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Stress-induced premature senescence may be involved in the pathogeneses of acute liver injury. Hexavalent chromium [Cr(VI)], a
common environmental pollutant related to liver injury, likely leads to premature senescence in L02 hepatocytes. However, the
underlying mechanisms regarding hepatocyte premature senility in Cr(VI) exposure remain poorly understood. In this study,
we found that chronic exposure of L02 hepatocytes to Cr(VI) led to premature senescence characterized by increased f-
galactosidase activity, senescence-associated heterochromatin foci, Gl phase arrest, and decreased cell proliferation.
Additionally, Cr(VI)-induced senescent L02 hepatocytes showed upregulated inflammation-related factors, such as IL-6 and
fibroblast growth factor 23 (FGF23), which also exhibited reactive oxygen species (ROS) accumulation derived from
mitochondria accompanied with increased concentration of intracellular calcium ions (Ca**) and activity of nuclear factor
kappa B (NF-xB). Of note is that ROS inhibition by N-acetyl-Lcysteine pretreatment not only alleviated Cr(VI)-induced
premature senescence but also reduced the elevated intracellular Ca®", activated NF-«B, and secretion of IL-6/FGF23.
Intriguingly, the toxic effect of Cr(VI) upon premature senescence of L02 hepatocytes and increased levels of IL-6/FGF23 could
be partially reversed by the intracellular Ca** chelator BAPTA-AM pretreatment. Furthermore, by utilizing the NF-xB
inhibitor pyrrolidine dithiocarbamate (PDTC), we confirmed that NF-«B mediated IL-6/FGF23 to regulate the Cr(VI)-induced
L02 hepatocyte premature senescence, whilst the concentration of intracellular Ca** was not influenced by PDTC. To the best
of our knowledge, our data reports for the first time the role of ROS-Ca**-NF-«B signaling pathway in Cr(VI)-induced
premature senescence. Our results collectively shed light on further exploration of innovative intervention strategies and
treatment targeting Cr(VI)-induced chronic liver damage related to premature senescence.

ity to survive rather than divide could be induced by a wide
variety of factors, including the cell division limit (termed

Cellular senescence, originally discovered by Hayflick and
Moorhead, has been regarded as a permanent state with cell
cycle arrest which is implicated in a number of pathological
conditions such as age-related diseases [1]. Compelling evi-
dence in recent years has shown that accumulation of senes-
cent cells is the main feature of aging amongst various
species [2, 3]. It is believed that cell senescence with the abil-

replicative senescence) and various damaging stimuli
(termed stress-induced premature senescence) [3, 4].
Stress-induced premature senescence causes abnormal accu-
mulation of senescent-like cells to damage cell function and
tissue repair. Studies have provided vital evidence in the
close correlation between premature senescence and liver
diseases. Cellular senescence of hepatocytes, hepatic stellate
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cells, or hepatic sinusoidal endothelial cells have been
observed in liver fibrosis [5]. Moreover, some disease para-
digms indicated that cirrhosis in Werner’s syndrome was a
sign of premature senescence [6]. Hence, elucidation of the
underlying mechanisms for cell premature senility may be
a key to our further understanding of liver disease
pathogenesis.

There are some markers to identify senescent cells in
addition to cell cycle arrest, including the increased pl6
and p21 gene expression, enhanced activity of senescence-
associated [3-galactosidase (SA-f-gal), and senescence-
associated secretory phenotype (SASP) referring to inflam-
matory factors and other relevant cytokines. It is well docu-
mented that the occurrence of senescence primarily
attributed to the secretion of inflammatory molecules that
influence the function of adjacent cells. Many inflammatory
cytokines, such as IL-6 and IL-8, are closely related to pre-
mature senescence induced by stimuli [7]. Further, fibroblast
growth factor (FGF) 23, a proinflammatory circulating hor-
mone, has also been stated as a potent phosphaturic factor
associated with premature senescence. Inflammation is gen-
erally defined as the response to both endogenous and exog-
enous stimuli, including damaged cells or oxidative stress
[8]. Moreover, some theories postulated that high levels of
reactive oxygen species (ROS) were markedly associated
with aging rate. For example, during aging, oxidative
stress-induced mitochondrial DNA mutations caused pro-
duction of ROS aggravating mitochondrial dysfunction,
which then led to elevated liver ballooning degeneration
[9]. We also demonstrated in our early study that accumu-
lated ROS was considerably correlated with the premature
senescence of L02 hepatocytes [10]. These results imply that
oxidative stress drives cell premature aging to aggravate liver
injury. Further, there is a great deal of research which has
provided critical insights into the role of ROS in the toxicity
of hexavalent chromium [Cr(VI)] which could be commonly
found in the environment.

Cr(VI), classified as a human carcinogen evidenced by
the increased lung cancer incidence amongst workers via
the inhalation route of exposure, is frequently exposed in
multiple occupational environments on account of its
application in plating, welding, and leather tanning.
Recently, oral exposure to Cr(VI) is of increasing concern
as the water pollution caused by Cr(VI) has become a seri-
ous public problem. After cell entry, Cr(VI) is reduced to
trivalent chrome [Cr(III)] that played key roles in the tox-
icity, accompanying with the formation of intracellular
ROS [11]. Epidemiological and experimental evidence have
indicated that oral exposure to Cr(VI) via water consump-
tion may lead to increased incidences of liver damage [12].
It has to be noted that the main focus so far is on the reg-
ulatory mechanisms of acute hepatotoxicity such as cell
cycle arrest, cell apoptosis, and autophagy, but the signifi-
cance of the chronic hepatotoxicity induced by Cr(VI),
especially premature senescence or liver cancers, is some-
what less attended. In this study, we aim to further inves-
tigate the molecular mechanisms of premature senescence
sensitized by chronic low-dose Cr(VI) exposure in
hepatocytes.
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Ca®" is recognized as the significant second messenger
that participates in various aspects of cellular functions
including protein secretion, gene transcription, and cell
growth in a wide variety of cells [13, 14]. Intracellular Ca**
is primarily stored in the endoplasmic reticulum (ER) or
mitochondria, while the delicate regulation of Ca*" homeo-
stasis requires the participation of plasma membranes, orga-
nellar Ca®>* channels, exchangers, and transporters. As a
result, any disturbance of Ca®" homeostasis may give rise
to cell damage, for instance, apoptosis or necrosis. We previ-
ously reported that acute Cr(VI) exposure could cause cell
apoptosis of hepatocytes via intracellular Ca** overload
[15]. Alternative to death, certain stress factors may induce
cells to develop cellular senescence. It has been shown in
our early data that 10nM Cr(VI) exposure to L02 hepato-
cytes for 24 h twice a week for 4 consecutive weeks could
induce premature cellular senescence [10]. Some studies also
implicated the roles of Ca®" homeostasis in senescence pro-
gression [16]. For instance, aged rat neurons exhibit elevated
Ca®" levels, increased Ca®* release from the ER, enhanced
Ca®" flux between ER and mitochondria, and changed
expression of key proteins regulating cellular Ca** homeo-
stasis [17]. Furthermore, cytoplasmic Ca** overload is
closely related to the senescence of human endothelial cells
and atrial myocytes [18, 19]. Therefore, we aimed to investi-
gate the involvement of Ca** in Cr(VI)-induced premature
senescence of L02 hepatocytes as well as the related
mechanism.

Nuclear factor-«B (NF-xB) is well known as an ubiqui-
tous transcription factor in various cells, which is along with
inflammation and Ca** homeostasis to regulate cell survival
and death [20]. p65 (RelA), c-Rel, RelB, NF-xB1 (p105/p50),
and NF-xB2 (p100/p52) belong to the NF-«B family, with
the most common form being the p65/p50 dimer. Typically,
NF-«B is present in the cytoplasm as an inactive form in
complex with inhibitors of kB (IxkB) proteins. When stimu-
lated by canonical (classical) and noncanonical pathways,
NEF-«B will be rapidly translocated into the nucleus to regu-
late the expression of target genes [21], but silent informa-
tion regulator 1 (Sirtl) could reduce the transcriptional
activity of NF-«xB via regulating its deacetylation. Interest-
ingly, a study has shown that Cr(VI) exposure lead to
inflammation response in rat liver via inhibiting the
deacetylation of Sirtl resulting in the increased level of acet-
ylated NF-xB-p65 and upregulated proinflammatory factors
IL-1f and TNF-« [22]. Indeed, recent reports have demon-
strated a key physiological role for the NF-xB signaling path-
way in humans and rodents upon aging and cellular
senescence [23-25]. In addition, activation of NF-xB is
closely relevant to some aging-related chronic diseases, such
as Alzheimer’s disease or Parkinson’s disease [26]. However,
there continues to be an untapped potential for finer-grained
effects of NF-«B signaling on premature senescence induced
by Cr(VI) that would demand further investigation.

The aim of this study is to further explore the underlying
mechanisms of premature senescence induced by chronic
Cr(VI) exposure. Our results indicated that, upon intracellu-
lar Ca®* overload mediated by accumulation of ROS,
markers of Cr(VI) induced premature senescence, such as
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IL-6 and FGF-23, were modulated by the NF-xB signaling
pathway. Our data will provide further insights into molecu-
lar profiles of Cr(VI)-induced premature senescence of
hepatocytes and may contribute to the development of novel
therapeutic strategies in fight against age-related diseases.

2. Materials and Methods

2.1. Materials. Potassium dichromate (K,Cr,O,) was pur-
chased from Sigma-Aldrich (St. Louis, USA). Antibodies
against p53(A3185), Phospho-p53-S15 (AP0083), TriMethyl-
Histone H3-K9 (A2360), and Murine Double Minute 2
(MDM2, A0345) were obtained from ABclonal Technology
(Wuhan, China). Antibodies against p21Wafl/Cipl (#2947),
PCNA (#13110), and Phospho-NF-xB p65 (Ser536) (#3033)
were purchased from Cell Signaling Technology (Danvers,
MA, USA). Antibodies against NF-«kB p65 (66535-1-Ig),
IKKao (40905), and IxB (40903) were purchased from Pro-
teintech (Wuhan, China). The ROS inhibitor N-acetyl-Lcys-
teine (NAC) and the NF-«B inhibitor pyrrolidine
dithiocarbamate (PDTC) were purchased from Beyotime
Technology (Shanghai, China). The intracellular calcium che-
lator BAPTA-AM was purchased from UE EVERBRIGHT®-
INC. (Wuhan, China).

2.2. Cell Culture and Treatment. L02 hepatocytes, a gift from
Nanjing Medical University, were cultured in RPMI-1640
medium (Gibco, Grand Island, USA) supplemented with
10% foetal bovine serum (FBS, Gibco, Grand Island, USA)
and 1% penicillin-streptomycin at 37°C and 5% CO2. In
the present study, the cells were treated with PBS or 10 nM
Cr(VI) twice a week for 24 h for 4 consecutive weeks.

2.3.  Senescence-Associated  [3-Galactosidase (SA-B-Gal)
Activity Assay. [3-Galactosidase Staining Kit (Beyotime
Technology, Wuhan, China) was used to detect the SA-f3-
gal activity according to the manufacturer’s instruction. In
brief, cells were seeded in six-well tissue culture plates at a
concentration of 2 x 105 cells/well. At the end of incubation
for 6~8h, the cells were fixed by 4% paraformaldehyde for
15 min at room temperature and washed with PBS and then
incubated with the staining solution at 37°C for 12~14h.
After washed with PBS, cells were then observed using
microscopy (Leica, Weztlar, German). In order to evaluate
the percentage of senescent cells, L02 cells were stained with
SA-f3-gal and then processed to determine the percentage of
the senescent cells by counting positively stained cells under
the microscope. The percentage of premature senescent cells
was measured using the following equation: percentage of
premature senescent cells = (positively stained cells/total cells
) X 100%. The cells were counted manually instead of using
the automated counting instrument.

2.4. Senescence-Associated Heterochromatin Foci (SAHF)
Assay. Cell nuclei were stained by DAPI to determine the
morphological evidence of premature cellular senescence.
After incubation overnight, cells seeded in six-well tissue
culture plates were fixed with 4% paraformaldehyde for
20 min at room temperature and washed with PBS for three
times. Then, DAPI (1 mg/ml) was used to stain the fixed cells

for 20 min. After washed with PBS, cells were observed by
fluorescent microscopy with a peak excitation wavelength
at 340 nm. The fluorescent intensity was quantified by Ima-
geJ software.

2.5. Cell Cycle Analysis. The 102 and premature senescent
L02 hepatocytes were seeded into 60mm plates at 4.5 x
105 cells/wells and were placed in an incubator overnight.
Flow cytometry analysis was performed to detect the cell
cycle distribution when the cells were at 80~90% confluence.
Cells were collected and washed with PBS before fixed in
75% cold ethanol for 2~4h at 4°C. Then, the cells were
washed once with PBS and resuspended in 200 ul PBS with
RNase and PI for 30 min in the dark at 37°C. The samples
were immediately assayed by a FACS BD Aria III flow
cytometer.

2.6. EdU Staining. Click-iT EdU Imaging Kit (UE EVER-
BRIGHT®INC., Wuhan, China) was used to detect the
EdU staining following the manufacturer’s protocol. In brief,
the cells were incubated with EAU working fluid for 4 h after
treatment, fixed with 4% paraformaldehyde for 20 min, and
incubated with 5mg/ml glycine for 5min. After washing
twice with 3% bovine serum albumin (BSA) in PBS, the cells
were permeabilized with 0.5% Triton X-100 in PBS for
20 min. The cells were again washed with 3% BSA in PBS
for three times and then stained with a Click-iT reaction
cocktail containing for 30min away from light. The cells
were washed further with 3% BSA in PBS and washed with
PBS for the following DNA staining. Subsequently, the cells
were incubated with Hoechst 33342 (5 pg/ml) for 30 min.
The cells were observed by fluorescent microscopy after
washed with PBS for three times. All procedures were con-
ducted at room temperature. The fluorescent intensity was
quantified by ImageJ software.

2.7. Western Blot. For Western blot, 2 x 105 cells were seeded
in six-well tissue culture plates, exposed to the indicated treat-
ment, then were scraped and lysed with RIPA lysis buffer
(Beyotime Technology, Shanghai, China) or the nuclear and
cytoplasmic protein extraction kit (P0027, Beyotime Technol-
ogy, Shanghai, China) containing protease and phosphatase
inhibitors (Pierce Protease and Phosphatase Inhibitor Mini
Tables). After running in the 5-15% SDS-PAGE gels and
transferred onto NC membrane (Life Technologies), mem-
branes were blocked for 60 min at room temperature with
5% nonfat milk in TBS with 0.1% Tween 20 and incubated
overnight at 4°C with the primary antibodies. The primary
antibodies incubated with horseradish peroxidase-conjugated
secondary antibodies (ABclonal Technology, Wuhan, China)
for 1h at room temperature and immunoreactive bands were
detected using an ECL kit. The density of the immunoreactive
bands was analyzed using Image] software.

2.8. ELISA. The cells seeded in the 60 mm tissue culture plates;
culture supernatant was collected and kept at -80°C. ELISA
was used to detect the concentration of IL-6 (Dingguo Tech-
nology, Beijing, China) and FGF23 (Abcam, Cambridge,
England) in the culture supernatant following the manufactur-
er’s instructions.



2.9. Intracellular ROS Measurement. DCFH-DA fluores-
cence probe (Beytime, Wuhan, China) was used to assay
the accumulation of intracellular ROS. Briefly, cells
(2 x 105 cells/well) were seeded in the six-well tissue culture
plate. After determined treatment, the treated cells were
washed twice with PBS and incubated with 10 uM DCFH-
DA in RPMI1640 medium without FBS for 40 min at 37°C
in the dark, and the stained cells were then analyzed using
a FACS BD Aria III flow cytometer or fluorescent
microscopy.

2.10. Mitochondrial Membrane Potential (MMP, A¥'m)
Detection. Tetramethylrhodamine methyl ester (TMRM,
Thermo Fisher Scientific) and JC-1 (UE EVERBRIGHT®-
INC., Wuhan, China) were used to detect the changes in A
wm. After treatment, the cells were seeded in the 96-well
plate and loaded TMRM, and the mitochondria was located
using Mito-tracker Green (Beyotime Technology, Shanghai,
China) that was not influenced by MMP and JC-1 following
introduction, then the fluorescent microscopy and spectro-
fluorometry were carried out immediately.

2.11. ATP Content Analysis. Cells were seeded into 60 mm
plates at the density of 5x 105 cells/well before lysed with
lysis buffer. The supernatant was collected after centrifuga-
tion, and 100 yl ATP detection solution was added to a non-
transparent 96-well plate at RT for 5min. ATP standard
reagent or cell supernatant was added to each well and
mixed thoroughly. Then, the spectrofluorometry was used
for ATP content detection.

2.12. Mitochondria Mass Detection. Cells were inoculated into
a nontransparent 96-well plate at a density of 8 x 10° cells/well.
NAO was added to each well (5 yM) for 30 min in the dark. The
spectrofluorometry (excited wavelength 485 nm, emitted wave-
length 530nm) was used to detect the absorbance before the
cells were washed by RPMI 1640 medium.

2.13. Measurement of mtDNA Copy Number. The mtDNA
copy number was assayed by Real-Time PCR Detection Sys-
tem (ABI7300 plus) with the SYBR Green I detection
method as the instruction. The mtDNA primer was designed
to detect COXI: 5'-CAAACCTACGCCAAAATCCA-3" and
5'-GAAATGAATGAGCCTACAGA-3" [27]; the ACTB
primers were 5 -CACCAGGGCGTGATGGT-3" and 5'-
CTCAAACATGATCTG GGTCAT-3'. The RT-PCR reac-
tion is under the following conditions: 40 cycles of 95°C
for 30, 60°C for 30s; and 95°C for 5s.

2.14. Mitochondrial Morphology Observation. The cells were
seeded into 24-weel plate for 8~12h and washed by PBS for
3 times. Then, the cells were loaded with Mitotracker Red
CMX ROS (2nM in FBS-free RPMI 1640 medium) for
5min at 37°C in the dark. After washed by PBS, the cell
nucleus was stained by Hoechst 3342. The cells were exam-
ined by a fluorescence microscope.

2.15. Intracellular and Mitochondrial Ca®" Measurement.
Intracellular Ca** concentration was evaluated as the fluo-
rescence intensity of Fluo-3/AM determined by flow cytom-
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etry or spectrofluorometry. Briefly, the hepatocytes were
incubated with 0.5uM Furo-3/AM for 60min at 37°C in
the dark and incubated for another 30 min after washed
twice with PBS. The cells were then analyzed using a FACS
BD Aria III flow cytometer or fluorescent microscopy.

For mitochondrial Ca®>" measurement, cells probed with
Rhod-2 were placed in a quartz cuvette, and fluorescence
was evaluated by a F7000 HITACHI spectrofluorometer.
Samples were excited at 550 nm, and fluorescence was mea-
sured at 590 nm. Mitochondrial Ca** concentration was
measured as fluorescence intensity in relation to the initial
fluorescence intensity.

2.16. Statistical Analysis. Statistics were analyzed using the
SPSS 19.0. All quantitative data are presented as the mean
+SD from 3 independent experiments. Multiple group
comparisons were performed using ANOVA, while statisti-
cal comparisons between two groups were made using Stu-
dent’s t-test. p < 0.05 was considered significant.

3. Results

3.1. Cr(VI)-Induced Premature Cellular Senescence of L02
Hepatocyte. Previous research indicated that Cr(VI) was
one of the main environmental factors for acute liver dam-
age, especially cell apoptosis in hepatocytes [15]. To investi-
gate the toxic effects of hepatocytes by chronic Cr(VI)
exposure with a low dose, we were committed to undertake
following experiments. The L02 hepatocytes were treated
with 10nM Cr(VI) or PBS for 24h twice a week. We col-
lected cells exposed to Cr(VI) for 0, 2, and 4 weeks and
examined the activity of SA-B-gal. As shown in
Figure 1(a), we found that the activity of SA-fB-gal in the
cells after Cr(VI) exposure for 4 weeks was statistically
increased as compared to the control group, while there
was no significant change of SA-S-gal in the cells after
Cr(VI) exposure for 2 weeks. Next, we detected other bio-
markers of senescent L02 cells with Cr(VI) exposure for 4
weeks. SAHF, usually regarded as the contributor to repress
expression of proliferation-promoting genes, refers to bright
punctate DNA foci when the cells were stained with DAPL
Figure 1(b) showed that L02 hepatocytes exposed to Cr(VI)
also resulted in an increase of SAHF, accompanying with the
increased protein expression of H3K9me3, the marker of
SAHF (Figure 1(c)). A state of permanent cell cycle arrest
is the representative hallmark of senescence; the results in
Figure 1(d) showed that the senescent L02 hepatocytes get
arrested in G1 phase, while there was no obvious cell apo-
ptosis in the both groups (Supplementary Figure S1).
Additionally, the proliferation of L02 hepatocytes exposed
to Cr(VI) was also tested by EdU staining. The result in
Figure 1(e) validated that the proliferation of L02 cells was
decreased in response to Cr(VI). Meanwhile, Western blot
was applied to detect the levels of PCNA, which was the
key regulator of cell proliferation. As seen in Figure 1(e),
we observed a decreased protein expression of PCNA
(Figure 1(f)). Besides, the protein levels of age-related
biomarkers were significantly changed (Supplementary
Figure S2). The supernatant of culture medium examined



Oxidative Medicine and Cellular Longevity 5

BE
S 2
=
=8
-
-+
o &
£
50m Sopm T =
Control 2 week 4 week Control 2 week 4 week
Cr(VI) Control Cr(VI)
(a) (b)
H3K9me3 s e |7kd
600
GAPDH 36kd 5 G1:63.9% 5 o0 G1:79.89%
25 Control Cr(VI) E 400 G2:7.86% 2 400 G2:1.25%
’ z s2824% 32 S:18.86%
20 - 200 200

a% 15

=
g
Z
p
g
15
B
£
2
o
g
o
o
Z
=
5
=4

£ 10 0 20 40 60 80 100 120 0 20 40 60 80 100 120
505 Channels (PE-A) Channels (PE-A)
0.0 Debris = DipG2 Debris = DipG2
Control Cr(VI) Aggregates Dip § Aggregates Dip $
= DipGl Anl Gl = DipGl
(o) (d)
Control
g 12
PCNA GHENEE o 36kd 5 . 0.8
= Z
Cr(VI) GAPDH < o || g 9 *
2% 04
Control  Cr(VI) 5°
E 0.0
DAPI EdU Merge Control Cr(VD)
(e) ®
S
= 1000 s
LLZ 800
'g = 600
© 400
2% 200 %
= A —
5 &
o] 8
5 4
o 0
= Control Cr(VI)
m IL-6
m FGF23
(®

FiGURE 1: Cr(VI)-induced premature senescence in L02 hepatocytes. (a) The L02 hepatocytes were treated with 10nM Cr(VI) or PBS for
24h twice a week for 2 or 4 weeks. The activity of SA-f-gal was assayed by f-Galactosidase Staining Kit (200x), and the percentage of
senescent cells was showed in bar graph. After the L02 hepatocytes treated with Cr(VI) for 4 weeks, (b) the SAHF was examined by
DAPI staining (400x), and (c) the protein level of H3K9me3 was determined by Western blot. (d) The cell cycle distribution was
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the levels of IL-6 and FGF23 using ELISA kits and found the
increased levels of those two in the senescent cells
(Figure 1(g)) Collectively, our results suggested that low-
dose Cr(VI) exposure to L02 hepatocytes for 4 weeks could
inhibit proliferation and induce premature cellular
senescence.

3.2. ROS Derived from Mitochondria Is Involved in the
Premature Senescence of L02 Hepatocytes Induced by
Cr(VI). Excessive ROS accumulation has been viewed as an eti-
ological factor related to cellular senescence [28]. In order to
explore the role of ROS in premature senescence of L02 hepato-

cytes caused by Cr(VI), the fluorescent probe DCFH-DA was
utilized to examine the levels of intracellular ROS. The results
in Figure 2(a) demonstrated an increased fluorescence intensity
in senescent L02 cells compared with the control. Subsequently,
we used the antioxidant N-acetylcysteine (NAC) to pretreat L02
cells for 1h prior to Cr(VI) exposure. Figures 2(b) and 2(c)
revealed that accumulation of ROS was significantly inhibited
by NAC, suggesting the inhibitory effects of NAC on ROS sen-
sitized by Cr(VI). We also found in Figure 2(d) that pretreat-
ment with NAC partially reduced the percentage of senescent
cells induced by Cr(VI), which was in line with the result of
SA-f-gal staining. Notably, the release of IL-6 and FGF23 was
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expressed as mean + SD. *p < 0.05, compared with control.

also diminished (Figure 2(e)). As for mounting evidence clearly
shows that mitochondria are the key sources of ROS in cells, we
thus explored whether ROS formation participated in prema-
ture senescence induced by Cr(VI) is related to mitochondrial
dysfunction. TMRM was used to detect the A¥m as the lipo-
philic cation accumulation in mitochondria in a manner depen-
dent on A¥m. As expected, the results in Figure 3(a) displayed
that L02 hepatocytes in the control group with normal A¥m
exhibited high fluorescence intensity for TMRM, while Cr(VI)
treatment led to reduced TMRM dye and low fluorescence
intensity, accompanying with the decrease of ATP content,
mitochondria mass, and mtDNA copy number. Additionally,
mitochondria appeared to be granulated (Figures 3(b)-3(e)).

Furthermore, pretreatment with NAC partially rescued mito-
chondria depolarization, as demonstrated by the higher ratio
of red/green fluorescence intensity with JC-1 probe in the
NAC-treated cells compared with the cells treated with Cr(VI)
alone (Figure 4(a)). Meanwhile, NAC pretreatment also par-
tially inhibited the Cr(VI)-induced mitochondria dysfunction
characterized by decreased mitochondria mass and mtDNA
copy number as well as mitochondria granulation
(Figures 4(b)-4(d)).

3.3.  Cr(VI)-Induced Premature Senescence of L02
Hepatocytes Was Accompanied by Ca®* Imbalance and NF-
kB Activation. Ca®* has long been known to modulate
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compared with Cr(VI)-exposed group.

cellular senescence, and mitochondria are regarded as a par-
ticipant in Ca** signaling [29]. Thus, the intracellular and
mitochondria Ca®" levels were measured using the Fluo-3-
AM and Rhod-2 fluorescent probe. Figure 5(a) showed a
striking increase in the Fluo-3-AM mean fluorescence using
fluorescent microscopy in senescent L02 cells. The fluores-
cence of each group (L02 vs. senescent L02) was then quan-
titated by spectrofluorometry (the values in all cells), and the
results indicated the elevated concentration of intracellular
Ca®". As expected, levels of Ca®" in mitochondria were also
upregulated in senescent L02 cells compared with the con-
trol group (Figure 5(b)) and were also upregulated in senes-
cent L02 cells compared with the control group. Together,
these results suggested that Ca®* overload occurred in
Cr(VI)-induced premature senescence of L02 hepatocytes.
We also examined the relevant protein expression of the
NF-«B signaling pathway by Western blot for p65 (cyto-
plasm and nucleus), IxkBa, and IKKa. As demonstrated in
Figure 5(c), the p65 protein in the nucleus was significantly
increased accompanying with decreased protein levels of

p65 in the cytoplasm. Further, we observed that IxBa, the
arrestin of p65, after Cr(VI) treatment was remarkably
reduced, while there was an increase in IKKe (Figure 5(d)).

3.4. Ca®* Overload and NF-kB Activation in Senescent L02 Is
Dependent on ROS Generation Induced by Cr(VI). In our
further study, we examined the connection between ROS,
Ca®" overload, and NF-«B signaling pathway using antioxi-
dant NAC pretreatment prior to Cr(VI) exposure. The
quantitative analysis from flow cytometry and spectrofluo-
rometry revealed increased intracellular Ca®* concentration
in senescent L02 which could be effectively restored by
NAC pretreatment (Figure 6(a)). Accordingly, the mito-
chondria Ca®" concentration analysis in Figure 6(b) found
that the levels of mitochondrial Ca®" of cells with NAC pre-
treated Cr(VI) exposure were significantly reduced, contrast-
ing that in the Cr(VI)-along control group. These results
suggested that the Ca** overload in Cr(VI)-induced senes-
cent L02 was modulated by ROS accumulation. It has been
proposed by our previous study that NF-kB was a
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same control GAPDH was applied to compare with all experimentally relevant proteins with the same exposure time detected on the

same SDS-PAGE gel unless otherwise stated.

transcription factor that could be activated by ROS in
Cr(VI)-induced cell apoptosis. We thus inferred that the
activated NF-«B signaling in Cr(VI)-induced senescent L02
may be mediated by ROS. In agreement with our hypothesis,
results in Figures 6(c) and 6(d) indicated that the alteration
of protein levels of NF-«B signaling caused by Cr(VI) were
significantly restored by NAC.

3.5. Cr(VI)-Induced NF-xB Activation and Proinflammatory
Cytokine Secretion in Senescent L02 Cells Were Mediated by
Ca’* Overload. Emerging reports have suggested the key role
of Ca** signaling in cellular senescence in the last decade
[29], which makes us consider whether Ca®>" imbalance
was involved in premature senescence, proinflammatory
cytokines secretion, and NF-xB activation caused by Cr(VI).
L02 hepatocytes were pretreated with BAPTA-AM prior to
Cr(VI) exposure before the determination of Ca®*. As seen
in Figure 7(a), BAPTA-AM treatment alleviated Cr(VI)-
induced intracellular and mitochondrial Ca** elevation to a
certain extent. Results showed that the elevated SA-f-gal
activity (Figure 7(b)) and SAHF (Figure 7(c)) under Cr(VI)

exposure were effectively inhibited by BAPTA-AM pretreat-
ment. Afterwards, results of ELISA assays also detected that
treatment with BAPTA-AM resulted in obvious decrease of
the levels of IL-6 and FGF23 (Figure 7(d)). Further, the
related proteins of NF-«B signaling were also assessed by
Western blot. As shown in Figures 7(e) and 7(f), similar pro-
tective effects of BAPTA-AM were exhibited on p65, IxBa,
and IKKa. Taken together, it could be concluded that the
premature senescence, secretion of IL-6 or FGF23, and NF-
B activation of Cr(VI)-induced L02 hepatocytes were medi-
ated by Ca** overload.

3.6. NF-xB Participated in Cr(VI)-Induced Premature
Senescence via Regulating Proinflammatory  Cytokine
Secretion. We next examined whether NF-«xB signaling
involved in the chronic toxic effects in L02 hepatocytes was
caused by Cr(VI). The inhibition efficiency of PDTC was
assayed by Western blot analysis, and Figure 8(a) found that
the altered p65 expression in the cytoplasm and nucleus
attributed to Cr(VI) exposure was partially rescued by
PDTC. Also, the increased SA-f3-gal was obviously restored
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by PDTC pretreatment (Figure 8(b)), which could be further
confirmed by DAPI staining on SAHF (Figure 8(c)). Next,
ELISA assay validated that PDTC could robustly decrease
the levels of IL-6 as well as FGF23 in L02 hepatocytes, sup-
porting that NF-xB is capable of regulating the secretion of
IL-6 and FGF23 in Cr(VI)-induced senescent L02 hepato-
cytes (Figure 8(d)). Furthermore, we assessed the effects of
PDTC on Ca®*" concentration (Figure 8(e)). Interestingly,
our data showed that the treatment with 50 uM PDTC did
not prevent the Cr(VI)-induced intracellular and mitochon-
drial Ca** overload. Collectively, we concluded that Cr(VT)
could induce premature senescence of L02 hepatocytes
through upregulating NF-«B signaling via secretion of IL-6
and FGF23.

4. Discussion

The role of cellular senescence in the development and pro-
gression of age-related diseases has been extensively
explored in recent years. There is mounting evidence sug-
gesting that aging promoted hyperplastic pathologies, the
deadly of which is cancer [30]. In addition, a study indicated
that obesity-induced gut microbial metabolite could pro-
mote liver cancer through senescence. There are three pri-
mary cellular senescence identified to date. Among them,
stress-induced premature senescence may be the common

cell fate due to multiple stressors that include, but are not
limited to, DNA damage. Previous studies indicated that
Cr(VI) could cause severe DNA damage [31]. It is generally
believed that intrahepatic cell senescence is closely related to
the pathogenesis of liver diseases, such as liver fibrosis and
cirrhosis [32]. However, the stress-induced premature senes-
cence in liver injury is still poorly understood. Though we
previously demonstrated that Cr(VI) exerted the toxic effects
of inducing premature senescence on L02 hepatocytes via
the p53 signaling pathway [10], the underlying mechanism
are not fully elucidated. Cr(VI), a highly toxic heavy metal,
is broadly dispersed in the environment, which has various
adverse effects on humans upon its exposure via inhalation,
ingestion, and skin absorption especially pulmonary and
liver injury [33, 34]. There are series of studies on the role
and underlying modulatory mechanisms of Cr(VI)-induced
acute cytotoxicity in liver injury to date [13, 35, 36], but less
attention has hitherto been drawn to the chronic cytotoxicity
such as premature senescence. This present study confirmed
that a chronic Cr(VI) exposure could lead to premature
senescence of hepatocytes, as highlighted by some common
features with cells in natural aging including activation of
SA-f3-gal, increased H3K9me3 markers reflecting the forma-
tion of SAHF, and decreased proliferation profiles as well as
G1 phase arrest. Additionally, other hallmarks of cellular
senescence including p53/p21"VAF/“™®lsiganling (p53, p21,
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and MDM2) and some indicators such as CTGF, SMP30,
and Cav-1 were detected to confirm “true” senescence
occurred. p53, the central regulator of cellular senescence,
is mainly inducing p21 that is the inhibitor of cyclin-
dependent kinases leading to GO/G1 phase arrest. Both
MDM2 and Cav-1 play key roles in the activity of p53/

21WARVCIPL MDM2 promotes the ubiquitinated degrada-
tion of p53, while Cav-1 could function as the inducer of
p53 [37]. CTGF and SMP30 are also the useful marker for
the identification of senescence [38]. These factors are signif-
icantly changed after Cr(VI) exposure.

Evidence suggests that persistent low-grade inflamma-
tion is the hallmark of senescence [38]. IL-6 is a critical
inflammatory factor that has been displayed to reinforce
the senescence program in an autocrine manner and to pro-
mote senescence induction in a paracrine mode [39]. Fur-
ther, the role of FGF23 as an inflammatory facilitator to
induce upregulation and secretion of IL-6 has also been

recently studied. FGF23, a predominantly bone-derived hor-
mone acting on the phosphate and vitamin D metabolism,
requires a-klotho (an antiaging genes) as a coreceptor for
its biological functions [40, 41]. Interestingly, increased
FGF23 levels in connection with low a-klotho are believed
to be correlated with aging [41]. In line with this, we also
found that the protein levels of IL-6 and FGF23 were signif-
icantly increased in Cr(VI)-induced senescent hepatocytes.
Moreover, there is an evident correlation between
inflammatory response and oxidative stress [42]. Results
from in vitro and in vivo studies suggested that formation
of ROS is able to function as signaling molecules under
physiological conditions [43]. However, under pathological
conditions, aberrant accumulation of intracellular ROS dis-
turbs the redox homeostasis and subsequently leads to seri-
ous cell damage. There are already evidences that
overproduction of ROS not only regulates Cr(VI)-induced
acute cytotoxicity, for instance cell cycle arrest and apoptosis
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[44], but also is associated with Cr(VI)-induced chronic
cytotoxicity, such as malignant transformation. Our present
study showed that Cr(VI)-induced premature senescence
was driven by excessive ROS, and antioxidant NAC pretreat-
ment could partially rescue premature senescence and secre-
tion of IL-6 and FGF23 caused by Cr(VI). Although
NADPH oxidases, xanthine oxidase, the mitochondrial
respiratory chain, lipoxygenases, and nitric oxide synthases
are all thought to be source of ROS generation, the mito-
chondria have been regarded as the major supply of ROS
in hepatocytes [45]. Excessive ROS formation causes elec-
tron transport chain dysfunction and disrupts the regulation
of energy; accompanying with lipid peroxidation in the
mitochondria membrane, decreased A¥m, and abnormal
mitochondrial morphology further contributes to the accu-
mulation of ROS, leading to a vicious circle between ROS
and mitochondria [46]. Herein, we have demonstrated
experimental evidence that ROS derived from dysfunctional
mitochondria with the mitochondrial depolarization is a
critical upstream regulator of Cr(VI)-triggered premature
senescence of hepatocytes.

It has reported that the initial response to intracellular
ROS accumulation is the elevated Ca®* influx, further regu-
lated both the activity and the expression of several pivotal
proteins involved in Ca®" signaling, and in some cases,
Ca®" is required in many ROS-related cellular responses,
which well demonstrated the interaction between ROS sig-
naling mitochondria origin and Ca®* homeostasis [47].
Indeed, Ca** signaling has emerged as a key player exploited
by cells to tune their activity in accordance with biological
functions. The different components, such as channels,
pumps, antiporters, and Ca®*-binding proteins, interdepen-
dently cooperate to retain intracellular Ca** homeostasis.
Under the resting condition, cytosolic Ca** concentration
is maintained around 100 nM, while cytosolic Ca** concen-
tration may rise up to 1~3 uM when induced by different
stimuli [14]. It is reported that intracellular Ca** obviously
increased when the hepatocytes were exposed to Cr(VI),
but the Cr(VI)-induced hepatotoxicity could be inhibited
by removing media Ca®*, which suggests that the Ca** trans-
porter is involve in Ca®* accumulation caused by Cr(VI)
contributing its cytotoxicity [48]. Our previous data revealed
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that the stromal interaction molecule 1 could be the key
mediators of Ca** influx in L02 hepatocytes incubated with
Cr(VI), which is thought to contribute to the elevated intra-
cellular Ca®* concentration [15]. The disordered intracellu-
lar Ca®* homeostasis in hepatocytes with combined
exposure to cadmium and BDE209 [14] further indicated
that imbalanced Ca®" homeostasis may act as a pivotal reg-
ulator for acute hepatotoxicity induced by xenobiotics. Sig-
nificant attention has been also drawn on the role of Ca**
homeostasis in senescence. Nevertheless, the involvement
of abnormal Ca** homeostasis in the premature cellular
senescence of hepatocytes remains somewhat controversial.
The common notion is that there is an increase in the intra-
cellular Ca®* during senescence progression. It has been
reported that a higher Ca®* concentration in replicative
senescent fibroblasts was noted compared to that in nonse-
nescent cells [49]. Another research demonstrated that
rotenone-induced premature senescence in human neuro-
blastoma cells was accompanied with cytosolic Ca®" rise
[50]. Although there is a growing body of evidence that
has revealed the involvement of disturbed Ca** homeostasis
in cellular senescence and Cr(VI)-induced acute hepatotox-
icity, the role of the elevated Ca** in Cr(VI)-induced prema-
ture senescence has not been investigated and remains
controversial. We further observed the relationship between
Ca®* imbalance and Cr(VI)-induced premature senescence
of hepatocytes. Consistent with the abovementioned studies,

we also revealed an increase of Ca** levels of cytoplasm and
mitochondria in Cr(VI)-exposed L02 hepatocytes, suggest-
ing that Ca®" regulated by ROS is involved in premature
senescence of hepatocytes. In favor of this hypothesis,
BAPTA-AM partially restored premature senescence in
L02 hepatocytes, as detected by both SA-f-gal staining and
partially decreased secretion of IL-6 and FGF23.

In addition, NF-«B transcription factors are well-known
regulators of senescence. According to our data, inhibition
of NF-«B transcription factors by PDTC was sufficient to
prevent premature senescence induced by Cr(VI), which
corroborates previous findings reported in other senescence
contexts [26]. Of relevance is that activation of NF-«B sig-
naling was profoundly associated with Cr(VI)-triggered
increase in the intracellular Ca** levels of L02 hepatocytes
[15]. A recent study also stated that NF-«B signaling was
activated by elevated intracellular Ca®* [51]. Our results
were correlated well with those findings, with no upstream
effect of NF-xB on Ca®" concentration being observed. Fur-
ther research efforts are welcomed to analyze detailed corre-
lations between the intracellular Ca>* concentration and NF-
kB.

In conclusion, our study investigated the underlying
mechanisms of Cr(VI)-induced premature senescence in
L02 hepatocytes (as depicted in Figure 9). In our data,
chronic low-dose Cr(VI) exposure could induce premature
cellular senescence upon intracellular ROS accumulation
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that could positively regulate the intracellular concentration
of Ca**. In addition, Ca*" directly activates NF-«B signaling
and further induces the expression of IL-6 and FGF23. To
the best of our knowledge, our data proposes for the first
time the role of ROS-Ca®*-NF-«B signaling pathway in
Cr(VI)-induced premature senescence, which may provide
new targets for molecular intervention and treatment for
aging-related chronic disorders.
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There was no obvious cell apoptosis in the control and
Cr(VI)-exposed group via flow cytometry and TUNEL anal-
ysis (Supplementary Fig. S1), suggesting that senescence was
not related to cell apoptosis. The protein levels of age-related
biomarkers including p53, MDM2, p21, CTGF, SMP30, and
Cav-1 were detected by Western blot, which were signifi-
cantly changed (Supplementary Figure S2). (Supplementary
Materials)
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