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ABSTRACT: Pantetheinase (also known as Vanin-1) is highly expressed in
the liver, kidneys, and intestine and is closely associated with a number of
diseases. Vanin-1 can hydrolyze pantetheine to pantothenic acid (vitamin B5)
and cysteamine and participate in the synthesis of glutathione (GSH). GSH is
highly expressed in tumor cells and plays a major role in the resistance of tumor
cells to cisplatin. Therefore, we urgently need a method to monitor the activity
level of Vanin-1 in tumor cells and tissues and elucidate the relationship
between the role of Vanin-1 in GSH synthesis and tumor resistance. Herein, we
report a Cy-Pa fluorescent probe for imaging Vanin-1 in cells and in vivo that
can qualitatively and quantitatively detect the fluctuation of Vanin-1
concentrations in HepG2 and HepG2/DDP cells or tumor tissues of tumor-
bearing mice. This probe shows excellent potential in in situ real-time
monitoring of endogenous Vanin-1. Moreover, we proved that Vanin-1 can
inhibit GSH synthesis using the probe. When the Vanin-1 inhibitor RR6 was used in combination with cisplatin, HepG2 and
HepG2/DDP cells showed increased resistance to cisplatin, while the therapeutic efficiency of cisplatin was reduced in HepG2 and
HepG2/DDP xenografts. In this study, Vanin-1 was shown to play an important role in the treatment of cancer, and the study of
Vanin-1 may provide an idea for the treatment of cancer in the future.

Vascular noninflammatory molecule-1 (Vanin-1/VNN1) is
a membrane-anchored pantetheinase that is anchored to

the surface of epithelial cells by the glycosylphosphatidylino-
sitol portion and was first identified as a new surface molecule
in 1996.1 This molecule is highly expressed in the liver,
kidneys, and intestine and has received much attention.2

Currently, owing to its pantetheinase activity, Vanin-1 is
believed to be a major regulator of stress resistance in a variety
of diseases.3,4 In many diseases, such as influenza,5

inflammation,6,7 diabetes mellitus,8−10 acute kidney injury,11,12

and soft tissue invasion of tumors, Vanin-1 activity has been
detected.13 Pantothenic acid (PA) is a structural component of
CoA, suggesting that Vanin-1 may be involved in coenzyme A
metabolism, energy production, and lipid metabolism.14,15

However, cysteamine suppresses the regulation of endogenous
glutathione (GSH) pools mediated by γ-glutamylcysteine
synthetase (γ-GCS), the rate-limiting enzyme for GSH
synthesis,16 thus leading to increased stores of GSH.8 As the
most abundant endogenous antioxidant in organisms, GSH is a
key mediator in many cellular events and protects cells from
damage caused by oxidative stress.17 In addition, GSH is
involved in many cellular metabolic activities, such as
maintenance of redox homeostasis, mediation of signal
transduction, and regulation of DNA synthesis.18,19 Most
importantly, GSH also protects tumor cells from high levels of
reactive oxygen species.20 Elevated levels of GSH have been

observed in various types of tumors, and GSH plays an
important role in the development of tumor resistance to the
chemotherapeutic drug cisplatin, which significantly reduces
the efficacy of cisplatin and leads to a decrease in the cure rate
of tumors.21,22

Since Vanin-1 can indirectly affect the synthesis of GSH, this
paper mainly discusses the relationship between Vanin-1 and
cisplatin resistance and seeks solutions to cisplatin resistance.
Cisplatin is one of the most effective anticancer drugs among
the many chemotherapy drugs widely used in cancer
treatment.23 This drug functions by interfering with the
DNA repair mechanism to cause DNA damage and induce
apoptosis. In addition to DNA damage, oxidative stress is also
one of the most important mechanisms of cisplatin
toxicity.24,25 However, the emergence of drug resistance
seriously reduces the efficacy of cisplatin, and the development
of drug resistance is one of the main reasons for the failure of
chemotherapy in human malignant tumors. Recent studies
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have shown that tumor resistance is mediated by different
mechanisms that act at different stages of drug cytotoxicity,
ranging from reducing drug accumulation in cells to
eliminating chemically induced apoptosis.26−29 Among these
mechanisms, GSH plays an important role in tumor therapy
and the development of drug resistance, in addition to
protecting tumor cells from high levels of ROS. Cisplatin
resistance can be caused by the long-term administration of the
GS-X pump on the cell membrane.30 Cisplatin exudation is
dependent on the formation of the GSH−Pt complex. This
process reduces the intracellular accumulation of cisplatin and
reduces its efficacy. Vanin-1 is a GSH pool modulator that
regulates γ-GCS activity. GSH synthesis may also play a role in
regulating drug resistance.31 Therefore, this study aims to
prove the role of inhibition of Vanin-1 activity in the treatment
of tumors. To the best of our knowledge, few studies have been
conducted on Vanin-1 due to the lack of strategies for in situ
detection of the enzyme in living cells and in vivo. Therefore,
there is an urgent need to develop efficient methods to analyze
Vanin-1 in biological systems. Previous methods for the
determination of the activity of Vanin-1 were usually indirect
analysis by radioisotope labeling and spectrophotometry of
cysteamine, leading to rough estimates and inaccurate
results.32−38 In 2010, Ruan et al. first reported the direct
determination of Vanin-1 using fluorescence detection.39

However, it displayed a rather short excitation wavelength of
340 nm and is thus unfavorable for cell imaging. Lin et al.
developed a bioluminescent probe for the detection of Vanin-1
in cells and mice,40 but this method requires specific
instruments, which adds to the complexity of the experiment.
Recently, Hu et al. reported a ratio fluorescent probe for the
detection of Vanin-1.41 However, the probe has not been
successfully used to detect Vanin-1 in vivo. Furthermore, Qian
et al. reported a ratio fluorescent probe, but its maximum
emission wavelength is only 645 nm.4

Herein, the near-infrared fluorescent probe Cy-Pa was
designed to test the level of Vanin-1 in living cells and in
vivo (emission peak: 780 nm, excitation 730 nm). The Cy-Pa
probe has a specific Vanin-1 substrate and is highly sensitive to

Vanin-1 in biological systems. In this study, the levels of Vanin-
1 in HepG2 and cisplatin-resistant HepG2 cell (HepG2/DDP)
lines and corresponding tumor-bearing mouse models were
successfully detected using Cy-Pa. Our results indicated that
Cy-Pa is an effective small-molecule fluorescent probe for the
detection of Vanin-1. RR6 ((R)-2,4-dihydroxy-3,3-dimethyl-N-
(3-oxo-4-phenylbutyl)butanamide) is a specific inhibitor of
Vanin-1. We further confirmed that inhibition of Vanin-1 by
RR6 could effectively increase the concentration of intra-
cellular total GSH, and the synergistic effect of RR6 and
cisplatin reduced the efficacy of cisplatin, which negatively
affected the treatment of tumors. We believe that inhibition of
Vanin-1 activity may be one of the reasons for the
development of drug resistance in tumors. Therefore, the
Cy-Pa probe may be a valuable tool for the exploration of drug
resistance in tumors.

■ EXPERIMENTAL SECTION

Synthesis of Cy-Pa. Pantothenic acid (PA) (337 mg, 1.00
mM), N,N-diisopropylethylamine (DIPEA) (400 μL, 2.4
mM), and 2-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethy-
luronium hexafluorophosphate (HATU) (380 mg, 1.00 mM)
were added to DMF (5 mL), and then stirred at 0 °C for 50
min. Compound 1 (502.2 mg, 0.86 mM) dissolved in DMF
(10 mL) was added slowly to the above mixture, stirred at 25
°C for 12 h and then evaporated to remove the solvent. The
above solid mixture was dissolved in an appropriate amount of
80% acetic acid (AcOH/water = 4:1) and stirred for 3 h. The
solvent was removed under reduced pressure, and the crude
product was purified using silica gel chromatography with
CH2Cl2/CH3OH (9:1, v/v) as the eluent (520.5 mg, 57%).1H
NMR (500 MHz, CDCl3-d1) δ (ppm): 10.59 (s, 1H), 8.00−
7.97 (m, 2H), 7.87−7.85 (m, 2H), 7.35-7.31 (m, 4H), 7.23−
7.21 (m, 6H), 7.05-7.03 (m, 2H), 6.96−6.94 (m, 2H), 5.92−
5.89 (m, 2H), 4.33-4.31 (m, 1H), 4.01−3.99 (m, 5H), 3.38 (s,
2H), 2.68-2.66 (m, 6H), 2.04 (s, 6H), 1.42-1.39 (m, 14H),
0.97−0.82 (m, 6H). 13C NMR (125 MHz, CDCl3-d1) δ(ppm):
174.29, 171.98, 170.86, 165.49, 155.81, 142.90, 141.45, 141.15,
134.61, 130.94, 128.84, 128.60, 125.34, 122.62, 122.29, 121.81,

Scheme 1. (a) Synthesis Route to Cy-PA and (b) Reaction Mechanism of Cy-PA with Vanin-1
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114.25, 109.93, 98.75, 70.53, 65.59, 49.28, 39.19, 37.58, 36.18,
30.57, 29.33, 27.85, 24.26, 22.13, 22.09, 21.11, 20.45, 19.19,
13.74, 12.16. LC-MS (ESI): m/z calcd for C49H61N4O5

+ [M]+

785.46, found 785.62.
Cell Transfection. HepG2 and HepG2/DDP cells were

placed in a six-well plate. After the confluence rate was
approximately 70%, 2 μg of plasmid DNA (human Vanin-1
gene, cDNA clone expressing plasmid with the OFPSpark tag)
and 2.5 μL of lipofectamine 2000 were added to the serum-free
medium according to the instructions. After 6 h of culture, the
culture medium was replaced with a complete medium for
another 24 h. The transfection efficiency was confirmed by
Western blotting.
Cell Imaging. Fluorescent images were acquired on an

Olympus FV1000 confocal laser scanning microscope with an
objective lens (×40). Cells were plated on Petri dishes (Φ = 20
mm) and allowed to adhere for 24 h before imaging. The
probe was added to the culture plates, which were filled with 1
mL of fresh complete medium. All of the experimental cells
were incubated with Cy-Pa at 37 °C for 30 min, and imaging
was performed by laser scanning confocal microscopy.
Fluorescence changes were quantified by flow cytometry.

■ RESULTS AND DISCUSSION

Design Strategies for the Cy-Pa Probes. The synthetic
approaches for the Cy-Pa probe are outlined in Scheme S1. All
synthetic compounds were characterized using 1H NMR, 13C
NMR, and high-resolution mass spectrometry (HRMS). The
synthetic details of compounds are shown in the Supporting

Information. As shown in Scheme 1, in this work, we
combined 4-aminophenol with fluorophore Cy-7 to obtain
compound 1 due to its high molar absorption coefficient and
near-infrared (NIR) emission. Near-infrared fluorescent dye
compound 1 was selected as the fluorophore (emission peak:
780 nm, excitation 730 nm), and pantothenic acid was selected
as the detection group. The integration of Pa into the
fluorescence platform dramatically quenched the fluorescence
of compound 1. We speculated that the fluorescence properties
of compound 1 can be modulated by a photoinduced electron
transfer (PET) from the excited fluorophore to a strongly
electron-withdrawing group (donor-excited PET, d-PET).42,43

The probe Cy-Pa was prepared by a simple condensation
reaction between compound 1 and pantothenic acid. Once the
probe Cy-Pa encounters Vanin-1, Vanin-1 could specifically
recognize and cleave the peptide bond of the probe to release
dye compound 1, which results in the emergence of a 780 nm
emission peak. Therefore, the peptide bond as the Vanin-1
reaction unit exhibits a specific reaction and high sensitivity.

Spectroscopic Measurements. The absorption and
fluorescence spectra of Cy-Pa (10 μM) were measured under
simulated physiological conditions (10 mM HEPES buffer, pH
7.4). The maximum absorption wavelength was 760 nm
(Figure 1a). When Vanin-1 (300 ng/mL) was added to the
solution of 10 μM probes, a new absorption peak appeared at
780 nm. In addition, the fluorescence of Cy-Pa was measured
with different doses of Vanin-1 (0−300 ng/mL) under the
same conditions (Figure 1b). With the increase of Vanin-1
concentration, the associated fluorescence intensity increased

Figure 1. Spectral properties of Cy-Pa. (a) Absorption spectra of Cy-Pa and Cy-Pa + Vanin-1. The black curve is the absorption spectrum of Cy-Pa.
The red curve is observed after treatment with 300 ng/mL Vanin-1. (b) Changes in the fluorescence emission spectra of Cy-Pa (10 μM) with
various concentrations of Vanin-1 (0, 30, 60, 90, 120, 150, 180, 210, 240, 370, and 300 ng/mL). (c) The plot of the linear relationship between the
relative fluorescence intensity at 680 nm and concentrations of Vanin-1 (0−300 ng/mL). (d) Plot of fluorescence intensity of Cy-Pa (10 μM)
against the reaction time in the presence of varied concentrations of Vanin-1 (0 and 300 ng/mL). (e) Fluorescence responses of Cy-Pa (10 μM) to
treatments with a series of biomolecules (1 mM), GGT (50 U/L), tyrosinase (Tyr) (100 ng/mL), and Vanin-1 (300 ng/mL) for 30 min at 37 °C:
(1) Blank, (2) GSH, (3) D-cysteine, (4) glucose, (5) VcNa, (6) L-valine, (7) Hcy, (8) GGT, (9) TYR, (10) serine (Ser), (11) lysine (Lys), (12)
arginine (Arg), and (13) Vanin-1. (f) Bioluminescence imaging of Cy-Pa toward various inorganic salts (100 μM) and Vanin-1 (300 ng/mL): (1)
Blank, (2) PbCl2, 3.MgCl2, 4.BaCl2, (5) MnSO4, (6) CaCl2, (7) ZnCl2, (8) AlCl3, (9) CuSO4, (10) FeCl3, and (11) Vanin-1. λex = 730 nm, λem =
780 nm. The measurements were performed in 10 mM HEPES (pH 7.4) at 37 °C.
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with the peak value centered at 780 nm because the peptide
bond of Cy-Pa was hydrolyzed to release a fluorophore. The
excitation wavelength of the probe was 730 nm. The linear
concentration-dependent fluorescence response range between
Cy-Pa and Vanin-1 was 0−300 ng/mL (Figure 1c). The
equation obtained from the calibration curve is F780 nm =
1.95[Vanin-1] ng/mL + 31.6(R2 = 0.9910). The limit of
detection for Vanin-1 was 0.85 ng/mL (3σ/k, where σ was the
standard deviation of blank measurement and k was the slope
of the regression equation), indicating that the Cy-Pa probe
had a high sensitivity to Vanin-1 under simulated conditions.
The above results demonstrate that our probe is an effective
chemical tool for qualitative and quantitative detection of
Vanin-1.
Kinetic Investigations of Cy-Pa toward Vanin-1. We

assessed the response of Cy-Pa to Vanin-1 under simulated
physiological conditions (Figure 1d). The fluorescence curves
of Cy-Pa at different concentrations of Vanin-1 (0 and 300 ng/
mL) were studied for 30 min. The fluorescence intensity did
not change without Vanin-1 addition, but when the
concentration of Vanin-1 was 300 ng/mL, the fluorescence
intensity became stronger as the reaction time increased, and
the fluorescence signal reached a plateau within 20 min. These
results indicate that Cy-Pa shows a very rapid response to
Vanin-1. The rapid response behavior of the Cy-Pa probe
enables the unique ability of real-time biological imaging of
intracellular Vanin-1.

Selectivity of Cy-Pa toward Vanin-1. Good selectivity is
an important index to evaluate the performance of probes,
especially for biological imaging probes applied in complex
biological systems. Therefore, the selectivity of Cy-Pa to
Vanin-1 was evaluated under simulated biological conditions
(pH 7.4, 37 °C). As illustrated in Figures 1e,f, the probe was
incubated with glutathione (GSH), D-cysteine, glucose, VcNa,
L-valine, homocysteine (Hcy), γ-glutamyl transpeptidase
(GGT), tyrosinase (Tyr), serine (Ser), lysine (Lys), arginine
(Arg), and inorganic salts (PbCl2, MgCl2, BaCl2, MnSO4,
CaCl2, ZnCl2, AlCl3, CuSO4, FeCl3). The experimental results
clearly showed that none of these substances can trigger the
fluorescence signal, and the significant increase in fluorescence
emission can occur only in the presence of Vanin-1. In
conclusion, these results confirmed that Cy-Pa is an ideal and
effective tool for the sensitive detection of Vanin-1 levels in
biological systems.
We also studied the spectral properties of Cy-Pa with Vanin-

1 at different pH values. As shown in Figure S2, the
fluorescence of the probe does not change significantly in
the pH range of 4−9, indicating that Cy-Pa has excellent
stability over a wide pH range. To verify whether the Cy-Pa
reacts with RR6 or cisplatin. As shown in Figure S3, the RR6
group, cisplatin group, or RR6 + cisplatin group exhibit no
significant increase in vitro, only upon addition of Vanin-1 a
remarkable increase in fluorescence intensity could be
observed. Therefore, RR6 and cisplatin have almost no effect
on the Cy-Pa fluorescence.

Figure 2. Confocal microscopy images and flow cytometry assay of HepG2 cells and HepG2/DDP cells for measuring Vanin-1 levels in living cells.
The RR6 group was incubated with 100 μM RR6 for 30 min, the transfected group was transfected with the human Vanin-1 gene, and the control
group was not treated. (a) Confocal microscopy images of Vanin-1 level with Cy-Pa (10 μM) in cells for 30 min (scale bars: 20 μm). (b) Flow
cytometry analysis of (a). (c) Mean fluorescence intensity of HepG2 cells and HepG2/DDP cells in different groups in (a) and (b). (d)
Quantitative analysis of Vanin-1 expression in (g). (e) The real GSH concentration of HepG2 cells and HepG2/DDP cells in control groups, RR6
groups, and transfected groups. (f) Quantitative analysis of γ-GCSc and γ-GCSm expression in (g). (g) Western Blot analysis of the changes of
Vanin-1, γ-GCSc, and γ-GCSm levels of HepG2 cells and HepG2/DDP cells in the three groups, β-actin was utilized as the internal control. (h) As
a sensor of oxidative stress, Vanin-1 is regulated during stress induction and releases cysteamine into tissues through the metabolism of pantothenic
acid (vitamin B5). Cysteamine affects γ-GCS-mediated regulation of endogenous GSH pool, thereby influencing cellular responses to oxidative
stress injury.
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Imaging of Vanin-1 in Living Cells. The above
experiments proved that the Cy-Pa probe had higher selectivity
for Vanin-1, and we subsequently explored the application of
the Cy-Pa probe in the detection of Vanin-1 in living cells.
HepG2 cells and HepG2/DDP cells were used in this study.
HepG2/DDP is a cell line with strong resistance to cisplatin.
Before the experiment, CCK-8 assays were used to detect the
cytotoxicity of different concentrations (0−100 μM) of the Cy-
Pa probe on HepG2 cells and HepG2/DDP cells. When the
probe concentration was 100 μM, the survival rate of both
types of cells remained above 83%, and the results showed low
cytotoxicity of the Cy-Pa probe to HepG2 and HepG2/DDP
living cells (Figure S1). The IC50 value of HepG2/DDP cells
was 8 μg/mL.
Previous studies have shown that RR6 is currently the most

effective Vanin-1 inhibitor; it is selective and displays excellent
bioavailability and potency.44 To verify that our probe can
effectively detect Vanin-1 in living cells, we pretreated HepG2
and HepG2/DDP cells with 100 μM RR6 for 30 min to lower
the Vanin-1 level before imaging. With the addition of RR6,
the fluorescence intensity was significantly decreased compared
with that of the control group, illustrating that the Vanin-1
level in cells decreased. Furthermore, transfected HepG2 and
HepG2/DDP cells were immediately imaged, and we found
that the cells transiently transfected with the human Vanin-1
gene showed stronger fluorescence intensity than the control
cells (Figure 2a). The bright-field images of Figure 2a are

shown in Figure S4. To further verify the fluorescence variation
among the three groups of cells, the above experimental results
were confirmed by flow cytometry (Figure 2b). The average
fluorescence intensities of the three types of cells are displayed
in Figure 2c. In addition, the changes in Vanin-1 levels in these
three groups were confirmed by Western blot assays. The
Western blot results were consistent with fluorescence images
and flow cytometry analysis results (Figure 2g,d). The above
data suggest that the probe Cy-Pa is a simple and effective tool
for the detection of Vanin-1 levels in cells.
γ-GCS is a rate-limiting enzyme for GSH synthesis,16 and its

activity is inhibited by cystamine.45 As shown in Figure 2 h,
Vanin-1 has pantetheinase activity and is responsible for the
production of cysteamine.46 Cysteamine can be oxidized to its
disulfide, cystamine, and this reaction is reversible. γ-GCS is
inhibited by high levels of cysteamine, which depletes the
intracellular storage of GSH. Therefore, we next evaluated the
expression levels of two subtypes of γ-GCS (γ-GCSc and γ-
GCSm) in the above three groups of cells. The results are
shown in Figure 2g,f. The expression levels of γ-GCSc and γ-
GCSm in the RR6 group were higher than those in the control
group, and in contrast, the transfection group showed lower
expression levels than the control group. To determine the true
concentration of GSH in the cells, we determined the content
of GSH using a reduced GSH colorimetric assay kit (Figure
2e) according to the manufacturer’s instructions, and the
experimental results were consistent with the trend of the

Figure 3. Mechanism of the anti-apoptotic effect of RR6 in HepG2 and HepG2/DDP cells. (a) and (b) Confocal microscopy images of Vanin-1
level with Cy-Pa (10 μM) in HepG2 and HepG2/DDP cells for 30 min. The cells in the first group were untreated. Those in the second group
were treated with 100 mM RR6 individually for 8 h before imaging. The cells in the third group were treated with 10 μg/mL cisplatin for 24 h
before imaging. Those in the fourth group were co-treated with 100 mM RR6 for 8 h and 10 μg/mL cisplatin for 24 h, respectively (scale bars: 20
μm). (c) and (d) Flow cytometry analysis of (a) and (b). (e) and (f) Apoptosis analysis of two kinds of HepG2 cancer cells as introduced in (a)
and (b). Viable cells (FITC−/PI−), early apoptosis (FITC+/PI−), late apoptosis, and necrosis (FITC+/PI+). (g) and (h) Mitochondrial membrane
potential analyzed by JC-1. (i) Western blotting analysis of Vanin-1, p-JNK, cytochrome c, Bax, Bcl-2, and cleaved caspase 3. (j) Statistical analysis
of p-JNK protein expression. (k) Statistical analysis of the Bax to Bcl-2 protein expression ratio. (l) Statistical analysis of cytochrome c protein
expression. (m) Statistical analysis of Vanin-1 protein expression. (n) Statistical analysis of cleaved caspase 3 protein expression.
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Western blot assays. The results showed that the addition of
RR6 inhibited the activity of Vanin-1 and reduced the level of
cysteamine. Low levels of cysteamine led to enhanced γ-GCS
activity and, consequently, led to elevated endogenous GSH
stores in cells.
Evaluation of Anti-Apoptotic Effects of Vanin-1

Inhibitors. As one of the most effective chemotherapy drugs
for the treatment of solid tumors, cisplatin has been widely
used to treat different types of tumors.23 In general, cisplatin is
thought to function by damaging DNA and inducing oxidative
stress to kill cancer cells.24 Unfortunately, high levels of GSH
protect cells from oxidative stress, and long-term admin-
istration can lead to increased cisplatin outflow because the
glutathione-X pump acts on the cell membrane, which reduces
intracellular cisplatin levels and leads to reduced cisplatin
efficacy, a major mechanism of drug resistance in tumors.30 We
demonstrated that the intracellular glutathione content is
regulated by Vanin-1, which encouraged us to explore how
changing the activity of Vanin-1 during chemotherapy may
affect the therapeutic effect. As shown in Figure 3, HepG2 cells
were divided into four groups. The first group was selected as
the control. The cells in the second group were treated with
100 mM RR6 for 8 h before imaging, and Vanin-1 activity was
almost completely inhibited. The cells in the third group were
treated with 10 μg/mL cisplatin for 24 h before imaging. The
cells in the fourth group were co-treated with 100 mM RR6 for
8 h and 10 μg/mL cisplatin for 24 h. The cells in each group
were incubated with Cy-Pa at 37 °C and imaged by laser
scanning confocal microscopy. As expected, the fluorescence
intensity were as follows: control group > cisplatin group >
RR6 group > RR6 + cisplatin group (Figure 3a). The bright-
field images of Figure 3 are shown in Figure S5. These results
revealed that the levels of Vanin-1 fluctuated, and the level of
Vanin-1 decreased most significantly in the RR6 + cisplatin
group. Upon the addition of cisplatin alone, the level of Vanin-
1 decreased slightly, which may be caused by the decrease in
the number of living cells. We further used flow cytometry to
detect the changes in fluorescence intensity, and the results
were consistent with those of fluorescence imaging (Figure
3c). Western blot analysis confirmed the fluctuation of Vanin-1
levels in the four groups (Figure 3i,m). The variation trend was
consistent with the previous experimental results.
In addition to DNA damage, oxidative stress is one of the

most important mechanisms of cisplatin toxicity. Mitochondria
are the major targets of cisplatin-induced oxidative stress,
which results in the loss of mitochondrial protein sulfhydryl
groups, inhibition of calcium uptake, and reduction of
mitochondrial membrane potential.25 Next, several apoptotic
markers were used to study the apoptosis of cells in the above
four groups. When mitochondria are damaged, Ca2+ is released
into the cytoplasm, leading to changes in the mitochondrial
membrane potential (ΔΨm), which is a biomarker of early
apoptosis. In the following work, we measured changes in ΔΨm
using the red/green fluorescence ratio (Figure 3g). The control
groups and the RR6 groups had high red/green fluorescence
intensity ratios, while the red/green fluorescence intensity
ratios of the cisplatin groups and the cisplatin + RR6 groups
decreased to varying degrees, and the degree of decrease was
greater in the cisplatin groups. This finding indicates that
mitochondrial damage was the most serious in the cisplatin
group. RR6 alone did not exhibit any effect on mitochondrial
damage, but when it was combined with cisplatin, the
damaging effect of cisplatin on mitochondria was reduced.

Thus, RR6 exhibited a cell-protective effect that reduced the
efficacy of cisplatin. The apoptosis of cells was also analyzed
using the Annexin V-FITC/PI Apoptosis Detection Kit
(Figure 3e). Both the control group and the RR6 group
maintained high levels of survival with little difference, which
indicated that RR6 alone does not increase the rate of
apoptosis. Then, we found that the percentage of early and late
apoptotic cells increased in both the cisplatin groups and the
cisplatin + RR6 groups, but the cisplatin groups showed more
severe apoptosis than the combined groups. This finding is
consistent with the results of the JC-1 assay. Furthermore, we
performed JC-1 and Annexin V-FITC/PI apoptosis experi-
ments on HepG2/DDP cells under the same conditions and
obtained the same results (Figure 3b,d,f,h). These results
indicate that inhibition of Vanin-1 can reduce the killing effect
of cisplatin on HepG2 cells and HepG2/DDP cells. Therefore,
we hypothesized that the inhibition of Vanin-1 activity might
be one of the reasons for the development of cisplatin
resistance in tumor cells.
The pharmacological effects of cisplatin could lead to DNA

and mitochondrial damage, which leads to changes in
apoptosis-related factors. According to previous reports, p-
JNK expression first occurs in mitochondrial apoptosis, and
then, the proportion of Bax and Bcl-2 is increased. Cytochrome
c is the downstream effector of Bax and Bcl-2. Cytochrome c is
located on the outer membrane of mitochondria.47 When the
mitochondrial membrane potential collapses, cytochrome c is
released from the mitochondria into the cytoplasm and
activates the apoptotic executor cleaved caspase 3.48,49 We
further determined the levels of these apoptosis-related factors
in the four groups of HepG2/DDP cells. The expression of p-
JNK, Bax, Bcl-2, cytochrome C, and cleaved caspase 3 was
examined using Western blot analysis. Compared with the
control group, the expression level of p-JNK was not different
in the RR6 group, and the expression of p-JNK was
upregulated after cisplatin administration. However, when
RR6 was combined with cisplatin, the upregulation of p-JNK
expression was weakened (Figure 3i,j). Similarly, when RR6
was combined with cisplatin, the ratio of Bax to Bcl-2 was
lower than that in the cisplatin group (Figure 3i,k). As
expected, the addition of RR6 reduced the cisplatin-mediated
upregulation of JNK expression and the ratio of Bax to Bcl-2.
At this point, the mitochondrial membrane potential collapsed,
and cytochrome c was released from the mitochondria. The
levels of cytochrome c and cleaved caspase 3 were evaluated in
the cytoplasm, which increased in the cisplatin group (Figure
3i,l,n). The addition of RR6 resulted in a decrease in
cytochrome c and cleaved caspase 3 levels in the cytoplasm.
This finding was consistent with the results of analysis
performed using JC-1 kit and Annexin V-FITC/PI assay for
apoptosis. Herein, we emphasized that administration of the
Vanin-1 inhibitor RR6 results in an increase in intracellular
GSH. For HepG2 and drug-resistant HepG2/DDP cells, when
cisplatin was combined with RR6, the efficacy of cisplatin was
reduced, and the resistance of tumor cells to cisplatin was
increased, which weakened tumor treatment.

Imaging of Vanin-1 in Tumor-Bearing Mice. Encour-
aged by the fact that the inhibition of Vanin-1 activity can
reduce cisplatin-induced apoptosis in cancer cells, we next
investigated whether the same treatment results can be
produced in vivo in mice. During cancer treatment, drug
resistance of cancer cells is a challenging problem that urgently
needs to be solved. HepG2 and HepG2/DDP xenograft
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tumors were established in nude mice, and tumor-bearing mice
were divided into four groups. The first group was intra-
peritoneally injected with the same amount of normal saline.
The second group was given 30 mg/kg RR6 orally once daily
for 16 days. The third group received an intraperitoneal
injection of cisplatin (0.5 mg/mL ×0.5 mL) every other day
for 16 days. The fourth group was given RR6 and cisplatin for
16 days with procedures similar to those described for the
second and third groups. On the last day of treatment, we first
measured the level of Vanin-1 with Cy-Pa. Forty minutes after
the intratumoral injection of Cy-Pa, Vanin-1 was detected in
tumor-bearing mice by an in vivo imaging system. Under
different treatment conditions, the fluorescence intensity was
as follows: control group > cisplatin group > RR6 group > RR6
+ cisplatin group (Figures 4a and 5a). The changes in Vanin-1
levels in tumors were as expected, revealing the effective
inhibition of Vanin-1 by RR6 in mice. The mean fluorescence
intensity of Figures 4a and 5a was quantified in Figures 4f and
5f, respectively.
Subsequently, we evaluated the therapeutic efficacy of the

combined application of RR6 and cisplatin on tumors in
tumor-bearing mice during chemotherapy. First, the tumor
sizes and body weights were recorded every other day over a
16-day period (Figures 4g,h and 5g,h). H&E staining (Figures

4c and 5c), Ki67 immunohistochemistry (Figures 4d and 5d),
and TUNEL staining (Figures 4e and 5e) were used to
examine the changes in pathological morphology. H&E
sections were used to assess the tumor tissue. As a kind of
cell proliferation antigen, Ki67 reflects the activity of cell
proliferation. Both the control group and the RR6 group
maintained a high level of cell proliferation, and the cisplatin
group showed a good inhibitory effect, but the addition of RR6
during chemotherapy offsets part of the inhibitory effect of
cisplatin. Similar results were found in cisplatin-resistant
tumor-bearing mice. TUNEL staining directly shows cleavage
of DNA, and the TUNEL-positive rate represents the degree of
cell damage, which can be used to evaluate cell apoptosis.
During chemotherapy treatment of cancer, HepG2 and
HepG2/DDP tumor cells showed satisfactory results, but the
apoptosis rate in the combination group was lower than that in
the chemotherapy group. Representative photos of tumor
tissue in every group are shown (Figures 4i and 5i). According
to our experimental results, the addition of RR6 led to a
decrease in the level of Vanin-1, which showed a protective
effect on tumor cells during chemotherapy and reduced the
therapeutic effect of chemotherapeutic drugs. This finding
suggests that the active level of Vanin-1 may affect the cure rate
of tumors and may also play an important role in the process of

Figure 4. Effects of synergistic therapy of RR6 and cisplatin in the HepG2 tumor-bearing mice. (a) In vivo imaging for 30 min after being
intratumorally injected with Cy-Pa (100 μM, 50 μL in 1:99 DMSO/saline, v/v). (b) Ex vivo fluorescence imaging of the dissected heart, liver,
spleen, lung, kidney, and tumor tissue in four groups in (a). (c) Representative slides of H&E-stained tumors from sacrificed mice in (a).
Magnification: ×400. (d) Ki67 staining images of tumor tissues indicating cell proliferation. Magnification: ×400. (e) TUNEL staining images of
tumor tissues indicating cell apoptosis. Magnification: ×400. (f) Mean fluorescence intensity of the images in (a). (g) Body-weight changes. (h)
Tumor volume changes. (i) Representative photos of tumor tissue in every group.
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drug resistance of tumors. These results provide some ideas for
the treatment of cancer in the future.

■ CONCLUSIONS

In this study, we developed the NIR fluorescent probe Cy-Pa
to detect changes in Vanin-1 levels in HepG2 cells and
HepG2/DDP cells and in tumor-bearing mice. We also
evaluated the anti-apoptotic effects of inhibiting Vanin-1
activity in living cells and in vivo. Our experiment proved
that inhibition of Vanin-1 activity during tumor chemotherapy
reduced the efficacy of the chemotherapeutic drug cisplatin,
leading to a decrease in its therapeutic effectiveness in the
tumor. This protective effect on cells may be attributed to the
increase in GSH storage when the activity of Vanin-1 is
inhibited, thus weakening the killing effect of chemotherapy on
tumor cells. This phenomenon may be one of the reasons why
chemotherapy is ineffective and drug resistance develops.
Therefore, we should consider the activity of Vanin-1 during
the tumor treatment process. The Cy-Pa probe developed in
this study can accurately detect the activity changes of Vanin-1

in real-time at the cellular level and in vivo, which will
contribute to the treatment of tumors.
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