Sham group. The left
renal artery was clamped with a noninvasive vascular clip
after right-sided nephrectomy in all I/R groups, and the kid-
ney rapidly turned into black and purple after clamping. The
arterial clamp was removed to restore blood supply after
30 min of ischemia, and the kidney quickly turned red. After
the incision was sutured, 0.5 mL normal saline was injected
intraperitoneally for liquid resuscitation. Blood and kidney
tissue were collected immediately after 24 h of reperfusion.

2.3. Mice Treatment. All C57Bl/6 mice were randomly
divided into 5 groups, which consisted of the Sham group,
I/R group, I/R+NS (sterile saline) group, I/R+NRG (narin-
genin) group, and I/R+4-PBA (4-phenylbutyric acid) group,
n=>5. The Sham group received the above-mentioned treat-
ment after normal feeding. Vehicle (1.0 mL/d, sterile saline)
or naringenin (50 mg/kg/d, dilution in NS) was conducted
by oral gavage for 3d in the I/R+NS group or I/R+NRG
group. Mice were injected intraperitoneally with 4-PBA
(100 mg/kg, dilution in phosphate-buffered saline) 24h
before undergoing I/R surgery in the I/R+4-PBA group.
The dose of 4-PBA was chosen for this study because
there were previous articles about 4-PBA treatment in
adult animals [26].

2.4. Assessment of Renal Function. Fresh blood from all
experimental mice was collected immediately after 24h
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reperfusion, followed by 20 min of centrifugation at 3000/
min. The corresponding kits were purchased from Jiancheng
Bioengineering Institute in Nanjing of China to measure the
creatinine (Cr) and blood urea nitrogen (BUN) levels
according to the product instructions.

2.5. HE Staining. After embedding the formaldehyde-fixed
mouse kidney tissues with paraffin, we prepared 4 um thick
sections and employed hematoxylin-eosin (H&E) to stain
them. The pathological changes of renal tissue were
observed under microscope. Two professional renal patholo-
gists randomly selected 8 fields from each section to observe
the pathological changes of renal tubule-interstitial lesions
and performed semiquantitative scores of renal tubule-
interstitial lesions.

2.6. Cell Culture and In Vitro H/R Model. As a cell line com-
monly used to construct in vitro model of renal I/R injury
[27, 28], HK-2 cells utilized in H/R model were supplied
by China Center for Type Culture Collection (CTCC,
China). HK-2 cell line is also known as human renal proxi-
mal tubular epithelial cell line. DMEM medium called as
Dulbecco’s modified Eagle’s medium was chosen to culture
HK-2 cells, which need to undergo 12h of incubation in
serum-free medium in a three-gas incubator (5% CO,, 94%
N,, 1% O,) to complete this step of hypoxia. Reoxygenation
was accomplished by changing the serum-free medium into
normal medium containing 10% fetal bovine serum (FBS)
immediately after completion of hypoxia, and then, HK-2
cells in the H/R groups were cultured normally in an ordi-
nary incubator with 5% CO,, 74% N,, and 21% O, at
37°C. Meanwhile, HK-2 cells in the control group of cellular
models were cultured in the normal environment using
complete medium with 10% FBS at all times. The 12h of
hypoxia and 4h of reoxygenation were chosen because our
previous studies showed that both apoptosis and pyroptosis
were relatively pronounced in such a model [25, 29]. Differ-
ent concentrations of NRG or 4-PBA (5mM, dilution in
DMSO) were added to the medium 24 h before model con-
struction [30], and then, they were incubated with or with-
out brusatol (400 nM), 2 h before hypoxia [25].

2.7. Quantitative Real-Time PCR Analysis. RNA extraction
kit (G3013, Servicebio, Wuhan) was purchased to extract
the total RNA in relevant groups of animals and HK-2 cells
according to the standard procedures. 1,000 ng of extracted
RNA was then reversely transcribed into cDNA by the appli-
cation of one SweScript RT II First Strand cDNA Synthesis
Kit (G3333-100, Servicebio, Wuhan). Primers for human
and mouse genes were designed and synthesized by Sangon
Biotech (Shanghai, China). 20 uL. qPCR reaction system
including 2x Universal Blue SYBR Green qPCR Master
Mix (G3326-05, Servicebio, Wuhan) was performed to
detect the relative mRNA levels of target genes by qPCR
Detection System (Bio-Rad, USA). 2722¢T method was
selected to quantify the levels of gene mRNA expression rel-
ative to GAPDH. The sequences of primers used in our
study are shown in Tables 1 and 2.

2.8. Western Blot Analysis. The kidney tissues that were pre-
served in liquid nitrogen at -80°C were cut and homoge-
nized, followed by the addition of precooled RIPA buffer
containing PMSF and centrifugation at 6,000r/min for
20 min. The treated cells in all groups were collected for pro-
tein extraction following a standard procedure. After the
protein content was determined through the utilization of
the BCA kit, 30 ug of the unmeasured protein was mixed
with the loading buffer 5x and then boiled in a water bath
at 100°C for 10 min. The proteins were then separated using
10% sodium dodecyl sulfate-polyacrylamide gels (SDS-
PAGE) and transferred electrophoretically to PVDF mem-
branes. In order to eliminate nonspecific binding of the tar-
get proteins with the primary antibodies, Protein Free Rapid
Blocking Buffer (1x) (PS108P, Epizyme Biomedical Technol-
ogy, Shanghai) was used to block for 30 min at 37°C. Mem-
branes were infiltrated with a specific dilution of primary
antibodies overnight at 4°C. The dilutions and sources of
all antibodies are as follows: GAPDH (10494-1-AP,
1:8000, Proteintech Group), GRP78 (11587-1-AP, 1:2000,
Proteintech Group), CHOP (15204-1-AP, 1:2000, Protein-
tech Group), BAX (50599-2-Ig, 1:5000, Proteintech Group),
cleaved caspase-3 (WL02117, 1:500, Wanleibio), HO-1
(10701-1-AP, 1:3000, Proteintech Group), Bcl-2 (26593-1-
AP, 1:2000, Proteintech Group), Nrf2 (16396-1-AP,
1:5000, Proteintech Group), caspase-4 (sc-56056, 1:200,
Santa Cruz), NLRP3 (#15101, 1:1000, Cell Signaling Tech-
nology), caspase-11 (sc-56038, 1:400, Santa Cruz), cleaved
caspase-1 (sc-56036, 1:400, Santa Cruz), caspase-12 (sc-
21747, 1:400, Santa Cruz), mature IL-1f3 (#12242, 1:1000,
Cell Signaling Technology), ASC (sc-514414, 1:200, Santa
Cruz), GSDMD-N (#39754, 1:1000, Cell Signaling Technol-
ogy), and KIM-1 (AF1817, MAB1750, 1:1000, R&D Sys-
tems). The PVDF membranes were then placed into the
diluted goat anti-rabbit or goat anti-mouse secondary anti-
body (SA00001-2, SA00001-1, 1:2000, Proteintech Group)
and incubated for 1h at 37°C. All membranes were flushed
with TBST 1x buffer three times for 10 min each to lessen
nonspecific binding. Chemiluminescent HRP substrate was
applied to visualize all blots. Protein levels were analyzed
and quantified by Image Lab Software (NIH, USA).

2.9. Detection of Caspase-1 Activity. The caspase-1 activity in
various treatment groups was able to be detected by the
caspase-1 activity assay kit (C1102, Beyotime, Shanghai)
according to the attached detailed instructions. Briefly, after
we collected the treated kidney tissue and HK-2 cells, the
100 uL reaction system was configured after successively
adding the reagents from this kit according to the manufac-
turer’s instructions. The samples were incubated at 37°C for
90 min. The absorbance at the wavelength of 405nm was
determined to assess the levels when the color change is
obvious.

2.10. Cell Viability Assay. Cell viability in different groups of
cellular experiments was measured by one CCK-8 cell viabil-
ity assay kit, which was purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The cell suspen-
sion of 10,000 cells was added to every well of the 96-well
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TaBLE 1: The primer sequences of human genes used in quantitative real-time PCR analysis.
Primer Forward primer (5' ->3') Reverse primer (5' ->3') Amplicon size (bp)
GRP78 CACGGTCTTTGACGCCAAG CCAAATAAGCCTCAGCGGTTT 215
CHOP GGAAACAGAGTGGTCATTCCC CTGCTTGAGCCGTTCATTCTC 116
Caspase-12 AACAACCGTAACTGCCAGAGT CTGCACCGGCTTTTCCACT 118
NLRP3 CGTGAGTCCCATTAAGATGGAGT CCCGACAGTGGATATAGAACAGA 191
ASC TGGATGCTCTGTACGGGAAG CCAGGCTGGTGTGAAACTGAA 110
Caspase-1 TTTCCGCAAGGTTCGATTTTCA GGCATCTGCGCTCTACCATC 54
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC 101
TaBLE 2: The primer sequences of mouse genes used in quantitative real-time PCR analysis.
Primer Forward primer (5’ ->3') Reverse primer (5’ ->3') Amplicon size (bp)
GRP78 ACTTGGGGACCACCTATTCCT ATCGCCAATCAGACGCTCC 134
CHOP CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAAGGT 121
Caspase-12 AGACAGAGTTAATGCAGTTTGCT TTCACCCCACAGATTCCTTCC 106
NLRP3 ATTACCCGCCCGAGAAAGG TCGCAGCAAAGATCCACACAG 141
ASC CTTGTCAGGGGATGAACTCAAAA GCCATACGACTCCAGATAGTAGC 154
Caspase-1 ACAAGGCACGGGACCTATG TCCCAGTCAGTCCTGGAAATG 237
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 123

plates and cultured for 48 hours, followed by the various
concentrations of NAR and relevant treatments. After being
added with 10 uL of CCK-8 reagent per well, the cells were
continued to be incubated in the dark for 4 hours. The
absorbance of the treated cells in 96-well plates at 450 nm
was quantified by the PerkinElmer Microplate reader (Perki-
nElmer Victor 1420, USA) to determine the cell viability.

2.11. Measurement of Caspase-3 Activity. One caspase-3
activity assay kit (C1116, Beyotime, Shanghai) was bought
to assess the caspase-3 activity. According to the accompa-
nying thorough instructions, tissue or cell samples treated
with precooled RIPA buffer were centrifuged for 15 min at
12,000 r/min at 4° C, and the transferred supernatant was
immediately used to configure the 100 L system containing
reagents in this kit. The samples were incubated at 37°C for
120 min. The levels were quantified by the utilization of the
absorbance at 405 nm.

2.12. Flow Cytometry. Flow cytometry was taken to measure
the apoptosis degree of HK-2 cells in various intervention
groups through the Annexin V-FITC/PI apoptosis kit by
referring to the attached instructions. HK-2 cells with differ-
ent pretreatments were washed three times in PBS 1x buffer.
Then, 5 x 10° cells including cells inside the culture superna-
tant were collected. After being resuspended by 1,000 uL of
1x binding buffer, cells in each group were added with
20uL PI and 10 L Annexin V-FITC, followed by 15min
incubation at 37°C in the dark. The FACS flow cytometer
(Bio-Rad, USA) was applied to detect the apoptotic cells.

2.13. Statistical Analysis. The experimental data in animal
and cell experiments were quantified and processed by soft-
ware GraphPad Prism version 8.0 (CA, USA). The results

were presented as mean + standard deviation (SD). One-
way analysis of variance (ANOVA) followed by Tukey’s test
was used to perform the statistical analysis. P <0.05 indi-
cated a statistically significant comparison between the dif-
ferent groups.

3. Results

3.1. Naringenin Ameliorated Renal Ischemia Reperfusion
Injury in Mice. The structural formula of naringenin as a fla-
vonoid is as follows (Figure 1(a)). In order to determine the
appropriate dose that could be administered in mice, we
explored the concentration gradient to test effects of narin-
genin on renal function. The results of the pretest showed
that naringenin did not significantly affect renal function at
a dose of 50 mg/kg, as evidenced by Cr and BUN levels in
normally fed mice (Figures 1(b) and 1(c)). Mice were then
treated with NRG (50 mg/kg/d) or NS (1.0 mL/d) by gavage
for 3 d as mentioned above, followed by construction of typ-
ical renal I/R model. Cr and BUN, the serum markers of kid-
ney injury, were clearly increased in the renal I/R model, but
their levels were obviously downregulated in the NRG+I/R
group (Figures 1(d) and 1(e)). H&E staining authenticated
that pretreatment with NRG effectively improved the renal
tissue morphology, which exhibited loss of brush border
and tubular dilatation in the kidneys exposed to I/R surgery
(Figures 1(f) and 1(g)). Consistent with these results, there
was also an evident reduction in the protein levels of kidney
injury molecule 1 (KIM-1) after NRG administration
(Figure 1(h)). In conclusion, these experimental results con-
firmed that NRG gavage treatment could availably alleviate
the pathological damage and kidney dysfunction in mice
after the construction of I/R model.
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FiGuRrk 1: Naringenin ameliorated renal ischemia reperfusion injury in mice. (a) The structural formula of naringenin (NRG). (b, ¢) The
influence about a variety of doses of naringenin on the levels of serum Cr as well as serum BUN in normally fed eight-week-old C57Bl/6
mice. (d, e) The levels of kidney biomarkers such as serum Cr and BUN declined notably in the NRG+I/R group. (f, g) H&E staining
(x400) used in kidney histological staining showed that kidney tissue damage was mitigated in the NRG+I/R group. (h) Western blot
analysis utilized in protein detection validated that the protein levels of KIM-1 decreased significantly in the NRG+I/R group. Values
measured during animal experiments were carried out as mean +SD, n=3-5. ¥P<0.05, compared with 0 mg/kg group; *P < 0.05,
compared with the Sham group; *P < 0.05, relative to the NS+I/R group; nd: no statistical difference.

3.2. Naringenin Effectively Attenuated Renal I/R-Generated
ER Stress and Activated Nrf2/lHO-1 Signaling Pathway in
Mice. Subsequently, to identify corresponding mechanism
by which NRG relieved renal I/R injury, members of this
subject group performed qRT-PCR and western blot analysis
to detect specific markers related to ER stress in renal I/R
injury. Relevant studies revealed that ER stress plays the
key role in renal I/R injury [3, 8], and NRG was testified
by some studies to possess a meaningful role in regulating
ER stress [31, 32]. By detecting the mRNA levels, we could
clearly see that ER stress-specific markers including
GRP78, CHOP, and caspase-12 were distinctly activated
after I/R injury. Conversely, the results validated that NRG
employment notably restrained the ER stress produced by

I/R construction, as evidenced by the markedly lessened
mRNA levels of both GRP78, CHOP, and caspase-12
(Figures 2(a)-2(c)). Western blot analysis further confirmed
the effect of naringenin on inhibiting ER stress induced by
renal I/R injury (Figures 2(d) and 2(e)). Moreover, we dis-
covered that pretreatment of NRG reactivated restrained
Nrf2/HO-1 signaling pathway in renal I/R injury
(Figures 2(f) and 2(g)).

3.3. Naringenin Significantly Inhibited Pyroptosis and
Apoptosis Induced by Renal I/R Injury in Mice. Next,
pyroptosis-associated and apoptotic markers were further
detected. The results suggested that the levels of caspase-1
activity in the I/R group exhibited obvious reduction after
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FIGURE 2: Naringenin effectively attenuated renal I/R-generated ER stress and activated Nrf2/HO-1 signaling pathway in mice. (a-c) qRT-
PCR authenticated that pretreatment of naringenin effectively reduced the mRNA expression of GRP78, CHOP, and caspase-12 induced by
renal I/R surgery. (d, e) Western blot analysis proved that naringenin administration downregulated ER stress-related proteins including
GRP78, CHOP, and caspase-12 during renal I/R injury. (f, g) The protein levels of Nrf2 and HO-1 in renal tissues were displayed
through western blot analysis in C57Bl/6 mice. Values measured during animal experiments were carried out as mean + SD, #n =3 (three
times measurements). *P < 0.05, compared with the Sham group; *P < 0.05, relative to the NS+I/R group.

naringenin treatment (Figure 3(a)). The results of QRT-PCR
authenticated that naringenin significantly inhibited the
mRNA expression of pyroptosis-related markers such as
NLRP3, ASC, and caspase-1 in renal I/R injury
(Figures 3(b)-3(d)). The function of NRG on alleviating
pyroptosis was again confirmed by the decreased protein
expression of NLRP3, ASC, caspase-1 p10, GSDMD-N, cas-
pase-11, and mature IL-18 in the NRG+I/R group
(Figures 3(e) and 3(f)). Meanwhile, the usage of NRG
remarkably restrained caspase-3 activity in renal I/R injury
(Figure 3(g)). NRG application also abrogated the enhanced
protein levels of apoptotic protein cleaved caspase-3 induced
by I/R exposure as well as BAX, while the decreased expres-
sion of Bcl-2 protein in the I/R group was restored in the
NAR+I/R group (Figure 3(h)).

3.4. Renal I/R-Generated Pyroptosis and Apoptosis Could be
Regulated by ER Stress in Mice. The function of ER stress
as a key mediator in renal I/R injury was investigated by
the utilization of its established inhibitor, 4-PBA. In
Figures 4(a) and 4(b), those results showed that preapplica-
tion of 4-PBA prior to establishment of renal I/R model
clearly downregulated serum blood Cr and BUN levels.
Moreover, H&E staining of the kidneys suggested that I/R-
induced kidney tissue damage was evidently ameliorated
after 4-PBA treatment (Figures 4(c) and 4(d)), which was
again corroborated by the KIM-1 protein levels through
detection using western blot analysis (Figure 4(e)). As shown
in Figure 4(f), preapplication of 4-PBA prior to renal I/R
model clearly prevented the initiation of ER stress, as sum-
marized by the downregulated expression in GRP78, CHOP,
and caspase-12 proteins. Interestingly, we further innova-
tively discovered that ER stress was capable of regulating
pyroptosis and apoptosis in animal model of renal I/R
injury. As confirmed by the experimental discoveries, the
inhibition of ER stress by 4-PBA tremendously depressed
the caspase-1 activity in mice with renal I/R surgery
(Figure 4(g)). The noteworthy attenuation of elevated
mRNA levels of NLRP3, ASC, and caspase-1 induced by I/

R surgery was displayed after specific inhibition of ER stress
using 4-PBA (Figure 4(h)). The remarkable differences in
protein levels of NLRP3, ASC, cleaved caspase-1, GSDMD-
N, caspase-11, and mature IL-1 between the NS+I/R group
and 4-PBA+I/R group again testified that renal I/R-gener-
ated pyroptosis could be regulated by ER stress in mice
(Figures 4(i) and 4(j)). 4-PBA administration also resulted
in a striking diminution in the expression of BAX and
cleaved caspase-3 proteins and a pronounced upregulation
in protein expression of Bcl-2 in the 4-PBA+I/R group
(Figure 4(k)).

3.5. Naringenin Effectively Alleviated ER Stress in H/R-
Exposed HK-2 Cells. In addition, we constructed the H/R
model in vitro to further verify the protective effects of nar-
ingenin in renal I/R injury. As shown in Figure 5(a), to find
out the appropriate concentration that could be used for
treating HK-2 cells, we selected CCK-8 assay to explore the
effects of different concentrations of NRG on cell viability.
The cell activity of HK-2 cells was not significantly affected
by NAR at 200 uM, a concentration that was also selected
in another study [33]. HK-2 cells were pretreated with
200 uM of NRG dissolved in DMSO and received H/R expo-
sure 24 h later. Quantitative real-time PCR analysis demon-
strated that NAR treatment noticeably alleviated the elevated
mRNA levels of GRP78, CHOP, and caspase-12 in H/R
injury (Figures 5(b)-5(d)). Consistent with mRNA levels,
the protein expression of those specific markers of ER stress
exhibited the obvious reduction in the NRG+H/R group
(Figure 5(e)).

3.6. Naringenin Considerably Mitigated H/R-Induced
Pyroptosis and Apoptosis In Vitro. In Figure 6(a), the obvious
elevation of caspase-1 activity in H/R exposure was remark-
ably depressed after naringenin application in renal HK-2
cells. qRT-PCR revealed that the pretreatment of naringenin
evidently lessened the mRNA levels of typical pyroptosis-
related markers including ASC, NLRP3, and caspase-1 dur-
ing H/R injury (Figure 6(b)). Besides, we authenticated that
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11, and IL-1f in extracted kidney tissues. (g) The usage of naringenin remarkably restrained caspase-3 activity in renal I/R injury. (h)
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caspase-3 in the four groups. Values measured during animal experiments were carried out as mean+SD, n=3 (three times
measurement). *P < 0.05, compared with the Sham group; #P < 0.05, relative to the NS+I/R group.

NAR application was capable of attenuating H/R-induced
activation of NLRP3 inflammasome in HK-2 cells
(Figure 6(c)). Pretreatment of NRG on HK-2 cells prior to
the establishment of H/R model remarkably depressed the
expression of GSDMD-N, mature IL-1p, and caspase-4 pro-
teins, which were crucial markers of pyroptosis
(Figure 6(d)). The flow cytometry revealed that NAR admin-
istration tremendously mitigated H/R-stimulated apoptotic
HK-2 cells (Figures 6(e) and 6(f)). The caspase-3 activity
in H/R injury was effectively inhibited by NRG treatment
in HK-2 cells (Figure 6(g)). The results of western blot anal-
ysis demonstrated that BAX protein levels as well as cleaved
caspase-3 protein levels were obviously reduced in the NRG
+H/R group versus DMSO+H/R group, whereas Bcl-2 pro-
tein levels were upregulated after NRG usage in vitro
(Figure 6(h)).

3.7. H/R-Induced Pyroptosis and Apoptosis Depended on ER
Stress In Vitro. A concentration at 5mM of 4-PBA was taken

to handle HK-2 cells that were followed by H/R treatment as
described previously. Inhibition effect on ER stress of 4-PBA
was verified by western blot analysis, as shown by remark-
able reduction in expression levels of GRP78, CHOP, and
caspase-12 proteins (Figure 7(a)). Notably, 4-PBA applica-
tion significantly reduced caspase-1 activity and obviously
decreased the relative mRNA levels of NLRP3, caspase-1,
and ASC in H/R injury (Figures 7(b) and 7(c)). The preusage
of 4-PBA also led to the restriction of activated protein
markers of pyroptosis during H/R injury (Figures 7(d) and
7(e)). By performing flow cytometry, we could clearly
observe that apoptosis rate in HK-2 cells increased consider-
ably during H/R injury, whereas it was greatly reversed after
ER stress inhibition through 4-PBA application (Figures 7(f)
and 7(g)). The protein levels in different treatment groups
confirmed that the administration of 4-PBA effectively
restrained the expression of apoptotic markers including
BAX and cleaved caspase-3, and the trend of Bcl-2 protein
was elevated in the 4-PBA+H/R group (Figure 7(h)).



Oxidative Medicine and Cellular Longevity

200 —

150 | *

100 —

Cr (pumol/L)

50

Kidney injury scores

(=
I/R - +

4-PBA - -

40 —
30 +
=
E
£ 204
5
# I~
%
10
0 -
+ I/R
- NS
+ 4-PBA

2.5 7

2.0

1.5

K-t m 70

KIM-1 protein levels

0.5

GAPDH 2- - e 36

/R - +

4-PBA - -

0.0

I/R -
4-PBA -
(e)

FiGure 4: Continued.

11

. *
#
*
°
+ + +
— + —
- - +




Oxidative Medicine and Cellular Longevity

12
200 —
GRP78 | s s s 78 4 -
* * —
25 200
CHOP | s 30 5] . g2
5 # 9 ‘é"
S 24 * — 3
Caspase-12 | #n - o= s 5 g §§
& )
' &3 10 eee
GAPDH m. 36 g
/R - + + + kDa /R - + + .
NS - - + - NS - - + -
4-PBA - - - + 4-PBA - - - . o
T
W GRP78 R N
[ cHOP NS B
[ Caspase-12 4-PBA -
() ©
4 -
* *
:,:' * NLRP3 - 110
Z MK 28
~ 2 4 5 ]
; ASC | m— | 24 3
S s 24
& 1 Caspase-1 'ﬁh*nﬂ 10 E
1 4
R GAPDH | gl @i aums aap | 36
I/R - + + 0
NS - - + - I/R - + + + kDa /R -
4-PBA - - _ . NS - - o+ _ NS ,
4-PBA - - - + 4-PBA -
Il NLRP3 -
W ASC W AsC
[ Caspase-1 B Caspeset
(h) ()
GSDMD-N | s s | 31 47 * *
3
IL-153 |- —- | 17 3 #
g
5 2 .
Caspase-11 - a— — 3 z
(=9
1 4
GAPDI | -
[
I/R + + + kDa I/R - ¥ " N
NS - + - NS - - ¥ _
4-PBA - + 4-PBA - - - N
B GSDMD
W 1B
[ Caspase-11

)

FiGUure 4: Continued.




Oxidative Medicine and Cellular Longevity 13

BAX | e a2 1 . B}
Bol-2 | M — —— 0 - 2 | {f
3
Cleaved t il = - | 19 é
caspase-3 - 17 & 14
GAPDH | aiSamb e am—" 36
0 -
I/R - + + + kDa I/R - ¥ N .
NS - - + - NS - - + -
4-PBA - - - + 4-PBA - - - 4
B BAX
B Bd-2
[ Cleaved caspase-3
(k)

FIGURE 4: Renal I/R-generated pyroptosis and apoptosis could be regulated by ER stress in mice. Mice in the 4-PBA+I/R group were injected
intraperitoneally with 4-PBA (100 mg/kg, dilution in phosphate-buffered saline) 24 h before undergoing renal I/R surgery. (a, b) The levels
of serum Cr and serum BUN in renal I/R injury decreased notably after inhibiting ER stress by 4-PBA application. (¢, d) Quantitative
analysis of tubular injury scores and representative images of H&E staining in different groups. (e) KIM-1 protein levels were assessed by
western blot analysis. (f) The established inhibitor 4-PBA effectively restrained the protein expression of GRP78, CHOP, and caspase-12
in renal I/R injury. (g) The inhibition of ER stress by 4-PBA tremendously depressed the caspase-1 activity in mice with renal I/R
surgery. (h) The mRNA levels of NLRP3, ASC, and caspase-1 in the I/R group declined after the application of 4-PBA. (i, j) 4-PBA as
one specific inhibitor of ER stress remarkably depressed the activation of pyroptosis-related protein markers including NLRP3, ASC,
caspase-1, GSDMD-N, IL-18, and caspase-11. (k) The protein levels of apoptotic markers consisting of BAX, Bcl-2, and cleaved caspase-
3. Values measured during animal experiments were carried out as mean+ SD, n=3—5. *P <0.05, compared with the Sham group;
*P < 0.05, relative to the NS+I/R group.

3.8. Naringenin Activated Nrf2/HO-1 Signaling Pathway to  transplantation, and renal surgery [5, 7]. What is more seri-
Block Endoplasmic Reticulum Stress in HK-2 Cells. Next, sub- ~ ous and unacceptable is that if effective and timely measures
ject members explored underlying mechanism by which  are not taken to prevent it, renal I/R injury is prone to grad-
NAR was capable of modulating ER stress. Since NAR could  ually develop into AKI, one clinic syndrome with noticeable
notably alleviate ER stress [34, 35] and Nrf2/HO-1 pathway  hospital mortality due to its rapid kidney dysfunction and

had been demonstrated to be of great importance in regulat-  few satisfactory treatment strategies [1, 38, 39]. Encourag-
ing ER stress [36, 37], we examined the expression of rele-  ingly, there are also relevant clinical studies, which have
vant proteins after NAR usage in vitro. The protein  demonstrated that some treatment strategies may be able
expressions of Nrf2 and HO-1 were indeed visibly sup-  to improve acute kidney injury to some extent by inhibiting
pressed by H/R treatment, while pretreatment of NRG reac-  pathological events such as ER stress, inflammatory

tivated Nrf2/HO-1 signaling pathway in H/R injury  response, and apoptosis in hospital patients. Tang et al. per-
(Figure 8(a)). We employed brusatol (Bru), an established formed clinical trials to confirm that dexmedetomidine
inhibitor of Nrf2 pathway, to further investigate whether  could attenuate AKI as well as postischemic myocardial
Nrf2/HO-1 signaling pathway exerted effect on NAR-  injury, and the mechanisms may be related to the inhibition
regulated ER stress generated by H/R exposure. The trigger-  of ER stress, oxidative stress, and apoptosis [40]. 80 mg/d of
ing action of NRG on Nrf2/HO-1 signaling pathway was  atorvastatin may attenuate contrast-induced acute kidney
apparently abolished by Bru administration (Figure 8(b)).  injury by inhibiting apoptosis [41]. Remote ischemic pre-
Interestingly, the abrogating consequence of Bru on Nrf2/  conditioning displayed significant anti-inflammatory effects
HO-1 signaling pathway was accompanied by this striking ~ [42] and could prevented contrast medium-induced
reversal of NRG’s impact on mitigating H/R-generated ER  nephropathy [43]. High-dose erythropoietin may be benefi-
stress in vitro as well (Figure 8(c)). cial for some patients with sepsis-AKI possibly through anti-

inflammatory effects in macrophage [44]. Naringenin was
3.9. Schematic Illustration of the Protective Effects of  selected to investigate its role and involved mechanisms in
Naringenin on Renal I/R Injury. In vivo and in vitro, narin-  renal I/R injury in our study, mainly because of its good bio-
genin treatment reactivated Nrf2/HO-1 signaling pathway to  availability, powerful antioxidant, anti-inflammatory and
block ER stress, thus attenuating pyroptosis and apoptosis to  antiapoptotic functions, and wide application prospects. In

exert its protective effects on renal I/R injury (Figure 9). this research, we smoothly established classical animal
model and HK-2 cell model to address the question whether
4. Discussion naringenin could attenuate renal I/R injury and the underly-

ing mechanisms behind its protective effects. Primarily, this
Renal I/R injury is seen as one complicated and intractable ~ study innovatively confirmed that NAR significantly
pathological process, and it is usually caused by sepsis, organ ~ improved tissue damage and renal function by inhibiting
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FiGure 5: Naringenin effectively alleviated ER stress in H/R-exposed HK-2 cells. (a) CCK-8 assay explored the effects of different
concentrations of NAR on cell viability. Concentration at 200 uM was selected in the following experiments. (b-d) The mRNA
expression in GRP78, CHOP, and caspase-12 was explored by qRT-PCR. (e, f) Naringenin treatment noticeably alleviated the elevated
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F1GURE 6: Naringenin considerably mitigated H/R-induced pyroptosis and apoptosis in vitro. (a) The obvious elevation of caspase-1 activity
in H/R exposure was remarkably depressed after naringenin application in renal HK-2 cells. (b) The pretreatment of naringenin evidently
lessened the mRNA levels of typical pyroptosis-related markers including ASC, NLRP3, and caspase-1 during H/R injury. (¢, d) The usage of
naringenin markedly decreased the protein levels of representative pyroptosis-related markers such as NLRP3, caspase-1, ASC, GSDMD-N,
IL-1f3, and caspase-4 after H/R exposure. (e, f) The flow cytometry revealed that naringenin administration tremendously mitigated H/R-
generated apoptotic HK-2 cells. (g) The caspase-3 activity in various groups. (h) Western blot analysis utilized in protein detection of HK-2
cells was performed to quantify the protein levels of Bcl-2, cleaved caspase-3, and BAX in various group. Values measured during cellular
experiments were carried out as mean + SD, 7 = 3. *P < 0.05, compared with the control group; P < 0.05, versus the DMSO+H/R group.
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Ficure 7: H/R-induced pyroptosis and apoptosis depended on ER stress in vitro. 5 mM of 4-PBA was taken to handle the HK-2 cells 24 h
before H/R treatment as described previously. (a) The influence of 4-PBA on GRP78, CHOP, and caspase-12 proteins in H/R injury was
verified by western blot analysis. (b) The levels of caspase-1 activity in the four groups. (c) 4-PBA application obviously decreased the
relative mRNA levels of NLRP3, caspase-1, and ASC. (d, e) The rising levels of specific protein markers of pyroptosis in H/R injury
declined after restraining ER stress by 4-PBA. (£, g) The apoptosis rate in relevant groups was revealed by the flow cytometry. (h) Protein
levels of Bcl-2 and cleaved caspase-3 as well as BAX. Values measured during cellular experiments were carried out as mean + SD, n = 3.
*P < 0.05, compared with the control group; #P < 0.05, versus the DMSO+H/R group.
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FIGURE 8: Naringenin activated Nrf2/HO-1 signaling pathway to block endoplasmic reticulum stress in HK-2 cells. 200 uM of NRG was
added to the medium 24h before model construction, and then, they were incubated with or without brusatol (400 nM) 2h before
hypoxia. (a) Naringenin activated Nrf2 and HO-1 after H/R injury. (b) Western blot analysis proved that Nrf2 and HO-1 protein levels
were effectively prevented by brusatol (Bru) in HK-2 cells. (c) Inhibiting Nrf2/HO-1 signaling pathway reversed the function of
naringenin on restraining ER stress. Values measured during cellular experiments were carried out as mean + SD, n = 3. *P < 0.05, versus
the control group; *P < 0.05, compared with the H/R group; *P < 0.05, relative to the NRG+H/R group.

ER stress, pyroptosis and apoptosis induced by renal I/R
injury both in vivo and in vitro. Interestingly, the application
of 4-PBA as one characteristic inhibitor of ER stress clearly
authenticated that renal I/R-generated pyroptosis and apo-
ptosis were at least partially dependent on ER stress in ani-
mal and cell models. Furthermore, the reason for effective
mitigation on renal I/R-induced ER stress by naringenin
was found to be NAR’s power in activating the antioxidant
Nrf2/HO-1 signaling pathway. Taken together, the in vivo
and in vitro experiments suggested that naringenin activated
Nrf2/HO-1 pathway that was notably restrained during the
process of renal I/R injury to relieve ER stress, thereby alle-

viating pyroptosis and apoptosis to protect the kidney
against I/R injury.

ER stress, pyroptosis, and apoptosis are regarded as
markedly crucial and interrelated molecular events in path-
ogenesis of renal I/R injury and have received increasing
attention in recent years [3, 8, 45]. Endoplasmic reticulum
(ER), one indispensable intracellular organelle, is capable
of maintaining protein homeostasis such as polypeptide
folding, protein modification and degradation, calcium stor-
age, and lipid synthesis [46]. However, unfolded protein
response (UPR) will be triggered by pathological conditions
including severe hypoxia, persistent calcium imbalance, and
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FIGURE 9: Schematic illustration of the protective effects of naringenin on renal I/R injury.

destroying ER homeostasis. The whole abnormal intracellu-
lar biological activities and stress stimuli in ER eventually
induce what is known as endoplasmic reticulum stress
[47]. GRP78 normally functions by binding to three major
transmembrane protein sensors (ATF6, IRE1, and PERK)
of ER stress in the endoplasmic reticulum lumen [48].
GRP?78 is able to bind to unfolded proteins and lately could
fold or degrade them through ER-related protein degrada-
tion pathways. Elevated expression of GRP78 is considered
to be one significant marker of ER stress [49]. The degree
and duration of pathogenic stimuli could largely determine
the ultimate fate of cells, which means that sustained and
extreme stress inevitably activates apoptotic UPR pathways
to cause apoptosis [50]. Meantime, acting as one common
element after the activation of 3 sensors of ER stress men-
tioned above, CHOP is treated as one crucial regulator of
cellular apoptosis induced by ER stress because it could lend
assistance in caspase activation, restraining the expression of
antiapoptotic Bcl-2, leading to apoptotic cell death [51, 52].
Caspase-12 is a key molecule in the endoplasmic
reticulum-specific apoptotic signaling pathway and is not
associated with nonendoplasmic reticulum stress-mediated
apoptosis. Caspase-12 is localized in the endoplasmic reticu-
lum membrane and undergoes significant activation upon

sustained ER stress, which ultimately induces the onset of
apoptosis [53]. In I/R injury, related articles confirmed that
inhibition of ER stress could effectively suppress apoptosis
to alleviate I/R injury [54-56]. Consistent with these studies,
our research demonstrated that the pretreatment of 4-PBA
as one specific inhibitor of ER stress remarkably attenuated
renal I/R-induced apoptosis, as indicated by flow cytometry,
depressed expression of cleaved caspase-3, and BAX as well
as the recovered levels of Bcl-2 in C57Bl/6 mice and HK-2
cells.

Pyroptosis, one unique form of cell death, is shown to be
involved in the occurrence and pathogenesis of AKI along
with apoptosis, ferroptosis, and necrosis [57]. Two major
pathways are thought to have participated in the occurrence
of pyroptosis. The classical signaling pathway is principally
regulated through activating caspase-1, while caspase-11 or
caspase-4 in human plays an important role inside the non-
classical pathway [8]. Interestingly, pyroptosis is character-
ized by the noteworthy involvement of inflammatory
response especially the activation of NLRP3 inflammasome
that was composed of procaspase-1, ASC, and NLRP3. Inac-
tive NLRP3 that was localized in the ER and its adaptor protein
ASC induced disruption of mitochondrial homeostasis and
initiated pyroptosis upon the process of NLRP3 activation
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[58]. In addition, ER stress occurring in the early stage is able
to induce renal inflammation and activate NF-«B signaling
pathway, which incidentally exacerbates the occurrence of
pyroptosis [59, 60]. During the procedures of pyroptosis initi-
ation, NLRP3 inflammasome naturally activates caspase-1,
which not only drives IL-1f precursor into forming mature
proinflammatory cytokine IL-1f3 but also cleaves gasdermin
D and releases its N-terminal domain, one specific marker
binding to membrane lipids, causing pyroptosis [61, 62]. In
our investigation, the obvious participation of pyroptosis in
renal I/R injury was verified by increased expressions of men-
tioned markers including caspase-1, ASC, NLRP3, GSDMD-
N, caspase-11, caspase-4, and IL-1/3 in animal and cell models.
These findings were in agreement with our published articles
[25, 29]. Moreover, we innovatively revealed that inhibition
of ER stress in renal I/R injury not only considerably relieved
renal tissue damage but also successfully mitigated the out-
break of pyroptosis, as evidenced by distinguished alleviation
of pyroptosis-related markers mentioned above in the 4-PBA
+I/R (or H/R) group compared with the I/R (or H/R) group.
Taken together, these data demonstrated that the inhibitory
effect of NRG on pyroptosis and apoptosis was at least par-
tially dependent on the alleviation of endoplasmic reticulum
stress. The phenomenon that suppression of ER stress was
capable of alleviating pyroptosis was also testified in other dis-
ease models [63-65].

Naringenin, one polyphenolic constituent existing in
dietary citrus fruits, has attracted notable attention from
researchers in various fields because of its powerful pharma-
cological activities and promising therapeutic prospects [32].
Naringenin was proved to regulate inflammatory response,
oxidative stress, ER stress, and apoptosis as well as posses-
sing protective effects against common clinical disorders
including diabetes, carcinomas, cardiovascular, and neuro-
degenerative [17, 31]. Fortunately, more than ten clinical tri-
als have been conducted to explore its specific outcome in
hospital problems such as cardiovascular diseases, endothe-
lial function, weight control, and HCV infection [14]. Never-
theless, there are no clinical trials of naringenin in kidney
diseases, and what is more frustrating is that the role of nar-
ingenin in renal I/R injury has not even been fully clarified in
basic studies in animal and cell models. During renal I/R
injury, naringenin application mitigated the levels of kidney
tissue damage, Cr, BUN, and KIM-1 as well as restraining
the elevation of relevant markers including CHOP, GRP78,
BAX, caspase-12, cleaved caspase-3, caspase-1, ASC, NLRP3,
GSDMD-N, caspase-11, caspase-4, and IL-1f, indicating
that naringenin administration by gavage noticeably attenu-
ated renal tissue damage and improved impaired kidney
function in renal I/R injury by preventing ER stress, pyrop-
tosis, and apoptosis, which were proved again in HK-2 cell
model.

Nrf2, one nuclear transcription factor, serves as a key
regulator in mediating intracellular antioxidant defense sys-
tem [66]. Although Nrf2 is bound to Keapl in the cytoplasm
and in an inactivated state, Nrf2 separates from its inhibitor
protein Keapl in response to pathological stimuli including
oxidative stress and is transferred to the nucleus to activate
the downstream genes to exert its antioxidant effects by
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forming a heterodimer with Maf protein [67]. Among these
downstream targets, HO-1 is extremely susceptible to be
activated by Nrf2 because it owns the highest number of
ARE:s in the promoter, which is exactly the structure that
Nrf2 needs to bind to activate antioxidant proteins [68].
Numerous studies pointed out that Nrf2/HO-1 activation
was not only involved in various diseases, development,
and oxidative stress response but also effective in relieving
renal I/R injury [69]. In addition, with more and more in-
depth studies, relevant articles revealed that apart from reg-
ulating oxidative stress, Nrf2/HO-1 pathway occupied an
important position in regulating apoptosis, inflammation,
and endoplasmic reticulum stress [36, 70, 71]. In this
research, we observed that the crucial reason for NRG’s abil-
ity to preserve kidney against I/R injury was its advantages
in inhibiting pyroptosis and apoptosis by effectively reduc-
ing ER stress. It was frequently demonstrated that Nrf2/
HO-1 signaling pathway took a momentous part in moder-
ating ER stress [36, 37, 72], and NRG had been confirmed
to have a talent in regulating Nrf2/HO-1 pathway to exert
its protective effects [73-75]. The western blot analysis
authenticated that decreased protein levels of Nrf2 and
HO-1 during renal I/R injury were elevated again after pre-
treatment of naringenin in animals and HK-2 cells. More-
over, the experiments suggested that NRG could not exert
an effect on suppressing H/R-generated ER stress after the
addition of brusatol (a well-known Nrf2 inhibitor) in HK-2
cells. In other words, all those figures verified that narin-
genin blocked ER stress induced by renal I/R injury through
activating Nrf2/HO-1 signaling pathway.

5. Conclusions

In conclusion, this implemented study innovatively con-
firmed that naringenin administration was capable of pro-
tecting kidney against I/R injury by attenuating pyroptosis
and apoptosis via inhibiting ER stress through activating
Nrf2/HO-1 signaling pathway. All this evidence could pres-
ent novel mechanistic insights into the beneficial functions
of naringenin, indicating the possibility of a new therapeutic
drug for clinical treatment in hospital patients with ischemic
kidney disease. However, whether naringenin can regulate
other molecular mechanisms to relieve renal I/R injury and
the corresponding clinical trials demands to be further
explored.
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ASC: Apoptosis-associated speck-like protein
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GRP78:  Glucose-regulated protein, 78 kDa



22

BUN: Blood urea nitrogen

NLRP3:  NLR family pyrin domain containing 3
Nrf2: Nuclear factor- (erythroid-derived 2-) like 2
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HO-1: Heme oxygenase (decycling) 1

CCK-8:  Cell counting kit 8

ATFé6: Activating transcription factor 6

SD: Standard deviation
CHOP:

C/EBP-homologous protein

qRT-PCR: Quantitative real-time PCR analysis

Bru: Brusatol

PERK: Protein kinase R- (PKR-) like endoplasmic
reticulum kinase

H/R: Hypoxia/reoxygenation

ARE: Antioxidant response element

HPLC: High-performance liquid chromatography

Maf: Muscle aponeurosis fibromatous.
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P300/CBP-Associated Factor (PCAF), one of the histone acetyltransferases (HATs), is known to be involved in cell growth and/or
differentiation. PCAF is reported to be involved in atherosclerotic plaques and neointimal formation. However, its role in cellular
senescence remains undefined. We investigated the potential mechanism for PCAF-mediated cellular senescence.
Immunohistochemical (IHC) analysis showed PCAF was distinctly increased in the endothelia of aorta in aged mice. Palmitate
acid (PA) or X radiation significantly induced the expression of senescence-associated markers and PCAF in human umbilical
vein endothelial cells (HUVECs). PCAF silence in PA-treated HUVECs significantly rescued senescence-associated phenotypes,
while PCAF overexpression accelerated it. Additionally, our results showed that Yesl Associated Transcriptional Regulator
(YAP) that acts as end effector of the Hippo signaling pathway is crucial in PCAF-mediated endothelial senescence. YAP
activity declining was observed in aged vascular endothelia. Overexpression of YAP partially ameliorated PCAF-induced
endothelial senescence. In vivo, endothelial-(EC-) specific PCAF downregulation in aged mice using adeno-associated virus
revealed less vascular senescence-associated phenotypes. These results suggested that PCAF mediated endothelial senescence
through the Hippo signaling pathway, implying that PCAF may become a potential target for the prevention and treatment of

vascular aging.

1. Introduction

Cellular senescence is an irreversible form of cell cycle arrest
that cells lose their replicative capacity and halt cell cycle in
the G1 and G2 phases [1]. It is evoked during embryonic
development as well as by various stressors, including oxida-
tive stress, inflammation, UV and/or ionizing radiation,
chemotherapeutic agents, aberrant activation of oncogenes,
and inactivation of tumor suppressor genes [2]. Cellular
senescence influences organic senescence, result in a series
of disorders like obesity, cardiovascular diseases, diabetes,
and neurodegeneration.

Endothelial cell is one of the main cell types that consti-
tutes the vascular system. Senescent endothelial cells exhibit
impaired homeostatic functions including reduced nitric
oxide production and increased generation and secretion of

ROS and a wide range of cytokines and chemokines like
interleukin (IL)-1p and interleukin (IL)-6 [3-6]. Accumulat-
ing evidence suggests endothelial senescence renders the
vessels prone to profound functional and morphological dis-
turbances that ultimately bring about various cardiovascular
diseases. Thus, understanding the mechanism of endothelial
senescence is critical to prevent senescence-associated car-
diovascular disease. Several senescence drivers and relevant
pathways have been summarized to be associated with
senescence establishment, including two classical tumor sup-
pressor pathways, p53/p21 and Rb/pl6 [7]. However, the
specific molecular mechanisms remain poorly elucidated.
P300/CBP-Associated Factor (PCAF), a member of the
GCN5-related N-acetyltransferase family, functions as a his-
tone acetyltransferase (HAT) to promote transcriptional
activity [8]. Apart from its role in acetylating core histones
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(H3 and H4), it can also interact with many nonhistone pro-
teins. PCAF has been shown to participate in the modulation
of arteriogenesis, cell cycle progression, differentiation,
gluconeogenesis, and tumorigenesis [9-11]. Intriguingly,
several studies indicate that PCAF is implicated in the
activation of p53-dependent transcription of the cyclin-
dependent kinase inhibitor p21 and p16, which are highly
associated with senescence establishment [12, 13]. There-
fore, we hypothesized that inhibition of PCAF in endothelial
cell may attenuate cellular senescence.

The aim of this study was to reveal the underlying
molecular mechanism by which PCAF contributes to cellu-
lar senescence. By using PA-induced cellular senescence
and aged mouse model [14, 15], we identified a novel and
unrecognized role for PCAF in promoting cellular senes-
cence through the Hippo signaling pathway. Our findings
indicated that PCAF may become a promising therapeutic
target for senescence-associate vascular disease.

2. Materials and Methods

2.1. Animal Tissues and Experiments. All experimental pro-
tocols and animal use were approved by the Institutional
Animal Care and Use Committee of Nanjing Medical Uni-
versity. One and half-year-old and 4w C57BL/6 male wild-
type mice (n =21) were purchased from the Model Animal
Research Centre of Nanjing University. Mice were housed
in a specific pathogen-free room with an ambient tempera-
ture of 25°C and a humidity between 30% and 70%. They
were exposed to 12-h light-dark cycles and fed with rodent
food and adequate water. All animals were allocated ran-
domly into three groups based on a single sequence of
random assignments. Aortic arteries were dissected and
fixed in 4% paraformaldehyde overnight at 25°C, and then
embedded in paraffin.

2.2. Cell Culture. Human umbilical vein endothelial cells
(HUVECs; Cellbank of Chinese Academy of Sciences,
Shanghai) were cultured at 37°C in a humidified 5% CO,
incubator. Cells were cultured with endothelial culture
medium (ECM) with 5% fetal bovine serum and 1%
penicillin-streptomycin (Sciencell, USA). When the cells
reached 80-90% confluence, they were trypsinized and
subcultured.

2.3. Materials and Reagents. Primary antibody against PCAF
(3305, CST), p53 (sc-126, santa cruz), p21 (sc-6246, santa
cruz), pl6 (sc-166760, santa cruz), Ubiquitin (sc-53509,
santa cruz), phosphor-Histone H2A.X(Ser139) (#2577,
CST), YAP (#14074, CST), MDM2 (BS-1223, Biogot), phos-
pho-YAP (#13008, CST), TAZ (#83669, CST), phospho-
TAZ (#59971, CST), clathrin (ab21679, abcam), caveolae
(ab2910, abcam), mTOR (ab2732, abcam), p-mTOR
(Ser2448) (ab109268, abcam), p-mTOR(Ser2481) (ab137133,
abcam), IL-1p (sc-12742, snata cruz), IL-6 (sc-130326, santa
cruz), GAPDH (#AP0063, Biogot), histone H3(BS3718,
Biogot), and PA (P0500, Sigma-Aldrich) were purchased
commercially.
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2.4. Western Blotting. Cells were lysed in a mixture of RIPA
and proteinase inhibitor (100: 1) for 20 min prior to centri-
fugation at 15000 x g for 15min at 4°C, as described in the
previous studies. Protein concentration was determined by
a bicinchoninic acid protein assay. Protein lysates were
boiled in sodium dodecyl sulfate (SDS) sample buffer at
94°C for 7 min. 40 ug proteins were resolved on 10% sodium
dodecyl sulfate-polyacrylamide gels, and then transferred to
PVDF membrane. After that, the membranes were blocked
in 1 x TBST containing 5% skim milk for 1 hour at room
temperature before incubated with indicated primary anti-
bodies at 4°C overnight.

2.5. Quantitative Real-Time PCR. Total RNA was isolated
using Trizol reagent (Vazyme, R401-01, Shanghai, China)
according to the manufactures’ protocols [16]. RNA was
reverse transcribed using HiScript IT Q Select RT SuperMix
(Vazyme, Shanghai, China) for qPCR and qPCR was per-
formed on a Fast 7500 cycler (Applied Biosystems) using
the resultant cDNA along with Taq Pro Universal SYBR
qPCR Master Mix (Vazyme, R232-01, Shanghai, China)
and gene-specific primers. PCR primers used are listed as
follows:

IL-1pB: Froward: ATGATGGCTTATTACAGTGGCAA.

Reverse: GTCGGAGATTCGTAGCTGGA.

IL-6: Froward: ACTCACCTCTTCAGAACGAATTG.

Reverse: CCATCTTTGGAAGGTTCAGGTTG.

GAPDH: Forward: GGAGCGAGATCCCTCCAAAAT.

Reverse: GGCTGTTGTCATACTTCTCATGG.

PCAF: Forward: CGAATCGCCGTGAAGAAAGC.

Reverse: CTTGCAGGCGGAGTACACT.

Results were qualified using a delta-delta-cycle threshold
(Ct) method (AACt). All experiments were performed in
triplicate and GAPDH was used as an internal control.

2.6. Cell Transfection. HUVECs were transfected with 3.75 ul
PCAF/YAP or negative control siRNA using Lipo3000 after
cell confluence reached 70-80% according to the manufac-
tures’ protocols. When cell confluence was 90%, 2.5ng
plasmid and corresponding control plasmid along with
3.75ul Lipo3000 and p3000 (L3000-015, Thermo Fisher)
were cocultured with HUVECs in opti-MEMI medium
(Gibco,31985070) for 6 hours then refreshed with ECM. Cell
lysates were collected after 48 h infection.

siRNA was purchased from Gene Pharma (Shanghai,
China) siRNA targeting

PCAF#1: AGAGCAGUCCUGGAUUA,

PCAF#2: UCGCCGUGAAGAAAGCGCATT,

PCAF#3: GGCUACGUCCAGGAGCGCACC,

YAP#1: GACAUCUUCUGGUCAGAGA,

YAP#2: CUGGUCAGAGAUACUUCUU.

2.7. SABG Staining for Cells and Tissues. SafG staining
(Beyotime, C0602, Shanghai, China) of HUVECs, aorta,
and frozen tissue sections was performed according to the
manufactures’ instructions. SafG staining activity was
measured as previously described [17].

2.8. Immunohistochemistry. The aorta arch was embedded
with in paraffin as described above. The paraffin block then
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dissected into 4 uM thickness. Paraffin sections underwent
deparaffinization, rehydration, and exposure to alkaline
phosphatase block buffer for heat-induced epitope retrieval.
Next, the sections were incubated in 0.3% hydrogen perox-
ide for 30 minutes, followed by incubation with 5% BSA
for another 30 minutes, and primary antibody at 4°C
overnight (anti-PCAF, anti-YAP, 1:200). The next day,
sections were incubated with the corresponding second anti-
bodies (ZSGB-BIO, Beijing, China) and counterstained with
hematoxylin.

2.9. mRNA Decay Assays. The stability of mRNA was per-
formed by treating cells with Actinomycin D (100 pug/mL)
(MCE, HY-17559, Shanghai, China), a general RNA poly-
merase inhibitor. After 48h incubation with PA, cells were
treated with Actinomycin D for 0, 6, and 12 hours. Then
mRNA levels were measured by qPCR.

2.10. Stability of Protein. To measure the effect of PA treat-
ment on regulating the stability of PCAF protein, control
and PA-stimulated HUVECs for 48h before being treated
with 35 pumol/L cycloheximide (CHX) (MCE, HY-12320,
Shanghai, China) for 0, 6, and 12h or MG132 (10 uM) for
0, 4, and 8h. The total protein was extracted from whole-
cell lysates and then prepared for western blotting analysis.

2.11. Co-Immunoprecipitation. Cells were transfected with
corresponding plasmids (Addgene, #8941, #13054, #17793)
and lysed in co-IP buffer containing protease inhibitor cock-
tail tablets. The indicated Flag-tagged magnetic beads or
His-tagged beads (Bimake, Shanghai, China) were incubated
with cell lysates at 4°C overnight. Next day, the lysates were
removed to 1.5ml tube to detect if targeted proteins were
fully combined with the magnetic beads and PBST was used
to wash the beads for 5 minutes three times. Then, 1 x SDS
were added for boiling. The immunocomplexes were sub-
jected to western blotting using the indicated antibodies.

2.12. Biochemistry and Enzyme-Linked Immunosorbent
Assay (ELISA). Serum samples were collected from 4w,
aged+AAV9-Luc and aged+AAV9-PCAF mice. Total IL-
13 was determined by mouse IL-18 ELISA kits (R&D sys-
tems, Cat #PMLB00C, USA) following the manufacturer’s
instructions [18].

2.13. Pathway Enrichment Analysis. The data were down-
loaded from GEO database (GSE47179). Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway analysis was
used to determine the associated biological pathways after
PCAF silence. In addition, the DAVID online tool was
applied to KEGG pathway analysis [19, 20]. A P value of
<0.05 was considered significant.

2.14. Statistical Analysis. At least 6 biological replicates and 3
replicates were done for each experiment. Results are pre-
sented as the means + standard deviations (SDs). Student-¢
test or one-way ANOVA analysis were used for statistical
analysis where appropriate.

3. Results

3.1. PCAF Was Increased in Aged Vascular Tissues and
HUVECs Underwent X Radiation or Palmitate Acid
Treatment. To explore the role of PCAF in endothelial
senescence, we first investigated PCAF expression in
vascular vessels between young (4w) and aged mice (one
and half-year-old). Immunohistochemical (IHC) analysis
revealed that PCAF expression was significantly upregulated
in the aortic endothelia of aged mice (Figure 1(d)). Then, we
examined PCAF mRNA and protein expression in actively
dividing young HUVECs (defined as cells used before
passage 5), young HUVECs underwent palmitate acid (PA)
treatment or X radiation (15 gray). HUVECs developed
stress-induced premature senescence after X radiation and
PA treatment featured by reduced proliferation and
increased SafG staining activity (Figure 1(f)), remarkable
upregulation of senescence-associated p53, p21, P16 gene,
and DNA damage marker pH2AX (a phosphorylated form
of the histone variant H2AX, which is increased in DNA
damage response) (Figures 1(a) and 1(b)) [21]. This demon-
strated that PA treatment can imitate cellular senescence
induced by X radiation. So, in this study, PA treatment
was used to induce cellular senescence. Meanwhile, Western
blotting showed that PCAF expression was increased in
PA-treated/X radiated cells than the control young cells
(Figures 1(a) and 1(b)). In addition, palmitate or X radia-
tion promoted IL-6 and IL-1 mRNA expression in young
HUVECs (Figure 1(c)). These results suggested PCAF may
participate in the process of cellular senescence.

3.2. PCAF Regulated PA-Induced Cellular Senescence in
HUVECs. We next investigated whether PCAF promoted
PA-induced cellular senescence in HUVECs. First, silencing
of PCAF significantly decreased the levels of p53, p21, p16,
and pH2AX in PA-stimulated HUVECs (Figure 2(a)). PCR
results also showed that inhibition of PCAF in HUVECs
decreased PA-induced upregulation of IL-18 and IL-6
mRNA levels (Figure 2(b)). Moreover, the silence of PCAF
decreased SafG staining in PA-stimulated HUVECs
(Figure 2(e)), while overexpression of PCAF in PA-
stimulated HUVECs upregulated the levels of p53, p21,
pl6, and pH2AX protein levels, IL-15 and IL-6 mRNA
and SafG staining (Figures 2(c), 2(d), and 2(f)). Taken
together, these gain and loss-of-function experiments
suggested that PCAF mediated PA-induced endothelial
senescence.

3.3. PA Upregulated PCAF in HUVECs Depended on
Decreased MDM?2 Mediated Ubiquitination. Further, we
determined the potential mechanism of PA-stimulated
PCAF expression. We investigated if PA stimulation influ-
enced PCAF mRNA or protein stability in HUVECs.
HUVECs were stimulated with PA before treatment with
actinomycin D (100 yg/ml) or not. Our results revealed that
PA stimulation did not affect PCAF mRNA degradation
(Figure 3(b)). Meanwhile the half-life of PCAF protein was
also explored after PA treatment or not. PA treatment
increased PCAF protein stability (Figures 3(a), 3(c)). Then
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FIGURE I: Increased PCAF expression in endothelia of aged mice and palmitate acid (PA) or X radiation treated HUVECs. (a) Western
blotting analysis and qualification of PCAF and senescence-associated protein expression in HUVECs stimulated with PA (0.3 mM) for
the indicated time points. (b) Western blotting analysis and qualification of PCAF and senescence-associated protein expression in
HUVECs treated with or without X radiation (15 gray). (c) mRNA levels of PCAF, IL-6, and IL-1f in HUVECs treated with vehicle or
PA for indicated time points. (d) and (e) Immunohistochemical (IHC) stain and quantitative analysis of blood vessels from young (4 w)
and old (one and half-year-old) mice with PCAF antibody. Scale bars: 100 ym. (f) and (g) SaG staining and quantitative analysis of
vector and PA-treated HUVECs. Scale bars, 20 yum. Y: young mice; O: old mice. Data are expressed as mean+SEM (*P <0.05,
**P<0.01, ***P<0.001, n.s. P>0.05).



Oxidative Medicine and Cellular Longevity

PCAF

plé

GAPDH

yH2AX

GAPDH

p21

GAPDH

PA
si PCAF

PCAF

GAPDH

yH2AX

GAPDH

GAPDH

PA

oe PCAF

Vo

e - -~

— —— —
- + - +
- - + +

93 kDa

53 kDa

16 kDa

37kDa

24 kDa

37 kDa

21kDa

37 kDa

93 kDa

53 kDa

16 kDa

37kDa

24 kDa

37 kDa

21kDa

37 kDa

PCAF/GAPDH

yH2AX/GAPDH

PCAF/GAPDH

yH2AX/GAPDH

2.5
2.0
15
1.0
0.5
0.0

2.0
15
1.0
0.5
0.0

Rlative mRNA expression

ek
jes}
a
A~y
<
o
@
g
wy
ek
.
jenl
a
(="
<
w9
=
o

IL-6 IL-18
we Ctrl
mm si PCAF
mm PA
PA +si PCAF
(®)
jost
[a)]
=
<
1A
Q
[=9
s
ek
v T
v g
<
g
a8
a
(©

Figure 2: Continued.

3 o Hekk
2
1
wy

0

e
3 SHekk
2
1 vy

(SRR RS
<

p16/GAPDH

p16/GAPDH

sk



=
£
g
o
]
z
&
&
E
=
o)
4
1L-6 IL-18
wm Ctrl
mm oe PCAF
mm PA
PA + oe PCAF
(d)
100
g
o0
£ ok =
=1
k| 50
w
Q
Q.
<
%]
0
el < =] =]
5 £ 5 3
Ay =%
- -
+
<
[N
®
100
S
o0
k=t *okk
=1
i 50
w
Q
K
<
9]
0

Ctrl

PA

(h)

Oxidative Medicine and Cellular Longevity

—~
i
N2

(g

s 9}
<
O
~
Y
o

PA + oe PCAF

FIGURE 2: PCAF were involved in the regulation of endothelial senescence. (a) and (b) Western blotting analysis and qualification of p53,
pl6, pH2A X, and p21 protein expression and relative mRNA expression of IL-6 and IL-18 in PA-treated HUVECs transfected with
scramble or PCAF siRNA. (c) and (d) Western blotting analysis and qualification of p53, p16, pH2A.X, and p21 protein expression and
relative mRNA expression of IL-6 and IL-1f in PA-treated HUVECs transfected with vector or PCAF plasmid. (e) and (f) Saf3G staining
and quantitative analysis in HUVECs transfected with scramble or PCAF siRNA in the presence of PA or not. Scale bars, 20 ym. (g) and
(h) SafG staining and quantitative analysis in HUVECs transfected with vector or PCAF plasmid in the presence of PA or not. Scale
bars, 20 ym. Data are expressed as mean + SEM (n =3 for each experiment. (*P < 0.05, **P < 0.01, ***P < 0.001, n.s. P > 0.05).

we tested whether PA increased PCAF protein stability via
reduced ubiquitination. HUVECs were transfected with
His-tagged ubiquitin plasmid in the presence of PA or not
for 48 hours, MG132 then was added 12h before cells were
harvested. Ubiquitin was co-immunoprecipitated by His-
tagged magnetic beads. Co-IP showed PA stimulation
evidently reduced overall ubiquitination level. Interestingly,
previous studies have documented that MDM2 is a
nuclear-localized E3 ubiquitin ligase that mediates the ubiq-
uitination of many proteins including PCAF [22, 23]. Thus,

we validated the potential interaction between PCAF and
MDM2. Co-immunoprecipitation (Co-IP) experiments
revealed that compared with control group, PA stimulation
decreased the interaction between PCAF and MDM2
(Figures 3(e) and 3(f)). To sum up, PA-stimulated PCAF
upregulation was dependent on decreased MDM2 mediated
ubiquitination.

3.4. PCAF Mediated PA-Induced Endothelial Senescence
through Hippo Signaling Pathway. To further understand
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protein was assessed by western blotting. (b) The stability of PCAF mRNA was assessed in HUVECs treated with actinomycin D
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treated with MG132 (10 uM) for indicated times points in the presence of PA or not. (d) His-tagged ubiquitin plasmid and flag-tagged
PCAF plasmid were cotransfected into HUVECs, PBS, or PA were then stimulated for 48 h. 12 h before cells were harvested, MG132 was
added into the culture dishes. Flag-tagged magnetic beads were used to bind to PCAF, total Ub level was detected by western blotting.
(e) and (f) His-tagged MDM2 plasmid or Flag-tagged PCAF plasmid was transfected into HUVECs before stimulated with PBS or PA
for 48 h, Co-IP were performed by using corresponding magnetic beads. Data are expressed as mean + SEM (n = 3 for each experiment. *

P<0.05, **P<0.01, ***P <0.001, n.s. P>0.05).

the molecular mechanism by which PCAF modulated endo-
thelial senescence, we predicted the potential pathways
PCAF may participate in by using Gene Ontology annota-
tion and predicted that PCAF may mainly regulate endothe-
lial senescence via endocytosis and the Hippo signaling
pathway (Figure 4(a)). Clathrin-mediated endocytosis
(CME) and caveolae-mediated endocytosis (CavME) repre-
sent major types of endocytosis that are implicated in senes-
cence [24]. Knockdown of PCAF had no significant effect on
clathrin and caveolae protein expression, indicating PCAF-
mediated endothelial senescence may not influence endocy-
tosis (Suppl. Figure 2C). YAP plays a central role in the
Hippo signaling pathway [25]. So, we tested whether PCAF
regulated endothelial senescence via Hippo-YAP pathway.
Western blotting and immunofluorescence revealed that

PA stimulation reduced the transportation of YAP into
the nucleus (Figures 4(c) and 4(d)). In addition, the
phosphorylation of YAP was upregulated upon PA
treatment (Figure 4(b)). Then, we knocked down YAP
using siRNA in HUVECs, silence of YAP significantly
increased the expression of p53, p21, pl6, and pH2AX
(Figure 4(e)). Real-time PCR revealed that YAP
knockdown upregulated the mRNA levels of IL-1f and
IL-6 (Figure 4(f)). In addition, YAP overexpression in
HUVECs using plasmid prevented these senescence-
associated gene expression and the mRNA levels of IL-1f
and IL-6 (Figures 4(g) and 4(h)). IHC analysis also revealed
that there was less expression of YAP in the vascular
endothelia from aged mice than the control group
(Figure 4(i)). To investigate if PCAF regulated cellular
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F1GURE 4: PCAF mediated PA-induced endothelial senescence through Hippo signaling pathway. (a) KEGG analysis showed that PCAF may
regulate endothelial senescence via Hippo-YAP pathway. (b) Western blotting analysis and qualification of phosphorylated YAP expression
in HUVEC: treated with PA for the indicated time points. (c) Immunofluorescence of YAP localization in HUVECs treated with or without
PA. Scar bars, 10 yum. (d) Expression of total YAP proteins was analyzed by immunoblot in nuclear and cytoplasmic protein extractions
from in HUVECs treated with or without PA. (e) and (f): HUVECs were transfected with YAP siRNA or overexpression plasmid. The
expression of p53, pl6, pH2A.X and p21 protein were by immunoblotting. (g) and (h) HUVECs were transfected with YAP siRNA or
overexpression plasmid, IL-6 and IL-18 mRNA expression were analyzed by RT-PCR. (i) IHC staining and its qualification of vessels
from 4w and one and half-year-old mice with YAP antibody. Scale bars, 100 yum. (j) and (k) HUVECs were transfected with PCAF
siRNA or overexpression plasmid, the expression of p-YAP and t-YAP protein were by immunoblotting. (I) HUVECs were transfected
with PCAF siRNA or overexpression plasmid treated with or without PA. Expression of YAP proteins was analyzed by immunoblot in
nuclear and cytoplasmic protein extractions. (m) Immunofluorescence of YAP localization in HUVECs infected with si PCAF or PCAF
plasmid or vector. Scar bars, 10 ym. (n) and (o) Flag-tagged YAP or Flag-tagged PCAF was transfected into HUVECs before stimulated
with PBS or PA for 48h, Co-IP were performed by using corresponding magnetic beads. t-YAP: total YAP; p-YAP: phosphorylated
YAP. Data are expressed as mean + SEM (n = 3 for each experiment. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. P > 0.05).

senescence through Hippo signaling pathway, we knocked  (Figures 5(c) and 5(c)). Then, we forced the expression
down PCAF in HUVECs. Our results showed PACF silence ~ of PCAF and YAP in HUVECs. Compared with vector
decreased YAP phosphorylation and its nucleus exporting  plasmid, the overexpression of YAP significantly abol-
(Figures 4(j), 4(m)). Accordingly, overexpression of PCAF ished PCAF-induced senescence-associated phenotypes
in HUVECs promoted YAP phosphorylation and its  in HUVECs (Figures 5(e), 5(h)). Similarly, the upregulation
transportation to the cytoplasm (Figures 4(k) and 4(1)). of YAP also reduced the increased mRNA and protein levels
Additionally, PCAF knockdown or overexpression can also  of IL-1f and IL-6 mediated by PCAF in PA-treated HUVECs
influence the activation of PDZ-binding motif (TAZ; also (Figures 5(f) and 5(g)). To sum up, this demonstrated that
known as WWTR1) (Suppl. Figures 2A and 2B), which ~ YAP is the downstream of PCAF in PA-induced cellular
often acts as a coactivator with YAP to regulate various senescence.
cellular process. Co-IP results showed that PCAF can bind
to YAP and TAZ in HUVECs and their binding increased ~ 3.6. Knockdown of PCAF Ameliorated Vascular Senescence.
when PA stimulated (Figures 4(n) and 4(0)). In all, these In PA-stimulated HUVECs, PCAF overexpression signifi-
results indicated that PCAF may regulate endothelial  cantly accelerated cellular senescence and its downregula-
senescence via the Hippo signaling pathway. tion ameliorated cellular senescence. Therefore, we tested
if PCAF EC-specific downregulation using adeno-associated
3.5. YAP Is the Downstream Target of PCAF in PA-  virus (AAV) can ameliorate vascular endothelial senescence
Stimulated Senescence-Associated Phenotypes in HUVECs.  in vivo. One and half-year-old C57BL6 male mice were
To confirm that YAP was the downstream of PCAF in PA-  injected with AAV-tie-PCAF virus or control virus and then
stimulated cellular senescence, PCAF knockdown signifi-  fed with rodent diet for 16 weeks. Primary endothelial cells
cantly reduced PA-induced the upregulation of p53, p21,  were isolated and vascular senescence-associated phenotypes
and pl6 expression, and YAP silence remarkably reversed = and inflammatory factors were investigated by western
the reduced expression of these senescence-associated pro-  blotting (Suppl. Figures 2E and 2F). Circulated IL-1p3
teins (Figure 5(a)). As compared with silence control, YAP concentration in plasma was slightly reduced in PCAF-
silence reversed PCAF-silencing-reduced SafG staining in ~ knockdown mice but with no significance (Figure 6(a)). No
PA-treated HUVECs (Figure 5(d)). The mRNA and protein  significance in body weight, blood glucose, serum
levels of IL-1 and IL-6 expression showed the similar trend  triglyceride, total cholesterol levels, LDL, and HDL were
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FiGURE 5: YAP is the downstream of PCAF in PA-stimulated senescence in HUVECs. (a)-(c) PCAF and YAP were knocked down in
HUVECs using siRNA in the treatment of PA or not. The expression of p53, pl6, pH2A X, and p21 protein were by immunoblotting
(a), relative IL-6 and IL-13 mRNA expression were analyzed by RT-PCR (b) and immunoblotting (c). (d) Quantitative analysis of SaffG
staining. Scale bars, 20 um. E-G: PCAF and YAP were overexpressed in HUVECs using plasmids in the treatment of PA or not. The
expression of p53, pl6, pH2A X, and p21 protein were by immunoblotting (e), relative IL-6 and IL-1 mRNA expression were analyzed
by RT-PCR (f) and immunoblotting (g). (h) Quantitative analysis of SaffG staining. Scale bars, 20 ym. Data are expressed as
mean + SEM (n =3 for each experiment. *P <0.05, **P <0.01, ***P <0.001, n.s. P>0.05).
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aged+AAV9-Luc (n=38), and aged+AAV9-PCAF (n=7) mice were determined by ELISA kit according to its instruction. (b) and
(c) Representative Saf3G staining of aortic sinus sections (b) and its qualification analysis and thoracoabdominal aorta (i). Scale bars,
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expression of pl6, p21 (g) and p-YAP (h) were detected by IHC. Scale bars, 20 ym. Data are expressed as mean + SEM (*P <0.05,
**P<0.01, ***P<0.001, n.s. P>0.05).

found between the two groups of aged mice (Suppl. the aorta of PCAF-knockdown mice (Figure 6(d) and 6(e)).
Figures 1E and 1F). Western blotting analysis suggested = The level of p-YAP/YAP was upregulated in the aorta of
that senescence-associated markers were downregulated in ~ aged mice and downregulated in endothelial PCAF-
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FIGURE 7: A proposed model for the role of PCAF in endothelial senescence. PCAF is upregulated in senescent endothelial cells by decreased
coupling with DMD?2 to inhibit the transportation of YAP/TAZ into nucleus, thereby promoting cellular senescence.

knockdown mice (Figure 6(f)). IHC analysis of p16 and p21
and p-YAP revealed the same trend. (Figure 6(g) and 6(h)).
There was a remarkable reduction of Saf8G staining of
aortas and frozen tissue sections of aortic sinus in PCAF-
knockdown mice than the control aged mice (Figure 6(b),
6(i)). These in vivo experiments suggested that PCAF might
aggravate vascular senescence.

4. Discussion

Cellular senescence is a continuously irreversible process
that chronically leads to organ dysfunction. The way to slow
down this process at a systemic or tissue level has attracted
much concern over the past decades. Cardiovascular disease,
the most common cause of death, is also age-related disease
[26]. Aged vascular tissues can bring about a series of dis-
eases including atherosclerosis and vascular calcification
[27, 28]. Thus, it is important to understand the mechanisms
behind cellular senescence.

PCAF, a member of the GCN5-related N-acetyltransferase
family with histone acetyltransferase activity, has been
shown to be involved in cell growth and differentiation,
tumorigenesis, and transcriptional regulation [8]. Prior
works show that PCAF can regulate the activation of p53/
p21 and Rb/p16 signaling pathway. PCAF downregulation
can also inhibit NF-xB-mediated vascular inflammation,
which is a critical cause of cellular senescence [29]. These
results have put PCAF in the spotlight of the aging process.
However, the specific role of PCAF in regulating cellular
senescence is unclear. In this study, we found that (a) PCAF
was highly expressed in aged vascular artery and its
expression was closely related with the upregulation
senescence-associated phenotype markers and inflamma-
tory factors in palmitate acid-induced aged HUVECs,
(b) genetical silence of PCAF significantly attenuated
cellular senescence-associated phenotypes in vivo, and

(c) PCAF regulated cellular senescence via the Hippo sig-
naling pathway. The possible mechanism of this study is
summarized in Figure 7.

In our preliminary study, we found that PCAF could be
activated by PA or UV stimulation in HUVECs, along with
increased senescence-associated markers like p53, p21, p16,
and DNA damage marker pH2AX. Knockdown of PCAF
in PA-stimulated HUVECs alleviated senescence-associated
phenotypes and overexpression of PCAF accelerated it.
Excitingly, in aged mice injected with AAV-tie-PCAF virus,
SafG staining showed PCAF downregulation in endothelial
cells obviously alleviated vascular senescence. Therefore, our
results indicated that PCAF can affect cellular senescence
and the key role of PCAF in this process may provide a ther-
apeutic target for the prevention of senescence-associated
vascular diseases.

Based on transcriptional microarray analysis, Kyoto
Encyclopedia of Genes and Genomes pathway enrichment
analysis showed that genes were mainly enriched in
endocytosis and the Hippo signaling pathway. Our results
indicated that PCAF might induce cellular senescence via
the Hippo signaling pathway without affecting endocytosis
in HUVECs. Studies over the past decade have uncovered
the critical role of the Hippo-YAP signaling pathway in the
regulation of development, regeneration, and homoeostasis
[30, 31]. When the Hippo pathway is active, the Hippo
kinase cascade phosphorylates YAP and TAZ, resulting in
their cytoplasmic retention and proteolytic degradation.
When the Hippo pathway is inactive, YAP and TAZ translo-
cate into the nucleus and interact with transcription factors
to regulate the expression of target genes. Previous works
also manifested the effectiveness of YAP and TAZ in cellular
senescence [32]. However, it seems that in various types of
cells, the effects of YAP in modulating cellular senescence
are quite different. For instance, downregulation of YAP in
IMR90 tumor cells increased cellular senescence, whereas
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upregulation of YAP in Werner syndrome-derived fibro-
blasts accelerated cellular senescence [33, 34]. Recent work
indicated that the upregulation of YAP may regulate cellular
senescence through YAP-mTOR-autophagic flux signaling
pathway [35].

In our study, we found that PCAF-induced cellular
senescence was repressed by YAP overexpression. PCAF
upregulated the phosphorylation of YAP and TAZ in PA-
induced senescent HUVECs while not apparently affecting
the mTOR pathway, which was documented to have a
direct link with the Hippo signaling pathway and play
an important role in cellular senescence (Suppl. Figure 2D).
PCAF silence promoted YAP and TAZ nucleus
transportation, result in lessened senescence-associated
secretory phenotype (SASP) and reduced IL-1f and IL-6
production. Regarding to how PCAF affecting YAP and
TAZ activity, our Co-IP results revealed that PCAF can
bind to YAP and TAZ in HUVECs, implying PCAF may
directly regulate the activation YAP and TAZ, result in
increased phosphorylation of YAP and TAZ. However, the
specific mechanism between PCAF and YAP/TAZ needs
further study. In addition to our in vitro study for the
modulation of PCAF in cellular senescence, we
demonstrated that PCAF increased in the endothelia of
aorta in aged mouse and EC-specific knockdown of PCAF
evidently neutralized vascular senescence. The limitation of
this study is that mice injected with adeno-associated virus
(AAV)-tie-YAP are not included in this study to further
verify our hypothesis in vivo.

In conclusion, our study revealed a previously unknown,
but potentially crucial role of PCAF in regulating endothelial
cell senescence. We propose that inhibition the PCAF in
endothelial cell might provide a novel strategy for preven-
tion and treatment of senescence-associated vascular disease.

5. Conclusions

Our study indicated that PCAF was closely related to vascu-
lar senescence. Its upregulation in vascular tissue accelerated
vascular senescence and PCAF inhibition effectively allevi-
ated vascular senescence. In addition, YAP inactivation was
observed during PCAF-promoted vascular senescence.
These findings indicated a fundamentally important func-
tion of PCAF as a potent target for controlling endothelial
cell senescence. We propose that inhibition of PCAF might
provide a novel strategy for prevention and treatment of vas-
cular senescence.
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Oxidative stress and inflammation play key roles in the pathophysiology in the pathophysiology of dyslipidemia, which are
positive risks that increase atherosclerosis leading to important healthcare problems. Therefore, we aimed to study the
antioxidant, anti-inflammatory, and lipid-lowering effects of jelly drink containing polyphenol-rich roselle calyces extract and
passion fruit juice with pulp concentrate (RP jelly drink) in comparison to a placebo jelly drink for 8 weeks. Forty-three adults
with dyslipidemia were randomly assigned into two groups: the RP jelly drink group and the placebo group. Glucose, total
cholesterol (TC) triglyceride (TG), low-density lipoprotein-cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C),
oxidative stress biomarkers, inflammatory parameters, and monocyte chemotactic protein-1 (MCP-1) were measured with
fasting blood samples at baseline, 4 weeks and 8 weeks of intervention. Results showed a significant decrease in LDL-C and
TG, respectively, after 8 weeks of RP jelly drink consumption (LDL-C: 107.63 +22.98 mg/dL; TG: 109.79 + 38.83 mg/dL)
compared to baseline measurements (LDL-C: 128.43 + 32.74 mg/dL; TG: 132.33 + 75.11 mg/dL). These may be possible due to
reduced inflammation and improvements in oxidative stress, as demonstrated by the reduction of tumor necrosis factor-
(TNF-) a and malondialdehyde (MDA), and the enhancement of glutathione (GSH) after consuming the RP jelly drink for 8
weeks. However, no significant differences of treatment on glucose, total cholesterol, MCP-1, interleukin-6, and interleukin-10
were observed. In conclusion, daily consumption of RP jelly drink for 8 weeks resulted in significant improvement in lipid
profiles in subjects with dyslipidemia. However, more research is needed to assess its nutritional and functional potential.
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1. Introduction

Cardiovascular disease has become life-threatening world-
wide with high morbidity and mortality rates. Positive risk
factors can be grouped into metabolic syndromes, including
abdominal obesity, high blood pressure, hyperglycemia, and
dyslipidemia for the onset of atherosclerosis, which may lead
to a series of cardiovascular events [1]. Dyslipidemia is rec-
ognized as a risk factor related with atherosclerosis and is
characterized by an abnormal lipid profile in which the level
of serum cholesterol, triglycerides, or both are elevated, or
the level of high-density lipoprotein cholesterol (HDL-C) is
reduced [2]. Consumption of foods high in fat and choles-
terol and lack of exercise cause high blood lipid levels [3].
Furthermore, the occurrence of increased oxidative stress
and inflammation is associated with the regulation of lipid
metabolism, and these are major contributors to the inci-
dence of dyslipidemia [4, 5].

The imbalance between oxygen free radicals and anti-
oxidant defenses is negatively altered within cells, on cell
membranes and receptors, proteins, lipids, lipoproteins,
carbohydrates, and DNA strands [6, 7]. Previous studies
have revealed that an increase in lipid peroxidation such
as malondialdehyde (MDA) is associated with the serum
total cholesterol (TC), triglyceride (TG), and low-density
lipoprotein cholesterol (LDL-C) [8]. Likewise, inflamma-
tion is recognized as a key role in abnormal lipid metabo-
lism. Higher production of inflammatory cytokines,
including tumor necrosis factor- (TNF-) « and less potent
anti-inflammatory properties such as interleukin-10 (IL-
10), induced severe high-density lipoprotein cholesterol
(HDL-C) deficiency, LDL-C, and elevated TG. [9, 10].
Furthermore, LDL-C accumulated in the intimal layer of
blood vessels was oxidized that caused oxidized low-
density lipoproteins (OxLDL) forming in microphages
and vascular smooth muscle cells. An excessive OxLDL
accumulation could further stimulate proinflammatory sig-
naling pathway because the OxLDL could bind to the
monocyte chemoattractant protein-1 (MCP-1) and form
a monocyte-attracting lipoprotein which can induce a
much stronger chemotactic effect on monocytes than that
of OxLDL alone. Either OxLDL or OxLDL-bound MCP-
1 play a key role in the initiation and progression of ath-
erosclerosis by promoting the direct migration of inflam-
matory cell [11]. It is known that lipid-lowering drugs
can effectively reduce serum LDL-C levels; however, the
adverse effects of the drugs have raised concerns about
its use. Therefore, alternative strategies are presented espe-
cially in dietary polyphenol and vitamin C that play a role
in antioxidant defenses showed high activity of glutathione
(GSH) and superoxide dismutase (SOD) along with the
reduction of TC, TG, and LDL-C [12-14]. Dietary poly-
phenols such as fruits, vegetables, legumes, nuts, and
plant-derived beverages [15] have received much attention
in disease prevention due to their potential therapeutic
effects. Roselle calyces (Hibiscus sabdariffa) is an impor-
tant source of vitamins, minerals, and bioactive com-
pounds, such as organic acids, phytosterols, and
polyphenols as well [16]. There are many pharmacological
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actions on the health effects of rosella petals, such as car-
dioprotective action, antihypertensive effect, and inhibition
of LDL-C oxidation [17]. Passion fruit (Passiflora edulis) is
a tropical fruit composed of polyphenols, flavonoids, alka-
loids, carotenoids, tocopherols, and ascorbic acid. These
compounds have been recognized for their health effects
and biological activity such as antioxidant, antihyperten-
sive, antitumor, antidiabetic, hypolipidemic, and anti-
inflammatory activities [14, 18].

However, there are no reports on the benefits of a com-
bination of rosella calyces extract and passion fruit contain-
ing bioactive components in functional food products
regarding the effects of hypolipidemia. We therefore per-
formed a double-blind randomized, two-arm parallel-group,
placebo-controlled trial study to evaluate the hypolipidemic,
antioxidant, and anti-inflammatory effects of jelly drink con-
taining polyphenol-rich rosella calyces extract and passion
fruit juice with pulp (RP) on repeated intake over a period
of 8-week among hyperlipidemic adults.

2. Materials and Methods

2.1. Study Design. A randomized double-blind, two-arm par-
allel-group, placebo-controlled trial was conducted with an
8-week intervention among Thai adults with dyslipidemia.
The study was performed according to the Good Clinical
Practice (GCP) Guideline with fully complied with the ethi-
cal guidelines of a clinical trial study according to the Decla-
ration of Helsinki. All procedures involving human subjects
were approved by the Health Sciences Human Experimenta-
tion Committee under the auspices of the Office of Research
Ethics, Research Institute for Health Sciences, Chiang Mai
University, Thailand (Code: HSHEC-23/63). All subjects
written informed consent before inclusion in the study.
The trial was registered at https://www.thaiclinicaltrials.org
as TCTR20220326001.

2.2. Subjects and Interventions. Forty Thai adults were
recruited via poster advertisement from the community
around Chiang Mai University. Eligibility criteria were aged
35-60 years, dyslipidemia based on the criteria: serum total

cholesterol ~ (TC=>200mg/dL) and/or  triglycerides
(TG >150mg/dL) and/or LDL cholesterol
(LDL-C=>100mg/dL)  and/or ~ HDL  cholesterol

(HDL-C <40 mg/dL), not currently taking drugs for lower-
ing cholesterol or triglycerides such as statins and fenofibrate
and not with a vegan or vegetarian diet. The exclusion cri-
teria included body mass index (BMI) > 35 kg/m?, smokers,
athletes, diabetes, multiple allergies, traumatic injury, gastro-
intestinal disease, cancer, central nervous system or psychi-
atric disorders, and having been treated with herbal
medicines and dietary supplements affecting the lipid
metabolism in the previous 14 days. The randomization
was performed using a computer-generated code with Ran-
dom Allocation Software. Each subject was blinded and ran-
domly assigned to receive either the RP-jelly drink (300 mL;
100 Kcal) or a placebo jelly drink (300 mL; 100 Kcal) once
daily for a period of 8 weeks.
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TasBLE 1: The total phenolic contents, flavonoids contents, and antioxidant activity of RP jelly drink and placebo jelly drink.
Parameters RP jelly drink Placebo jelly drink P value
Total phenolic content, mg GAE/g DW 1.97 £0.03 0.98 £0.01 <0.001
Flavonoid content, mg QE/g DW 1.79+0.20 0.87+0.12 0.002
DPPH (ICs;), mg/mL 2.87+0.05 4.79 £ 0.02 <0.001

Data are expressed as mean + standard deviations. Data were analyzed using independent ¢ -test for comparing the parameters between study groups. GAE:
gallic acid equivalent; DW: dried weight; QE: quercetin equivalent; DPPH: 2, 2-diphenyl-1-picrylhydrazyl.

2.3. Study Protocol. During the baseline visit, the subject’s
demographic information and medical history were
obtained.

Body weight, height, body mass index (BMI), and blood
pressure were assessed individually. Subjects fasted over-
night for 10-12h before venous blood collection. Fasting
plasma glucose, serum lipid profile, oxidative stress status,
inflammation parameters, and a key chemokine of athero-
sclerotic lesions were measured before received any treat-
ments, 4-week, and 8-week of intervention. All subjects
were asked not to change their dietary and physical activity
patterns during the study period.

All subjects were asked not to change their dietary and
physical activity patterns during the study period. To ensure
the influence of dietary and physical activity patterns on this
study, all subjects received a questionnaire about dietary
behavior and physical activity patterns. The frequency and
quantity of dietary including rice, meat, egg, milk, coconut
curry, vegetable, fruits, and dessert at a recalling 7 days
before visiting in represent energy intake. The frequency
and duration of physical activity including strenuous activi-
ties, moderate sport, walking, and sitting at a recalling 7 days
before visiting in represent physical activity.

2.4. Dietary Interventions. Subjects in the treatment and pla-
cebo group were given packs of 300 mL RP jelly drink and
placebo jelly drink, respectively. Two products were isocalo-
ric jelly drinks of 100 kcal. The 300 mL RP jelly drink for the
treatment group was developed and supported by Expert
Center of Innovative Health Food, Thailand Institute of Sci-
entific and Technological Research, Thailand. RP jelly drink
was prepared by using water, sweetener, gelling agent, fla-
voring agent, multivitamin, the roselle extract powder of
0.18%, and the freeze-dried passion fruit juice plus pulp of
0.37%.

Calyces of roselle (Hibiscus sabdariffa) were collected
from Prachuap Khiri Khan, Thailand, by P. Chonpathompi-
kunlert and authenticated by a taxonomist from the Plant
Varieties Protection Office with identification as voucher
specimen BK No. 071159 and deposited at the Forest Her-
barium, Royal Forest Department, Ministry of Agriculture
and Cooperatives, Bangkok, Thailand. Briefly, the roselle
calyces were dried in hot air oven 50°C for 24 h. Dehydrated
roselle calyces were ground into powder, then mixed with
water 1:10% (w/v) ratio, followed by double extraction via
maceration method. The aqueous extracts of roselle calyces
were filtered (Whatman®, No. 1). The solvent was evapo-
rated to concentrate using stirrer under heat 50°C for 6h

and kept in a freezer, then freeze-dried by the lyophilizer
(Alpha 2-4 LSCplus freeze dryer, An der Unteren SOse, Ger-
many), and the powder was kept in a dark bottle at -20°C
until used for RP jelly production. The percentage yield of
roselle calyces aqueous extract was 44.53% (w/w) of the
dry powder.

Freeze-dried passion fruit juice plus pulp was obtained
from Passiflora edulis f. flavicarpa Deg. L. plants in Chiang
Mai, Thailand, collected by P. Chonpathompikunlert, then
authenticated by a taxonomist staff of plant varieties protec-
tion office with its identification as A voucher specimen BK
No. 082283 and deposited at the Forest Herbarium, Royal
Forest Department, Ministry of Agriculture and Coopera-
tives, Bangkok, Thailand. The purple passion fruit juice
and pulp (4.5kg) was blended, filtered 3 times, then freeze
dried, and kept in a dark bottle at -20°C until used for RP
jelly production. The percentage yield of the passion fruit
juice and pulp was 12.12% (w/w) of the fresh juice and pulp.

Placebo was prepared by Expert Center of Innovative
Health Food, Thailand Institute of Scientific and Technolog-
ical Research, Thailand, in the same manner of RP jelly with-
out the roselle extract powder and the freeze-dried passion
fruit juice plus pulp.

Both RP jelly drink and placebo jelly drink were
lyophilized using a Heto Powerdry PL9000 freeze dryer
(Allerod, Denmark) at —80°C for 48h for determination
of total phenolic contents using the Folin-Ciocalteu
reagent [19], flavonoid content according to spectrophoto-
metric methods based on the formation of aluminium-
flavonoid complexes [20], and antioxidant potential using
the 2,2'-diphenyl-1-picrylhydrazyl (DPPH) radical scav-
enging method [21].

Data of total phenolic contents, flavonoid content, and
antioxidant activity were presented as the mean of five sepa-
rate experiments and error bars are displayed with standard
error. In order to compare the difference in total phenolic
contents, flavonoid contents, and antioxidant activity
between RP jelly drink and placebo jelly drink, the statistical
significance of the data was analyzed using an independent ¢
-test. P value < 0.05 was considered as statistical significance,
and the results are shown in Table 1.

In addition, they were identified and quantified the con-
tents of gallic acid, quercetin, and ascorbic acid using high-
performance liquid chromatography (HPLC) with Agilent
Por shell 120 EC-C18, 4.6 x 100 mm, 2.7 ym column (Agi-
lent 1260 Infinity LC system, Waldbronn, Germany). The
separation was performed using ternary linear elution gradi-
ent with 20mM KH2PO4, 60% methanol, and 40%



acetonitrile at 284 nm. Standards were run in similar condi-
tions of chromatography to match the retention items [22]
and to calculate the quantification.

2.5. Blood Analysis. Whole blood samples were collected
intravenously by a registered nurse into sodium fluoride
containing tubes and clotted blood tubes. The separated
plasma/serum determined the biochemical results including
glucose, TG, TC, HDL-C, and LDL-C at Chiang Mai Medi-
cal Lab, Chiang Mai, Thailand. Another sample of whole
blood was collected into an EDTA plasma tube for oxidative
stress, antioxidant activity, inflammatory markers, and
MCP-1, placed immediately on ice, and centrifuged within
30 min (3600 rpm for 10 minutes at 4°C) to separate plasma.
Plasma then was stored at -80°C until analysis.

Oxidative stress was evaluated by lipid peroxidation level
as thiobarbituric acid reactive substances (TBARS) method.
Malondialdehyde (MDA) assay was adapted from the proce-
dure previously described [23]. The plasma was prepared by
mixing with 20% trichloroacetic acid (TCA) and incubated
for 15min at room temperature. The supernatant of mixed
plasma was collected after centrifugation. Thiobarbituric
acid (TBA) was added to supernatant sample in test tube
before boiling at 100°C for 30 min for measuring lipid perox-
idation. The MDA value was determined at wavelength of
530 nm and expressed in nmol/L.

Antioxidant activity was determined by glutathione
(GSH) level according to the procedure previously described
[24]. The assay of GSH with DTNB was performed by fol-
lowing the standard method of Ellman [25] and slightly
modified method of Tipple and Rogers [24]. A 20 yL of sam-
ple was added into 96-well plate with 10 L of solution of
10mM NaH2PO4 and 1mM dithiothreitol, 100uL of
1 mM sodium azide dissolved 40 mM potassium phosphate
buffer (pH 7.0), 10 uL of 50 mM glutathione, and 100 uL of
30% H202. Then, it was shaken for 10 minutes before add-
ing 10uL of 10mM 5,5-dithiobis-2-nitrobenzoic acid
(DTNB) and immediately measured for absorbance. Later,
the GSH level in samples was calculated using A412 nm
from standard curve of GSH concentration.

Inflammatory markers including IL-10, IL-6 and TNF-
alpha were measured by enzyme-linked immunosorbent
assay kit using paired antibodies. (Abcam®, Waltham, MA,
USA, for IL-10 and Elabscience®, Houston, Texas, USA,
for IL-6 and TNF-«).

A key chemokine of atherosclerotic lesion, MCP-1
expression, was also evaluated via enzyme linked immuno-
sorbent assay kit (Elabscience®, Houston, Texas, USA).

2.6. Statistical Analysis

2.6.1. Sample Size. A total sample size of 40 subjects was esti-
mated based on calculation of sample size by comparing two
means according to sample size estimation in clinical trial
[26] with a power of 80%, a significant level of 0.05, and
dropout of 10%.

2.6.2. Data Analysis. A statistician was blinded to analyze the
results of randomized participants who have received RP
jelly drink and placebo treatment. Statistical analyses were
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Ficure 1: HPLC chromatogram of RP jelly drink for gallic acid,
quercetin, and ascorbic acid.

being conducted by SPSS software version 22 (SPSS Inc.,
Chicago, IL, USA) for windows licensed, Chiang Mai Uni-
versity. The minimum level of statistical significance was
set to P <0.05.

The data of total phenolic compounds, flavonoid, and
antioxidant activity were expressed as means + standard de
viation of at least three replicates. The difference when com-
pared between RP jelly drink and placebo product was ana-
lyzed by independent t-test.

For continuous variables, we expressed data as mean +
standard deviation ~ and  coeflicient  of  variation.
Kolmogorov-Smirnov test was applied to ensure the normal
distribution of variables, and nonnormally distributed data
were log-transformed. Differences between the intervention
and placebo groups were analyzed on an intention-to-treat
(ITT) basis. Missing data was imputed following the last
observation carried forward (LOCF) principle. We per-
formed sensitivity analysis with per protocol (PP) principle
in which the missing values were not imputed (n = 20 in pla-
cebo group, n =20 in RP jelly drink group). The comparabil-
ity of general characteristics of subjects at baseline was
assessed by independent t-test. A repeated measure one-
way ANOVA with a Greenhouse-Geisser correction and
followed by the Bonferroni post hoc test in pairwise compar-
isons was performed to identify significant differences at dif-
ferent consumption (treatment) times and to analyze main
effective differences between groups.

For quantitative data analysis, dietary intake and physi-
cal activity questionnaire were used for monitoring the sub-
ject’s nutrition intake and energy expenditure. We expressed
data as mean + standard deviation in the range of a data set,
and independent -test was performed to analyze the signif-
icant difference of between groups.

3. Results

3.1. Bioactive Compounds and Antioxidant Activities of RP
Jelly Drink. The chromatographic profiles of the RP jelly drink
showed three types of the phytoconstituents, gallic acid, quer-
cetin, and ascorbic acid (Figure 1). The retention time of gallic
acid, quercetin, and ascorbic acid in RP jelly drink was found
to be 1.191, 1.678, and 12.191, and it matched with standard
retention time values, respectively. The amount of gallic acid,
quercetin, and ascorbic acid in RP jelly drink was found to
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Assessed for eligibility (n = 43)

Excluded (n = 3)

- Met the exclusion criteria
(n=2)

- Declined to participate (n = 1)
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Y

A 4
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A 4

Allocated to RP jelly drink group (n = 20)
- Received allocated intervention (n = 20)
- Did not receive allocated intervention (n = 0)
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- Received allocated intervention (n = 20)
- Did not receive allocated intervention (n = 0)
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Analyzed (n = 20)
- Exclude from analysis (n = 0)

FIGURE 2: CONSORT flow diagram for the study.

TaBLE 2: General characteristics of subjects participated in the
study (n =40).

DW and 1.79 £ 0.20 mg QE/g DW, respectively. Antioxidant
activity by DPPH radical scavenging shown in IC;, value
was 2.87 + 0.05 mg/mL jelly drink.

3.2. General Characteristics of Subjects. A total of 43 subjects
were enrolled in the study as shown in Figure 2. Two sub-

Parameters RP jelly drink Placebo jelly drink P
(n=20) (n=20) value
AGE, years 37.00 + 3.61 36+6.14 0.469
BMIL, kg/m>  24.685+4.35 24.145 +4.53 0.881
SBP, mmHg  119.58 +11.82 118.90 + 3.47 0.875
DBP, mmHg  71.48 +2.01 69.43 +1.92 0.712
FPG, mg/dL.  79.50 + 13.76 78.28 +2.71 0.702
TC, mg/dL  203.76 +38.04 199.8 +35.12 0.731
TG, mg/dL 13233 +75.11 130.73 +29.50 0.425
?LDL‘C’ Mg 47,00+ 14.40 497041062 0500
EgL'C’ mg/ 128.43+32.74 126.75 + 31.76 0.869

Data are expressed as mean * standard deviations. Data were analyzed using
independent ¢ -test for comparing the parameters between study groups.
BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood
pressure; FPG: fasting plasma glucose; TC: total cholesterol; TG:
triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-
density lipoprotein cholesterol.

be 0.001 +0.000 pg/mg, 0.02 + 0.000 yg/mg, and 0.0006 +
0.000 pg/mg. Total phenolic compounds, flavonoid contents,
and antioxidant activity of the RP jelly drink are shown in
Table 1. The data showed that total phenolic contents and fla-
vonoid contents and antioxidant activity by DPPH radical
scavenging of RP jelly drink were 1.97 £0.03mg GAE/g

jects met the exclusion criteria, and one subject declined to
participate the study. Finally, 40 subjects (20 RP jelly drink;
20 placebo jelly drink) were included, and no withdrawal
events were observed. Subjects were 15 women and 5 men
in RP jelly group and 14 women and 6 men in placebo jelly
drink group. General characteristics of subjects participated
in the study are summarized in Table 2.

3.3. Effect of Jelly Drinks on Lipid Profiles, Inflammatory
Markers, and Other Parameters. Effects of jelly drinks on
lipid profiles, inflammatory markers, and other parameters
within each group at different times are shown in Table 3.
After a 4-week consumption period, the subjects who con-
sumed RP jelly drinks showed a significant reduction in
LDL-C (P<0.05) and an enhancement of HDL-C
(P <0.05). Noticeably, LDL-C and TG were significantly
reduced after 8 weeks of RP jelly drink consumption (16%
and 17%, respectively), while LDL-C was unchanged, and
it was likely that TG increased over the time of the placebo
group. However, after 4 and 8 weeks of intervention, no dif-
ferences were found in BMI, blood pressure, fasting plasma
glucose, and TC in each study group (Table 3).

After consuming the RP jelly drink, plasma MDA was
significantly lower (P < 0.001) at the time of the intervention
and noticed a significant difference compared to the placebo
group. With respect to antioxidant enzymes, subjects who
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TaBLE 4: Frequency and quantity of dietary items including rice, meat, eggs, milk, coconut-based curry, vegetable, fruits, and dessert at as

recalled for 7 days prior to visit (baseline, 4 weeks, and 8 weeks).

Dietary Treatment group Baseline P value 4 weeks P value 8 weeks P value
Placebo 5.65+0.11 0.230 5.76 £0.10 0.617 576 £0.11 0.284
Frequency (score) ) )
Ri RP jelly drink 5.48 +£0.10 5.84+0.15 5.44 +0.20
ice
Placebo 2.64+0.14 0.302 2.63+0.13 0.248 2.65+0.13 0.610
Quantity (score)
RP jelly drink 2.40+0.13 2.36+0.14 2.36+0.13
Placebo 4.76 £0.23 0.559 4.76 £0.27 0.403 5.18+0.23 0.930
Frequency (score)
RP jelly drink 4.84+0.25 4.92+0.32 5.20+0.19
Meat
Placebo 1.76 £0.14 0.922 1.64+0.13 0.852 1.80£0.12 0.707
Quantity (score)
RP jelly drink 1.80+£0.13 1.76 £0.14 1.68 £0.13
Placebo 3.36£0.32 0.683 2.96£0.35 0.527 2.92+0.31 0.579
Frequency (score) . .
. RP jelly drink 3.20+0.34 2.86+0.35 2.88+0.21
& Placebo 2.36+0.14 0.566 2.24+0.19 0.693 2.16+0.16 0.438
Quantity (score)
RP jelly drink 2.60+£0.12 2.44+0.14 2.48+£0.13
Placebo 3.84+0.34 0.907 3.52+0.33 0.936 3.28+0.33 0.898
Frequency (score) ) )
Milk RP jelly drink 3.72+0.36 3.22+0.40 3.10+0.24
i
Placebo 2.20+0.13 0.895 1.92+0.16 0.687 1.88+£0.12 0.895
Quantity (score)
RP jelly drink 2.32+0.16 1.92+0.17 2.16+0.11
Placebo 1.96 +0.38 0.149 1.94+0.43 0.836 1.92+0.36 0.535
Frequency (score)
RP jelly drink 1.84 £ 0.36 1.88 £ 0.40 1.88£0.38
Coconut curry
Placebo 1.22+0.20 0.139 1.16+0.21 0.994 1.00+0.17 0.885
Quantity (score)
RP jelly drink 1.64+£0.14 1.16 £ 0.21 1.04 £0.18
Placebo 4.44+0.36 0.741 5.08 £0.29 0.148 4.88+£0.32 0.615
Frequency (score)
RP jelly drink 5.04+0.20 5.24+0.19 4.84+0.19
Vegetable
Placebo 1.84+£0.14 0.230 1.88+£0.13 0.627 1.80+0.13 0.193
Quantity (score)
RP jelly drink ~ 2.24+0.16 1.96 +0.15 1.88+0.12
Placebo 3.46 £0.37 0.695 3.84+0.30 0.920 3.84+0.25 0.935
Frequency (score)
Frui RP jelly drink 3.42+0.34 3.80+0.33 3.88+£0.25
ruits
Placebo 1.78 £0.18 0.870 1.80£0.10 0.334 1.80£0.13 0.783
Quantity (score)
RP jelly drink 1.76 £0.21 2.08 £0.15 1.84+0.11
Placebo 1.38£0.35 1.08 £0.37 0.696 1.84+0.35 0.911
Frequency (score)
RP jelly drink 1.76 £ 0.39 0.279 1.00 £ 0.41 1.04 £0.36
Dessert
Placebo 1.36 £ 0.15 1.56 +0.18 0.450 1.48+0.14 0.580
Quantity (score)
RP jelly drink 1.24+0.14 0.219 1.48 £0.15 1.40 £ 0.15

P value is a statistical measurement value used to represent the difference between groups by independent ¢-test. Data were expressed as mean + SD in the
range of a data set. Frequency scores were calculated from a ranking of 0 = not consume, 1 = 1-2 times a week, 2 = 3-4 times a week, 3 = 5-6 times a
week, 4 = 1 time a day, 5 = 2 times a day, 6 = 3 times a day, and 7 = more than 3 times a day. Quantity score was calculated from a ranking of 1 = less
than a half rice plate, 2 = a half plate to 1 plate, 3 = 1 and a half plate, and 4 = more than 1 and a half plate.

drank the RP jelly products showed significantly higher
plasma GSH levels at the 4 weeks and 8 weeks of the study
period compared to baseline measurements. This change
was seen only in the RP jelly drink group than in the placebo
group.

Inflammatory cytokines, including IL-6, TNF-«, and IL-
10, which may contribute to the acceleration of abnormal lipid
metabolism, have also been evaluated. Results revealed that
those who consumed the RP jelly drink had a significant
reduction in TNF-«a levels at 8 weeks of the study duration

(P <0.05). No significant changes in IL-6, IL-10, and MCP-1
levels were observed after consuming the RP jelly drink.

Energy intake and physical activity did not change over
time or between groups during the study period (Tables 4
and 5).

4. Discussion

In this randomized, double-blind controlled trial, consum-
ing a jelly drink containing polyphenol-rich roselle extract
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TaBLE 5: The frequency and duration of physical activity including strenuous activities, moderate sport, walking, and sitting as recalled for 7
days prior to visit (baseline, 4 weeks, and 8 weeks).

Activities Treatment group Baseline P value 4 weeks P value 8 weeks P value
Placebo 3.40+0.30 0.707 3.16+0.36 0.943 3.44+0.35 0.974
Frequency
RP jelly drink 3.35+0.36 3.28+0.33 3.28+0.33
Strenuous activities
Placebo 1.64+0.43 0.880 2.48+0.35 0.799 2.28+0.34 0.981
Duration
RP jelly drink 1.83+0.27 2.68 +0.42 2.24+0.36
Placebo 1.64 +£0.36 0.957 3.56+0.32 0.088 3.60 £ 0.34 0.432
Frequency
RP jelly drink 4.00£0.31 3.80+0.34 3.32+0.33
Moderate sport
Placebo 1.40+0.28 0.534 1.92+0.23 0.265 1.64+0.18 0975
Duration
RP jelly drink 1.58 £0.18 1.76 £0.20 1.68 £0.19
Placebo 6.88+£0.12 0.738 6.92+0.08 0.957 6.88£0.12 0.794
Frequency . .
" RP jelly drink 6.56 +0.23 6.96 +0.04 6.92+0.08
Walkin,
8 Placebo 2.20+0.39 0.391 2.28+0.34 0.562 1.76 £0.19 0.445
Duration
RP jelly drink 2.33+0.39 1.68 £0.20 1.88 £0.22
Placebo 6.52+0.16 0.568 6.80+0.14 0.316 6.88 +£0.12 0.770
Frequency . .
Sitti RP jelly drink 6.56 +0.22 6.96 £ 0.04 6.92 £0.08
ittin;
& Placebo 4.36 £0.46 0.468 3.60£0.39 0.676 3.12+0.28 0.585
Duration
RP jelly drink 3.25+0.39 3.00+0.37 2.76 £0.27

P value is a statistical measurement value used to represent the difference between groups by independent ¢ -test. Data were expressed as mean + SD in the
range of a data set. Frequency scores were calculated from a ranking of 0 = not activity, 1 = 1-2 times a week, 2 = 3-4 times a week, 3 = 5-6 times a week, 4 = 1
time a day, 5 = 2 times a day, 6 = 3 times a day, and 7 = more than 3 times a day. Quantity score of quantity was calculated from ranking of 0 = not activity, 1 =
1-10 minutes, 2 = 10-20 minutes, 3 = 20-30 minutes, 4 = 30-40 minutes, 5 = 40-50 minutes, 6 = 50-60 minutes, and 7 = more than 1 hour.

and passion fruit juice plus pulp concentrate (RP jelly drink)
once daily for 8 weeks, clearly demonstrated a significant
reduction in LDL-C and TG levels when compared to either
baseline measurements or jelly drink placebo in Thai adults
with dyslipidemia, whereas the changes in fasting plasma
glucose, total cholesterol, HDL-C, MCP-1, interleukin-6,
and interleukin-10 indicated no significant difference
between the RP jelly drink and the placebo group. Further-
more, we also found lower inflammatory markers and
improved oxidative stress, which were seen in the reduction
of tumor necrosis factor- (TNF-) & and malondialdehyde
(MDA), and the enhancement of glutathione (GSH) after
the ingestion of the RP jelly drink for 8 weeks. This investi-
gation emphasized the impact of a polyphenol-rich product
supplementation on the beneficial effect of lowering blood
lipids resulting in a protective effect against atherosclerosis
that might help to primary prevention of cardiovascular
disease.

Numerous observational studies indicated that
polyphenol-rich foods were strongly associated with a lower
incidence of cardiovascular diseases, metabolic syndrome,
and diabetes [27-29]. Consistency with knowledge that Pas-
sion fruit and roselle calyces have been well-documented to
improve serum HDL-C and reduce LDL-C levels [30-32].
This might be associated with the presence of quercetin
and gallic acid [33-35] in RP jelly drink consumption. Addi-
tionally, a recent meta-analysis study of 34 randomized con-
trolled trials reported that consuming polyphenol-
containing supplements significantly improved blood lipid
levels (LDL-C: -4.39 mg/dL, P = 0.009; HDL-C: 2.68 mg/dL,

P <0.001) in comparison with the placebo group [36]. This
observation may be related to lipoprotein metabolism by
increasing fecal cholesterol elimination and impeding apoli-
poprotein production [36] or enhancement of the choles-
terol efflux capacity [37]. Another possible mechanism may
be involved with the effect of intestinal microbiota on lipid
homeostasis by increasing polyphenol bioavailability and
promoting polyphenol metabolites production, which
includes bile acids, lactic acids, and short-chain fatty acids
[38, 39]. These studies support that polyphenol-containing
products may benefit people with high cholesterol levels or
those at risk of heart diseases.

It has been suggested that the polyphenols, anthocya-
nins, and other bioactive compounds found in roselle caly-
ces (Hibiscus sabdariffa) may contribute to lipid-lowering
and inhibition of LDL-C oxidation through its antioxidant
activity or other mechanisms [40]. A human trial con-
ducted by Lin et al. [41] revealed that taking one or two
capsules of roselle extract reduced TC by 11-15% after 4
weeks of supplementation; however, there were no reports
for LDL-C, HDL-C, and TG. In a recent meta-analysis of
9 clinical trials, the efficacy of roselle supplementation in
regulating cholesterol levels in patients with metabolic syn-
drome and related diseases showed a reduction in total
cholesterol, LDL-C, and HDL-C but not TG [42]. In our
study, daily consumption of an RP jelly drink containing
polyphenol-rich roselle extract for 8 weeks tends to have
a positive effect on the changes in LDL-C, TG, TC, and
HDL-C, levels as time passed; nevertheless, no significant
differences were found in TC and HDL-C between study
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FIGURE 3: The framework of potential components in RP jelly drink.

groups. Our results were consistent with a meta-analysis
studied by Aziz et al. [43], when we focused on the pooled
results of two placebo-controlled studies [44, 45]. None-
theless, this meta-analysis concluded that the limited evi-
dence from clinical studies cannot support the effect of
Hibiscus sabdariffa on blood lipids.

For passion fruit, an animal study performed by Souza
et al. 2012 [30] revealed that the treatment group that
received concentrated passion fruit juice twice daily for 28
days had better antioxidant activity and lipid profiles com-
pared to the control group. Similar to another study, passion
fruit juice was be able to improve lipid and blood glucose
levels in offspring from diabetic and nondiabetic mothers
of Wistar rats [46]. These effects may be attributed to the
presence of flavonoids, consequently showing antioxidant
and anti-inflammatory properties derived from passion fruit
juice. Interestingly, several in vivo studies have shown that
flavonoids have a strong inhibitory effect on 3-hydroxy 3-
methylglutaryl coenzyme A (HMG-CoA) reductase and
increased activity of lecithin cholesterol acyltransferase
(LCAT); thereby, changes in blood lipid levels were observed
[47, 48]. It might be one of the explanations why RP jelly
drink, which combined passion fruit juice and roselle caly-
ces, demonstrated a significant reduction in LDL-C and
TG levels. However, the efficacy of Passiflora edulis juice
alone has not been investigated in human clinical studies.

Oxidative stress has been associated with many patholo-
gies especially cardiovascular disease. The balance between
reactive oxygen species (ROS) and antioxidants are impor-
tant to prevent the pathological progression [49]. With
regard to the reduction of malondialdehyde (MDA) and
the enhancement of glutathione (GSH), the present findings
supported that consuming RP jelly drinks can improve oxi-
dative stress in the body. It is well-known that polyphenols
play an important role in inhibiting oxidative stress and

are also connected to anti-inflammatory effects in order to
remain cellular homeostasis [50]. Oxidative stress and
inflammation are not only related to dyslipidemia but also
contribute to the onset and progression of atherosclerosis
[51]. As we have known that TNF-« can trigger the cytokine
cascade and contribute to regulate the production of another
inflammatory cytokine [52, 53]. Remarkably, the abnormal-
ity of TNF-« level and signaling cause the development of
disease, such as rheumatoid arthritis, psoriasis, Crohn’s dis-
ease, atherosclerosis, and cancer [53]. In our study, plasma
tumor necrosis factor- (TNF-) a was decreased after the
ingestion of the RP jelly drink for 8 weeks. This observation
may be explained by the natural active ingredients presented
in RP jelly drinks exert anti-inflammatory effects through
multitargeted action in the inflammatory pathway [54].
Consistent with the study of Herranz-Lopez et al. (2017),
the effects of Hibiscus sabdariffa-derived polyphenols on
specific cellular pathways have been reviewed, particularly
in pathways associated with chronic inflammation and
energy metabolism [55]. A metabolomics and gene-
expression study has demonstrated that Hibiscus sabdariffa
polyphenols can downregulate genes involved in cholesterol
and TG synthesis and exert a multitarget lipid-lowering
effect [56]. In addition, it has been proposed that TNF-«
itself can suppress free fatty acid uptake, inhibit the activity
of enzymes involved in lipid metabolism, and regulate cho-
lesterol metabolism [57]. Moreover, Passion fruit has been
evaluated to have anti-inflammatory activity by reducing
the level of proinflammatory IL-18 and TNF-a in an
in vivo study [58, 59] and decrease IL-17A in human [32].
This could be attributed to the presence of bioactive com-
pounds like C-glycosyl flavonoids vicenin, orientin, isoorien-
tin, vitexin, and isovitexin [59]. Therefore, the reductions in
TNF-a, LDL-C, and TG as seen in our study appeared to be
consistent.
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This study has some strengths. First, the double-blind,
placebo-controlled study was conducted with the subjects
with no differences in baseline general characteristics
between groups. Participants in this study did not require a
wash-out period between placebo and treatment as a cross-
over design, resulting in no dropping out from the trial. Sec-
ond, two kinds of jelly drinks (RP jelly drink and placebo)
were prepared with isocaloric and iso-macronutrients (car-
bohydrates, proteins, and fats) in the same format. Roselle
extract powder and the dried passion fruit juice with pulp
are used only in RP jelly drink which is different from pla-
cebo; hence, we can ensure the effectiveness of the interven-
tion provided in the lipid-lowering function. Nevertheless,
there are limitations. First of all, due to the study not being
conducted in an inpatient setting, the participants’ diet and
physical activity could not be rigorously controlled during
the study period. Natural polyphenols or other bioactive
substances presented in common diets may interfere with
our study. However, we asked participants to refrain from
changing their diet and exercise patterns throughout the 8-
week study. Secondly, the long-term effects of RP jelly drink
supplementation on lipid-lowering and other relevant clini-
cal endpoints should be performed. Thirdly, several factors
including short duration of the study, a lack of consideration
of sex-related effects, homogenous ethnic background, and
the relatively small study numbers might associate with the
lipid-lowering effect. Therefore, any direct cause-effect rela-
tionships or precise mechanisms including reduced lipid
content of 3-hydroxyl-3-methylglutaryl coenzyme A reduc-
tase (HMGCR) activity and sterol regulatory element bind-
ing protein-2 (SREBP2) also require further investigation.

5. Conclusion

Our findings indicated that once-daily consumption of RP
jelly drink for eight weeks improved blood lipid profiles
compared to placebo among Thai adults with dyslipidemia
in uncontrolled nutrition intake. The possible underlying
mechanism of improved blood lipid levels is unclear. How-
ever, it can be concluded that a RP jelly drink product, which
contains large amounts of phytoconstituents (quercetin, gal-
lic, and ascorbic acid), total phenolic, and flavonoid com-
pound exhibiting antioxidant activities could represent
another polyphenol-rich food product with antioxidant
and anti-inflammatory effects, which in turn may indirectly
enhance lowering blood lipid levels resulting in decreased
risk of the initiation of atherosclerosis (Figure 3). Further
study of the nutritional qualities of RP jelly drink and the
mechanisms underlying its action in reducing lipids in the
body should be performed to evaluate its potential role in
the prevention of cardiovascular disease.
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Aging shows a decline in overall physical function, and cellular senescence is the powerful catalyst leading to aging. Considering
that aging will be accompanied with the emergence of various aging-related diseases, research on new antiaging drugs is still
valuable. Extracellular vesicles (EVs), as tools for intercellular communication, are important components of the senescence-
associated secretory phenotype (SASP), and they can play pathological roles in the process of cellular senescence. In addition,
EVs are similar to their original cells in functions. Therefore, EVs derived from pathological tissues or body fluids may be
closely related to the progression of diseases and become potential biomarkers, while those from healthy cells may have
therapeutic effects. Moreover, EVs are satisfactory drug carriers. At present, numerous studies have supported the idea that
engineered EVs could improve drug targeting ability and utilization efficiency. Here, we summarize the characteristics of EVs
and cellular senescence and focus on the diagnostic and therapeutic potential of EVs in various aging-related diseases,
including Alzheimer disease, osteoporosis, cardiovascular disease, diabetes mellitus and its complications, and skin aging.

1. Introduction

Extending the human lifespan is a major goal of medical
research, and aging seems to be a stumbling block to human
longevity. It is a multifactorial biological process accompa-
nied with the accumulation of senescent cells and the decline
of body function [1, 2]. The physiological role of cellular
senescence depends on the recruitment of immunocytes by
senescent cell-secreted senescence-associated secretory phe-
notype (SASP) factors. However, after exerting their benefi-
cial effects, the senescent cells cannot be completely cleared
by the immune system [3]. Sustained secretion of SASP fac-
tors could lead to chronic inflammation, which is an essen-
tial contributor to aging-related diseases [4]. Senescent cells
are mainly characterized by changes in nuclear genes, mito-
chondrial and lysosomal system dysfunction, and increased
SASP factor secretion [5, 6]. Numerous studies have con-
firmed the key roles of extracellular vesicles (EVs) in DNA
damage repair, inflammatory regulation, and epigenetic

alterations, showing their great medical value in aging-
related diseases.

EVs are diverse nanoscale membrane vesicles secreted by
most cell types [7]. Based on their biogenesis, size, and bio-
physical properties, they can be classified into apoptotic bod-
ies, exosomes, and microvesicles (MVs) [8]. In the process of
the synthesis and secretion of EVs, signaling molecules such
as DNA, RNA, functional proteins, and lipids can be selec-
tively encapsulated, indicating the sharing of biological
information among cells [9]. EVs are important components
of SASP factors, and their information transmission func-
tion plays a vital role in cellular senescence [5, 10]. Particu-
larly, senescent cells can promote the senescence of
surrounding bystander cells by secreting SASP factors [11].
In addition, senescence manifests a decline or even loss of
stem cell proliferative capacity, so stem-cell therapy has also
emerged. However, due to the uncontrollable differentiation
of stem cells, it may have carcinogenic and teratogenic
effects, and the surgical cost is high. Compared with cell
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FIGURE 1: Biogenesis, secretion, and uptake of exosomes. Exosome is a subset of EVs. The biogenesis of exosomes mainly goes through the
stages of endocytosis and MVB formation. Different nucleic acids or proteins are loaded during the formation of exosomes. These cargoes
can be internalized into recipient cells through different mechanisms, thus realizing the information transmission function of exosomes.
Moreover, some cargo proteins can also be used as biomarkers for the identification of exosomes.

therapy, EVs are similar to their parent cells in functions,
and they have the advantages of low carcinogenicity and
no blockage of blood vessels, which make EVs become
promising antiaging agents [12]. In this review, we summa-
rize the roles of different sources of EVs as biomarkers and
treatments of various aging-related diseases, and the current
knowledge around the challenges and prospects of EVs are
also discussed.

2. EVs as Biological Tools for
Cell Communication

The effectiveness of EVs mainly depends on which cargoes
they carry. In fact, the current researches on the pathogenic
and therapeutic effects of EVs are mainly based on the belief
that EVs can be used as tools for intercellular information
transmission. As an important member of EVs, the exosome
also plays a major role in cell communication. At present, it
is believed that the biogenesis of exosomes originates from
the endosomal pathway [13] (Figure 1). Endocytic vesicles
form and fuse on the plasma membrane to form early endo-
somes. Next, early endosomes sink again and mature to
form late endosomes. These late endosomes are also known
as multivesicular bodies (MVBs) [14], which contain intralu-
minal vesicles (ILVs) formed through endosomal sorting
complex required for transport- (ESCRT-) dependent and
ESCRT-independent pathways [15-17]. The formation of
ILVs is accompanied by cargo loading, which is crucial for

cell communication. After vesicular accumulation, some
MVBs are degraded in lysosomes, and the other MVBs
release ILVs out of cells by fusing with the plasma mem-
brane. These ILVs are the precursors of exosomes [18].
The uptake of exosomes by recipient cells is another impor-
tant step in cell communication (Figure 1). Exosomal
cargoes are internalized into recipient cells through a variety
of mechanisms: (i) receptor-mediated phagocytosis of spe-
cial cells, (ii) megapinocytosis of plasma membrane invagi-
nation, and (iii) direct fusion with the plasma membrane
[19]. The cargoes of exosomes could change the state of
recipient cells or make them obtain new abilities, which
reflects the medical value of exosomes [20].

3. Stimuli and Characteristics of
Cellular Senescence

The accumulation of senescent cells in vivo is an essential
mechanism of aging [21], and it is also the culprit of
aging-related diseases. Although cell senescence has certain
physiological effects [2, 22], excessive senescent cell accumu-
lation can create a proinflammatory environment conducive
to the occurrence and development of aging-related diseases
[23] (Figure 2).

Although cellular senescence is a complicated process [6,
24], it can be summarized into two basic events: the change
of nuclear genes and the transformation of mitochondria
[5]. The changes of nuclear genes include DNA damage,
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telomere shortening, and epigenetic change [25]. The mito-
chondrion is a multifaceted regulator of aging [26]. The loss
of mitochondrial DNA integrity and destruction of mito-
chondrial metabolism are regarded as evolutionarily con-
served senescent mechanisms [27]. In fact, mitochondrial
dysfunction is associated with low NAD*/NADH ratios
[28] and high level of SASP factors and reactive oxygen spe-
cies (ROS) [29, 30]. Because of the complexity of the cellular
senescence mechanism, the characteristic of senescent cells
shows complex dynamics and heterogeneity. Therefore, the
identification of senescent cells involves many aspects [21]
(Figure 2). There is still no gold standard for identifying
senescent cells [31], and the combination of multiple aging
phenotypes to identify senescent cells is still the best choice
at present [32]. In order to further explore the diagnosis
and treatment of aging-related diseases, it is very important
to clarify the stimuli and characteristics of cellular
senescence.

4. EVs in Aging-Related Diseases

Aging is characterized by the disorder of various biological
functions, which leads to an increased risk of osteoporosis,
diabetes mellitus (DM), cardiovascular diseases (CVDs),
Alzheimer disease (AD), and other chronic diseases [33].
Increasing researches have demonstrated that EVs can serve
as potential biomarkers and therapeutic reagents in aging-
related diseases. Here, we introduce the most studied
aging-related diseases in the field of EVs (Figure 3).

4.1. Roles of EVs in AD. Around the world, AD is a leading
cause of disability in people over 65 years old [34]. Two main
histopathological features of AD are (i) senile plaques formed
by increased deposition of the amyloid beta (Af) peptide and
(ii) intracellular neurofibrillary tangle (NFT) caused by tau
hyperphosphorylation [35]. Aging is a major risk factor for
AD [36], and cellular senescence is one of the hallmarks of
aging, which increases susceptibility to AD. Enrichment of
senescent astrocytes, microglia, and neurons, as well as the
expression of senescence-associated f-galactosidase (SA f3-
Gal), were observed in the brain tissue of AD patients [37].
Senescent astrocytes and microglia could promote tau hyper-
phosphorylation [38]. It is suggested that clearing senescent
nerve cells might be helpful to inhibit the occurrence of AD.
In addition, AD has a longer preclinical phase [39], and the
onset of clinical symptoms can be alleviated if treatment is
available in this period [34]. Therefore, biomarkers for the
early diagnosis of AD is urgently needed.

4.1.1. EVs as Low-Invasive Markers for Early Diagnosis of
AD. At present, the combined detection of Af42, total tau
(t-tau), and phosphorylated Thr181 tau (p181-tau) in the cere-
brospinal fluid is the gold standard for the diagnosis of AD
[40]. However, this method requires invasive lumbar puncture
to obtain cerebrospinal fluid, limiting its clinical application.
Positron emission tomography (PET) has been proven to have
high accuracy in AD diagnosis in vivo, but it is not available in
most medical settings [41]. Therefore, the detection of blood-
based biomolecules that are less invasive and easy to imple-
ment have become alternative methods for AD diagnosis.
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Recently, EVs isolated from peripheral blood have
aroused the interest of researchers. Longobardi et al. [42]
found that patients with different types of dementia have dif-
ferences in the size and number of blood-derived EVs, indi-
cating that their physical characteristics might be promising
markers for dementia. In addition, EVs contain the A pep-
tide and tau that play important roles in the occurrence of
AD. This presents their great potential in the diagnosis of
AD. Delgado-Peraza et al. [43] reported that in AD mouse
models, plasma neuronal EVs (NEVs) carry higher levels
of t-tau, pl8l-tau, and Ap42, and those astrocytic EVs
(AEVs) carry higher levels of complement proteins. The
levels of these markers in plasma NEVs and AEVs are corre-
lated with their levels in brain tissue, thus supporting the use
of plasma EV biomarkers for detecting brain pathology.
Similarly, changes in other forms of A3 peptide and tau have
also been found in AD patients [39, 41, 44]. Besides, there
are several other promising biomarkers based on EVs for
AD diagnosis, such as matrix metalloproteinase 9 (MMP-
9), growth-associated protein 43 (GAP43), neurogranin,
synaptosome-associated protein 25 (SNAP25), and synapto-

physin 1 [34, 41]. Notably, in addition to using EVs alone,
some researchers have combined olfactory functions with
AP1-42 and Sniffin’ Sticks (SS-16) to more accurately pre-
dict the transition from mild cognitive impairment to AD
dementia [45] (Table 1).

4.1.2. Roles of EVs from Different Sources in AD Treatment.
Due to the heterogeneity of EVs, those EVs from healthy
cells can act therapeutically on AD. Li et al. [46] injected
neural stem cell-derived EVs (NSC-EVs) into the lateral ven-
tricle of AD mice and found that the mouse inflammatory
response was reduced and cognitive impairment was res-
cued. Similarly, Apodaca et al. [47] injected NSC-EVs intra-
venously into 5xFAD mice. And EV treatment reversed the
cognitive impairment of AD mice by reducing Af plaques,
inhibiting microglia activation, and promoting synaptophy-
sin recovery in the brain. Several potential therapeutic EV
cargoes were identified by using TagMan Advanced miRNA
Assays, including miR-125b-5p, miR-124-3p, and miR-
125a-5p, thereby providing candidate miRNAs for follow-
up studies. In addition, EVs derived from mesenchymal
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TaBLE 1: EVs and their cargoes as biomarkers of aging-related diseases.
Disease Nanovesicle Source of EVs Biomarkers Refs.
NDEs Human blood GAP43, neurogranin, SNAP25 and synaptophysin 1| [34]
Exosomes Human serum Gelsolin | [40]
NDEVs Human plasma Ap42, p181-tau, and MMP-9T [41]
The size of EVsT
o EVs Human plasma The number of EVs| [42]
NEVs Mouse plasma t-tau, p181-tau, and AB427 [43]
NEVs Human serum pl81-tau, .p23 1'—tag, anc'l ann.ual rate of change in (39, 44]
insulin signaling biomarkersT
AB1-427
NDEs Human plasma $5-16 scores | [45]
Exosomes Urine PTC-EMPsT [53]
Hypertension EVs Urine pl6" EVs] [54]
Exosomes Urine miR-192-5p and miR-204-5p] [55]
IGHG-1, miR-324-5p, miR-376c-3p, and miR-374b-5p|
T2bM EVs Human plasma ITIH2 protein, serum ferritin, miR-141-3p, and miR-26b-5pT (56]
DN Exosomes Urine miR-45347 [57]
EVs Human serum miR-431-5pT [58]
miR-150-5p
DR EVs Human plasma miR-21-3p, and miR-30b-5p] [59, 60]
Small EVs Human plasma TNFAIP8T [61]

Abbreviations: NEVs: neuronal extracellular vesicles; NDEVs: neuronally derived extracellular vesicles; NDEs: neuronal-derived exosomes; IGHG-1:
immunoglobulin heavy constant gamma 1; ITIH2 protein: interalpha-trypsin inhibitor heavy chain H2 protein; TNFAIP8: tumor necrosis factor-a-

induced protein 8.

stromal cells (MSC-EVs) have shown good therapeutic
effects on AD [48-50]. Besides, a recent study found that
ultrasound could increase the release of exosomes derived
from human astrocytes (HAs) by nearly five times, and these
exosomes demonstrated excellent therapeutic effects, sug-
gesting that applying physical methods may help solve the
problem of low EV yields [51].

Because of EVs’ advantages of homing ability, good bio-
compatibility, and blood-brain barrier penetration, they can
serve as excellent drug carriers. By using plasma exosomes to
load quercetin (Que), Qi et al. [52] found that Exo-Que
could remarkably improve brain targeting and bioavailabil-
ity of Que. Compared with free Que, Exo-Que inhibited
tau phosphorylation and the formation of NFT, which could
better alleviate the symptoms of AD, indicating that Exo-
Que has better potential for the treatment of AD (Table 2).
This represents the positive function of EVs in drug delivery,
but the loading efficiency should also be considered.

4.2. Roles of EVs in Osteoporosis. Osteoporosis can lead to
bone fragility and an increased risk of fractures [62, 63].
Osteoporotic fractures are most commonly found in the
spine, hip, or wrist [64], and it is a major cause of global
health expenditures. As a unique tissue form, the bone can
heal without fibrous scars. But healing disorders associated
with osteoporotic fractures, especially nonunion, will pro-
long treatment time and increase the socioeconomic burden
[65]. The risk of fracture in patients with osteoporosis is
mainly due to the increased bone resorption caused by the
increased activity of osteoclasts. Moreover, that osteoblasts

cannot make up for this bone loss in time will result in seri-
ous delays of bone reconstruction [66].

4.2.1. Pathological Roles of EVs in Osteoporosis. At present,
the researches on the pathological mechanisms of osteopo-
rosis mainly focus on the functional imbalance between
osteoblasts and osteoclasts, as well as the imbalance between
osteogenic differentiation and adipogenic differentiation of
bone marrow MSCs (BMSCs) [67, 68]. DNA damage, apo-
ptosis, and cellular senescence induced by oxidative stress
are important reasons for the imbalance of the bone tissue
environment [69]. As essential participants in the aging pro-
cess, EVs make a difference in the imbalance of bone
homeostasis and the occurrence and development of osteo-
porosis. Additionally, the communication function of EVs
determines their crosstalk abilities between cells and tissues
in the pathological process of osteoporosis. Crosstalk
between the bone and muscle is a new research direction.
Some researchers have reported that muscle-derived EVs
carrying miR-34a could induce BMSC aging by reducing sir-
tuin 1 (SIRT1) expression in BMSCs, thus decreasing bone
mass [70]. Angiogenesis, a key factor in bone reconstruction,
can be regulated by the bone itself. Senescence osteoblast-
derived exosomes could upregulate miR-139-5p expression
in vascular endothelial cells. miR-139-5p acts on the target
gene TBXI, which could increase aging and apoptosis and
reduce the proliferation and migration of vascular endothe-
lial cells, thus affecting the process of osteoporosis [71].
Therefore, blocking the transmission of harmful EV has
become a potential therapeutic target for osteoporosis.
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TaBLE 2: Therapeutic effects of EVs from different sources in aging-related diseases.
Disease Source of EVs Animal model Mechanism(s) and effect(s) Refs.
Increased the metabolism and function of
NSCs APP/PSI mice mlt.ochor}drla, the activation of SIRT]I, an.d '[}.16 activity and [46]
integrity of synapses; decreased the oxidative damage
of cerebral cortex and the inflammatory response
hNSCs 5xFAD mice Mitigated AD-related behav10.ra1 and [47]
molecular neuropathologies
120 AD transgenic Improved brain metabolism and cognitive function;
MSCs (Tg) rniceg reduced Af3 plaque load and inhibited [48]
& astrocyte activation
AD Dampened microglia activation and reduced
MSCs 3xTg AD mice P g 12 act [49]
dendritic spine loss
ADMSCs APP/PS] mice Decreased the.rel.ea.se.: of 1nﬂamm'f1tory factors [50]
by inhibiting pyroptosis
HA-Exo provided neuroprotective effects to
HAs APP/PS1 mice reverse oligomeric amyloid-f3-induced [51]
cytotoxicity in vitro
. . Reduced the formation of insoluble NFTs
Mouse plasma OA-induced AD mice and inhibited CDK5-mediated phosphorylation of tau [52]
BMSCs Ss\{;;:ﬁljlféil miR-29b-3p in EVs potentiated osteogenic [63]
P paus: differentiation through SOCS1/NF-«B pathway
osteoporosis mice
Serum of voune rats S))s\t]r)n(:r?juaifill miR-19b-3p in EVs promoted the osteogenic (78]
young b paus: differentiation of BMSCs
osteoporosis mice
OVX-induced
os tggs(t)l?()eslilsqr)r?iliiain d CLEC11A in EVs promoted the shift from
hucMSCs pore adipogenic to osteogenic differentiation of [81]
TS-induced D .
R, . BMSCs and inhibited bone resorption
hindlimb disuse
osteoporosis mice
BMSCs S:iéﬁfﬁfil MALAT1 in EVs promoted osteoblast (82]
p paus: activity through microRNA-34¢/SATB2 axis
osteoporosis mice
OVX-induced miR-346 in EVs rescued impaired BMSC
SHED postmenopausal . [83]
L function and recovered bone loss
) osteoporosis mice
Osteoporosis ' OVX-induced
Mid-to-late stage ostmenopausal Enhanced osteogenesis [84]
of osteoblasts b paus 8
osteoporosis mice
OVX-induced miR-150-3p in EVs promoted osteoblast
BMSCs postmenopausal . . . s (85]
Lo proliferation and differentiation
osteoporosis mice
OVX-induced miR-29a in EVs promoted angiogenesis and
BMSCs postmenopausal osteogenesis by acting on human venous (86]
osteoporosis mice endothelial cells
BMSCs S;{;iﬁffjil miR-22-3p in EVs promoted osteogenic [87]
p paus: differentiation through MYC/PI3K/AKT pathway
osteoporosis mice
OVX-induced miR-155 in EVs inhibited osteoclasts
ECs postmenopausal . . [88]
L activity by acting on BMMs
osteoporosis mice
OVX-induced
Bovine milk postmenopausal Reduced osteoclast presence through [90]
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TaBLE 2: Continued.
Disease Source of EVs Animal model Mechanism(s) and effect(s) Refs.
Bovine colostrum GIOP mice Facilitated preosteoblast Prohfer.:at@n and inhibited [91]
osteoclast differentiation
. Ameliorated the differentiation ability of HOB
hAFSCs GIOP mice through a redox-dependent regulation of SIRT1 2]
OVX-induced miR-3960 in EVs promoted osteogenesis
hUCB postmenopausal L . [93]
Lo and inhibited osteoclastogenesis
osteoporosis mice
Modulated systemic blood pressure as well as
Plasma from WKY SHR and WKY structure and function of cardiovascular tissues in [94]
both normotensive and hypertensive rats
Ang Il-induced male EV—YFI. aFtenu.ated cardiac hypert.roph.y and
CDCs . renal injury induced by Ang II infusion, [95]
C57BL/6] mice . .
. without affecting blood pressure
Hypertension . . .
Youne and old male Attenuated aging-associated vascular endothelial
iPS-MSCs C5g7BL /6 mice dysfunction, arterial stiffness, and hypertension [96]
through SIRT1-AMPKa-eNOS pathway
Vascular adventitial miR-155-5p in EVs inhibited cell migration and [97
fibroblasts of SHR and WKY proliferation in VSMCs of SHR through suppressing 98]’
normal rats ACE expression, oxidative stress, and inflammation
hBMSCs TAC-operated C57B6/] male Regulated the fibrogenic and adhesion pathways, [99]
mice and cellular metabolic process in the damaged heart
Diseased heart tissues received
from patients who underwent Promoted cardiomyocyte proliferation, decreased
Normal human heart programmed cell death, and stimulated angiogenesis [100]
HF cardiomyocytes transplantation at UNC in vitro through phosphatase and tensin
Hospital after homolog/Akt pathway
heart failure
iPSC-Pg and iPSC- Nulde ;I::tzr‘;v;;hcg re(l)rg;anent miRNAs in EVs are effective in the [101]
CMs onary treatment of CHF
artery occlusion
Low concentrations of TNF-a
and high glucose medium The insulin-stimulated glucose uptakeT
were The level of leptin|
hucMSCs used to simulate insulin The mRNA expression of sirtuin-1 [102]
T2DM resistance and insulin receptor substrate-1T
in human adipocytes
B cell-specific miR-29a/b/c S ‘.
Pancreatic B cells transgenic mouse (BTG) Prediabetic f3 cells release exosomal miR-29 [103]

model

to reset macrophage inflammatory tone

Abbreviations: hNSCs: human neural stem cells; ADMSCs: adipose-derived mesenchymal stem cells; OA: okadaic acid; CDK-5: cyclin-dependent kinase 5; OVX-
induced: ovariectomized-induced; GIOP: glucocorticoid-induced osteoporosis; SHED: stem cells from human exfoliated decimal teeth; BMMs: bone marrow-
derived macrophages; TS-induced: tail suspension-induced; SHR: spontaneous hypertensive rat; WKY: Wistar-Kyoto rat; iPS-MSCs: induced pluripotent stem
cell-derived mesenchymal stem cells; SIRT1-AMPKa-eNOS: sirtuin type 1-AMP-activated protein kinase alpha-endothelial nitric oxide synthase; ACE:
angiotensin-converting enzyme; CDCs: cardiosphere-derived cells; Ang II: angiotensin II; TAC: transverse aortic constriction; iPSC-Pg: human induced
pluripotent stem cell-derived cardiovascular progenitor; iPSC-CM: human induced pluripotent stem cell-derived cardiomyocyte; CHF: chronic heart failure.

4.2.2. Calcification Paradox in Aging. The great significance
of the calcification paradox in aging deserves attention.
The calcification paradox means that vascular calcification
(VC) and osteoporosis are often accompanied in the elderly
population. VC is an early pathological change in many
CVDs [72], and it also promotes osteoporosis by damaging
the blood and nutrient supply of cortical bone [73]. A recent
study revealed the molecular mechanism of the calcification
paradox: (i) miR-483-5p in the aged bone matrix-derived EV
(AB-EV) targets BMSCs to promote their adipogenic differ-

entiation rather than osteogenic differentiation, thus pro-
moting osteoporosis, and (ii) miR-2861 in AB-EVs
promotes the ossification of vascular smooth muscle cells,
thus promoting vascular calcification [74]. Notably, young
BMSC-EVs not only promote osteogenesis in bone but also
inhibit phosphate-induced VC in the vascular system [75,
76]. This suggests that young BMSC-EVs can regulate min-
eral disorders, and we should also pay attention to the
impact on other systems when studying the effect of EVs
on one disease.



4.2.3. Targeted Therapy of EVs from Different Sources in
Osteoporosis. The treatment of osteoporosis depends on
drugs, mainly antiresorptive agents, such as bisphospho-
nates, while the drugs approved by the FDA to restore bone
loss are only parathyroid hormones (PTHs) [77, 78]. In
addition to medication, physical therapy for osteoporosis,
such as external mechanical load, can improve bone quality
by promoting angiogenesis and driving BMSC recruitment
and differentiation [79, 80]. The osteoporosis model used
in a recent study is based on this principle. Specifically, this
model suspended the hind legs of mice to eliminate mechan-
ical load [81]. However, Xun et al. [78] found that this
method was not effective at all ages. By contrast, fatigue load
aggravated the microdamage of tibias in elderly osteoporotic
rats, and the osteogenic differentiation ability of BMSCs was
also decreased. In general, the therapeutic methods of osteo-
porosis still need to be expanded.

The therapeutic effect of EVs on osteoporosis is mainly
reflected in promoting angiogenesis, inhibiting proliferation
and differentiation of osteoclasts, and promoting the prolif-
eration and osteogenic differentiation of BMSCs (Table 2).
In addition to osteoblasts and osteoclasts, BMSCs are also
key components in new bone formation. The adipogenic dif-
ferentiation tendency of BMSCs is considered an essential
cause of osteoporosis [82]. This is consistent with increased
adipogenesis and decreased bone formation in osteoporosis
[63]. Therefore, BMSC is the preferred therapeutic target
for osteoporosis. Sonoda et al. [83] first demonstrated that
systemic infusion of EVs derived from stem cells from
human exfoliated decimal teeth could regulate telomerase
activity, thereby improving the damaged function of BMSCs.
Similarly, EVs derived from the mid-to-late stages of osteo-
blast differentiation could be helpful to restore the normal
osteogenic differentiation level of BMSCs [84]. Although
many studies have confirmed the therapeutic effect of EVs
on osteoporosis, there is still a lack of optimal choice of
the source of EVs. Good bone targeting is the guarantee
for EVs to treat osteoporosis in vivo. Considering the hom-
ing ability of MSC-EVs, EVs from BMSCs are mostly
selected in EV research on osteoporosis [63, 82, 85-87].
Although the bone-targeting ability of BMSC-derived exo-
somes (BMSC-Exos) is greatly improved compared with
first-line osteoporosis drugs, such as bisphosphonates, their
targeting ability may need further confirmation. EV's derived
from vascular endothelial cells (ECs) and mid-to-late stages
of osteoblast differentiation also exhibit innate bone-
targeting potential [84, 88]. Notably, Lou et al. noted that
although bone marrow stromal cell- (ST-) derived exosomes
have a therapeutic effect in vitro, they failed to prevent post-
menopausal osteoporosis induced by ovariectomy in the
mouse model [77]. However, by binding BMSC-targeting
aptamers to ST-derived exosomes, this complex could effec-
tively accumulate in the bone marrow and showed a thera-
peutic effect in vivo. This suggests that engineering EVs to
enhance their bone targeting is feasible. Similarly, Wang
et al. linked alendronate to mouse MSC- (mMSC-) derived
EVs by click chemistry, which not only improved bone tar-
geting but also alleviated the side effects of alendronate
[89]. While ensuring the efficacy, the availability of EV
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sources is another consideration. Human umbilical cord
mesenchymal stromal cells (hucMSCs) [81], bovine milk
[90], bovine colostrum [91], human amniotic fluid stem cells
(hAFSCs) [92], and human umbilical cord blood (hUCB)
[93] have unique source advantages. Since EVs derived from
senescent cells carry aging information and have pathogenic
potential, it is necessary to ensure that EVs come from
young cells or body fluids [93]. In conclusion, the ideal
source of EVs should have the characteristics of good bone
targeting, easy availability, and coming from young individ-
uals. Unfortunately, the study on the molecular mechanism
of EVs in the treatment of osteoporosis is still very limited.
This is undoubtedly a future research direction.

4.3. Roles of EVs in CVDs. Age is the primary risk factor for
CVDs [104]. By 2030, 23.6 million people are expected to die
annually from CVDs [105], which has aroused great atten-
tion to cardiovascular health all over the world. Recently,
EVs have emerged as new players in the researches on
pathology, diagnosis, and treatment of CVDs.

4.3.1. Cardiovascular Aging. Vascular aging occurs before
clinical diseases and can lead to serious CVDs [106, 107].
It mainly occurs in the inner and middle layers of the vascu-
lar wall [107]. Therefore, as the main cells of the blood vessel
wall, ECs and vascular smooth muscle cells (VSMCs) play
vital roles in vascular aging. During vascular aging, tube wall
stiffness and compliance decrease. Women exhibit higher
wall hardness than men [108]. The mechanism underlying
this association may explain sexual differences in the inci-
dence rate of CVD. In addition to blood vessels, the function
of the heart decreases with age. Increases in heart mass and
volume and a decreased maximum heart rate are the main
characteristics of heart aging [108]. Notably, changes in the
cardiomyocyte structure and function precede anatomical
and functional changes in the heart [109]. Mitochondria
are critical for heart aging, which is consistent with the
mechanism of cellular senescence. Apart from affecting the
energy transfer efficiency of cardiomyocytes [110], mito-
chondrial acetaldehyde dehydrogenase (ALDH2) can also
influence cardiac aging by affecting autophagy [111]. Dys-
function associated with cardiovascular aging will lead to
various CVDs.

4.3.2. Hypertension. The main harm of hypertension is to
damage cardiovascular and renal health [112]. Since the eti-
ology of hypertension is still not clear, the current research
on EVs in the treatment of hypertension is mainly aimed
at the accompanying cardiovascular and renal injury. For
example, plasma exosomes could regulate the structure and
function of cardiovascular tissue and systemic blood pres-
sure in hypertensive rats [94]. And exosomes secreted by
cardiosphere cells could treat angiotensin II-induced
hypertension-related myocardial hypertrophy and renal
injury [95]. Vascular remodeling is a key event in the devel-
opment of hypertension. Considering that ECs and VSMCs
are essential in vascular remodeling, these two cells are
important therapeutic targets for vascular injury induced
by hypertension [113]. In addition, in view of the correlation
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between hypertension and aging, cellular senescence-related
signal pathways and molecules deserve attention while
studying the specific mechanism of EVs on hypertension.
There is no doubt about the close relationship between
MMPs and aging. In fact, MMPs can participate in skin
aging [114], neurodegenerative diseases [115], and hyperten-
sion. By activating the SIRT1-AMPKa-eNOS pathway and
downregulating MMPs, EV's from induced pluripotent stem
cell- (iPSC-) derived MSCs could reduce aging-related vas-
cular endothelial dysfunction and hypertension [96].
Besides, oxidative stress [116] and chronic inflammation
[117], the risk factors of aging are also the targets of EVs
in the treatment of hypertension. miR-155-5p in adventitia
fibroblast-derived EVs under normal blood pressure could
inhibit the proliferation and migration of VSMCs under
hypertension by inhibiting oxidative stress, inflammation,
and the expression of the angiotensin-converting enzyme
[97, 98]. It should be noted that different hypertensive
mouse models may reveal different results in the study of
hypertension mechanisms and treatment, and the impact
of this difference should be excluded as far as possible in
practical research (Table 2).

The early diagnosis of aging-related diseases is of great
significance for disease intervention. EVs are expected to
become early diagnostic biomarkers of hypertension-
induced chronic kidney disease [118]. Urine is an ideal spec-
imen for detecting renal injury. In addition to the advantage
of noninvasiveness, the EV-derived proteins which are con-
tained in urine could also reflect the damage of renal cells
[119]. Moreover, the level of PTC-EMPs (peritubular capil-
lary endothelial microparticles), which are urinary exosomes
positive for the peritubular capillary marker plasmalemmal-
vesicle-associated protein, may be early biomarkers of renal
injury independent of proteinuria in patients with hyperten-
sion [53]. The cyclin-dependent kinase (Cdk) inhibitor,
plenka (p16), is an ideal biomarker of cellular senescence
[120]. The elevated level of p16* EVs in the urine of patients
with hypertension could reflect the increased proximal tubu-
lar cellular senescence [54]. In addition to the changes of
EVs’ own level, the miRNA contained in EV is also helpful
to the diagnosis of hypertension [121]. The downregulated
expression level of miR-192-5p and miR-204-5p from uri-
nary exosomes would be helpful to diagnose patients with
“nonclassical” apparent mineralocorticoid excess [55]. Early
recognition of this phenotype helps to prevent the progres-
sion of arterial hypertension. These examples demonstrate
the unique diagnostic potential of EVs in hypertensive
chronic kidney disease (Table 1).

4.3.3. HF. Heart failure (HF) is a kind of myocardial systolic
dysfunction caused by multiple factors, and it is also the last
stage of various CVDs [97, 122]. Similar to other aging-
related diseases, oxidative stress plays an important patho-
logical role in CVDs. Exosomal miRNAs play pathogenic
roles in HF by participating in oxidative stress [123, 124].
Nrf2 is considered as an amplifier of the antioxidant path-
way [125], while miR-27a, miR-28-3p, and miR-34a con-
tained in exosomes could mediate Nrf2 imbalance thereby
promoting the development of HF [124].

As to the treatment of HF, EVs are favorable agents.
Nakamura et al. [99] found that intravenous injection of
human BMSCs could play a therapeutic role in mice with
HF through EVs. Moreover, adiponectin can stimulate EV
biogenesis and secretion by binding to T-cadherin on
human BMSCs, thereby enhancing the curative effect. This
provides a new strategy for solving the problem of EVs’ pro-
duction. Compared with other cell sources, cardiogenic EVs
may have more therapeutic advantages [100, 126]. Studies
have shown that exosomes derived from cardiac fibroblast-
iPSCs have a better effect than those from dermal
fibroblast-iPSCs in reducing cardiac remodeling [126].
Although the specific therapeutic mechanism of EVs
remains unclear, it may be associated with the miRNAs in
EVs [101]. Future studies should focus on elucidating the
underlying molecular mechanisms (Table 2). At present,
the evidence of EVs for HF diagnosis is not sufficient. Oh
et al. [127] predicted miRNAs from EVs that may be bio-
markers for HF diagnosis by comparing the EV miRNA
expression profiles between normal mouse hearts and HF
mouse hearts. However, further verification is still needed.

4.4. Roles of EVs in DM and Its Complications. DM is an
aging-related metabolic disorder marked by a chronic eleva-
tion of blood glucose levels caused by insufficient insulin
secretion or function defects [128]. At present, the preva-
lence of type 2 DM (T2DM) is the highest, followed by type
1 DM (T1DM), while other types of DM account for a small
proportion [128]. Chronic hyperglycemia in DM causes
damage to blood vessels, which can lead to a series of DM-
associated complications [129]. Diabetes is considered as
an inducement to accelerate cellular senescence, and it is
associated with aging-related cardiovascular diseases and
kidney diseases caused by hyperglycemia [130]. This high-
lights the link between aging-related diseases. DM has
become a global health problem in recent years due to aging
populations, which makes it essential to identify effective
molecular markers and drug targets for DM.

4.4.1. T2DM. The onset of T2DM usually occurs after the
age of 40, and it is considered to be a typical aging-related
disease [131]. With the development of T2DM and its car-
diovascular complications, EVs change both in quantity
and quality [132]. By analyzing EVs isolated from patients’
plasma, Masi et al. [56] reported an EV biomarker combina-
tion containing five differentially expressed miRNAs (miR-
141-3p, miR-324-5p, miR-376¢-3p, miR-26b-5p, and miR-
374b-5p) and three proteins (immunoglobulin heavy con-
stant gamma 1, interalpha-trypsin inhibitor, and heavy
chain H2 and serotransferrin), which had a good indication
effect on the prognosis of DM complications. Aside from
being biomarkers, EVs can also be used as therapeutic tar-
gets for DM. T2DM is characterized by insulin resistance,
and Kumar et al. [133] reported that high-fat diet-induced
exosomes might contribute to insulin resistance. As a result,
intestinal exosomes can serve as a wide range of therapeutic
targets. In addition, EVs from other sources may be available
for T2DM treatment [102, 103, 134] (Table 2).
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4.4.2. Diabetic Foot Ulcer. There is no doubt that diabetic
foot ulcer is a serious complication of DM that negatively
impacts patients’ quality of life. In recent years, increasing
evidence has pointed that MSC-EVs could be a potentially
effective agent for diabetic wounds [135]. For example,
Pomatto et al. [136] found that BMSC-EVs primarily pro-
moted cell proliferation, while ADSC-derived EVs (ADSC-
EVs) showed significant ability to promote endothelial cell
migration and angiogenesis, which may be related to their
expression of specific molecules. Notably, studies have
shown that pretreatment of MSCs with chemical or biologi-
cal factors could enhance the biological activity of MSC-
Exos. For example, BMSC-Exos pretreated with atorvastatin
(ATV) had better effects than nonpretreated BMSC-Exos
both in vivo and in vitro [137]. Furthermore, the combina-
tion of pluronic F-127 (PF-127) hydrogel and hucMSC-
derived exosomes could significantly enhance wound heal-
ing and promote granulation tissue regeneration [138]. PF-
127 thermosensitive hydrogels could carry and sustainably
release exosomes, so biomaterial-based exosome therapy
may be helpful for diabetic wound healing. In addition to
MSC-EVs, circulating exosomes isolated from patients with
DM may also be used for treating diabetic foot ulcers [139,
140]. Taken together, the available evidence encourages fur-
ther studies to explore the potential of EVs as a future diag-
nostic and therapeutic tool for diabetic foot ulcer.

4.4.3. Diabetic Nephropathy. Diabetic nephropathy (DN) is
one of the microvascular complications of DM, which causes
end-stage renal disease [141]. Its clinical diagnosis mainly
depends on the presence of proteinuria and the estimated
decrease in the glomerular filtration rate [142]. However,
renal function may deteriorate before microalbuminuria
can be detected [143]. Therefore, more sensitive biomarkers
are required for DN diagnosis. According to recent studies,
urinary EVs might be potential noninvasive biomarkers for
early diagnosis and treatment of DN [57, 144].

Currently, the treatment of DN is divided into two main
areas: (i) early treatments that include strict control of blood
sugar and blood pressure to prevent DN from developing
and (i) comprehensive treatments for advanced DN that
include dialysis or kidney transplantation [145]. However,
the incidence of end-stage renal disease remains high.
BMSCs-Exos have been proven to participate in slowing
down the progression of DN by controlling hyperglycemia
and protecting kidney function [141]. In addition, exosomes
derived from ADSCs and hucMSCs have also been con-
firmed to be used for the treatment of DN [146, 147]
(Table 2). These studies have laid the foundation for the
application of EVs as a new biological therapy for DN. How-
ever, the protective mechanism of EVs on DN requires fur-
ther researches.

4.4.4. Diabetic Retinopathy. The early stages of diabetic reti-
nopathy (DR) do not cause any symptoms, but if left
unchecked, it can cause significant retinal damage [148].
Recently, researchers have found that miR-431-5p in
serum-derived EVs is upregulated in proliferative diabetic
retinopathy (PDR) patients [58]. In addition, two other stud-
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ies also reported that miR-150-5p, miR-21-3p, and miR-30b-
5p extracted from circulating EVs may serve as biomarkers
for predicting DR [59, 60]. Except for miRNAs, it is indicated
that TNFAIP8 was upregulated in both plasma small extracel-
lular vesicle and vitreous of DR patients [61]. The collection of
these molecules will be helpful to DR diagnosis. In the treat-
ment of DR, miR-192 in MSC-EVs could target and negatively
regulate ITGAL1, thereby ameliorating diabetic retinal damage
by decreasing the inflammatory response and angiogenesis
[149]. Similarly, hucMSC-derived small EV's could upregulate
miR-18b and reduce retinal vascular leakage and retinal thick-
ness [150]. Overall, these findings provide new insights into
EV-based therapy for DR.

4.4.5. Diabetic Macrovascular Complications. Macrovascular
complications of DM include accelerated cardiovascular dis-
ease, which causes myocardial infarction, and cerebrovascu-
lar disease, which manifests as stroke. It has been reported
that EVs could be used to treat diabetic macrovascular dis-
eases. For example, Venkat et al. [151] reported that
CD133" exosomes upregulated miR-126 expression and
reduced the expression of myocardial inflammatory factors,
thus improving cardiac function of T2DM stroke mice.
Other studies have also reported favorable therapeutic effects
of EVs [12, 152]. Liu et al. [153] proved that increased levels
of miR-1443p in diabetic exosomes could weaken endothe-
lial progenitor cells’ ability to mobilize. It may be possible
to improve cardiac repair after myocardial infarction by
using enriched miR-1443p.

4.5. Roles of EVss in Skin Aging. Human skin is a finely struc-
tured organ that acts as a natural shield, sensor, and alarm of
the body [154]. Both internal and external factors are strong
incentives for skin changes. As the main external cause of
skin aging, ultraviolet (UV) has strong skin penetration abil-
ity and induces skin photoaging [155]. Although there are
differences in the clinical features and histological character-
istics in intrinsic and extrinsic skin aging [156], the underly-
ing molecular pathways are similar: extracellular matrix
(ECM) degradation caused by MMP overexpression [157].
Furthermore, aging skin shows a higher proportion of senes-
cent cells, and aging microenvironment constructed by grad-
ually accumulated senescent cells is easier to accelerate skin
aging [32].

Stem cells can theoretically solve the problem of collagen
loss in aging skin. At present, stem cells for injection mainly
come from autologous adipose tissue [158], but this method
is expensive and risky, thereby limiting its prevalence.
Besides, the clinical safety of iPSC therapy remains uncertain
due to the introduction of oncogenes. Skin antiaging goes
through a complex process of skin tissue repair and skin
function recovery. Under this complexity, efficient commu-
nication between skin cells is essential. EV-mediated cell
information exchange is widely involved in the regulation
of skin cell function [159]. In recent years, their strong roles
in the proliferation of epidermal cells and the recovery of
dermal cells’ vitality made them potential drugs to reverse
skin aging. Here, we explored the different effects of several
EVs against skin aging.
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UV can directly contribute to the decline of human der-
mal fibroblast (HDF) function. Choi et al. [160] observed
that human ADSC-EVs could alleviate the damage of HDF
migration and proliferation ability caused by UVB irradia-
tion. Further study revealed that EV treatment could upreg-
ulate the level of tissue inhibitors of MMP-1 and TGF-f1 in
UV-irradiated HDF cells and then inhibit the degradation of
collagen. In addition, the increase of ROS induced by UV
has a major influence in photoaging [157]. On the one hand,
ROS may be a necessary signal messenger for melanin pro-
duction, which protects against UVA-induced skin reaction
[161]. However, on the other hand, excessive ROS will lead
to DNA damage, inflammatory reactions, decreased produc-
tion of antioxidants, and increased MMP expression in skin
cells. Our past study have shown that hucMSC-Exos rich in
14-3-3( could upregulate the expression of SIRT1 in skin
keratinocytes, thereby inhibiting oxidative stress and
autophagy activation induced by UV irradiation [162].
Besides, exosomes derived from HDF could reduce skin
wrinkles in nude mice caused by UVB irradiation, and some
SASP factors were also relatively reduced [163]. Aging skin
appears as functional deterioration and shows an increased
proportion of senescent skin cells [164, 165]. The immune
homeostasis function of macrophages is impaired with age,
resulting in the decline of its selective scavenging ability to
aging cells. This will contribute to the abnormal accumula-
tion of senescent cells in skin [166]. However, there is little
research on how UV-induced senescent cells bypass immune
clearance. An effective skin rejuvenation strategy may
involve applying EVs to restore the immune surveillance
ability from aging skin. It may be feasible to externally sup-
plement EVs from young macrophages to promote the
recovery of the function of aging macrophages. And it may
be an important research direction to analyze the differences
between homogeneous EVs from young and aging macro-
phages to find possible beneficial molecules. Hence, further
research is required to elucidate how to delay skin aging by
regulating the immune activity of macrophages through
EVs. Because of the existence of the skin barrier, simply
applying EVs to the skin surface will sharply reduce its effec-
tiveness. Studies have shown that ADSC-EV's combined with
a microneedle roller can effectively reduce the aging pheno-
type of SKH-1 mice [167], but this method of promoting EV
absorption could easily increase skin sensitivity. And in
recent years, the microneedle patch has become a research
hotspot in the field of dermatology based on its advantages
of minimal invasiveness, painlessness, and high drug load-
ing. However, this transdermal drug delivery system requires
special equipment and faces the risk of failure of preloaded
active substances. Thus, modifying the physical properties
of EVs while maintaining its activity has become a challenge
for the exogenous supplement of EVs in the field of skin
antiaging.

5. Conclusions and Perspectives

Cellular senescence and aging are inseparable. Although
some mechanisms leading to cellular senescence and many
antiaging targets have been found, this may only be the tip
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of the iceberg of aging. Further clarifying the aging mecha-
nism is still the basis of antiaging treatment. EVs, especially
exosomes, have been proven to participate in the regulation
of various diseases and have shown their great potential in
becoming biomarkers and therapeutic agents in aging-
related diseases. Some studies on EV's have entered the stage
of clinical trials, but challenges continue to exist when meet-
ing clinical requirements. First, the current research of EVs
mainly focused on whether they have curative effects, but
which component of EVs take effect is not comprehensive.
This unknown factor raises doubts about the safety and
effectiveness of EVs. Second, there is still a lack of strict stan-
dard in EVs’ quality management. Different tissue sources,
donor cells, and preparation methods will produce heteroge-
neous EVs, and with the inconsistency of the in vivo and
in vitro models between laboratories, the effective concentra-
tion and intervention methods of EVs in different diseases
have not been finalized, which hinders their clinical transfor-
mation. Moreover, EVs are natural drug carriers, and the
appropriate ratio to drugs is the important premise for their
function; therefore, a scientific matching system is needed.
Besides, regarding the problem of low EV yield and purifica-
tion efficiency, some researchers found that human iPSC
could produce EVs several times higher than MSC under
specific culture conditions, and these iPSC-EV's could be effi-
ciently ingested by target cells [168]. This suggests that
human iPSC as the source cell of EVs may become a more
promising choice in the field of antiaging. Finally, the role
of standalone therapy is always limited. Exploring the com-
bined medication of EVs and other effective drugs may
become the trend of development in the future.

Despite the challenges, beneficial achievements have
been made in the field of EVs in recent years. With the con-
tinuous maturity in separation, purification, and identifica-
tion standards, EVs are expected to be candidates for the
diagnosis and treatment of clinical aging-related diseases.
Moreover, preventing aging is an urgent need of developed
society, and the research on the preventive efficacy of EVs
in aging-related diseases may become a new research direc-
tion of modern medicine.
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Rosin derivatives such as dehydroabietic acid and dehydroabietic amine belonging to diterpenoids have similar structure with
androgen that inhibited the occurrence and development of prostate cancer. In this study, the effects and possible mechanism
of the rosin derivative IDOAMP on prostate cancer were investigated. Our results showed that IDOAMP effectively inhibited
cell viabilities of LNCaP, PC3, and DU145 prostate cells. After the treatment with IDOAMP, the levels of cleaved-PARP,
LC3BII/I, and HMGBI1 were increased, whereas the expression of GPX4 was decreased. Interestingly, cell viability was reversed
by the supplements of necrostatin-1 and necrosulfonamide. Meanwhile, the IDOAMP downregulated the expression of human
Aurora kinase A that was overexpressed in prostate cancer. In addition, co-IP results showed that IDOAMP inhibited the
binding of Aurora kinase A to the receptor-interacting serine/threonine kinase 1 (RIPK1) and RIPK3. However, the binding of
RIPK1 to FADD, RIPK3, or MLKL was significantly promoted. Further studies showed that the phosphorylation levels of
RIPK1, RIPK, and MLKL were increased in a concentration-dependent manner. In in vivo model, IDOAMP reduced the
tumor volumes and weights. In conclusion, IDOAMP directly inhibited Aurora kinase A and promoted the RIPK1/RIPK3/
MLKL necrosome activation to inhibit the prostate cancer.

1. Introduction

Prostate cancer (PCa), a malignant tumor of the male geni-
tourinary system, is the 2nd most prevalent cancer affecting
males [1], the 4th most frequently diagnosed cancer, and the
5th leading cause of death worldwide, comprising 14.1% of
total new cancer cases and 6.8% of the total cancer-
associated deaths in 2020 among males [2, 3]. Among all
therapies for PCa, endocrine therapy is the most effective
option [4], and three most commonly used endocrine drugs
including goserelin, leuprorelin, and triptorelin are usually
combined with bicalutamide or flutamide for the clinical
treatment. Although these three endocrine drugs have
shown the powerful anticancer properties owing to the
structural similarity to luteinizing hormone-releasing hor-
mone (LHRH), the resistance and other side effects of endo-

crine therapy would be unavoidable but appear eventually
[5]. Therefore, developing effective therapies for PCa with
less adverse effects is urgent.

Terpenoids are an important class of natural drugs or
drug precursors for treating or preventing cancers and other
diseases [6]. A previous study showed that Ganoderma tri-
terpenoids significantly suppressed cell proliferation of two
human PCa cell lines, LNCaP and PC3 [7]. Similarly, diter-
penoids have been reported to possess biological activities
against tumors particularly for PCa [8-10]. Moreover,
numerous studies have shown that rosin derivatives
extracted from plants exhibit antitumor effects [11-15].
Rosin derivatives such as dehydroabietic acid and dehydroa-
bietic amine make up a large group of diterpenes. Dehydroa-
bietic acid and dehydroabietic amine, which are two kinds of
rosin derivatives, are typical diterpenes compounds. The
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FIGURE 1: Structures of rosin derivative dehydroabietic acid and dehydroabietic amine (a), androgen (b), and IDOAMP (c). Growth
inhibition of LNCaP, PC3, and DUI145 cells in the presence of IDOAMP after 24 h treatment (d). (IDOAMP exhibited an inhibitory
effect on LNCaP, PC3, and DU145 cells for drug groups at different concentrations compared with control group.) Data are presented as

mean + SD (n=3). **p <0.01 and ***p < 0.001 vs. the control group.

rosin derivatives hydroabietic acid and dehydroabietic
amine show similarities to androgen in their chemical struc-
ture, suggesting they may be active against PCa cells. Thus,
we synthesized the rosin derivative 4-((((7-isopropyl-1,4a-
dimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-1-
yl)methyl)amino)methyl)phenol whose structure is similar
to androgen. It is termed as IDOAMP because of its chemi-
cal structure, and we investigate that this IDOAMP has the
potential to suppress PCa.

Previous studies showed that Aurora kinase A usually
overexpressed in PCa is a direct negative regulator of
necrosome activation, with its kinase activity necessary
for binding to RIPK1/3 necrosome during necroptosis
[16, 17]. Regulation of necrosis occurs through the pro-
grammed necrosis or necroptosis, which is emerging as
an important target for cancer treatment [18-20]. Previous
research reported that mediators including the receptor-
interacting serine/threonine kinase 1 or 3 (RIPK1 or
RIPK3) and mixed lineage kinase domain-like (MLKL)
played a key role in necroptosis [21]. Based on the above,
we have a conjecture that whether the IDOAMP can
induce necroptosis via activating RIPK1/RIPK3/MLKL sig-
naling pathway in PC3 cells. In this study, we have carried
out the experiments and verified our conjecture. We pro-
pose that the IDOAMP emerged as a potential drug for
the therapy of PCa.

2. Materials and Methods

2.1. Experimental Drugs and Reagents. Compound IDOAMP
(Patent number: 2018101855645) was provided by Prof.
Chunxin Lv from the College of Biological, Chemical Sci-
ences and Engineering, Jiaxing University (Zhejiang, China).
Anti-cleaved-poly (ADP-ribose) polymerase (PARP) anti-
body (cat_no.5625), anti-high-mobility group protein Bl
(HMGBI1) antibody (cat_no.6893), anti-phos-RIPK1
(Ser166) antibody (cat_no.44590), anti-RIPK1 antibody
(cat_no.3493), and anti-MLKL antibody (cat no.14993)
were obtained from Cell Signaling Technology (Danvers,
MA, USA). Antilipidation of microtubule-associated protein
1 light chain 3 (LC3B) antibody (ab192890), anti-phos-
RIPK3 (Ser227) antibody (ab209384), anti-RIPK3 antibody
(ab226297), anti-glutathione peroxidase 4 (GPX4) antibody
(ab125066), anti-phos-MLKL (Ser358) antibody
(ab187091), anti-Aurora kinase A antibody (ab52973),
anti-FADD antibody (ab108601), goat anti-rabbit IgG H&L
(horseradish peroxidase) (ab205718), and goat anti-mouse
IgG H&L (horseradish peroxidase) (ab205719) were
obtained from Abcam (Cambridge, UK). Anti-MLKL anti-
body (sc-293201) and anti-FADD antibody (sc-271520)
were procured from Santa Cruz Biotechnology (Dallas, TX,
USA). The Aurora A/Aurora B kinase enzyme system was
procured from Promega (Madison, WI, USA). Necrostatin-
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FIGURE 2: The protein expression level of cleaved-PARP, GPX4, LC3B, and HMGBI in PC3 cells. (a) Representative bands. The protein
expression levels of cleaved-PARP (b), GPX4 (c), LC3B (d), and HMGBI (e) were normalized to those in the control-treated conditions.
(f) PC3 cells were treated with IDOAMP in the absence or presence of the indicated inhibitors for 24h, and then, cell viability was
determined. The results are presented as mean + SD (n = 3). "p < 0.01, **p < 0.01, and *p < 0.05 vs. the control group.
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1, necrosulfonamide, Z-VAD-FMK, ferrostatin-1, and chlo-
roquine were obtained from MedChemExpress (Monmouth
Junction, NJ, USA). Fetal bovine serum and F-12K were pur-
chased from Gibco Thermo Fisher Scientific (Grand Island,
NY, USA). Penicillin-streptomycin solution was procured
from Sigma-Aldrich (St Louis, MO, USA). The
hematoxylin-eosin (HE) staining kit was obtained from
Beyotime Biotechnology (Shanghai, China).

2.2. Cell Viability. Cell viability of log-phase cells was
detected by using the CCKS8 assay kit. Briefly, the cells were
seeded in 96-well plates (5,000 cells/well) followed by 24 h
incubation at 37°C in a 5% CO,-humidified environment.
When the cells reached approximately 90% confluence, three
cell lines (LNCAP, PC3, and DU145) were separately trans-

ferred to serum-free media and cultured for 2 h. The super-
natants were then discarded, and the cells were treated using
established protocols for another 24 h. Finally, the CCK-8
solution (10 L) was added to each well and incubated for
4h, and the absorbance at 450 nm was measured using a
fluorescent microplate reader (Bio-Rad, USA). Cell prolifer-
ative ability was determined as follows: cell growth
inhibition rate = 1 - (experimental group OD value/control
group OD value) x 100%.

2.3. Western Blot. The cells were washed for three times in
PBS and then lysed using the RIPA lysis buffer at 4°C. Pro-
tein samples were denatured by boiling for 10 min, and pro-
tein concentrations were assessed using BCA kits (Pierce
BCA; Thermo Scientific). Proteins were subjected to 8%
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F1GURE 4: Effect of IDOAMP on RIPK1/RIPK3/MLKL signaling pathways in PC3 cells. (a) The phosphorylation levels of RIPK1, RIPK3, and
MLKL in PC3 cells from different groups were detected by western blotting, and the representative bands are shown. Levels of RIPK1 (b),
RIPK3 (c), and MLKL (d) were normalized to those in the control-treated conditions. The results are presented as mean + SD (n = 3). *p

<0.05 and **p < 0.01 vs. the control group.

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene fluoride (PVDF) mem-
branes. Membranes were blocked using 5% (m/v) fat-free
milk dissolved in Tris-buffered saline with 5% (v/v)
Tween-20 (TBS-T) for 1 h. Then, the membranes were incu-
bated with primary antibodies diluted to the appropriate
concentrations in TBS-T at 4°C overnight. After washing
with TBS, secondary antibodies were diluted to 1:5000 in

TBS-T and applied to the blots at room temperature for
1 h. Finally, the ECL reagent was used for blot imaging using
a Tanon™ 6600 Luminescent Imaging Workstation (Tanon,
China). Densitometric evaluation was conducted using the
Image Pro Plus 6.0 software (Media Cybernetics Inc., Rock-
ville, MD, USA). The f3-actin was used as control, for deter-
mination of relative protein expression and phosphorylation
levels.
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2.4. Human Aurora Kinase A Activity Assay. Human Aurora
kinase A activity assay was conducted at room temperature.
In brief, 1 uL of IDOAMP, 2 uL of substrate/ATP mix, and
2 uL enzyme were added into each well. The reaction pro-
ceeded for 60 min, until the ADP-Glo reagent (5uL) was
then added to each well. Thereafter, the reaction proceeded
for 40 min, followed by the addition of 10 uL of kinase detec-
tion reagent. Finally, the reaction lasted for 30 min, and the
luminescence signal was measured afterwards.

2.5. Co-Immunoprecipitation Assay. The cells were lysed
with precooled RIPA lysis buffer. Total cellular proteins were
extracted from PC3 cells and incubated with 5 L of primary
antibodies (Aurora kinase A 1:50, RIPK1 1:100, IgG for the
control group) at 4°C on a rocker overnight. Protein-A/G-
agarose beads were added to capture antibody-antigen com-
plexes. The antibody-antigen mixture was shaken slowly at
4°C overnight or for 1h at RT. Immunocomplexes were
obtained with protein-A/G-agarose beads and centrifugated
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FIGURE 6: The mechanism of IDOAMP-induced inhibition of prostate cancer cell growth.

at 14,000 x g for 5s. Sediments were washed thrice in pre-
cooled PBS and resuspended in an appropriate volume of
loading buffer, followed by 5min of boiling. Detachments
of eluted proteins were analyzed by western blot with appro-
priate antibodies.

2.6. Animal Procedures. Six-week-old BALB/c nude mice
(n =18, male, weight 18-20g) were supplied by the Model
Animal Research Center of Nanjing University (Nanjing,
China). All mice were kept in a Laboratory Animal Center
SPF grade animal room (23 + 2°C, natural lighting, free diet).
The mice were adaptively bred for 3 days and then xeno-
grafted with 3 x 10° PC3 cells/mouse (subcutaneous injec-
tion). The mice were randomly divided into low-dose
group (0.5 mmol/L IDOAMP), high-dose group (1 mmol/L
IDOAMP), and control group (saline) after the tumor
reached approximately 50 mm®. The mice were treated once
a day for 20 consecutive days (intraperitoneal injection).
Thereafter, the tumors, heart, liver, spleen, lungs, and kid-
neys were harvested, and tumor weight and volume were
measured. Tumor dimensions were measured with calipers,
and tumor volume was calculated as (D x d*)/2, where D
and d represent the longest and shortest diameters,
respectively.

2.7. HE Staining. Tumors were cut to 4 ym thick sections
and dried for 1h in an oven at 60°C. The paraffin sections
were dewaxed with xylene, and a gradient ethanol hydration

was performed. Then, the sections were washed with dis-
tilled water, stained with hematoxylin, and rinsed under
running water. The sections were then placed in 1% (v/v)
hydrochloric acid ethanol until they appeared red and rinsed
under tap water for blue color recovery. Subsequently, the
sections were stained with eosin for 1 min and washed with
tap water. Dehydration, hyalinization, and sealing were car-
ried out with gradient ethanol, dimethylbenzene, and neutral
gum, respectively. The sections were observed and photo-
graphed by inverted phase-contrast microscopy.

2.8. Statistical Analysis. Statistical evaluation was conducted
using the GraphPad Prism 9.0 (GraphPad Company, USA).
Groups of western blot data were compared by one-way
ANOVA and Tukey’s post hoc test. All data are expressed
as means+SD. p<0.05 was the cut-off value for
significance.

3. Results

3.1. IDOAMP Reduces the Viability of LNCaP, PC3, and
DU145 Cells. Dehydroabietic acid and dehydroabietic amine
are typical diterpenes compounds (Figure 1(a)). The rosin
derivatives hydroabietic acid and dehydroabietic amine have
similarities to androgen (Figure 1(b)) in their chemical
structure, suggesting that they may be active against PCa
cells. Therefore, we synthesized the IDOAMP (Figure 1(c))
whose structure is similar to androgen. Then, CCK-8 cell



viability assays were conducted to assess the efficacy of
IDOAMP against PCa cells. IDOAMP exhibited an inhibi-
tory effect on LNCaP, PC3, and DU145 cells (Figure 1(d)).
The IC;, values for IDOAMP against these cell lines were
53.34+6.21, 16.53+2.01, and 20.89 +0.82uM, respec-
tively. These data indicate that the IDOAMP has an inhibi-
tory effect on these three PCa cell lines.

3.2. RIPK1/MLKL May Be Involved in the Inhibitory Effect of
IDOAMP on PC3 Cells. Since IDOAMP showed a pro-
nounced inhibitory effect on PCa, we then planned to study
the involved mechanism of this inhibition on prostate can-
cers In this experiment, after treatment of PC3 cells with
IDOAMP for 24 h, we tested the protein expression of bio-
markers for apoptosis (cleaved-PARP), autophagy (LC3B-1/
II), necroptosis/necrosis (HMBGL1), and ferroptosis (GPX4)
[17]. The results showed that the expression levels of
cleaved-PARP, LC3B-II, and HMGBI1 significantly
increased, but the expression of GPX4 decreased
(Figures 2(a)-2(e)). To explore which pathway is involved,
we further used necrostatin-1 (inhibitor of RIPK1) [22],
necrosulfonamide (an inhibitor of MLKL) [23], Z-VAD-
FMK (caspase inhibitor) [24], ferrostatin-1 (inhibitor of fer-
roptosis) [25], and chloroquine (inhibitor of autophagy)
[26]. Remarkably, cell viability in the necrostatin-1- and
necrosulfonamide-treated groups was significantly restored,
whereas Z-VAD-FMK, ferrostatin-1, and chloroquine had
no significant effects on cell viability (Figure 2(f)), indicating
RIPK1/MLKL may be involved.

3.3. IDOAMP Inhibits Aurora Kinase A and Promotes
RIPK1/RIPK3/MLKL Necrosome Activation. Aurora kinase
A is vital for centrosome maturation, meiotic maturation,
spindle assembly, and metaphase I spindle orientation [27].
As described previously, Aurora kinase A was overexpressed
in PCa [16]. The inhibitory effect of IDOAMP against
human Aurora kinase A was determined using an ADP-
Glo Kinase Assay Kit (tozasertib was elected as the positive
control). Aurora kinase A was inhibited by IDOAMP
(Figure 3(a)). These findings imply that human Aurora
kinase A may be involved, and Aurora kinase A is crucial
for necrosome activation, and its kinase activity is of impor-
tance in its binding to RIPK1/3 necrosome during necropto-
sis [17]. Thus, to investigate whether the IDOAMP affects
the relationship between the Aurora kinase A and RIPKI
or RIPK3, we performed the co-IP assay. Our results showed
that the IDOAMP inhibited the binding of Aurora kinase A
to RIPK1 and RIPK3 in PC3 cells; meanwhile, the binding of
RIPK1 to FADD, RIPK3 or MLKL, was significantly
increased (Figures 3(b) and 3(c)). Collectively, IDOAMP
may inhibit the binding of Aurora kinase A to RIPK1/RIPK3
but may promote RIPK1-RIPK3-MLKL necrosome
formation.

3.4. IDOAMP Regulates RIPKI1/RIPK3/MLKL Pathway.
Necroptosis depends on the activation of a necrosome, a
protein complex which is comprised of three core compo-
nents: RIPK1, MLKL, and RIPK3 [28, 29]. After the supple-
mentation with 10, 30, or 100 uM of IDOAMP for 24 h, the
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phosphorylation levels of RIPK1, RIPK3, and MLKL in PC3
cells were significantly increased (Figure 4). This result sug-
gests that IDOAMP may regulate the RIPK1/RIPK3/MLKL
pathway.

3.5. IDOAMP Can Inhibit PC3 Xenograft Tumor Growth. To
investigate the effect of IDOAMP on tumor growth in vivo,
IDOAMP was subcutaneously implanted into nude mice.
Tumor volumes and tumor weights were significantly lower
in the groups with IDOAMP than the control group
(Figures 5(a)-5(c)). Moreover, the histopathological analysis
revealed vacuolation in PC3 cells, representing steatosis, and
the degree of vacuolation was correlated with IDOAMP
(Figure 5(d)). These results demonstrated that the IDOAMP
inhibits the tumor growth. In addition, there were no signif-
icant differences in body weight among the groups in 20
days (Figure 5(e)). The weight of heart, liver, spleen, lung,
and kidney of mice from each group showed no significant
differences (Figure 5(f)).

4. Discussion

Several studies have shown that rosin derivatives have consid-
erable multifaceted bioactivity, ranging from antibacterial and
antianxiety effects to antiviral and anticancer actions [12, 13,
30]. In the present study, we found that a newly developed
rosin derivative, which we termed as IDOAMP, exerted inhib-
itory effect on PC3 cell lines and inhibited the binding of
Aurora kinase A to RIPK1 and RIPK3 as well as promoted
RIPK1-RIPK3-MLKL necrosome formation to induce
necroptosis. The mechanism of IDOAMP-induced inhibition
of prostate cancer cell growth is summarized in Figure 6.
Recently, many approaches for inducing tumor cell
death which are different from apoptosis, namely, autoph-
agy, necroptosis, ferroptosis, and pyroptosis, have been
developed. A previous study indicated that promoting apo-
ptosis with androgen deprivation therapy (ADT) may be a
cure for PCa [31]. However, ADT is associated with apopto-
sis resistance, leading to treatment-resistant PCa [32]. More-
over, upregulation of autophagy-related proteins promotes
resistance to ADT [33, 34], suggesting that the autophagy
machinery controls the transformations of cell death pat-
terns between necroptosis and apoptosis [35]. Autophagic
inhibition enhances the efficacy of abiraterone, a drug com-
monly used in PCa treatment [36]. In prostate cells with
defective autophagy, toxic substances induce necroptosis
rather than apoptosis [37]. Thus, suppressing autophagy
and/or inducing necroptosis may increase the effectiveness
of ADT [31]. Here, we demonstrated that IDOAMP induced
PCa cell death with phenotypic features of autophagy, apo-
ptosis, and necroptosis. As previously shown, the expression
levels of cleaved-PARP, LC3B-II, and HMGBI significantly
increased, but only cell viability in the necrostatin-1- and
necrosulfonamide-treated groups was significantly restored.
This may result from the fact that Aurora kinase A is a direct
negative regulator of necrosome activation that attaches
importance to necroptosis. Meanwhile, our results showed
that the IDOAMP inhibited the Aurora kinase A activity.
Therefore, we concluded that the IDOAMP induces
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necroptosis rather than other forms of cell death in PCa.
Nevertheless, necroptotic signaling played a vital role in
mediating the anticancer activities of IDOAMP in PCa cells.
Pharmacologic necroptosis inhibition considerably blocked
IDOAMP-mediated PCa cell death.

Aurora kinase A is a constituent of the necrosome that
can impede necroptosis by binding to RIPK1 and RIPK3
[17]. This is consistent with our results that IDOAMP
showed obvious inhibitory effects against Aurora kinase A
and reduced the binding of Aurora kinase A to RIPKI and
RIPK3. Thereafter, IDOAMP induced the necroptosis. At
the same time, the IDOAMP increased the binding of RIPK1
to FADD, RIPK3, and MLKL. Thus, we speculate that
IDOAMP inhibited Aurora kinase A and promoted necro-
some activation of RIPK1/RIPK3/MLKL to induce necrop-
tosis. However, necroptosis differs from apoptosis. The
effect of necroptosis circumvents the development of multi-
drug resistance that results from the widespread use of che-
motherapy drugs [17]. As apoptosis resistance may be a
hallmark of cancer cells [38]. Our results showed that
IDOAMP effectively activates necroptosis in PCa, and this
may contribute to the avoidance of apoptosis resistance.
Thus, IDOAMP has the potential for cancer treatments.

RIPK1/RIPK3/MLKL pathway-mediated necroptosis has
been a research hotspot in recent years [39-41]. Necroptosis
is modulated by RIPK1 that is a critical regulator [42]. When
necroptosis is induced, RIPK1 can bind to RIPK3 via RHIM
domains to phosphorylate RIPK1. Under the action of stim-
ulating factors, RIPK3 is also phosphorylated. Next, p-
RIPK3 forms a necrosome complex with p-RIPK1 to regu-
late necroptosis [40]. In our study, the results showed that
IDOAMP directly inhibited the Aurora kinase A and
reduced its binding to RIPK1 and RIPK3. A previous study
has shown that the interaction between RIPK1 and RIPK3
is increased by the inhibition of Aurora kinase A, which is
related to the enhanced RIPK-3-mediated phosphorylation
of MLKL [17]. Phosphorylated MLKL is translocated to the
plasma membrane and induces membrane rupture to pre-
cipitate the lethal step of necroptosis [43]. Our results
showed that the IDOAMP induces necroptosis in PCa cells
via activating RIPK1/RIPK3/MLKL signaling pathway, con-
sistent with the findings of the above studies.

Our study showed that IDOAMP has anticancer effects
both in vitro and in vivo. However, the specific mechanism
of IDOAMP in vivo is in need of careful exploration. As
we noted that these effects in humans have not been evalu-
ated, further studies are necessary to determine the mecha-
nism in vivo and potential for applying to clinic practice.

In summary, our results demonstrated that IDOAMP
inhibited Aurora kinase A, promoting the RIPK1/RIPK3/
MLKL necrosome activation to antiprostate cancer. Since
IDOAMP has significant antitumor activities in vivo and
in vitro, therefore, it possesses visible potential as drug can-
didate for prostate cancer treatment.
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