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An NIR-Triggered Au Nanocage Used
for Photo-Thermo Therapy of Chronic
Wound in Diabetic Rats Through
Bacterial Membrane Destruction and
Skin Cell Mitochondrial Protection

Jiaxin Ding’, Binbin Gao?, Zhenhua Chen* and Xifan Mei'*

"Jinzhou Medical University, Jinzhou, China, 2Jinzhou Central Hospital, Jinzhou, China

Bacterial infection and its severe oxidative stress reaction will cause damage to skin cell
mitochondria, resulting in long-lasting wound healing and great pain to patients. Thus,
delayed wound healing in diabetic patients with Staphylococcus aureus infection is a
principal challenge worldwide. Therefore, novel biomaterials with multifunction of bacterial
membrane destruction and skin cell mitochondrial protection are urgently needed to be
developed to address this challenge. In this work, novel gold cage (AuNCs) modified with
epigallocatechin gallate (EGCG) were prepared to treat delayed diabetic wounds. The
results showed that Au-EGCG had a high and stable photothermal conversion efficiency
under near-infrared irradiation, and the scavenging rate of Au-EGCG for S. aureus could
reach 95%. The production of large amounts of reactive oxygen species (ROS) leads to the
disruption of bacterial membranes, inducing bacterial lysis and apoptosis. Meanwhile, Au-
EGCG fused into hydrogel (Au-EGCG@H) promoted the migration and proliferation of
human umbilical cord endothelial cells, reduced cellular mitochondrial damage and
oxidative stress in the presence of infection, and significantly increased the basic
fibroblast growth factor expression and vascular endothelial growth factor. In addition,
animal studies showed that wound closure was 97.2% after 12 days of treatment, and the
healing of chronic diabetic wounds was significantly accelerated. Au-EGCG nanoplatforms
were successfully prepared to promote cell migration and angiogenesis in diabetic rats
while removing S. aureus, reducing oxidative stress in cells, and restoring impaired
mitochondrial  function. Au-EGCG provides an effective, biocompatible, and
multifunctional therapeutic strategy for chronic diabetic wounds.

Keywords: gold nanocages, epigallocatechin gallate (EGCG), hydrogel, antibacterial, photo-thermotherapy, diabetic
wound healing

INTRODUCTION

Long-lasting bacterial infection leads to severe oxidative stress and causes damage to skin cell
mitochondria. Thus, antibacterial and mitochondrial protection of skin cells are the key factors for
skin wound healing (Li et al., 2007; Wlaschek et al., 2019; Liang et al., 2021). Diabetes can cause
damage to the microvascular endothelium and result in tissue hypoxia and ischemia, thus delaying
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SCHEME 1 | The schematic illustration of the synthesis of Au-EGCG@H nanocomposite and the process of sterilization and stimulation of cell behaviors under NIR
irradiation that can facilitate the regeneration of skin cells, involve in the regeneration of skin actively to promote the healing of chronic wounds of infected bacteria.

Epithelial cell repair

the wound healing and leading to chronic non-healing
(YoonYoona et al., 2016; Zhao et al., 2017; Vanaeia et al.,
2021). The management of chronic non-healing wounds in
diabetes remains a major challenge for doctors, especially since
chronic diabetic foot ulcers (DFU) have resulted in more than
73,000 non-traumatic lower-limb amputations, reducing quality
of life with huge cost burden (Randeria et al., 2015; Kalan and
Brennan, 2018; Arifuzzaman et al., 2019; Chin et al.,, 2019).
Healthy skin is an effective barrier for the protection of the
internal organs from pathogens. However, chronic non-healing
wounds that are open, moist, and oozing provide the perfect
environment for Staphylococcus aureus to settle. For the
treatment of bacterial infection, the main clinical choice is to
use antibiotics, but the excessive use of antibiotics will inevitably
lead to drug resistance. Because of the complex healing
environment of diabetic skin wounds, it is very promising to
develop a multifunctional nanoplatform that can effectively
promote wound healing without causing drug resistance.
Photo-thermotherapy (PTT), a new therapeutic strategy, has
little effect on the whole body, owing to its penetration ability to
the deep tissue and micro-invasiveness, along with a high spatial
resolution of the near-infrared laser (NIR). Therefore, PTT can
achieve effective local treatment (Qing et al., 2019; Sun et al., 2019;
Wang et al, 2019). So far, metal nanostructures (such as
nanoparticles, nanorods, and nanolayers) and two-dimensional
(2D) nanomaterials (such as black phosphorus, Prussian blue,
and copper sulfide) have been used as photothermic agents for
near-infrared absorption. These excellent pioneer works disclosed
the brilliant prospect of multifunctional nanoplatforms based on

PTT strategy (Gupta et al., 2019; Chen et al., 2020a; Tong et al,,
2020; Chang et al., 2021). It is well known that gold nanocages are
the basic elements used by people for a long time, which is also a
kind of photothermic agent. Gold nanocages have unique
physicochemical properties (large surface volume ratio, high
surface activity, and ultra-small size), are used in combination
with  two-dimensional nanomaterials to enhance their
antibacterial and anti-inflammatory properties, and have been
extensively employed in medical and food industries (Hu et al.,
2021). In addition, the good biosafety and biocompatibility of
gold nanocages have been proven (Wang et al, 2021).
Epigallocatechin gallate (EGCG) is a polyphenol bioactive
compound that has an inhibitory effect on the growth of
Gram-negative bacteria and Gram-positive bacteria. EGCG
also has the biological functions of anti-oxidation, enhancing
immunity, and effectively promoting wound healing. However,
the application of green tea polyphenols (GTP) is limited by its
weak lipo-solubility, easy oxidation, and low activity in an alkaline
solution (Krook and Hagerman, 2012; Li et al., 2012; Barbalho
et al., 2019). Hydrogels are macromolecular biomaterials that
absorb large amounts of water or other water-soluble substances;
have excellent biocompatibility and biodegradability; and can
deliver functional drugs, molecules, and cells in a variety of
therapies. Hydrogel has been widely applied in the field of
tissue engineering and medicine as the carrier of the
sustained-release drug to protect the injured part from
harmful stimulation, to keep the injured part moist, and to
improve the drug utilization rate (Zhao et al, 2019a; Wu
et al,, 2019; Zhang et al., 2019; Chen et al., 2020b).
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A NIR-triggered Au nanocage with functions of bacterial
membrane destruction and skin cell mitochondrial protection
was developed to solve these problems, as shown in Scheme 1. A
stable drug dispersion system was prepared by loading EGCG
onto hollow porous gold cage (AuNCs) and coating it uniformly
in a novel hydrogel with excellent biocompatibility. We use Au-
EGCG fused into hydrogel (Au-EGCG@H) in diabetic wounds
with Staphylococcus aureus infection. The results showed that
Au-EGCG@H possessed a high and stable photothermal
conversion efficiency under NIR irradiation, and the
generation of a large amount of reactive oxygen species
(ROS) led to the destruction of the bacterial membranes,
thereby inducing bacterial lysis and apoptosis. Meanwhile,
Au-EGCG@H promoted the migration and proliferation of
human umbilical cord endothelial cells, reduced oxidative
stress in cells under infection, restored cellular mitochondrial
function, and significantly increased the expression of basic
fibroblast growth factor and vascular endothelial growth factor.
The ability to promote epithelial repair will then be further
tested in a combination of cell and animal studies. We hope that
this composite nanomaterial system can protect the chronic
non-healing wounds of diabetes from the interference of the
external environment and at the same time it can promote the
proliferation of endothelial cells and the repair of epithelia by
eliminating  bacteria  through  photothermal therapy,
accelerating the repair of chronic non-healing wounds. More
importantly, we also hope to develop a new, economical, safe,
and multifunctional combination as an effective nanodrug
platform treatment strategy.

MATERIALS AND METHODS

Materials

The fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), and Dulbecco’s modified
Eagle’s medium (DMEM) were provided by Gibco
(United States). From Beyotime, we obtained 2,7-
dichlorodihydrofluorescein ~ diacetate ~ (DCFH-DA).  The
primary  antibodies  for  glyceraldehyde  3-phosphate
dehydrogenase (GAPDH), vascular endothelial growth factor
(VEGF), and basic fibroblast growth factor (bFGF) were
offered by Cell Signaling Technology (United States). From
the American Type Culture Collection (ATCC), the human
umbilical vein endothelial cells (HUVECs) and human skin
keratinocyte cells (HACT) can be acquired. The ultrapure
water was utilized in the whole experiment, which was
acquired from the system of Milli-Q. The expression of
relevant proteins in the cells was observed by confocal laser
scanning microscopy (CLSM; Leica TSC SP5 confocal unit).

Preparation of Au-EGCG@H

We prepared the AuNCs and then combined them with EGCG
to form Au-EGCG fused into the hydrogel. In short, we put
10 ml PVP (4 mg/ml) into a three-port flask and added 4 ml of
silver nanoparticles. Then, the solution was heated in an oil bath
(100°C, 500 r/min). After 15 min, HAuCl, (0.0543 mg/ml) was
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subsequently slowly added at 3 ml/min until the color of the
reaction was stable. Washing the samples with saturated NaCl
solution and deionized water, respectively, was done after
cooling to room temperature. Subsequently, EGCG (2 ml,
50 pug/ml) was added to the prepared Au solution and then
mixed for 2h at room temperature (500 r/min) to form Au-
EGCG. The samples were collected by centrifugation
(12,000 rmp, 20 min). The hydrogel was prepared by adding
0.1 g to 10 ml PVA solution (8%), and then, the solution was
stirred for 1 h (50°C, 350 r/min). Finally, Au-EGCG were fused
into the hydrogel to obtain Au-EGCG@H.

Characterization

Dynamic laser scattering (DLS, Malvern, NanoZS90,
Worcestershire, United Kingdom) and transmission electron
microscopy (TEM, JEM-1200EX, Tokyo, Japan)
respectively employed to characterize the size and morphology
of AuNGCs. The crystallographic structure of AuNCs was
demonstrated using a PXRD analysis (Shimadzu, Kyoto,
Japan) applying Cu K radiation. Fourier transform infrared
spectroscopy (FTIR, Shimadzu, Kyoto, Japan) was employed to
explore the component of Au-EGCG@H utilizing the KBr disk
approach. The fluorescence photometer (F97PRO, Shanghai,
China) and UV-vis spectrophotometer (PerkinElmer Lambda
605S UV-vis spectrometer) were exploited to acquire
fluorescence data and ultraviolet-visible data.

were

Photothermal Performance and
Photothermal Stability of Au-EGCG@H

Thermo photographic research was used to assess the
photothermal properties of Au-EGCG@H. We added Au-
EGCG@H at various concentrations (50, 100, or 200 pg/ml),
AuNCs, and water into centrifuge tubes. Then, we irradiated
them with NIR laser (1 W/cm?, 808 nm) for 10 min while
recording the thermal images and temperature with an NIR
thermal imager (ABFRX500) every 30s. To evaluate the
photothermal stability of Au-EGCG@H, AuNCs and Au-
EGCG@H were warmed and cooled for three cycles. Each
cycle irradiated them for 10min while recording the
temperature at intervals of 30 s.

Scratch Assay

The migration capability of HUVECs was measured via scratch
detection. HUVECs were inoculated into 24-well plates
(1 x 10° cells/well) and starved with FBS-free medium at 37°C
(5% CO,, 95% humidity). The tip of a sterile pipette was used, and
the cells were scratched with a line at the bottom of the plate.
Phosphate-buffered saline (PBS) was used to wash the floating
debris and cells. Subsequently, HUVECs were treated with Au-
EGCG@H, Au@H, or PBS, and then, they were incubated under a
temperature of 37°C. Afterward, 4% paraformaldehyde (PFA) was
utilized to fix HUVECs, and then, HUVECs were treated with
0.1% Triton X-100 (Sigma-Aldrich, United States) and stained by
DAPI. An inverted Leica fluorescence microscope was exploited
to take the migration images. After determining the distance of
scratch healing, the migration images were quantified.
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Immunofluorescence Staining
In each group, after the incubation, the HUVECs were cleaned

three times by utilizing PBS. Afterward, the HUVECs were fixed
for half an hour in 4% PFA. Next, the cells were cleaned in PBS for
three times and incubated using Triton X-100 for 20 min. The
cells were subsequently incubated utilizing goat serum for 2 h.
After that, the treatment of the cells was conducted via the bFGF
antibodies and primary anti-VEGF antibodies at 4°C overnight.
Next, the incubation of cells was performed through Alexa Fluor
488 goat anti-rabbit IgG or Alexa Fluor 594 goat anti-mouse IgG
at RT for 2 h. In the end, DAPI (Invitrogen, United States) was
utilized to stain the nuclei for 20 min.

Au-EGCG@H In Vitro Antibacterial

Efficiency

The antibacterial ability of near-infrared laser irradiation
combined with nanomaterials was evaluated with S. aureus. In
brief, 200 ul of Au-EGCG@H was mixed with 800 ul bacterial
solution and incubated for 30 min. Afterward, we irradiated the
solution by applying the NIR laser (808 nm, 2.5 W/cm?, 5 min).
Next, the treated bacterial suspension was diluted and then
diffused onto the nutrient agars. After incubation for 1 day at
37°C, we can count the number of cloned bacteria.

Detection of ROS

The fluorescent probe DCFH-DA was provided by Beyotime to
detect the intracellular levels of ROS of treated bacteria. In brief, S.
aureus cells were treated with PBS, Au-EGCG@H, or Au-
EGCG@H by the irradiation of NIR (5min, 2.5 W/cm?) at
37°C for 30 min. Then, in various treatments, S. aureus cells
were incubated in darkness for 20 min through the probe of
DCFH-DA. The samples were ultimately visualized via an
inverted Leica fluorescence microscope to obtain bacterial
images.

In Vivo Treatment of Diabetic Rat S.

aureus-Infected Wounds

We acquired the female SD rats from Jinzhou Medical University
Animal Center. All the studies were conducted using female SD
rats with weight between 200 and 220 g. The diabetes animal
model was constructed with streptozocin (80 mg/kg, STZ; Sigma,
Louis, MO, United States). After anesthesia and disinfection, the
dorsal area was fully shaved, and then, a 1.5-cm full-thickness
excision wound was formed on the back. S. aureus was selected as
a bacterial strain for infection. Afterward, S. aureus suspension
(400 pl) was added to the circular wound to infect all of the rats.
All of the animal researches were performed adhering to the
Guidelines for Care and Use of Laboratory Animals of Jinzhou
Medical University, and the researches were authorized through
the Animal Ethics Committee of Jinzhou Medical University.

Western Blot Analysis

The skin tissues around the wound were harvested on the 8th day
after the injury and then dissolved by using the RIPA buffer
(Beyotime, China). The supernatant was subsequently harvested
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through centrifugation at 12,000 rpm, at 4°C for 15 min, and the
concentration of protein was determined via the BCA Protein
Assay Kit (Solarbio, China). Each channel is loaded with an equal
amount of protein lysate isolated on an acrylamide gel (10%) and
subsequently transferred to the membrane of PVDEF. After
blocking, corresponding primary antibodies, including VEGF,
bFGF, and GAPDH, were incubated at 4°C for 12 h. The GAPDH
expression was exploited as a control. Images were captured by
Alpha Innotech Photo-documentation System.

Tissue Histology

The sections of skin tissue were taken on the 12th day after injury.
The skin tissue was soaked in PFA (4%) for 2 days, dehydrated in
graded alcohol, and finally degreased in xylene. After embedding
the samples in paraffin, the samples were cut into sections (4 um),
and they were subsequently stained by hematoxylin and eosin
(H&E). All images were captured using a light microscope.

Statistical Analysis

All of the studies were implemented in triplicate. The Origin 9.0
software was utilized to plot all of the graphs. Multiple
comparisons were conducted with one-way ANOVA. A P
value less than 0.05 was regarded statistically significant.

RESULT AND DISCUSSION

Preparation and Characterization of
Au-EGCG@H

DLS and TEM were respectively employed to characterize the size
distribution and morphology of the created AuNCs. The TEM
image (Figure 1A) showed that AuNCs possess excellent
uniformity, regular morphology, and a hollow and porous
(8 nm) structure. DLS (Figure 1B) proved that the AuNCs’
diameter was about 40nm, and their polydispersity index
(PDI) was <0.1, further demonstrating that these AuNCs are
uniform. Of the AuNCs, the particle size range of 40 + 10.5 nm
accounts for about 80%. The FTIR spectrum confirmed the
successful formation of Au-EGCG@H. As reported in
Figure 1C, compared with the FTIR of AuNCs, the strong
and wide absorption peaks of Au-EGCG@H at 3,755 cm™" was
owing to the O-H stretching vibration on aromatic ring, and the
wide absorption band between 1,600 and 1,450 cm™' was
associated with the stretching vibration C=C in EGCG
benzene ring; the absorption peaks at 1,327 cm™" were also the
basic characteristics of EGCG, that is, C-O stretching vibration,
and the role of hydrogen bond, indicating that Au-EGCG has
been successfully prepared and fused into the hydrogel. The
successful preparation of gold nanocages means that the
hydrogel system is photo-responsive.

The XRD patterns (Figure 1D) of AuNCs had sharp
diffraction peaks at 38.2°, 44.97°, 64.67°, and 77.64", which
correspond to (111), (200), (220), and (311) crystal surfaces
(JCPDS 4-0784), suggesting the crystalline nature of the
AuNCs. The UV-vis spectroscopy demonstrated the
formation of Au-EGCG. As presented in Figure 1E, the
surface plasmon resonance absorption of AuNCs at 523 nm
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FIGURE 1 | TEM images (A); DLS size distribution of AuNCs (B); Fourier Transform Infra-Red spectra (C); the patterns of XRD (D); Ultraviolet-visible (E); Steady-
state fluorescence spectra of the samples (F); Heating curves of Au-EGCG@H at various concentrations (G); Heating curves of Au-EGCG@H, AuNCs, and water (H);
Photostability of Au-EGCG@H and AuNCs (I); Thermal images of Au-EGCG@H, AuNCs, and water exposed to laser (1 W/cm?2, 808 nm) for 10 min (J); Digital photos of
Au-EGCG@H (K).

and the characteristic absorption peak of EGCG at 273 nm  synthesized Au-EGCG (Figure 1F). The fluorescence

were found in the Au-EGCG ultraviolet-visible spectrum,
indicating successfully prepared Au-EGCG. Fluorescence
spectra further indicated that EGCG and AuNCs

spectrum of AuNCs appeared at a peak at 418 nm, and the
fluorescence spectrum of EGCG displayed a peak at 486 nm.
The emission peak of Au-EGCG (400 nm) revealed a diverse
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FIGURE 2 | effectiveness of Au-EGCG@H laser irradiation for sterilization. (A) S. aureus agar plate photos of distinct treatments. (B) The corresponding colony-
forming unit (CFU) amount of S. aureus with different treatments. (C) /n vitro reactive oxygen species (ROS) effects with various treatments. Stained by 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA), bar = 20 pm. (D) The relevant statistical histogram revealing the relative ROS fluorescence intensity. *o < 0.05, *p <
0.01, **p < 0.001.
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FIGURE 3| The human umbilical vein endothelial cell (HUVEC) migration treated by Au-EGCG@H and Au@H, respectively. (A) The scratch-wound assay in different
treatments, bar = 200 um. (B) Migration area analysis. *o < 0.05, **p < 0.01, **p < 0.001.

blue shift. These outcomes demonstrated the successful  photothermal heating curves of Au-EGCG@H during 808-
preparation of Au-EGCG. To estimate the photothermal nm laser irradiation (1 W/cm?). As can be seen in
performance of Au-EGCG@H, we measured the  Figure 1G, Au-EGCG@H showed a concentration-
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FIGURE 4 | The expression analysis of vascular endothelial growth factor (VEGF) under different treatments. (A) The images of confocal laser scanning microscopy
(CLSM) for the VEGF expression analysis, bar = 25 ym. (B) The VEGF protein expression level was explored through western blot. (C) Quantification analysis of the
VEGF protein. *p < 0.05, *p < 0.01, **p < 0.001.

dependent photothermal effect. The highest temperature = Au-EGCG@H was assessed after three cycles of heating and
increased significantly as the concentration of Au-EGCG@H  cooling processes. As detected (Figure 1I), after three cycles,
increased at the same irradiation condition. As indicated in  the temperature increase of AuNCs and Au-EGCG@H did not
Figure 1H, in contrast to the control group, the maximum  change significantly, reflecting the excellent photothermal
temperature of AuNCs and Au-EGCG@H upregulated  stability of Au-EGCG@H. In Figure 1J, the highest
evidently, as the increasing time of irradiation and the  temperature of AuNCs and Au-EGCG@H could reach
maximum temperature of Au-EGCG@H are slightly higher =~ 41.7°C and 42.2°C, respectively. These results demonstrated
than those of AuNCs at an identical irradiation condition.  that Au-EGCG@H had excellent photothermal performance,
These outcomes suggested that Au-EGCG fused into the  which is beneficial for the photothermal elimination of
hydrogel does not influence the AuNC photothermal  bacteria. According to Figure 1K, gelation was successfully
property. To estimate the photothermal conversion stability =~ obtained after adding Au-EGCG to the hydrogel, which
of Au-EGCG@H, the heat production efficiency of AuNCsand  indicates that the prepared Au-EGCG@H has good gelation
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FIGURE 5 | The expression analysis of basic fioroblast growth factor (0FGF) under different treatments. (A) The images of confocal laser scanning microscopy
(CLSM) for the bFGF expression analysis, bar = 25 pm. (B) The expression level of bFGF protein was analyzed by western blot. (C) Quantification analysis of the bFGF
protein. *p < 0.05, *p < 0.01, **p < 0.001.

properties. This indicates that we have successfully prepareda ~ This means that Au-EGCG@H with NIR could more
solid hydrogel, which facilitates fixation to the wound after  effectively inhibit bacterial survival and suppress the growth
application to the skin surface. of S. aureus. ROS can oxidize and modify nucleic acid, protein,
lipid, and other cell components, leading to genomic damage,

. . . . enzyme dysfunction, membrane fluidity changes, and

In Vitro Antibacterial Properties of ultimately bacterial death (Panda et al., 2018; Wang et al,,
Au-EGCG@H 2017; Lee et al,, 2014). To investigate the level of ROS after
The antibacterial activity of Au-EGCG@H was investigated  irradiation, we can quantify the level of ROS via the
through the spread plate method. As we expected, treatment  measurement of the 2,7-dichlorofluorescein  (DCF)
with PBS had no distinct effect on the bacterial viability  fluorescence intensity. We found that after treatment with
(Figure 2A). The viability of bacteria showed an obvious  PBS, almost no green fluorescent spots were observed in the
decrease upon being treated with Au-EGCG@H, while it  bacteria, indicating no induction of ROS. ROS generation was
was more significant when NIR was exerted (Figure 2B).  present in the Au-EGCG@H group, while NIR irradiation
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FIGURE 6 | Gross changes of the wound site. (A) The image of the diabetic skin wound after operation, bar = 1.5 cm. (B) The wound-bed closure traces within
12 days of each treatment. (C) Wound closure rate analysis. *p < 0.05, *p < 0.01, **p < 0.001.

significantly enhanced the production of ROS level after  intracellular ROS content was significantly reduced in the Au-
treatment (Figure 2C, D). Various theories have been put =~ EGCG-treated group (Supplementary Figure S1).

forward about how AuNCs work against bacteria. We believe

that AuNCs can interact with bacterial cell walls and penetrate . .
them, resulting in structural damage, cellular destruction, and The Effect of Au-EGCG@H on Cell Migration
bacterial death (Burdusel et al., 2018). ROS induction is and Proliferation In Vitro

thought to be another mechanism by which AuNCs induce  Subsequently, we assayed the toxicity of AuNCs as well as Au-
bacterial death. At the same time, the phenolic hydroxyl group ~ EGCG on HUVECs by MTT assay. As shown in Supplementary
of EGCG can bind to the bacterial lipid bilayer and the amino  Figure S1, cell viability decreased slightly with increasing
and carboxyl groups in the bacterial membrane protein, thus  concentrations, while at the highest concentration of AuNCs
destroying the integrity of the bacterial membrane (Steinmann (50 pum), it decreased to 88%, indicating lower toxicity. Notably,
etal., 2013; Xiong et al., 2017). We believe this combined effect ~ the cytotoxicity of Au-EGCG was lower than that of AuNCs
contributes to effective antimicrobial therapy. In addition to ~ when the concentrations were the same (Supplementary Figure
this, we stimulated HUVEC with LPS to simulate bacterial S$2). Next, to demonstrate the role of Au-EGCG@H in
infections in vivo. The intracellular ROS was detected by a  accelerating skin tissue repair, we selected HUVEC for
fluorescence microplate reader, and the results showed that the ~ scratch test in vitro. The degree of migration showed
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significant differences after different treatments of cell scratch
(Figure 3A). The cells exhibited the strongest migration after
treatment with Au-EGCG@H. The results of the quantitative
analysis were also consistent with the migration observations,
with the Au-EGCG@H group showing the highest migration
rate (Figure 3B).

In addition, CLSM was employed to observe the expression of
the relevant proteins in the cells. Our result showed that Au-
EGCG further enhanced the expression of VEGF in HUVECs
(Figure 4A). To further confirm our speculation, we next
examined protein levels of VEGF in the wound region by
utilizing western blot (Figure 4B). By the CLSM observations,
the VEGF protein expression in the two groups treated with Au-
EGCG@H and Au@H, respectively, was higher than the
expression of the control group, and the VEGF expression in
the Au-EGCG@H-treated group was higher than the expression
in the Au@H-treated group (Figure 4C).

Considering that epithelial cells are an integral part of
repairing skin defects, we used CLSM to examine bFGF
expression in HACAT cells. The growth factor of bFGF
stimulates cell proliferation and migration, thereby promoting
wound healing and tissue repair. According to the fluorescence
results (Figure 5A), bFGF in the AU-EGCG@H group showed a
trend towards increased relative protein expression in
comparison with the control group. Thereafter, we examined
and quantified the expression of the relevant proteins by western
blot (Figure 5B). After different biological treatments, the
amount of bFGF protein increased to different degrees in Au@
H- and Au-EGCG@H-treated tissues (Figure 5C). The highest
expression levels were found in the Au-EGCG@H group
(Figure 5C). This demonstrates that the Au-EGCG@H has a
higher growth-promoting ability than Au@H alone.

In the process of wound healing, angiogenesis, the
proliferation of keratinocyte, and the migration of endothelial
cells are critical for the generation (re-epithelialization) of the
novel epidermal layers and the restoration of tissue integrity
(Chen et al., 2018). EGCG has also been shown to be an excellent
mediator of cell proliferation in accelerating wound healing.
Simultaneously, EGCG has beneficial pharmacological effects

as anti-bacterial, anti-inflammatory, and angiogenesis
promoter. Our functional tests in vitro suggested that AU-
EGCG@H enhanced the migration and proliferation of
HUVECS. Meanwhile, we determined an increase in a related
vasculogenic protein expression, an early marker of angiogenesis.

Evaluation of Materials for Promoting
Wound Healing in Diabetic Rats Infected
With S. aureus

In order to investigate the diabetic wound-healing process, a full-
length wound is formed on the back of the rat as described in the
Materials and Methods. Different groups were treated with Au-
EGCG@H, Au@H, and vehicle (control), and wound closure sizes
were photographed on postoperative days 0, 4, 8, and 12
(Figure 6A). TPN@H revealed significant influence against
wound healing in rats with diabetes (Figure 6B). It is worth
mentioning that Au-EGCG@H significantly promoted wound
healing in diabetic rats (Figure 6C). Images of the wound area
exhibited a remarkable reduction in the size of wound closure
over time in all groups, particularly on postoperative days 8 and
12. Also, the wound size was down-regulated in the group of Au-
EGCG@H, in contrast to the control group, indicating that Au-
EGCG@H accelerates wound healing.

Inflammatory response possesses a significant effect in the
repair together with the regeneration of chronic healing wounds
in diabetic patients with bacterial infection. Inflammatory reaction
also operates repair mechanisms that promote epithelial cell
proliferation. However, excessive inflammation could mitigate
wound healing and disrupt the normal wound-healing sequence
(Zhao et al., 2019b). To evaluate the histological changes in the
wounds, we utilized H&E staining to observe the healing skin
microstructure. In comparison with the group of Au-EGCG@H,
the control group did not generate complete epithelial tissue. The
group of Au@H already had re-epithelialization, but the epithelium
in the group of Au-EGCG@H was more regular and smoother than
that in the Au@H group (Figure 7A, the arrow points to the
repaired epithelium). In addition, we examined wound healing in
rats by Masson’s staining (Supplementary Figure S3). The results
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showed that Au-EGCG@H had an excellent promotion effect on
wound healing in rats. Subsequent H&E staining inflammatory
analysis indicates there are many inflammatory cells in the control
group, while the inflammatory cell number in wounds of Au-
EGCG@H and consolidation treatment Au@H decreased
significantly (Figure 7B, the arrow points to infiltrating
inflammatory cells). The most significant reduction in
inflammatory cells was seen in the group treated with Au-
EGCG@H. All of these outcomes confirmed the effectiveness of
Au-EGCG@H photothermal treatment mediated by NIR
irradiation to enhance epidermis regeneration and anti-
inflammatory properties by reducing the burden of bacterial
infection.

CONCLUSION

In conclusion, a NIR-triggered Au nanocage with functions of
bacterial membrane destruction and skin cell mitochondrial
protection was developed in this work. The designed
nanohydrogel effectively slowed down the oxidation of
EGCG and prolonged its action time. Under the irradiation
of 808-nm laser, Au-EGCG@H has good photo-thermal
stability, and the photo-thermal properties are improved
obviously. EGCG and AuNCs synergistically promoted
wound angiogenesis, reduced oxidative stress generated
within vascular endothelial cells, and preserved impaired
mitochondria. After 12 days of treatment, the diabetic rats in
the Au-EGCG@H group had excellent wound-healing results.
This photo-responsive, spreadable antimicrobial hydrogel
system has a certain degree of adhesion to the wound, which
is more prominent than ordinary hydrogels. In addition to this,
the composite material with antimicrobial ability has a better
repair effect compared to regular dressings. Thus, the AU-
EGCG@H nanocomposite offers a promising strategy for
efficient wound healing in diabetes.
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Opioids are the most widely used analgesics and therefore have often been the focus
of pharmacological research. Macrophages are the most plastic cells in the
hematopoietic system. They show great functional diversity in various organism
tissues and are an important consideration for the study of phagocytosis, cellular
immunity, and molecular immunology. The expression of opioid receptors in
macrophages indicates that opioid drugs act on macrophages and regulate their
functions. This article reviewed the collection of research on effects of opioids on
macrophage function. Studies show that opioids, both endogenous and exogenous,
can affect the function of macrophages, effecting their proliferation, chemotaxis,
transport, phagocytosis, expression of cytokines and chemokine receptors,
synthesis and secretion of cytokines, polarization, and apoptosis. Many of these
effects are closely associated with mitochondrial function and functions of other
organelles in macrophages. Therefore, in depth research into effects of opioids on
macrophage organelles may lead to some interesting new discoveries. In view of the
important role of macrophages in HIV infection and tumor progression, this review also
discusses effects of opioids on macrophages in these two pathological conditions.

Keywords: opioids, macrophages, tumor progression, human immunodeficiency virus, organelles

INTRODUCTION

Opioids, such as morphine, are widely used in clinical pain treatment worldwide and are most
commonly used to treat pain from cancer and various forms of acute intraoperative pain. However,
opioids pose a risk to patients and society, as their misuse or abuse can lead to addiction and overdose
(Webster, 2017). In recent years, the number of people who have died from opioid overdose has
increased worldwide, exposing a potential opioid drug crisis (Volkow and Blanco, 2021).

Abbreviations: AIDS, Acquired Immune Deficiency Syndrome; cAMP, Cyclic adenosine monophosphate; DOP, §-opioid; ER,
endoplasmic reticulum; GPCRs, G protein-coupled receptors; HDM, high dose of morphine; HIF1a, hypoxia-inducible factor
la; HIV, human immunodeficiency virus; h-MDMs, human monocyte-derived macrophages; IRF5, Interferon regulatory
factor 5; KOP, k-opioid; LDN, Low-dose naltrexone.; MAPK, mitogen-activated protein kinase; MCP, monocyte chemo-
attractant protein; MMP-9, matrix metallopeptidase 9; MOP, p-opioid; NC-IUPHAR, the Committee on Receptor No-
menclature and Drug Classification; NO, nitric oxide; NOP, nociceptin receptor; NOS2, nitric oxide synthase 2; oxLDL,
oxidized low-density lipoprote; ROS, reactive oxygen species; RT-PCR, Reverse Transcription-Polymerase Chain Reaction;
TAMs, Tumor-associated macrophages; TCA, tricarboxylic acid
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Macrophages are immune cells that are studied for their role in
cellular phagocytosis, cellular immunity, and molecular
immunology. They play a central role in regulating humoral
and cellular immunity against infectious diseases and cancer.
Macrophages can eradicate bacteria invading the body;
phagocytize foreign particles, aging or damaged cells and the
degenerating intercellular matrix; kill tumor cells; and activate
lymphocytes or other immune cells.

The immunomodulatory effects of opioids in the context of
immunosuppression and infection have been widely reviewed
(Liang et al., 2016; Boland and Pockley, 2018; Plein and Rittner,
2018). The review published by Eisenstein in 1998 elaborated on
the influence of opioids on macrophage function and the
regulation of immune response (Eisenstein and Hilburger,
1998). Many studies have shown that human and rodent
macrophages can express opioid receptors. Opioid drugs, such
as morphine, interacting with opioid receptors can inhibit
phagocytosis and chemotaxis of macrophages. In vitro
experiments have also shown that opioids or opioid peptides
have direct effects on macrophages.

This review paper summarized the latest evidence regarding
effects of opioids on macrophage function in the last 20 years.
Morphine is the most well studied opioid with regards to
macrophage function and significantly less research has been
done on other opioids, such as fentanyl, methadone, tramadol,
oxycodone, hydromorphone, and buprenorphine. Opioids, both
endogenous and exogenous, can have an effect on the function of
macrophages, including macrophage proliferation, chemotaxis,
transport, phagocytosis, expression of cytokines and chemokine
receptors, synthesis and secretion of cytokines, polarization, and
apoptosis. These effects have been mainly evaluated in vitro, and
the results are often contradictory, depending on different
experimental conditions, for example cultured cell type, cell
line or clone, culture duration, culture medium composition,
dose, and opioid exposure time. In the following sections we
introduce the opioids, opioid receptors, and macrophages, and
discuss their relationship. We also discuss the relationship
between opioids and organelles in macrophages, a promising
topic for future studies. Additionally, in view of the critical role of
macrophages in HIV infection and tumor progression, we discuss
the influence of opioids on macrophages under these two
pathological conditions.

CLASSIFICATION AND BASIC
PHARMACOLOGY OF OPIOIDS

Opioids can be divided into natural opioid alkaloids, semi-
synthetic opioids, and synthetic opioids, depending on the
source of the compound and the processing involved. Four
natural  alkaloids—morphine, codeine, papaverine, and
thebaine—are all extracted from Papaver somniferum, among
which, morphine is the most widely used in the clinic. Semi-
synthetic opioids, such as diamorphine and oxycodone, are
produced by simple chemical treatment of natural opioid
alkaloids. Synthetic opioids, widely used in clinics in the past
half-century, can be further subdivided into four groups:

Opioids Immune Effect on Macrophages

morphinan  derivatives, diphenyl heptane derivatives,
benzomorphan derivatives, and phenylpiperidine derivatives.
Opioids can also be classified as agonists, partial agonists,
antagonists, and agonist-antagonists, depending on their effect
on opioid receptors.

Since the last century, the classification of opioid receptors has
changed with time. At present, the commonly used NC-IUPHAR
divides opioid receptors into four categories: DOP or §, KOP or k,
MOP or g, and nociceptin receptor (NOP) (James and Williams,
2020). The first three are classical opioid receptors, all of which
are G protein-coupled receptors (GPCRs). The NOP receptor is
also a GPCR system, which has obvious similarity with the known
amino acid sequence of classical opioid receptors. NC-IUPHAR
states that the NOP receptor is a non-opioid branch of the opioid
receptor family because when the NOP receptor is activated by an
agonist at the cellular level, it produces similar effects to the
classic opioid receptors mentioned above. Classical opioid
receptors have been divided into subtypes, W;, pp, and p; for
MOP, §, and §, for DOP, and K, Kip, K2a» Kap and k3 for KOP.

Previous studies have confirmed that the primary mechanism
of opioid-induced analgesia is through activation of the midbrain
MOP receptor in the central nervous system. MOP agonists have
an analgesic effect by indirectly increasing neuronal flow in the
nucleus reticularis paragigantocellularis and periaqueductal gray
descending pathway, or by directly inhibiting peripheral
nociceptive afferent sensitivity. In addition, MOP agonists can
indirectly inhibit the transmission of spinal cord pain and reduce
the sensation of spinal cord injury. Although analgesic properties
of opioids may be attributed to the activation of the MOP
receptor, this may also be the reason for many of the side
effects associated with opioids. Opioids may lead to euphoria
and decreased awareness, making them prone to abuse. They also
affect the respiratory system, reducing the respiratory rate and
airway reflex, which is considered to be beneficial during
anesthesia. Although opioids are generally considered to
maintain the stability of the heart, the release of histamine and
the decrease of systemic vascular resistance and blood pressure
are evident in the case of morphine. They can also cause
constipation, nausea, vomiting, urinary retention, itching,
muscle stiffness, mydriasis, and irritability in some individuals.
Many side effects may limit their use.

OVERVIEW OF MACROPHAGES

In adult mammals, macrophages are not only present in the
blood, but also in various tissues throughout the body. They
demonstrate huge anatomical and functional diversity in these
tissues. Depending on the location, the names and shapes of
macrophages may also be different. For example, they are referred
to as pulmonary macrophages in the lungs, microglia in the
nervous system, Kupffer cells in the liver, and osteoclasts in
the bone.

In the past, various systems were used to classify phagocytic
mononuclear cells and their precursors, but the most successful is
the mononuclear phagocytic system, which is defined as
progenitor cells in the bone marrow, monocytes in the blood,
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and macrophages in tissues as phagocytic mononuclear cells or
precursors. Another classification method reflects two extreme
conditions of macrophages, including activated and alternative
activated macrophages, otherwise known as M1 and M2,
respectively. ~ Under  the influence of the local
microenvironment cytokines, macrophage populations usually
differentiate into two phenotypes, in a process known as
macrophage polarization (Wang et al., 2014; de Gaetano et al,
2016; Yunna et al, 2020). M1 macrophages participate in the
positive immune response by secreting pro-inflammatory
cytokines and chemokines and presenting antigens, thereby
monitoring the immune system. M2 macrophages only have a
weak antigen-presenting ability and play an important role in
immune regulation by secreting inhibitory cytokines, such as IL-
10 or TGF-B (Wynn et al., 2013). However, it is worth noting that
the idea of dichotomy is largely oversimplified and is mainly
based on the in vitro response to polarization stimulation. In fact,
many macrophage subtypes have overlapping functions and
phenotypes since they are exposed to hundreds of different
stimuli. These functions are integrated by complex signal
pathways and finally produce specific effects.

Macrophages are the most plastic cells in the hematopoietic
system and show great functional diversity in various tissues of
organisms. Changes in macrophage phenotype and function lead
to dramatic changes in cell metabolism. These metabolic
adaptations, in turn, support the activity of macrophages and
maintain their polarization in specific environments (Viola et al.,
2019). For example, M1 macrophage metabolism mainly depends
on glycolysis. Interestingly, in M1 macrophages, two points of
interruption in the tricarboxylic acid (TCA) cycle results in the
accumulation of itaconate (a microbicidal compound) and
succinate. The accumulation of succinate leads to the
stabilization of hypoxia-inducible factor la (HIFla), which in
turn activates the transcription of glycolytic genes, thus
maintaining the glycolytic metabolism of M1 macrophages.

Macrophages not only regulate the normal metabolic balance
and immune response in vivo, but also play an important role in
the pathophysiological process of various system diseases. Studies
have confirmed that macrophages play an important role in the
development of inflammatory bowel disease, atherosclerosis,
diabetic nephropathy, AIDS, and tumors. The plasticity of
macrophages in the process of intestinal inflammation
indicates that these cells not only play an extensive role in the
occurrence of inflammation, but also in termination, healing, and
repair of inflammation (Moreira Lopes et al., 2020). During the
development and progression of atherosclerosis, macrophages
respond to various environmental signals, such as lipids and their
derivatives, pro-inflammatory and anti-inflammatory cytokines,
and heme in aging red blood cells, thus regulating different
phenotypes of macrophages (Jinnouchi et al, 2020). In the
experimental model of diabetes mellitus, it has been found
that macrophage infiltration (mainly M1) occurs in the early
stage of the disease, which is one of the reasons renal matrix
hyperplasia and irreversible pathological changes of the
glomerulus (Calle and Hotter, 2020). Tumor-associated
macrophages (TAMs) are the key driving factors of tumor
progression, metastasis, and resistance therapy (Wu et al., 2020).

Opioids Immune Effect on Macrophages

MACROPHAGE-ASSOCIATED OPIOID
RECEPTORS

Opioids are agonists of MOP, DOP, and KOP receptors, while
nociception/orphanin FQ peptide is an agonist of NOP receptors.
In animal models, all four opioid receptors on neurons can induce
analgesia, but the most relevant ones are MOP receptors and their
agonists, such as morphine and fentanyl. Opioids can affect the
function of immune cells and their role in immunosuppression
and infection has been widely discussed. Here, we analyze the
expression of opioid receptors in macrophages.

Four opioid receptors have been found in the human, rhesus
monkey, rat, and mouse macrophages at mRNA and protein
levels (Eisenstein, 2019; Machelska and Celik, 2020) (Table 1).
Sedqi et al. (1995) confirmed expression of MOP receptor-related
transcripts in rat peritoneal macrophages by reverse
transcription-polymerase chain reaction (RT-PCR). Ignatowski
et al. analyzed the differential expression of the KOP receptor on
mouse lymphocytes and mouse macrophages at different
maturation stages after selective induction and found that
resident peritoneal macrophages showed more specific
receptor markers and about 50% of resting macrophages
expressed KOP receptors (Ignatowski and Bidlack, 1999).

OPIOIDS AFFECT THE CHEMOTAXIS,
RECRUITMENT, MIGRATION, AND
PHAGOCYTOSIS OF MACROPHAGES

Previous studies mostly focused on the effects of morphine, at
different doses and with different administration methods, on
macrophage function. Limited studies have systematically
analyzed the effects of morphine on macrophage recruitment
and migration. These studies have shown that morphine
treatment results in a significant delay and decrease in
macrophage recruitment at the wound site, which was
attributed to the inhibition of effective macrophage chemokine
monocyte  chemoattractant  protein-1 ~ (MCP-1).  The
immunosuppressive effect of morphine on the recruitment of
early innate immune cells makes neutrophils unable to fully
migrate to the injury site within 24 hours after injury. This
leads to less production and secretion of MCP-1 and reduced
chemotaxis gradient, which is crucial for subsequent macrophage
recruitment. Macrophage infiltration decreases, resulting in
decreased  neutrophil clearance and increased pro-
inflammatory response. Morphine regulates inflammation
induced CCR2 expression, which may be a potential
mechanism by which morphine affects the continuous
recruitment of macrophages (Martin et al., 2010). There may
also be other mechanisms by which morphine affects macrophage
recruitment and migration, therefore further studies are
warranted.

Phagocytosis by macrophages is extremely important.
Macrophages swallow and process large foreign bodies, old
waste excreted by cells and red blood cells at the end of their
life. Macrophages can locate and infiltrate a site of inflammation
to deal with foreign bodies. Some studies have explored the effects
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TABLE 1 | The distributions of opioid receptors in macrophages among different models.

Opioid mRNA, Cell types
receptor protein
MOR mRNA Rat peritoneal macrophages
— Rat splenic macrophages
— Mice peritoneal macrophages
mRNA Human macrophages
KOP protein Mouse peritoneal macrophages
protein Rat alveolar macrophage cell line
(NR8383)
DOP — Rat peritoneal macrophages
— Rat splenic macrophages
protein Murine macrophage cell line (RAW

264.7)
Rat peritoneal macrophages

of opioids, such as morphine, on macrophage phagocytosis.
Bhaskaran et al. found that a high dose of morphine (HDM),
equal to 40 mg/kg body weight every 12 h, impaired the ability of
macrophages to inhibit and kill bacteria by phagocytosis
(Bhaskaran et al, 2007). In the HDM group, peritoneal
bacterial leakage and the number of macrophages migrating
into the peritoneal cavity decreased significantly. HDM
promoted the phosphorylation of p38MAPK in macrophages,
while morphine pretreatment attenuated this effect. Tomassini
et al. showed that MOP and DOP receptors mediate morphine’s
effect on the phagocytosis of mouse peritoneal macrophages
(Tomassini et al., 2003). Ninkovi¢ et al. found that long-term
morphine treatment increased cAMP and activated protein
kinase A in macrophages, resulting in inhibition of Racl
GTPase and p38MAPK, weakening actin polymerization and
FCGR-mediated phagocytosis, and reducing bacterial clearance
(Ninkovi¢ and Roy, 2012). Ninkovi¢ et al. (2016) confirmed that
opioid therapy can reduce the phagocytosis by macrophages of
gram-positive bacteria compared to gram-negative bacteria.
Lipopolysaccharide (LPS)-stimulated chronic morphine-treated
macrophages could enhance phagocytosis and killing of gram-
positive and gram-negative bacteria through the p38MAPK-
dependent signaling pathway. These studies explored the
effects of morphine on macrophage phagocytosis from
different aspects (including different doses of morphine,
receptors of morphine on macrophages, and types of bacteria
phagocytized). However, the relevant downstream mechanism is
not clear and need further exploration.

Several other studies have compared the effects of different
opioids on macrophage phagocytosis. Shirzad et al. (2009)
compared the effects of morphine and tramadol on the
phagocytic activity of mouse peritoneal phagocytes and found
that after 10 days of treatment, the number of phagocytes and the
phagocytic index in the morphine-treated group decreased, while
the number of phagocytes in the tramadol group increased. Acute
exposure to morphine and methadone inhibited phagocytosis in
human monocyte-derived macrophages (h-MDMs) in a dose-
dependent manner. In contrast, long-term exposure leads to the
eventual normalization of phagocytosis, indicating that a
hypothetical state of tolerance to opioids has been formed.
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When opioids are withdrawn from long-exposed h-MDMs
with tolerance to opioids and reintroduced, phagocytosis is
inhibited again (Delgado-Vélez et al., 2008). Comparing the
effects of different opioids on macrophage phagocytosis
and exploring the mechanism of effects are helpful to regulate
the immune state of the body and the clinical application of
opioids.

OPIOIDS AFFECT THE PRODUCTION OF
VARIOUS CYTOKINES AND THE
POLARIZATION OF MACROPHAGES

In addition to affecting the phagocytosis of macrophages, opioids
can also act on opioid receptors on macrophages, thereby
affecting intracellular molecular targets and the production
of various cytokines (Table 2). The change of the production
ratio of various cytokines can provide a basis for judging the
polarization of macrophages in different directions (M1 or M2).
Therefore, in this section, we talk about the effects of opioids on
the production of various cytokines and the polarization of
macrophages.

When macrophages are stimulated by zymosan or LPS,
opioids can promote the production of reactive oxygen species
(ROS) intermediate and cytokines and reduce the expression of
surface antigen presentation markers in peritoneal macrophages.
Opioids promote the production of pro-inflammatory cytokines,
including IL-6 and TNF-a, in the early stage. Secretion of IL-10 is
then activated 1day after the release of pro-inflammatory
cytokines. All the antigen-presenting molecules (CD14, CD80,
CD86, and MHC II) on the surface of macrophages are shown to
be significantly inhibited by different opioids (morphine,
fentanyl, or methadone) (Filipczak-Bryniarska et al, 2012).
Limiroli et al. (2002) also found that morphine treatment can
impair the production of cytokines by macrophages in mice, and
the changes in cytokines IL-10 and IL-12 are altered by acute or
chronic morphine treatment. Furthermore, Pacifici et al. (1995)
found that NO,  production by L1210-activated macrophages
increased significantly immediately after injection of morphine,
whereas NO,  production was significantly inhibited by
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TABLE 2 | Opioids affect the molecular targets of macrophages and the production of various cytokines.

Opioids Vivo./vitro. Cell type
or mouse
model
Morphine, fentanyl, Vivo. Murine peritoneal macrophages
methadone
Morphine Vivo. Murine peritoneal macrophages
Morphine Vivo. Murine peritoneal macrophages
Morphine Vivo. and Murine splenic macrophages
vitro.
Morphine Vivo. and WT and RelB-/—- mice, peritoneal
vitro. macrophages
Oxycodone, Vivo. and CBA/J mice, oil-induced peritoneal Mf
buprenorphine vitro.
Heroin Vivo. and Murine peritoneal macrophages
vitro.
Morphine Vivo. and BV-2, HEK 293T, PM, BMMs; C57BL/6
vitr.o mice
M3G Vivo. and Sprague-Dawley rats, murine microglial
vitro. cell line, BV-2

morphine after 24h. Naloxone pretreatment completely
antagonized the regulatory effects of morphine on NO,~
release. Alexander et al. demonstrated the effect of exogenous
morphine on immune dysfunction in a mouse model of burns
(Alexander et al., 2005). It was found that the combination of
burn injury and morphine did not change the ability of
macrophages to produce cytokines, but there was increased
LPS-induced NO,  production of spleen macrophages in
morphine-treated mice.

The RelB factor plays an important role in the morphine
regulation of macrophage cytokine production (Martucci
et al, 2007). Morphine inhibits the expression of iNOS
mediated by NF-xB in mice, which leads to the
overactivation of cNOS and an increase in NO production.
Morphine significantly decreased the production of pro-
inflammatory cytokines IL-1, TNF-pB, and IL-12 by animal
macrophages, but had little effect on the anti-inflammatory
cytokine IL-10. It has been suggested that RelB is an
important target for morphine to regulate pro-inflammatory
factors, but not anti-inflammatory factors. It should be noted
that lack of RelB may alter the expression of cellular
components downstream of the opioid receptor activation
pathway and this factor may not be the direct target of
opioid action.

In addition to morphine, some laboratories have explored and
compared the effects of different opioids on macrophage cytokine
production. Kozlowski et al. (2017) studied the effects of
oxycodone and buprenorphine on the production of ROS
intermediates and NO in peritoneal macrophages of mice in
vivo and in vitro, and compared the effects of morphine, fentanyl,
and methadone on macrophage immune function previously
studied by Filipczak-Bryniarska et al. (2012). It was found that
buprenorphine and oxycodone showed weaker
immunomodulatory properties than morphine, which could
prevent redundant inhibition of physiological immune defense.
Some studies have found that the effect of heroin on macrophages

Molecular Cytokines References
CD14, CD80, IL-6, TNF-a, IL-10, Filipczak-Bryniarska et al. (2012)
CD86, MHCII ROIs
Not mentioned IL-10, IL-12 Limiroli et al. (2002)
Not mentioned NO,™ Pacifici et al. (1995)
Not mentioned NO Alexander et al. (2005)
NF-kB, RelB IL-1, TNF-B, IL-12, Martucci et al. (2007)
IL-10
Not mentioned ROS, NO Kozlowski et al. (2017)
Not mentioned TIL-1 B, INF-y, IL- Holén et al. (2003)
12, NO
{IL-4, 1IL-10
P65, TRAF6, miR-124 Qiu et al. (2015)
TLR4/MD2, CD11b IL-1B Lewis et al. (2010); Khabbazi et al.

(2016)

is complex (Holdan et al., 2003), for example, a study showed that
within 2 h of heroin administration, the proliferation response to
alloantigens and the production of IL-1f, IFN-y, IL-12, and NO
were significantly enhanced, while the production of anti-
inflammatory cytokines IL-4 and IL-10 decreased.

There are several studies that specifically report the effects of
opioids on macrophage polarization. Morphine may induce local
macrophage phenotypic changes in the early stage of pain
through the COX2/PGE2-dependent pathway (Godai et al,
2014). At the site of local morphine injection, pro-
inflammatory F4/80 + iNOS + MI1 macrophages decreased
during pain formation, while F4/80 + CD206 + M2
macrophages increased in the early stage of wound healing.
Buprenorphine, a synthetic opioid analgesic with MOP
receptor activation and antagonism, has been found to have
different regulatory effects on M1 and M2 macrophages (Sun
et al,, 2017). Buprenorphine inhibited the expression of many
kinds of cytokine mRNAs and proteins in M1 macrophages and
enhanced the expression of Ym1 and Fizz1l in M2 macrophages.
In addition, buprenorphine did not affect the regulation of LPS
on the cascade of NF-kB and MAPK in M1 macrophages but
inhibited the expression of IRF5 and reduced the binding of DNA
to IRF5. This suggests that buprenorphine can downregulate the
IRF5 pathway and restrict the phenotype of M1 macrophages.
Tramadol also has different regulatory effects on M1 and M2
macrophages. Tramadol regulates inflammation by inhibiting M1
macrophages, thereby inhibiting the killing process, and
promoting M2 macrophage function, thereby promoting the
healing process (Zhang et al., 2017). Tramadol significantly
upregulated the expression of Argl, Mrcl, Yml, and Fizzl in
M2 macrophages. The STAT6 pathway may be the basis of
tramadol’s  effects because tramadol promotes the
phosphorylation of STAT6, the Argl expression of STATS,
and the DNA binding of STAT6 in a dose-dependent manner.

In recent years, the polarization of macrophages has been a hot
topic in research. The above research shows that opioids can
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TABLE 3 | Opioids affect the apoptosis of macrophages.

Opioids Immune Effect on Macrophages

Opioids Cell type/animal Mechanism or approach Organelles involved
model
Morphine J 774.16 cells Induces oxidative stress; caspase-3 activation Mitochondria, endoplasmic
reticulum
Morphine  J774 cells Through opiate receptors via P38 MAPK phosphorylation Mitochondria, endoplasmic
TGF-p and iNOS activate proteins involved in exogenous (Fas and Fasl) and reticulum
endogenous (p53 and Bax) cell death pathways
Morphine  J774 cells The generation of TGF-p Mitochondria
Murine peritoneal Mf
Morphine  Sprague Dawley Accumulation of p53 (the induction phase of apoptosis); accumulation of Bax and ~ Mitochondria
rats activation of ICE-1 (the effector phase)
Morphine  FVB/N mice Heme oxygenase-1 (HO-1) Mitochondria

References

Bhat et al. (2004)

Singhal et al.
(2002)

Singhal et al.
(2000)

Singhal et al.
(1998)

Patel et al. (2003)
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FIGURE 1 | The important role of mitochondrial and endoplasmic reticulum stress in morphine-induced macrophage apoptosis. (Daxx: death domain-associated
protein; FADD: Fas-associated with death domain protein; JNK: c-Jun N-terminal kinase; CytC: Cytochrome C; EndoG: Endonuclease G; PUMA: p53 upregulated

affect the polarization of macrophages. The factors that affect the ~ QPIQIDS AFFECT THE APOPTOSIS OF
polarization direction of macrophages (M1 or M2) include the MACROPHAGES

types of opioids and how they are used, the local environment of

macrophages and physiological or pathological conditions.  Studies showed that, morphine induced macrophage apoptosis
However, more basic and clinical research on the mechanism  in a dose-dependent manner (Table 3). Morphine-induced
of opioids influencing macrophage polarization is needed in the =~ macrophage apoptosis is caused by morphine acting on opioid
future. receptors through the p38 MAPK phosphorylation pathway.
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FIGURE 2| The pathways regulated by microRNAs in morphine-mediated apoptosis of macrophages. After morphine treatment, the expression level of miR-338-

3p in peritoneal macrophages increased significantly, which decreased the expression level of Sox4, leading to the increase of caspase-3 expression level, and then
promoting cell apoptosis. MicroRNA-873 inhibits morphine-induced macrophage apoptosis by increasing the expression of A20. MicroRNA-219-5p inhibits morphine-
induced apoptosis by targeting WEET, the key cell cycle regulator. (“+” represents promotion, and “~” represents inhibition.)

TGF-P and iNOS play important roles in morphine-induced
downstream signal transduction (Singhal et al., 1998; Singhal
et al., 2000; Singhal et al., 2002; Bhat et al., 2004), which seems
to activate proteins involved in exogenous (Fas and FasL) and
endogenous (p53 and Bax) cell death pathways (Figure 1).
Morphine enhances iNOS mRNA expression in macrophages
and induces macrophage apoptosis, which could be inhibited
by iNOS inhibitors (L-NAME and L-NMMA), suggesting that
morphine-induced macrophage apoptosis may be mediated by
NO production. Morphine induces macrophage apoptosis
through the accumulation of p53, while the period of
morphine-induced apoptosis seems to be mediated by the
accumulation of Bax and the activation of ICE-1 (Singhal
et al.,, 1998). More interestingly, morphine-induced J774 cell
apoptosis and Bax expression were inhibited by an anti-TGF-f
antibody; therefore, morphine-induced J774 cell apoptosis
may be mediated by the production of TGF-B (Singhal
et al., 2000).

Morphine also induces macrophage apoptosis in other
ways. The apoptosis of macrophages is related to organelles
such as mitochondria (Chen et al., 2020; Wang K. et al., 2020;
Chen et al,, 2021; Liu et al., 2021a; Liu et al., 2021b) (Figure 1).
Mitochondria are not only the main sites for intracellular
oxidative phosphorylation and the formation of ATP (Wei
etal., 2022), but also the sites for the production of ROS (Forte
et al., 2021; Wang et al,, 2021). Oxidation and endoplasmic
reticulum (ER) stress can accelerate the apoptosis of
macrophages (Cominacini et al., 2015). It is worth noting
that ROS inhibit the apoptosis of macrophages while
mediating the apoptosis of other cells, especially tumor
cells. This may be the basis for macrophages exerting tumor
immunity. Bhat et al. found that this process involves the
oxidative activation of NADPH with phospholipase D and
calcium ions, leading to the production of superoxide (Bhat
et al., 2004). Antioxidants have a protective effect on
morphine-induced macrophage injury, which further
confirms the role of mitochondrial oxidative stress in

morphine-induced macrophage apoptosis. in vivo and
in vitro experiments by Patel et al. showed that heme
oxygenase-1 plays a role in morphine-induced macrophage
migration and apoptosis (Patel et al., 2003).

A variety of miRNAs control the molecular pathways
involved in the regulation of the immune system and
regulate many aspects of the immune response, including
proliferation, differentiation, immune cell function, and
intracellular signaling pathways. Some studies have found
that these miRNAs play an important role in morphine-
induced macrophage apoptosis (Figure 2). MiR-338-3p
promotes cancer cell death by regulating specific signaling
pathways or related genes (such as p38, mitogen-activated
protein kinase, and AKT) during cancer treatment. Morphine
may promote apoptosis by regulating the expression of miR-
338-3p (Weng and Wang, 2016). After morphine treatment,
the expression level of miR-338-3p in mouse peritoneal
macrophages increased significantly, which decreased the
expression level of Sox4, increased caspase-3 expression,
and promoted cell apoptosis. MicroRNA-873 inhibits
morphine-induced macrophage apoptosis by increasing A20
(Li et al, 2015). MicroRNA-219-5p inhibits morphine-
induced apoptosis by targeting WEEIL, a key cell cycle
regulator (Lou et al., 2016).

EFFECT OF EXOGENOUS SYNTHETIC
OPIOIDS ON MACROPHAGES

In recent years, an increasing number of studies have explored
the effects of synthetic opioids on immune function. For
opioid receptor agonists, their activities on opioid receptors
and their effects on immune cells can all differ. Selective MOP
agonists are generally associated with immunosuppression,
whereas DOP receptor-selective agonists are usually
associated with immune enhancement (Gomez-Flores et al.,
2001). KOP receptor agonists may play an important role in
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TABLE 4 | The effects of exogenous synthetic opioids on macrophage’s function.

Opioids Immune Effect on Macrophages

Exogenous synthetic Animal models/cell types Effects on macrophages References
opioids
CGPM-9 Rat peritoneal macrophages Inhibits the production of NO and TNF-a Hicks et al. (2001)
SNC80 Rat peritoneal macrophages Stimulates the production of NO and TNF-a Gomez-Flores et al. (2001)
Rat splenic macrophages
DPDPE Murine macrophage cell line (RAW  Changes the dimer composition of NF-xB; slightly inhibit the Husted et al. (2005)
264.7) production of MIP-2
DADLE Rat peritoneal macrophages; septic  Inhibits the release of HMGB1, TNF-a, and IFN-y Tang et al. (2011)
models
u50488 Rat alveolar macrophage cell line Anti-inflammatory effect on pulmonary macrophages Zeng et al. (2020)
(NR8383)
Salvinorin A Mouse peritoneal macrophages Moderate anti-inflammatory effects Aviello et al. (2011); Zeng et al.
(2020)
Ohmefentany! Rat peritoneal macrophages Reduces the concentration of TNF-a and IL-1; reduce phagocytic  Li et al. (2008)
and bactericidal activity
Nalbuphine Mouse contact allergic dermatitis Increases the production of M1 and IL-10 Inan et al. (2019)
model
MENK Rat peritoneal macrophages Regulates H,O, release Stanojevic et al. (2008)

Tumor-associated macrophages

Promotes the transformation from M1 to M2

Wang et al. (2018)

CGPM-9: 4-tyrosylamido-6-benzyl-1,2,3,4 tetrahydroquinoline; SNC80: 4-[alpha-(4-allyl-2,5-dimethyl- 1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide; DPDPE: (D2,5Pen)-
enkephalin; DADLE: (D-Ala2, D-Leub)-enkephalin; HMGB1: high-mobility group box 1 protein; U50488: trans-(+)3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]-

benzeneacetamide; MENK: methionine-enkephalin.

pulmonary inflammation by activating macrophages (Zeng
et al., 2020). In this section, we will discuss the effect of

exogenous synthetic opioids on macrophage function
(Table 4).
The non-peptide opioid, CGPM-9, activates the

proliferation of thymocytes and inhibits the function of
macrophages, including the production of NO and TNF-a,
by acting on MOP receptors (Hicks et al, 2001).
Intracerebroventricular injection of the non-peptide DOP
receptor agonist, SNC80, did not alter some parameters of
immune activity. However, at concentrations of 10~ M and
107° M, SNC80 could significantly stimulate resident and LPS-
stimulated peritoneal macrophages to produce TNF-a and NO
(Gomez-Flores et al., 2001). The stimulation of the §,-opioid
receptor inhibits the activation of the p38MAPK pathway in
macrophages, which is related to the decrease in TNF-a and
MIP-2 production by macrophages. DPDPE, a specific §;-
opioid receptor agonist, can change the dimer composition
of the transcription factor NF-kB and slightly inhibit the
production of MIP-2 (Husted et al, 2005). In addition,
DADLE can inhibit the release of HMGB1 from
macrophages induced by LPS, TNF-a, and IFN-y. DADLE
may protect rats with sepsis by reducing serum HMGBI levels
(Tang et al.,, 2011). U50488, a selective KOP agonist, had a
strong anti-inflammatory effect on pulmonary macrophages
within one to 2hours after LPS-stimulated inflammatory
response in vitro (Zeng et al., 2020). Salvinorin A (SA) is an
effective KOP agonist, which can exert an intense effect on
macrophages through KOP and cannabinoid CB1 receptors
and shows moderate anti-inflammatory effects in vivo (Aviello
et al., 2011; Zeng et al., 2020).

In vitro, ohmefentanyl inhibited the immunosuppressive
function of rat peritoneal macrophages, including reducing the
concentration of TNF-a and IL-1fB, as well as inhibiting
phagocytic and bactericidal activity (Li et al., 2008).
Nalbuphine is a KOP receptor agonist and a MOP receptor
antagonist, which can reduce pruritus and increase the
production of M1 macrophages and IL-10 in a mouse
model of contact dermatitis (Inan et al, 2019). The
regulation of methionine-enkephalin (MENK) on the release
of H,0, from rat peritoneal macrophages involves different
types of opioid receptors. The enhancement of H,O, release
induced by MENK is mediated by the functional interaction of
8, or §, opioid receptor subtypes or MOP-KOP receptors,
while the inhibition of MENK induced release involves the
functional interaction between §; and MOP, §, and MOP or §;
and KOP receptors (Stanojevi¢ et al., 2008). MENK may cause
macrophages in tumors to change from the M1 phenotype to
the M2 phenotype and induce apoptosis by blocking the OGFr/
PI3K/AKT/mTOR signalling pathway (Wang et al, 2018).
Recently, Tian et al. (2020) found that MENK can inhibit
influenza A virus infection and this antiviral effect is related to
the promotion of opioid receptors (MOP) and the activation of
NF-kB p65 to induce an antiviral state.

THE REGULATION OF ENDOGENOUS
OPIOID PEPTIDES ON MACROPHAGES’
FUNCTION

In addition to exogenous synthetic opioids, many immune cells
also secrete endogenous opioid peptides, including enkephalins,
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TABLE 5 | The effects of endogenous opioid peptides on macrophage’s function.

Endogenous opioid
peptides

Animal models/cell types

Endomorphin Rat peritoneal macrophages

Enhances the adhesion of macrophages and the expression of the

Opioids Immune Effect on Macrophages

Effects on macrophages References

Inui et al. (2002)

adhesion molecule Mac-1; inhibits the chemotaxis and superoxide anion
production of macrophages; inhibits the production of TNF-a, IL-10, and

IL-12
Murine macrophage cell line, J774; mice
peritoneal macrophages
Human lipid-laden macrophages

Activates NOS2 activity, downregulate NOS2 gene expression, and
inhibit the release of NO
Regulates the release of cytokines by human lipid macrophages by

Sari¢ et al. (2007); Balog
et al. (2010)
Chiurchiu et al. (2011)

downregulating CD36

B-endorphin THP-1 monocyte-derived macrophages

Increases oxLDL uptake by macrophages and promote oxLDL-induced

Okano et al. (2020)

macrophages to form foam cells; transforms the macrophage
phenotype into pro-inflammatory M1 through NF-kB phosphorylation;
increases macrophage migration and apoptosis

Dynorphin A Murine 1C-21 macrophages

NOS2: Nitric oxide synthase 2; oxLDL: oxidized low-density lipoprote.

endorphins, dynorphins, FQ nociceptin/orphanin peptide, and
endomorphins 1 and 2 (Gein and Baeva, 2011). They also work
through opioid receptors and can bind to opioid receptors on
immune cells to regulate immune function. In this section, we
review the role of endogenous opioid peptides in regulating the
key functions of macrophages (Table 5).

Endomorphin is a newly discovered MOP receptor-selective
immunoreactive opioid peptide. Endomorphin-1 is mainly
distributed in the brain, whereas endomorphin-2 is widely
distributed in the spinal cord. Endomorphin-1 can enhance
the adhesion of macrophages and the expression of the
adhesion molecule Mac-1 but does not affect the phagocytosis
by macrophages of Escherichia coli. In addition, endomorphin-1
not only inhibits the chemotaxis and superoxide anion
production of macrophages, but also inhibits the production
of TNF-q, IL-10, and IL-12 by macrophages stimulated by LPS
(Inui et al,, 2002). Endomorphin-1 can activate NOS2 activity,
downregulate NOS2 gene expression, and inhibit the release of
NO, which seems to be mediated by the MOP-opioid receptor
(Sari¢ et al., 2007; Balog et al, 2010). It is worth noting that
endomorphin-1 can inhibit lipid accumulation and regulate the
release of cytokines by human lipid macrophages by
downregulating CD36, suggesting the potential for new
treatments of anti-atherosclerosis based on endomorphin
(Chiurchiu et al., 2011).

B-endorphin is an endogenous opioid peptide that can play
various roles in the whole body. 3-endorphin, as the main agonist
of MOP receptors, can be found in the brain and immune system
cells. B-endorphin can increase oxidized LDL (oxLDL) uptake by
macrophages and promote oxLDL-induced macrophages to form
foam cells. This effect confirms that there is a close relationship
between endogenous opioids and the ER metabolism of
macrophages. In the process of mononuclear macrophage
differentiation, p-endorphin also significantly transformed the
macrophage phenotype into pro-inflammatory M1, rather than
anti-inflammatory M2, through NF-kB phosphorylation.
Furthermore, P-endorphin was also associated with c-Jun-N
terminal kinase, p38, and NF-kB phosphorylation, which

Enhances Mac-1-mediated phagocytosis of macrophages

Podolnikova et al. (2015)

increases macrophage migration and apoptosis (Okano et al.,
2020).

Integrin Mac-1 is a multi-ligand receptor that mediates a
variety of monocyte/macrophage responses in the immune-
inflammatory response. Dynorphin A can induce strong
migration of leukocytes expressing Mac-1 and enhance Mac-1-
mediated phagocytosis of latex beads by mouse IC-21
macrophages (Podolnikova et al., 2015).

OPIOIDS, MACROPHAGES, AND HIV
INFECTION

Macrophages play an important role in all stages of HIV
infection. They are not only the main target cells and
repositories of HIV, but also the transmitters of HIV to
CD4+T cells. CC chemokine receptor 5 (CCR5) is necessary
for entry of macrophages by R5 HIV. Morphine may promote the
entry of HIV into cells by increasing the expression of CCR5, thus
promoting HIV infection and virus replication in monocytes/
macrophages (Guo et al., 2002; Li et al., 2003) (Figure 3). The
MOP receptor agonist, methadone, can also increase HIV
infection in adult macrophages, which is also related to the
upregulated expression of CCR5 (Li et al, 2002). In contrast,
morphine can downregulate the production or expression of the
CCR5 B chemokine ligand (MIP-1 o, MIP-1 {3, or RANTES) in
human macrophages. Since CCR5 receptor interaction promotes
HIV infection and replication, morphine may increase HIV entry
into macrophages by downregulating the expression of
competitive CCR5 receptor ligands. It is worth noting that
there is an interaction between the opioid receptor and
chemokine receptor CCR5 on macrophages, and the
oligomerization of the two receptors on the cell membrane
may regulate receptor function (Suzuki et al, 2002). The
selective KOP ligand, U50488, can inhibit HIV-1 expression in
acutely infected h-MDMS, indicating that the KOP ligand may
have therapeutic potential in the treatment of AIDS (Chao et al.,
2001).
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FIGURE 3 | Morphine’s mechanism in regulating HIV infection in macrophages. Morphine promotes the infection and replication of HIV in macrophages as follows:

1) upregulating the expression of CCR5 and downregulating the expression of CCR5 competitive ligand in macrophages; 2) activating MOR, PIBK/Akt and MAPK
signaling pathways; 3) inhibiting the TLR9 pathway and down-regulating the expression of MyD88, ISG56 and Mxa; 4) increasing the expression of Galectin-1; and 5)
significantly inhibiting the interferon signaling pathway and interferon-induced gene expression, and destroying the inherent antiviral mechanism of macrophages. In
addition, morphine can enhance the cytotoxicity of HIV-1 virus protein gp120 through intracellular calcium regulation.

HIV affects microglia and astrocytes, resulting in
neurodegenerative changes. In HIV-infected opioid abusers,
central nervous system inflammation may increase even when
HIV infection is under control (Murphy et al., 2019). Opioids can
enhance the cytotoxicity of the HIV-1 virus protein gpl20
through an intracellular calcium regulation mechanism,
making it an important cellular target for HIV-opioid
interaction (Mahajan et al., 2005). Opioids not only directly
affect astrocytes and macrophages or microglia that express
MOP (Hauser et al., 2005; Bruce-Keller et al., 2008), but also
regulate inflammation and disrupt the interaction between
normal immune cells, including macrophages and
lymphocytes. The neural pathways involved in opioid
enhancement of HIV-induced inflammation and cell death
appear to involve the activation of MOP and downstream
effects through PI3K/Akt and/or MAPK signal transduction
(Hauser et al., 2005). Recent studies by Liao et al. (2017) have
shown that combined with HIV-1 infection, morphine reduces
the expression of MyD88, ISG56, and Mxa in macrophages by
inhibiting the TLRY pathway, which in turn promotes the
replication of HIV-1 in macrophages.

Many studies have shown that opioids can promote HIV
infection by regulating the expression of various factors in
human macrophages. Morphine can enhance the effect of HIV
gpl60 protein on macrophage apoptosis, iNOS expression, and
NO production (Kapasi et al., 2004). Chronic morphine exposure
to HIV-infected h-MDMs can lead to significant changes in the
secretion of IL-6 and monocyte chemoattractant protein-2
(MCP-2) (Dave, 2012). Morphine promotes the secretion of
h-MDMs infected with HIV and inactivates the secretion of
MCP-2 by IL-6, which has a potential additive effect. In
addition, the increased expression of Galectin-1 induced by
morphine may also regulate HIV-1 infection and increase the
infection of HIV-1 (Reynolds et al., 2012). H-MDMs treated with
morphine and methadone can significantly inhibit the interferon

signaling pathway and interferon-induced gene expression
(Wang et al,, 2012; Wang MR. et al.,, 2020), thus damaging the
inherent antiviral mechanism in macrophages and increasing the
susceptibility of cells to HIV infection.

Differentially expressed miRNAs (hsa-miR-15b and 181Mub)
may play a potential role in regulating morphine-induced
inflammation and oxidative stress in h-MDMS, leading to the
expansion of the central nervous system reservoir of HIV-1 and
the progression of AIDS (Dave and Khalili, 2010). Heroin and
methadone can inhibit microRNA restriction (miRNA-28, -125b,
-150, and -382) and enhance HIV infection and replication in
macrophages (Wang et al., 2015; Wang MR. et al., 2020). Sudden
or slow withdrawal of morphine can inhibit the expression of
many HIV inhibitors in macrophages, including APOBE3G/F,
SAMHDI1, MX2, and HIV-restricted microRNA (miR-28, miR-
125b, and miR-150), and further enhance the sensitivity of
macrophages to HIV infection (Wang et al., 2019).

OPIOIDS, MACROPHAGES, AND TUMORS

Some studies have shown that TAMs play an important role in
tumor invasion and metastasis, and the role of TAMs in tumors is
almost the same as that of M2 macrophages (Rolny et al., 2011).
This view has been confirmed by TAM and M2 macrophage
expression profiles (Porta et al., 2009). The conversion of M1
macrophages to M2 in tumors has also become one of the main
directions of current research. Many studies have shown that
opioids can combine with opioid receptors to regulate immunity
or other pathways that affect the occurrence, development, and
prognosis of tumors (Fujioka et al., 2011; Kuzumaki et al., 2012;
Long et al., 2016).

Morphine can regulate tumor invasiveness by regulating the
production of macrophage proteases and M2 polarization in the
tumor microenvironment (Khabbazi et al., 2015). IL-4 leads to
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the production of MMP-9 and increased expression of the M2
markers Arg-1 and MRC-1. Morphine inhibits IL-4-induced
increase of MMP-9 and selective activation of macrophages in
a reversible manner with naloxone and methylnaltrexone. When
macrophage cell line RAW264.7 was subjected to paracrine
activation by 4T1 breast cancer cells, the expression of MMP-
9 and Arg-1 increased, and this effect was blocked by morphine
through an opioid receptor-mediated mechanism. Morphine
further reduced the invasion of 4T1 breast cancer cells co-
cultured with RAW264.7.

There is also evidence that opioid receptor agonists or
antagonists affect tumor growth by regulating macrophage
function. The opioid receptor agonist leu-enkephalin has an
anti-survival effect in renal clear cell carcinoma, mainly
through Th2 immunity and the NRF2-dependent macrophage
network (Scarpa et al., 2020). Low-dose naltrexone (LDN)
reduces tumor size by increasing the level of MI-like
macrophages and activating the Bax/Bcl-2/caspase-3/PARP
signaling pathway to induce apoptosis (Ma et al., 2020). In
addition, LDN indirectly reduced the number of TAMs
(mainly M2) and decreased the expression of anti-
inflammatory factor IL-10 in the serum of nude mice,
indicating that LDN may be a potential treatment for cervical
cancer (Liu et al., 2020).

In short, the effects of opioids on macrophage subtypes may
further affect the occurrence and development of tumors.
Research in this direction may provide a new strategy for the
use of opioids, such as morphine, and the prognosis and
treatment of tumors.

OPIOIDS AND ORGANELLES IN
MACROPHAGES: A VALUABLE RESEARCH
DIRECTION

Organelles are generally regarded as micro-structures or micro-
organs with certain morphology and functions dispersed
throughout the cytoplasm of cells. Key organelles in
macrophages include mitochondria, endoplasmic reticulum,
Golgi apparatus, ribosomes, lysosomes, and centrosomes. They
constitute the basic structure of macrophages, which enable cells
to work and operate normally and enable macrophages to play a
role in human physiological and pathological conditions. In view
of the important role of mitochondria and endoplasmic reticulum
in the metabolism and function of macrophages, we mainly
discuss these two organelles here.

There is growing evidence that mitochondria are central
regulators of metabolic reprogramming and control the
activation and function of immune cells (El Kasmi and
Stenmark, 2015; Corréa-da-Silva et al., 2018; Liu and Ho,
2018; Ramond et al., 2019). Macrophages that differentiate
into M1 «can increase glucose uptake and glycolysis
(Rodriguez-Prados et al., 2010). This is associated with the
production of HIFla. HIF1 induces the production of the pro-
inflammatory factor IL-1B and the upregulation of several
enzymes associated with glycolysis (Tannahill et al., 2013). The
expression of carbohydrate kinase-like protein, which inhibits the
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pentose phosphate pathway, is down-regulated in M1l
macrophages, leads to an increased pentose phosphate
pathway (Haschemi et al., 2012). The pentose phosphate
pathway produces nucleotides and NADPH, the latter of
which is important for mitochondrial ROS production
(Haschemi et al, 2012). M1 macrophages also increase
glutamine metabolism, and glutamine is used as a-ketoglutaric
acid in the TCA cycle after its decomposition (Tannahill et al.,
2013). This stimulates the accumulation of succinic acid
(Tannahill et al.,, 2013). As mentioned earlier, the TCA cycle
of M1 macrophages is impaired with two defective steps
(Tannahill et al., 2013; Jha et al., 2015). The first defective step
results in the accumulation of citric acid in the cytoplasm of cells
(Newsholme et al., 1986). Citric acid can then be used to
synthesize lipids (prostaglandins), NO, or ROS (Infantino
et al, 2011), which are important for the function of Ml
macrophages. Another defective step in the TCA cycle results
in the accumulation of succinic acid (Tannahill et al., 2013),
which stabilizes HIFla. With the increase of glycolysis, the
coordinated rearrangement of the TCA cycle, and the decrease
of mitochondrial oxidative phosphorylation, the production of
intermediates (such as succinic acid, citric acid) and ROS/NO is
promoted. The accumulation of these substances plays a specific
role in enhancing the ability of macrophages to initiate an
inflammatory response and participate in paracrine signals (EI
Kasmi and Stenmark, 2015). In addition, like the role of
mitochondrial nucleotides in inducing inflammation (Kuck
et al, 2015), the regulation of macrophage plasticity, by the
reprogramming of mitochondrial metabolism, has become
another important feature of mitochondria. More interestingly,
the increase of aerobic glycolysis is a key prerequisite for
maintaining  mitochondrial ~membrane potential, thus
preventing macrophage apoptosis. Compared with M1, M2
macrophages do not increase glycolysis (Rodriguez-Prados
et al, 2010). The metabolism of M2 macrophages depends on
the TCA cycle and oxidative phosphorylation (mainly pB-
oxidation) (Vats et al., 2006; Huang et al., 2014). Enhanced -
oxidation was associated with increased TCA, increased
respiratory capacity, and thus with an increased ability to
produce ATP through oxidative phosphorylation. This may be
important for the physiological function of M2 macrophages.
The dysfunction of organelles caused by various factors often
leads to metabolic disorders and functional disorders of
macrophages. The endoplasmic reticulum (ER) is a complex
cytoplasmic membrane structure involved in protein synthesis,
folding and modification, lipid synthesis and transport, and
intracellular calcium balance regulation (Sukhorukov et al,
2020). ER stress severely interferes with ER function, Ca**
signaling, and protein synthesis, and is associated with a
variety of pathophysiologies, such as macrophage apoptosis
(Scull and Tabas, 2011; Cominacini et al., 2015), efferocytosis
(Linton et al., 2016), foam cell formation (Han and Kaufman,
2016), and inflammation. ER stress can activate or accelerate
apoptosis of macrophages through a variety of pathways, such as
excessive accumulation of lipids (free cholesterol, sterols, and
oxLDL), inflammatory pathways (acceleration of INF-y), oxHDL
binding to TLR4, and increased Ca** concentration in the ER
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leading to mitochondrial uptake of calcium ions. ER stress
regulates lipid metabolism in macrophages by stimulating
cholesterol uptake, inhibiting cholesterol outflow, and
regulating the expression of cholesterol membrane
transporters, resulting in lipid accumulation and subsequent
differentiation into foam cells in macrophages (Sukhorukov
et al, 2020). Addressing how to mitigate metabolic disorders
by controlling ER stress-mediated macrophage plasticity is
crucial for the progression of atherosclerosis. In addition, ER
stress may be involved in cellular inflammation through NF-«B,
activated protein-1 and JNK signaling pathways, and ROS
production (Sukhorukov et al., 2020). A link between
cholesterol accumulation, ER stress, and the pro-inflammatory
response has been established, but the complex relationships
between the processes involved still need to be described in
detail. Some studies have also emphasized the key role of
mitochondria in the response of macrophages to bacterial
pathogens (Ramond et al.,, 2019). Mitochondria can meet the
energy needs of cells and maintain the phagocytosis of
macrophages in the lytic stage. Mitochondrial disorders may
be a cause of susceptibility to bacterial infection.

Mitochondria and other organelles play an irreplaceable role
in the cellular metabolism and immune response of macrophages.
It has already been mentioned that mitochondrial and ER stress
is extremely important in morphine-induced macrophage
apoptosis (Figure 1). However, there are limited studies on
the effects of other opioid drugs on the functions of various
organelles of macrophages. Exploring how opioids control the
flexibility of macrophage metabolic programs and influence the
connections  between = macrophage  metabolism  and
transcriptional networks during inflammatory activation and
anti-inflammatory processes is crucial to better understand the
effects of opioids on macrophage plasticity and macrophage
biology. Whether opioids can change macrophages from a
pro-inflammatory phenotype to a less inflammatory phenotype
or even repair macrophage phenotype, remains to be further
studied.

CONCLUSION

Opioids are one of the most effective painkillers that can be
used to treat pain in the clinic. It has been confirmed that
opioids have potential effects on the functioning of the
immune system. Many studies have explored the
relationship between macrophages and different opioids
in vitro, in vivo, and in epidemiological and clinical studies
in different patient groups. Opioids mediate the effects on
macrophages through direct and indirect mechanisms. The
binding with various opioid receptors on the surface of
macrophages is a direct actional pathway, affecting the
migration and phagocytic activity of macrophages. Indirect
effects include the production of opioid receptors and
endogenous opioid peptides in the central nervous system.
Because macrophages provide antigens for lymphocytes, the
effects of opioids on macrophage function may change host
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immune defense and changes in macrophage function may
also affect the immune response. Different types of opioids,
different doses, and administration methods have different
regulatory effects on macrophages and their subtypes. The
single and combined effects of opioids may impair the
functioning of macrophages in the host defense system.
Morphine induced macrophage apoptosis in a dose-
dependent manner, indicating that the impairment of
macrophage function induced by morphine may be
indirectly caused by morphine-induced macrophage
apoptosis. A number of studies have shown that opioids can
regulate macrophages to promote HIV infection and the
progression of AIDS in a variety of ways. Exploring suitable
opioid receptor ligands may be one of the strategies for the
treatment of AIDS. Opioids can combine with opioid receptors
to regulate immunity or other pathways that affect the
occurrence, development, and prognosis of tumors.
Therefore, how opioids affect tumor progression through
macrophage subtypes is worth exploring.

Although there have been some studies on the effects of
opioids on macrophages, the mechanism is still not clear, and
more prospective studies are needed. In addition, the study on
the effects of commonly used opioids, such as fentanyl and
sufentanil, on macrophages during the perioperative period
can provide suggestions for the guidance of perioperative drug
use, but some studies are limited due to the particularity of
narcotic drugs. The study of the possible correlation between
the use of opioids and macrophage effects will help to provide a
theoretical basis for the better application of opioids in clinical
pain treatment and tumor outcome and treatment.
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Telomeres are closely associated with the development of cell aging. Shortening or erosion
of telomeres will cause cell mortality, suggesting that the maintenance of telomere integrity
facilitates cell anti-senescence. However, the mechanism of how to keep the telomere
length remains fragmentary. Here, we found that polyadenylated telomeric noncoding
RNA (TERRA) can promote the self-renewal when overexpressed in mouse embryonic
stem cells (MESCs), implying that TERRA with polyadenylation is critical for mESC
maintenance. Further studies revealed that TERRA with a polyadenylated tail plays an
important role in the sustenance of telomere length. High-throughput sequencing and
quantitative real-time PCR show that zinc finger and SCAN domain containing 4C
(Zscandc) may be a potential target of TERRA. Zscan4c is negatively regulated by
TERRA and collaborates with TERRA to stabilize the telomere length of chromosomes
in MESCs. Our study not only identifies TERRA as a potential novel factor of telomere
length regulation and uncovers the new molecular mechanism of cell anti-aging, but also
indicates that Zscan4c could be a key therapeutic target candidate for therapy in
dysfunctional chromosome diseases. These data will expand our understanding of the
cell fate regulatory network and will be beneficial to drug discovery and theragnostics for
antiaging and anticancer therapy in the future.

Keywords: telomeric noncoding RNA, polyadenylation, telomere length, Zscan4c, anti-aging

INTRODUCTION

Aging, a progressive physiological degeneration, is a risk factor for many age-related diseases, even
cancer (Lopez-Otin et al,, 2013). Slowing the underlying process of aging and leading to an increase
in a healthy lifespan is a paramount issue of biology. Studies on anti-aging therapies are usually
performed at the molecular, cellular, and organismal level.

Accumulating evidence indicates that preventing cellular senescence strongly contributes to
organismal anti-aging and anti-cancer (Chen et al., 2020; Khosla et al., 2020). It should be noted that
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TABLE 1 | List of shRNA specific sequences used for target gene knockdown.

Transcript shRNA Sequence (5’-3’)
TERRA-sh#1 AGGGTTAGGGTTAGGGTTAGG
TERRA-sh#2 GGGTTAGGGTTAGGGTTAGGG
shZscan4c CAGAAGCCTGGCATTCCCT

a prominent phenomenon underlying the senescence process at
the molecular level is the shortening of telomeres inside the cell
nucleus (Chakravarti et al., 2021). Telomeres are specialized
structures containing tandem short G-rich repeats at the ends
of linear chromosomes that ensure chromosomes stabilization.
They have an inherent ability to prevent end-to-end fusions and
inappropriate DNA damage response. However, due to the end
replication problem, telomere length decreases gradually in
dividing cells, until it becomes too short for the cell to divide,
resulting in cellular senescence (Blackburn, 2000). Current
studies report that telomere length may be associated with
several  chronic  conditions, such as  dyslipidemia,
atherosclerosis, and hypertension (Bhupatiraju et al., 2012; Dei
Cas et al., 2013; Kark et al., 2013). Shortening of telomere length
also appears in many different cancer cells, including colorectal,
ovarian, and breast (Martinez-Delgado et al,, 2011; Martinez-
Delgado et al., 2012; Riegert-Johnson et al., 2012). All diseases are
considered related to cell senescence. It is implied that telomere
length is a critical cellular hallmark of biological aging. Telomere
length is likely altered by a variety of factors; however, the
mechanism by which telomere length is regulated remains
fragmentary.

Telomeres of mammals are considered to be transcribed,
giving rise to a special long noncoding RNA (IncRNA) that
contains UUAGGG-repeats, known as telomeric repeat-
containing RNA (TERRA) (Azzalin et al, 2007). TERRA
molecules are noticeably located at the chromosome ends in
nuclear fractions, which indicates that TERRA may play an
important role in telomere maintenance and genome stability
(Bettin et al., 2019). Further studies demonstrate that TERRA
interacts with shelterin components and that downregulation of
TERRA expression results in the activation of DNA damage
responses at telomeres that make chromosome abnormalities
in cancer cells (Silanes et al., 2010; Arora et al., 2012; Porro
et al, 2014). Similar phenomena are observed in mouse
embryonic fibroblasts (MEF) when TERRA is partially
depleted (Silanes et al., 2014). Worthy of note, TERRA

Nuclear TERRA for Anti-Ageing Therapy

transcripts are highly expressed in mouse embryonic stem cells
(mESCs) which contain much longer telomere length than
human cells (Marion et al., 2009; Xu et al.,, 2018). Further, a
decrease in TERRA also brings about dysregulation of several
genes in mESCs (Chu et al., 2017). These data imply that TERRA
may be involved in the regulation of telomere length in mESCs.

Notably, TERRA transcripts resolve as highly heterogeneous,
while parts of TERRA molecules are polyadenylated at their 3'-
ends (Azzalin et al, 2007; Schoeftner and Blasco, 2009).
Polyadenylated TERRA exhibits a much longer half-life than
nonpolyadenylated TERRA (Schoeftner and Blasco, 2008; Porro
etal., 2010). However, the specific function of TERRA in telomere
length regulation in mESCs and whether it is related to TERRA
polyadenylation have not yet been addressed. Here, we reveal that
polyadenylated TERRA positively regulates telomere length to
maintain mESC stemness. Moreover, the expression of zinc finger
and SCAN domain containing 4c (Zcan4c) is suppressed by
TERRA and may mediate the telomere length regulation effect
of TERRA.

MATERIALS AND METHODS

Cell Culture

46C mESCs, kindly provided by Shoudong Ye (Anhui University,
China), were maintained under 5% CO, at 37°C on 0.1% gelatin-
coated plates. LIF/serum medium was used as basal medium for
mESC maintenance. LIF/serum medium consisted of DMEM
(HyClone) combined with 10% FBS (HyClone), 1 x nonessential
amino acids (Gibco), 1 x sodium pyruvate (Gibco), 2 mM
Glutamax (Gibco), 0.1 mM [-mercaptoethanol (Gibco), and
100 U/ml LIF (Millipore). N2B27 medium supplemented with
1 uM PD0325901 (PD03, Sigma) and 3 uM CHIR99021 (CHIR,
Sigma) was used as a serum-free culture condition. N2B27
medium: one volume DMEM/F12 (HyClone) and one volume
Neurobasal medium mixed (Life Technology), supplemented
with 0.5 x N, (Life Technology), 1 x B27 (Life Technology),
1 x nonessential amino acids (Gibco), 2 mM Glutamax (Gibco),
and 0.1 mM (-mercaptoethanol (GIBCO).

Construction of Recombinant Plasmid

For stable recombinant expression of nonpolyadenylated and
polyadenylated TERRA, we cloned telomeric DNA fragments
containing 50 repeats into pLKO.1 or PiggyBac (PB) plasmids
and introduced them into 46C mESCs. For knockdown of the

TABLE 2 | List of primers used for gRT-PCR.

Transcript Forward sequence (5’-3’) Reverse sequence(5’3’)

Zscan4 GAGATTCATGGAGAGTCTGACTGATGAGTG GCTGTTGTTTCAAAAGCTTGATGACTTC
Zscan4c CCGGAGAAAGCAGTGAGGTGGA CGAAAATGCTAACAGTTGAT

Zscan4d GTCCTGACAGAGGCCTGCC GAGATGTCTGAAGAGGCAAT

Total . .

TERRA CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCC
TL CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT
36B4 ACTGGTCTAGGACCCGAGAAG TCAATGGTGCCTCTGGAGATT

Rpl19 TGAAATCGCCAATGCCAACT TCCCTATGCCCATATGCCTG
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FIGURE 1 | Exogenous TERRA expression in mouse embryonic stem

cells (MESCs). (A,B) PCR identification of recombinant TERRA expression
with and without polyadenylation in 46C mESCs, using primers specific for
PB-TERRA and pLKO.1-TERRA plasmids. (A): the fragment at 708-bp
contains the 300-bp recombinant TERRA and the 408 bp plasmid fragment.
(B): the fragment at 466-bp contains the 300-bp recombinant TERRA and the
166 bp plasmid fragment. M, molecular marker. (C,D) Alkaline phosphatase
(AP) staining images of MESCs overexpressing TERRA with and without
polyadenylation cultured in serum with LIF or N2B27 with 2i (CHIR and PD03)
media. Scale bar, 100 pm.

target gene in mESCs, the short hairpin RNA (shRNA) plasmids
were generated to target specific regions of TERRA and Zscan4c.
The specific sequences for TERRA and Zscan4c used in this study
are listed in Table 1.

Alkaline Phosphatase Activity Assay

46C mESCs cultured on 0.1% gelatin-coated plates were washed
with PBS 2-3 times and fixed in 4% paraformaldehyde. Then the
Alkaline Phosphatase Kit (Sigma) was used to detect alkaline
phosphatase (AP) activity.

Quantitative Real-Time PCR

Total RNA isolated from cells by the TransZol Up Plus RNA Kit
(Transgene Biotech, China) was reverse transcribed using a
specific primer (CCCTAA)s to obtain total TERRA ¢cDNA by
the Reverse Transcription Kit (Transgene Biotech) according to
the manufacturer’s instructions. The detection of total TERRA
levels and the average telomere length ratio was performed as
previously described (Sampl et al, 2012). qPCR analysis was

Nuclear TERRA for Anti-Ageing Therapy

performed using the TransStart Top SYBR Green qPCR
SuperMix (Transgene Biotech) in a Pikoreal Real-Time PCR
machine (Thermo Fisher). The expression level of the target
gene was normalized to internal control Rpl19 expression. The
primers used are listed in Table 2.

Quantification of Telomerase Activity
Quantification of telomerase activity (TA) in 46C mESCs was
performed with a mouse telomerase ELISA kit (Shanghai Jining,
China) according to the instructions. A standard curve was made
by measuring the optical density of known concentrations of
standard telomerase samples from 0 to 35IU/L. Then, the
telomerase activity of mESCs was analyzed against the
standard curve.

Accession Number

Data and details for the RNA-seq in this study are available in
the Gene Expression Omnibus under accession number
GSE103933.

Statistical Analysis

All data are reported as means + SD. Student’s t-test was used to
determine the significance of differences in comparisons. Values
of p < 0.05 were considered as statistically significant.

RESULTS

Establishment of Exogenous Telomeric
Noncoding RNA Expressing Mouse

Embryonic Stem Cells

To understand the possible function of TERRA in mESC, we
overexpressed TERRA with and without polyadenylation in 46C
mESCs, respectively. After infection of cells with recombinant
TERRA constructs, specific primers for pLKO.1-TERRA and PB-
TERRA vectors were used to identify exogenous TERRA
expression in 46C mESCs, which indicated that recombinant
TERRA was expressed (Figures 1A,B). For mESC stemness can
be maintained under serum/LIF medium or serum-free medium
N2B27/2i conditions [2i contains the two small molecule
inhibitors CHIR99021 (CHIR) and PD0325901 (PDO03)], the
pLKO.1-TERRA and PB-TERRA cells were cultured under
these conditions. As shown in Figures 1C,D, enforced TERRA
cells grew robustly in N2B27/2i or serum/LIF media which
implied that maintenance of 46C mESCs may not be
negatively impacted by enhanced TERRA.

Enhanced Polyadenylated Telomeric
Noncoding RNA Promotes Mouse
Embryonic Stem Cells Self-Renewal
Without CHIR

To examine whether polyadenylated and nonpolyadenylated
TERRA have the capability to reproduce the pluripotent effect
of the individual factor, we withdrew LIF, PD03, or CHIR in
serum/LIF and N2B27/2i media. As shown in Figures 2A-C,
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FIGURE 2 | Polyadenylated TERRA maintains mESC self-renewal in the absence of CHIR. (A—C) AP staining images and AP-positive colonies quantification of
pLKO.1 and pLKO.1-TERRA mESCs cultured in different conditions. (A): mESCs cultured in serum without LIF for 8 days. (B): mESCs cultured in N2B27/CHIR (without
PDO3) medium for 8 passages. (C): mESCs cultured in N2B27/PD03 (without CHIR) medium for 9 passages. Scale bar, 100 um. (D=F) AP staining images and AP-
positive colonies quantification of PiggyBac (PB) and PB-TERRA mESCs cultured in different conditions. (D): mESCs cultured in serum without LIF condition for
8 days. (E): mESCs cultured in N2B27/CHIR (without PDO3) medium for 8 passages. (F): mESCs cultured in N2B27/PD03 (without CHIR) medium for 11 passages.

nearly all mESCs introduced with empty vector pLKO.1 or
pLKO.1-TERRA  acquired an enlarged and flattened
morphology for the indicated times. TERRA without
polyadenylation therefore is not sufficient to be a substitute
for other factors to maintain mESCs.

Similarly, most PB or PB-TERRA transgenic mESCs died or
differentiated in the absence of LIF or N2B27/CHIR (without
PDO03) (Figures 2D,E). Nevertheless, compared with PB mESCs
differentiated, PB-TERRA cells retained a typical mESC-like
morphology, a robust colony formation without CHIR
(N2B27/PD03) until 11 passages (Figure 2F). Accordingly,
they showed high alkaline phosphatase activity, and statistical

analysis suggested that more than 90% of the cells were
undifferentiated. ~ Together, these data imply that
polyadenylation is necessary for TERRA to mimic CHIR to
facilitate mESC self-renewal.

Polyadenylated Telomeric Noncoding RNA
Regulates Telomere Length and
Telomerase Activity in Mouse Embryonic

Stem Cells
Telomere length (TL) and telomerase activity (TA) are
determinants of cell fate. To investigate more about the role of
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FIGURE 3| TERRA with polyadenylation increases telomere length while
inhibits telomerase activity in mESCs. (A) Relative telomere length (TL) of PB
and PB-TERRA mESCs at different passages was measured by quantitative
real-time PCR (gRT-PCR). P1: mESCs cultured for 1 passage. P2:

mESCs cultured for 2 passages. P3: mESCs cultured for 3 passages. Relative
TL were normalized against PB control. (B, C) Telomerase activity (TA) was
detectable in PB and PB-TERRA mESCs by ELISA. (B): Linear relationship
between optical density (OD) at 450 nm and standard telomerase activity
using a mouse telomerase ELISA kit. (C): Relative telomerase activities
compared in PB and PB-TERRA mESCs. Data were normalized to PB cells.
(A, C) Data represent means + SD of three biological replicates. *p < 0.05,
**p < 0.01 vs. PB.

TERRA input is integrated in the cell fate regulatory network,
telomere length and telomerase activity were determined in PB
and PB-TERRA 46C mESCs. First, telomere length was analyzed
by quantitative real-time PCR (qRT-PCR). As shown in
Figure 3A, overexpression of TERRA with polyadenylation
resulted in an approximately 15% increase in relative telomere
length compared to empty vector PB mESCs in the first passage,
while a similar tendency was also found in succession and TERRA
had a positive effect from 20 to 30% on TL. Thus, expression of
ectopic polyadenylated TERRA resulted in a general increasing
trend in telomeric content. Additionally, using the ELISA
standard curve (Figure 3B), relative telomerase activity was
calibrated by enzyme-linked immunosorbent assay. The results
show that recombinant TERRA with polyadenylation results in
strong inhibition of telomerase activity (Figure 3C). Taken
together, these studies demonstrate that ectopic polyadenylated
TERRA promotes the clonal growth capacity of mESCs in a
telomere length dependent manner.

To ascertain whether knockdown of TERRA impacts telomere
length and telomerase activity in mESCs, lentiviruses encoding
two shRNAs specific for TERRA (TERRA-sh#1 and TERRA-
sh#2) were infected into 46C mESCs. TERRA transcripts dropped
55-75% following puromycin selection, as confirmed by qRT-
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FIGURE 4 | Knockdown of TERRA shortens telomere length and
enhances telomerase activity in mESCs. (A) qRT-PCR analysis of total TERRA
expression levels using the method published for measuring the relative
telomeric repeat DNA content. Transcript levels were normalized against
Scramble shRNA control. *p < .05, **p < .01 vs. Scramble control. (B) Relative
telomere length (TL) of TERRA knockdown mESCs was measured by gPCR.
Relative TL were normalized against Scramble control. *p < 0.05, *p < 0.01
vs. Scramble control. (C) Telomerase activity (TA) was detectable in PB and
TERRA shRNA mESCs by ELISA. Data were normalized to PB cells. **p < 0.01
vs. PB. (A-C) Data represent means + SD of three biological replicates.

PCR (Figure 4A). Telomere length became shorter while
telomerase activity was enhanced in TERRA shRNA mESCs
(Figures 4B,C), implying that TERRA downregulation
impaired the telomere elongation and telomerase activity in
46C mESCs.

Zscan4 Genes are the Targets for
Polyadenylated Telomeric Noncoding RNA

in Mouse Embryonic Stem Cells

As mentioned above, telomere length was upregulated by
polyadenylated TERRA in mESCs. To determine the
functional targets of TERRA in telomere regulation, RNA-
sequence analysis (GEO ID Number: GSE103933) was
performed in PB and PB-TERRA 46C mESCs. The results
showed that a number of genes were differentially expressed
in PB-TERRA mESCs compared with PB cells by PossionDis
analysis (Figures 5A,B). To screen the possible targets from
the differentially expressed genes, we then performed gene
ontology (GO) analyses and filtered out these involved in
pluripotency. Compared with PB mESCs, PB-TERRA mESCs
displayed an upregulation of the most definitive self-renewal
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FIGURE 5 | TERRA with polyadenylation upregulates pluripotency genes and downregulates Zscan4 gene cluster. (A) Volcano-plot showed differently expressed
genes in PB and PB-TERRA mESCs. (B) Heatmap showed differently expressed genes in PB and PB-TERRA mESCs. (C) Heatmap showed the transcriptome-
resequencing data of the indicated gene expression pattern in PB and PB-TERRA mESCs. Left: pluripotent markers expression in PB and PB-TERRA mESCs. Middle:
the expression of gene markers associated with differentiation in PB and PB-TERRA mESCs. Right: gene expression analysis of Zscan4b, Zscanda, Zscan4f,
Zscan4d, and Zscan4c in PB and PB-TERRA mESCs. (D) gRT-PCR analysis of Zscan4 expression levels in PB and PB-TERRA mESCs. Data were normalized to
PB cells. Data represent means + SD of three biological replicates. **p < 0.01 vs. PB. (E) Zscan4 expression levels in TERRA knockdown cells were analyzed by gRT-
PCR. Data represent means + SD of three biological replicates. *p < 0.05, **p < 0.01 vs. Scramble control.

markers while expressed lower levels of the most
differentiated markers (Figure 5C), confirming the
function of polyadenylated TERRA in cell fate of mESCs.
Of note, the expression levels of Zscan4a-Zscan4d and
Zscan4f were significantly decreased in PB-TERRA mESCs
(Figure 5C). Previous reports revealed that these targets are
members of the zinc finger and SCAN domain containing 4
(Zscan4) gene clusters which correlates with genomic stability

(Falco et al., 2007). qRT-PCR analysis was used to validate the
effect of TERRA on Zscan4 (Figure 5D). Further, we
examined whether TERRA knockdown has an effect on
Zscan4 expression. As expected, the transcripts of Zscan4
increased in TERRA shRNA mESCs whereas the Scramble
control shRNA did not affect equivalent cells at the
transcription level (Figure 5E). These results support the
idea that the Zscan4 expression level is negatively regulated
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by polyadenylated TERRA and that it is a potential target for
TERRA.

Polyadenylated Telomeric Noncoding RNA
Collaborates With Zscan4c to Regulate
Telomere Length in Mouse Embryonic Stem

Cells

To survey the primary target of TERRA in the Zscan4 gene
cluster, we detected the mRNA levels of Zscan4c and Zscan4d,
which are reported not only to be related to genomic stability
but also to be predominantly associated with embryo
development and self-renewal in embryonic stem cells
(ESCs). We observed that although both Zscan4c and
Zscan4d were downregulated by polyadenylated TERRA at
the transcriptional level, the Zscan4c transcripts dropped
more than 90% whereas 40% Zscan4d molecules still
expressed (Figure 6A). To verify that the effect of TERRA on
Zscan4c is truly different from that on Zscan4d, we examined
their expression levels in TERRA depleted cells. qRT-PCR
analysis displayed that TERRA knockdown induced a 2.4- to
3.1-fold increase in Zscan4c levels but did not show any
influence on Zscan4d expression (Figure 6B). These data
collectively demonstrate that Zscan4c is a potential key target
of TERRA.

As mentioned above, TERRA negatively regulated Zscan4c
while having positive effects on telomere length. We then
utilized an RNA interference approach to further test
whether Zscan4c mediates the effect of TERRA in telomere
length. Initially, a shRNA targeting the Zscan4c transcripts
(shZscan4c) placed into the lentiviral
Additionally, a construct containing a Scramble shRNA was
used as a control. Then Scramble and Zscan4c shRNA lentiviral
particles were used to infect TERRA-sh#1 and TERRA-sh#2
mESCs, respectively. Expression of Zscan4c was reduced by
60-70% at the transcriptional level compared to that in the
Scramble control cells (Figure 6C). Surprisingly, the relative
telomere length in TERRA shRNA mESCs transfected with
Zscan4c shRNA became shorter than that in TERRA-
knockdown cells (Figure 6D). Overall, these findings indicate
that the inhibition of endogenous Zscan4c increases the
instability of telomeres and that Zscan4c might mediate the
regulation of telomere length by TERRA in mESCs.

was vector.

DISCUSSION

TERRA is a special IncRNA that has been recently identified at
telomeres. The role of TERRA has yet to be clearly established,
especially the distinct functions between polyadenylated
TERRA and nonpolyadenylated TERRA. Here, we revealed
that only polyadenylated TERRA can reproduce the
individual factor to promote mESC self-renewal, indicating
that TERRA may have a positive impact on proliferation in
mESCs and that polyadenylation is critical for TERRA to gain
this ability. In fact, the potency of TERRA that facilitates the
proliferative capacity has been found in different kinds of cells,

Nuclear TERRA for Anti-Ageing Therapy

including some tumor tissues, pluripotent stem cells, and
progenitor cells. For example, stomach and lung cancer,
human and mouse induced pluripotent stem cells, and
progenitor cells in the developing mouse brain (Marion et al.,
2009; Deng et al., 2012). Therefore, TERRA with poly-A tail can
be used as a pluripotency marker.

To investigate more about how polyadenylated TERRA affects
pluripotent capacity of mESCs, we detected telomere length and
telomerase activity that are closely related to cell fate.
Polyadenylated TERRA increased the telomere length, and it is
likely that TERRA makes a distinctive contribution to the
sustenance of chromosome in mESCs, as the knockdown of
TERRA shortens the telomere length. The observation is
consistent with the notion that TERRA may play an important
role in maintaining genomic stability (Silanes et al., 2010; Porro
et al,, 2014). In contrast, telomerase activity was suppressed by
polyadenylated TERRA. This comes as no surprise, as TERRA
contains 5'-UUAGGG-3' repeats which are complementary to
the template sequence of telomerase RNA and thus considered as
a natural ligand and direct inhibitor of human telomerase (Redon
et al, 2010). However, telomerase can also be involved in
telomere lengthening through a catalytic unit termed protein
reverse transcriptase (Marion et al,, 2009). It is possible that
TERRA-mediated telomere extension does not require
telomerase, due to mESC employing both telomerase and
alternative lengthening of telomeres identically to maintain
their telomeres (Niida et al., 2000; Conomos et al., 2013).

Moreover, to gain insight into the molecular mechanism by
which polyadenylated TERRA acts to regulate telomere length,
we performed RNA-sequencing to screen the targets of TERRA
and identified Zscan4. Enforced polyadenylated TERRA
markedly reduced Zscan4 expression while decreased TERRA
triggered upregulation of Zscan4 levels. Similar to TERRA,
Zscan4 can also positively regulate telomere independent of
telomerase in mESCs (Zalzman et al., 2010). In addition,
telomere shortening activated Zscan4 in mESCs (Nakai-
Futatsugi and Niwa, 2016). Therefore, Zscan4 may behave as a
significant factor in linking TERRA to regulate the telomere
length of mESCs. Notably, as a member of Zscan4, Zscan4c,
which correlates with embryonic stem cell self-renewal is likely to
be the pivotal target of TERRA, as TERRA induced changes in
Zscan4c expression were more dramatic than those in the Zscan4
gene cluster. Additionally, we found that telomere length became
much shorter after downregulation of Zscan4c in TERRA
knockdown cells in support of this report that overexpression
of Zscandc rescued telomere length (Amano et al, 2013),
implying that Zscan4c might be a novel regulatory factor for
telomere length. Interestingly, pioneering studies identified that
hyperactive Zscan4 triggers a higher incidence of cell death
(Nakai-Futatsugi and Niwa, 2016), which suggests that the
expression levels of Zscan4 must be tightly regulated.
Therefore, we speculate that Zscan4c may act as a bridge for
TERRA to negatively regulate Zscan4, while TERRA might
cooperate with Zscan4c in telomere length dynamic balance
controlling in mESCs. However, how Zscan4c and TERRA
coregulate telomere is still elusive. It will be of great interest to
investigate whether Zscan4c is a direct target of TERRA and how
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Zscan4c and TERRA input are integrated in the telomere length
controlling network in the future.

In summary, study uncovers role of
polyadenylated TERRA in maintaining the telomere length of
mESCs. TERRA may exert this function by modulating
the expression of Zcandc, a factor for genomic stability and
telomere elongation. If TERRA or Zscan4c expression can be
induced and controlled, it may provide means to increase
genomic stability in various cell types to anti-aging
and anti-cancer. Therefore, polyadenylated TERRA and
Zscan4c may provide novel and sensitive biomarkers for
telomere dysfunction. An understanding of the functions of
TERRA in telomere stability in mESCs will expand our
understanding of the molecular mechanisms underlying
the regulatory network of cellular senescence and facilitate
drug development for therapy in clinical applications in
the future.
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A novel formal (4 + 1) annulation between N-(o-chloromethyl)aryl amides and 3-
chlorooxindoles through in situ generated aza-ortho-QMs with 3-chlorooxindoles is
reported for the synthesis of a series of 2,3'-spirobi (indolin)-2’-ones in high yields.
Under structured illumination microscopy, compound 3a is found to change the
mitochondrial morphology and induce mitophagy pathway, which might then trigger
mitophagy in cancer cells.

Keywords: spirooxindole, aza-ortho-quinone methides, mitochondria, morphology, annulation

1 INTRODUCTION

The high prevalence and fatal incidence of cancer in the population worldwide has fueled an
intensified search for new therapeutic treatment options. Chemotherapy is one of the most common
strategies. The major challenging factors in developing cancer chemotherapeutics is to increase
selectivity and to reduce side effects toward normal cells and tissues. (Wheeler et al., 2013) Since the
efficacy and toxicity of a drug is closely associated with its subcellular distribution, interest in
subcellular organelle-targeting theranostics is substantially increasing. (Kang, 2018).

Among organelles, mitochondria which is a regulatory center for cellular energy metabolism,
substance synthesis and death, function as dynamic networks that often come in varied
morphologies and subcellular distribution to fulfill their multiple tasks and thus have received
substantial attention. (Li et al., 2020; Chen H. et al., 2021; Zou et al., 2021) Amount of researches
disclosed that many human diseases have been closely related with functional mitochondria, such as
neurodegenerative disorders, cardiovascular disorders, metabolic disorders, and cancers. (Cho et al.,
2020) Recent studies demonstrated dramatic alterations in mitochondrial form during the early
stages of cell apoptosis that is a fragmentation of the network and the remodeling of the cristae,
indicating mitochondria are closely associated with apoptotic pathways. (Karbowski and Youle,
2003) Moreover, accumulating evidence indicates that the occurrence, development and metastasis
of tumors has been linked to mitochondrial dysfunction and malfunctions, whose morphology is
sensitive to their effects, featuring mitochondria a striking target in the design of anti-cancer drugs.
(Mo et al,, 2012; Hao et al,, 2019) So far, some interesting and innovative examples have been
reported, such as the increased anti-tumor effect of photodynamic therapy through the regulation of
mitochondrial form by paclitaxel. (Zhao et al., 2017) However, these therapies are not yet in the
preclinical phase. Therefore, the search for new natural or synthetic compounds that can target
mitochondria as anticancer treatment is imperative.
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FIGURE 1 | Representative biologically active 3,3'-pyrrolidinyl-spirooxindoles.

The 3,3'-pyrrolidinyl-spirooxindole skeleton is a privileged
class of heterocyclic motifs, which form the core of a large family
of bioactive oxindole alkaloids and medicinally important
compounds. (Kumar et al., 2008; Girgis, 2009; Zhao et al,
2013a; Zhao et al.,, 2013b; Arumugam et al, 2021; Liu et al,
2021) For instance, coerulescine, the simplest prototype member,
was isolated from Horsfieldia superba, extracts of which have
found use in indigenous medicine. (Neil et al, 1997)
Spirooxindole derivative DS-3032b exhibits MDM2 inhibitory
activity employed in the treatment of patients with advanced solid
tumors and lymphomas (Figure 1). (Gounder et al., 2016) Their
notable biological activities prompted the development of
numerous strategies toward the syntheses of 3,3'-pyrrolidinyl-
spirooxindole moiety. (Cao and Zhou, 2015; He et al., 2020; Liu X.
et al., 2020; Nakamura et al., 2020; Reddy et al., 2020; Bortolami
et al., 2021; Nasri et al., 2021; Saranya et al., 2021) Nevertheless,
the construction of the structurally similar spirobi (indolin)
frameworks (Skeleton B, Figure 1 bottom left) has been less
studied, and until now, only two synthetic methods have been
reported for the synthesis of 2,3’-spirobi (indolin)-2'-ones. (Gui
et al., 2019; Wang et al,, 2019) In 2019, Shi and co-workers
pioneered the (4 + 1) annulation of 3-isothiocyanato oxindoles
and aza-o-quinone methides, affording the corresponding
condensed products in two steps. Meanwhile, Zhong’s group
reported an ioide salts catalyzed functionalization of carbonyl
compounds with sulfonamides.

Although these were elegant and creative strategies, it is still
highly desirable to develop a concise protocol to construct the
2,3'-spirobi (indolin)-2'-ones framework from readily available
starting materials, especially under mild conditions. Based on our
research expertise in the field of domino-cycloaddition, (Enders
et al,, 2015; Zhao et al.,, 2016a; Zhao et al., 2016b; Zhi et al., 2016;
Zhi et al.,, 2018) we envisioned that the assembly of 2,3'-spirobi
(indolin)-2'-ones 3 could be realized through a formal (4 + 1)

reaction between in situ generated aza-ortho-QM 2' from N-
(o-chloromethyl) aryl amide 2 and 3-chloroindolin-2-one 1 in the
presence of an appropriate base (Scheme 1). We hope this
annulation reaction could provide a general and
straightforward method to access 2,3'-spirobi (indolin)-2’-ones
3 that will serve as the basis for evaluation of bioavailabilty
especially their effect on mitochondria which is understudied.

2 RESULTS AND DISCUSSIONS
2.1 Chemistry

To test the feasibility of our hypothesis, we chose 3-
chloroindolin-2-one 1a and N-[2-(chloromethyl) phenyl]-4-
methylbenzenesulfonamide 2a as the model substrates to
optimize the reaction conditions (Table 1). First, an initial
experiment was conducted in ethyl ester at room temperature
in the presence of Cs,CO;. To our delight, the expected
product 3a was obtained in a yield of 15% (Table 1, entry
1). To improve the reaction yield, the commonly used organic
base Et;N was tested while there was no compound 3a
obtained. We found that the use of the suitable base is very
crucial for the success of this reaction and thus an extensive
screening of base was performed (Table 1, entries 3-6).
Fortunately, inorganic bases K,CO; and NH,HCO;
delivered the desired product 3a in 80 and 82% yield
respectively. Striving for higher efficiency, kinds of solvents
and different temperature were screened and the best result
was obtained by raising the reaction temperature to 40°C and
using MTBE as the solvent, leading to the desired product 3a in
a yield of 88% (Table 1, entry 17).

Having identified the optimal reaction conditions, the
substrate scope of the new protocol was explored and the
results are shown in Table 2. Initially, we examined the
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FIGURE 2 | LHJ-090 (3a) damage mitochondria and stimulate the process of mitophagy. (A) The cell viability (%) obtained with cck8 assay. Percentage of viable
Hel a cells after treated with different concentrations of 3a (0 10, 20, 30 and 50 pM) for 24 h (B,C) SIM imaging of mitochondria in HelLa cells were treated with 3a (10 pM)
for 0, 12, and 24 h and then stained with the mitochondrial tracker probe (mito-tracker-green, MTG) (A\ex = 488 nm) for 0.5 h. (D) Quantitative analyze of mitochondrial
morphology in Hela cells after treated with 3a for 0, 12, and 24 h. Data was appeared as Mean + SEM (n = 5). *p < 0.05, all compared with untreated cells. (E) The

cell viability (%) obtained with CCK-8 assay at high concentration 3a stimulation, more than 150 uM shows toxicity to cells. (F,G) SIM colocalization images of MTG-
stained mitochondria and LTR-stained lysosome with (G) or without (F) 3a treatment, the white solid square indicates fluorescence intensity. (H) The PCC values for
MTG and LTR in HelLa cells from (F) and (G). (I) A schematic diagram of the role of 3a in mitochondrial damage.

generality of 3-chloro isatin component. A variety of isatins 1 = Cl, Br) at the C5 position of the phenyl ring of 1 underwent this
underwent the formal (4 + 1) aunulation reaction to furnish 3b-  annulation process to furnish the corresponding products in good
3g in 70-90% yield. Notably, substrates bearing electron-  to excellent efficiencies (3b-3e). Moreover, the C7 position
donating (R = Me, OCF;) or electron-withdrawing groups (R substituted compounds were suitable substrates, and the target
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SCHEME 1 | Strategy for the synthesis of 2,3’-spirobi (indolin)-2"-ones.

products 3f-3g were synthesized with good results under the
optimal condition. However, if fluoro group was introduced at
the C7 position of isatin 1, the yield of the reaction under the
optimal condition was very low. Next, the substrate scope of this
reaction was examined further by varying the reaction partner 2.
We found that all the substrates 2h-2n reacted efficiently with 1a,
furnishing the desired products (Table 2, 3h-3n) in 70-92%
yield. The substitution groups on the tosyl benzene ring were well
tolerated and delivered the desired compounds with high
efficiency (Table 2, 3h-3j). Especially, substrates bearing
electron-with-drawing groups (R; = CI, Br) on the phenyl ring
of 2 readily ccould be easily processed to give the products in good
to excellent yields (3j-3n).

In order to test the robustness and general utility of this 1,4-
addition reaction, a gram-scale reaction was carried out under the
optimal conditions and the expected product 3a could be isolated
in 80% yield without erosion of the efficiency of this process

2,3'-Spirobi (Indolin)-2’-Ones Damage Mitochondrial Form
TABLE 1 | Reaction condition optimization studies.®

Cl
E NHTSs Solvent, T

1a 2a
Entry Base Solvent Yield® (%)
1 Cs,C03 EA 15
P) EtN EA _
3 NaHCO3 EA 38
4 Na,COsq EA 66
5 NaOH EA 11
6 KoCO3s EA 80
7 NH,HCOs EA 82
8 NH4HCO3 DCM 65
9 NH,HCOs CHCls 52
10 NH4HCO3 Et,O 61
11 NH4HCO3 Toluene 73
12 NH,HCOs DCE 70
13 NH4HCO3 MTBE 85
14 NH,HCOs CCly 54
15° NH4HCO3 MTBE 88
169 NH4HCO3 MTBE 80

2All reactions were conducted with 0.4 mmol of 1a (1.0 equiv.), 0.44 mmol of 2a (1.1
equiv.), and 1.2 mmol of base in 4.0 ml of solvent at rt.

bYield of isolated compound 3a after chromatography.

°The reaction was conducted at 40°C.

“The reaction was conducted at 50°C.

All the reactions were conducted with 0.4 mmol of 1 (1.0 equiv.), 0.44 mmol of 2 (1.1
equiv.) and 1.2 mmol of base in MTBE (4.0 mL) at 40°C. Yields are those of the isolated
products 3a-3n after column chromatography.

(Scheme 1A). In addition, as shown in Scheme 1B, the relative
configuration of compound 3n was determined unambiguously
by X-ray crystallography.

A

1 (194 g)

NHHCO;

MTBE, 40°C, 17 h

Cl
o] -+
N NHTs
H
la a

80% yield

SCHEME 2 | Gram-Scale synthesis (A) of N-tosylated spirobi (indolin) 3a and X-ray Structure (B) of 3n.
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TABLE 2 | Substrate scope.

7 Cl  Optimized
I 7 .
N NHR, Condition

Yield: 88% Yield: 82% Yield: 75%

Yield: 82% Yield: 90% Yield: 70%

o2
" S;
00
N
H 3

Yield: 72% Yield: 70% Yield: 88%
Crh
N
H
3j
Yield: 90% Yield: 78% Yield: 73%

Yield: 85% Yield: 92%

All'the reactions were conducted with 0.4 mmol of 1 (1.0 equiv.), 0.44 mmol of 2 (1.1 equiv.) and 1.2 mmol of base in MTBE (4.0 mL) at 40°C. Yields are those of the isolated products 3a-3n
after column chromatography.
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2.2 Super-resolution Imaging Reveals 3a
(LHJ-090) Changes Mitochondrial
Morphology and Distribution

After the series of 2,3'-spirobi (indolin)-2'-ones were synthesized,
3a was selected to evaluate its damage effect on mitochondria. To
verify the cytotoxicity of 3a, we chose a colorimetric
measurement tool commonly used in laboratories, CCK-8,
(Lou et al., 2010) which relies on WST-8 that can be reduced
by mitochondrial dehydrogenase (such as succinate
dehydrogenase, SDH) to produce a highly water-soluble
orange-yellow formazan product for counting the number of
live cells (Figure 2A). (Liu L. Y. et al., 2020) We found that the
cells did not respond to the detection threshold for the CCK-8
assay after treatment with 3a at the concentration ranging from
10 to 50 uM. As it is generally accepted that the activity of SDH
was applied as an indicator to evaluate the tricarboxylic acid cycle
for reflecting cell activity rather than mitochondria behavior,
(Farshbaf and Kiani-Esfahani, 2018) colorimetric tools based on a
large number of cells are inaccurately for clarifying the regulation
of drugs on a single mitochondria.

To more accurately reflect the damage of 3a to the
mitochondria, we applied recently developed structured
illumination microscopy (SIM), a new tool for investing the
effect of drugs at the single mitochondria level in living cells.
(Wei et al., 2022) SIM based on a known spatially structured
pattern of light to excite a sample whose fringe position and
direction can be changed multiple times and to record the
emission fluorescence signal at each position, thereby
providing up to 100 nm spatial resolution. (Chen et al., 2018)
Therefore, this tool can help us accurately and quantitatively
study the behavior of 3a at the nanoscale in living cells system.

Next, we checked the 3a at the concentration of 10 uM in
HeLa cells, and then observed it under SIM. We used a
commercial mitochondrial probe (Mito-Tracker Green,
MTG) to label mitochondria in HeLa cells after 3a
stimulation. (Chen et al., 2020a; Zhang et al, 2021)
Compared to the SIM images captured at 0 h (Figure 2B),
we observed that mitochondrial morphology has changed from
fibrous-like to round-like after the 3a treatment for 12 and 24 h
(Figure 2C), showing the mitochondria were destroyed. To
evaluate the mitochondrial morphology, the length-to-width
ratio (L/W), was introduced as previously reported. (Shao
et al.,, 2020) This system propose four standards to measure
the morphology of mitochondria, namely round or nearly
round (1.0 £ L/W < 1.5), intermediate (1.5 < L/W < 2.0),
tubular (2.0 < L/W < 5.0), and hyperfused (L/W > 5.0). We
then quantify the distribution of individual mitochondria in
HeLa cells, and found that the distribution of mitochondrial
morphology was changed with the 3a treatment for 12 and 24 h
(Figure 2D), indicating that 3a at 10 uM could damage
mitochondrial morphology’s distribution.

Finally, we increased the concentration of 3a to check the
detection threshold of CCK-8, and found that it could not be
responded until 150 uM (Figure 2E), which shows that SIM is
more accurate in exploring the sensitivity of drugs to subcellular
behavior.

2,3'-Spirobi (Indolin)-2’-Ones Damage Mitochondrial Form

2.3 3a Damages Mitochondria Which Then

Involved in the Process of Mitophagy
Mitophagy is a process by which cells remove and degrade
damaged mitochondria, and its typical feature is the overlap of
lysosomes and mitochondria. (Chen et al., 2020b; Chen Q. et al.,
2021) After clarifying that 3a can damage mitochondria, we
further studied whether drug-induced mitochondrial damage is
involved in the mitophagy pathway.

We then use MTG and commercial lysosomal probe (Lyso-
Tracker Red, LTR) to simultaneously label drug-treated HeLa
cells. (Wang et al., 2020; Zhang C. et al., 2021) Results revealed
that the mitochondria was damaged to be granular after 24 h of
the drug treatment as the green mitochondria stained by MTG
and the red lysosome stained by LTR overlapped into yellow
(Figure 2F). Compared with that in untreated cells, the overlap of
mitochondria and lysosome in cells treated with 3a for 24 h was
increased significantly (Figure 2G). Together, these results
suggested that 3a induced the change of mitochondrial
morphology, and then triggered the mitophagy pathway.

3 CONCLUSION

Taken together, we reported a novel (4 + 1) annulation reaction
between 3-chlorooxindoles and N-(o-chloromethyl) aryl amides
through in situ generated aza-ortho-QM with 3-chlorooxindoles
for the efficient synthesis of various 2,3'-spirobi (indolin)-2'-ones
in good to excellent yield under mild conditions. By using the
highly accurate tool structured illumination microscopy, we
found that compound 3a could damage the distribution of
mitochondrial form and induce mitophagy pathway, which
finally might promote the mitophagy in cancer cells. Further
efforts are in progress to evaluate the antiproliferative activity of
these spiropyrrolidine analogs against tumor cell lines.

4 EXPERIMENTAL SECTIONS
4.1 Chemistry

4.1.1 General Information

The chemical reagents are commercially available and were used
without further purification. Reactions were monitored by Thin
Layer Chromatography (TLC) (Silica gel HF254 or GF254 from
Qingdao Haiyang Chemical Co., Ltd., Qingdao, China), and the
spots were visualized with ultraviolet irradiation (254 nm).
Compounds were purified by solvent beating or silica gel
column chromatography (200-300 mesh). '"H NMR and °C
NMR spectra were recorded on a Bruker AVANCE AV III
600 spectrometer using CDCl; or d-DMSO as solvent. Data
for '"H NMR are reported as follows: chemical shift (ppm),
multiplicity (s = singlet, d = doublet, t = triplet, ¢ = quartet,
dd = doublet of doublet, td = triplet of doublet, m = multiplet, br =
broad), integration, and coupling constant (Hz). Data for '*C
NMR are reported in terms of chemical shift and multiplicity
where appropriate. High resolution mass spectra (HRMS) were
obtained from Thermo Scientific Q Exactive Plus. The melting
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points were determined by Biichi 510 apparatus without
corrected.

4.1.2 General Procedure for the Synthesis of Products
3a-3n

To an oven-dried flask were added 1 (0.4 mmol, 66.8 mg, 1.0
equiv), 2 (0.44 mmol, 130 mg, 1.1 equiv) and NH,HCO;
(1.2 mmol, 94.9 mg, 3.0 equiv) followed by the addition of
MTBE (4.0 ml). The reaction mixture was allowed to stir at
40°C for 17 h and then directly poured into water. The solution
was extracted with dichloromethane (3 x 15 ml). The organic
phases were combined, washed with brine and dried over
Na,SO,. Then the solvent was evaporated to give a crude
product which was purified by silica gel chromatography
(hexane/ethyl acetate = 10/1 to 4/1) to provide the desired
products 3a-3n. The scale-up synthesis of 3a was the same as
the above steps.

(S)-1-Tosyl-2,3'-spirobi (indolin)-2'-one (3a)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3a as a white solid (132.6 mg, 88% yield).
mp: 267-269°C."H NMR (400 MHz, DMSO-dq) 8 10.76 (s, 1H),
7.70 (d, ] = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 7.28-7.17 (m,
4H), 7.04-7.00 (m, 1H), 6.94 (d, ] = 8.4Hz, 1H), 6.83 (d, ] =
7.6 Hz, 1H),6.76 (d, ] = 7.6 Hz, 1H), 3.54 (d, ] = 16.0 Hz, 1H), 3.23
(d, ] = 16.4 Hz, 1H), 2.36 (s, 3H) ppm; >C NMR (150 MHz,
CDCl3) 8 177.5, 144.1, 141.6, 139.5, 136.4, 130.9, 129.8, 129.5
(20), 128.1, 128.0 (2C), 127.2, 125.2, 123.0, 123.0, 122.9, 112.5,
110.6, 71.7, 42.2, 21.6 ppm. HRMS (ESI): m/z (M + H)" calcd for
CyH,oN,0,8" 391.1116; found 391.1112.

(S)-5'-Chloro-1-Tosyl-2,3’-Spirobi (indolin)-2'-One (3b)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3b as a white solid (140 mg, 82% yield).
mp: 253-255°C. "H NMR (400 MHz, DMSO-dg) 8 10.91 (s, 1H),
7.59 (d, ] = 8.0 Hz, 2H), 7.36-7.23 (m, 6H), 7.05 (t, ] = 7.2 Hz,
1H), 6.95 (d, ] = 8.4 Hz, 1H), 6.50 (s, 1H), 3.51 (d, ] = 16.4 Hz,
1H), 3.30 (d, ] = 16.4 Hz, 1H), 2.36 (s, 3H) ppm; >’C NMR
(100 MHz, DMSO-d6) 6 176.8, 145.0, 141.5, 140.6, 136.3, 131.7,
130.1 (2C), 130.0, 128.6, 127.8, 127.6, 126.3, 126.0, 123.6 (2C),
123.3, 112.5, 112.4, 71.4, 41.7, 21.5 ppm; HRMS (ESI): m/z (M +
H)* caled for C,,H;5CIN,05S™ 425.0727; found 425.0718.

(S)-1-Tosyl-5"-(trifluoromethoxy)-2,3’-spirobi  (indolin)-2'-
one (3¢)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3c as a white solid (142 mg, 75% yield).
mp: 98-102°C. 'H NMR (600 MHz, DMSO-de) 8 10.96 (s, 1H),
7.69 (d, ] = 8.4Hz, 2H), 7.34 (d, ] = 8.4Hz, 2H), 7.30 (d, ] =
8.4 Hz, 1H), 7.27 (d, ] = 7.8 Hz, 1H), 7.24-7.20 (m, 2H), 7.05-7.02
(m, 2H), 6.74 (s, 1H), 3.54 (d, ] = 16.2Hz, 1H), 333 (d, ] =
15.6 Hz, 1H), 2.36 (s, 3H) ppm; >C NMR (150 MHz, DMSO-de)
6 177.1, 145.0, 143.6, 143.5 141.5, 140.9, 136.4, 132.1, 130.2
(2C),128.5, 127.7 (2C), 125.9, 123.6, 116.8, 112.4, 111.8, 71.7,
418, 21.4ppm; HRMS (ESI): m/z (M + H)" caled for
Cy3H;sF3N,0,S" 475.0939; found 475.0935.

(S)-5'-Methyl-1-Tosyl-2,3'-Spirobi (indolin)-2'-One (3d)

2,3'-Spirobi (Indolin)-2’-Ones Damage Mitochondrial Form

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3d as a white solid (132 mg, 82% yield).
mp: 282-284°C. "H NMR (400 MHz, DMSO-dg) § 10.64 (s,
1H), 7.55 (d, ] = 8.0 Hz, 2H), 7.34-7.25 (m, 5H), 7.07-7.02 (m,
2H), 6.83 (d, ] = 8.0 Hz, 1H), 6.34 (s, 1H), 3.51 (d, J = 16.4 Hz,
1H), 3.20 (d, ] = 18.8 Hz, 1H), 2.36 (s, 3H), 2.01 (s, 3H) ppm;
C NMR (150 MHz, CDCl3) 8 177.5, 143.9, 141.8, 137.1,
136.6, 132.5,130.4, 130.1, 129.3 (2C), 128.1, 127.9 (2C),
127.3, 125.2, 123.7, 123.0, 112.6, 110.3, 71.6, 42.2, 21.5,
20.8 ppm; HRMS (ESI): m/z (M + H)" caled for
C,3H, N,058" 405.1273; found 405.1261.

(S)-5'-Bromo-1-Tosyl-2,3'-Spirobi (indolin)-2'-One (3e)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3e as a white solid (169 mg, 90% yield).
mp: 269-273°C."H NMR (400 MHz, DMSO-dg) 8 10.91 (s, 1H),
7.56 (d, ] = 8.0Hz, 2H), 7.44 (d, ] = 8.0Hz, 1H), 737 (d, ] =
8.0 Hz, 1H), 7.31-7.25 (m, 4H), 7.06 (t, ] = 7.6 Hz, 1H), 6.91 (d,
J = 8.0 Hz, 1H), 6.57 (s, 1H), 3.51 (d, J = 16.0 Hz, 1H), 3.30 (d, ] =
16.4 Hz, 1H), 2.37 (s, 3H) ppm; *C NMR (100 MHz, DMSO-dj)
§176.6,145.0, 141.5, 141.0, 136.3, 132.9, 132.0, 130.2 (2C), 128.6,
127.8, 127.5 (2C), 126.0, 125.9, 123.7, 114.0, 112.9, 112.5, 71.3,
41.7, 21.6 ppm; HRMS (ESI): m/z (M + H)" caled for
Cy,H gBrN,05S™ 469.0222; found 469.0196.

(S)-7'-Chloro-1-Tosyl-2,3'-Spirobi (indolin)-2'-One (3f)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3f as a yellow solid (119 mg, 70% yield).
mp: 250-255°C."H NMR (600 MHz, DMSO-dg) 8 11.24 (s, 1H),
7.74 (d, ] = 8.4 Hz, 2H), 7.37 (d, ] = 7.8 Hz, 3H), 7.26 (d, ] =
7.2Hz, 1H), 7.22 (t,] = 7.8 Hz, 1H), 7.16 (d, ] = 8.4 Hz, 1H), 7.03
(t,J=7.2Hz,1H), 6.88 (t,J=7.8 Hz, 1H), 6.78 (d, ] = 7.8 Hz, 1H),
3.55 (d, J = 16.2 Hz, 1H), 3.30 (d, J = 16.2 Hz, 1H), 2.37 (s, 3H)
ppm; C NMR (150 MHz, DMSO-dy) 8 176.7, 144.5, 140.9,
138.8, 135.8, 132.3, 129.8 (2C),128.0, 127.5 (2C),127.3, 125.5,
123.5, 123.1, 121.1, 114.5, 111.8, 71.8, 41.6, 21.0 ppm; HRMS
(ESI): m/z (M + H)" calcd for C,,H,5CIN,OS* 425.0727; found
425.0725.

(S)-7'-bromo-1-tosyl-2,3'-spirobi (indolin)-2’-one (3g).

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3g as a yellow solid (135 mg, 72% yield).
mp: 270-274°C."H NMR (400 MHz, CDCl;) §7.88 (d, ] = 8.4 Hz,
2H), 7.74 (s, 1H), 7.40 (d, ] = 8.0 Hz, 1H), 7.25 (d, ] = 9.6 Hz, 2H),
7.21-7.15 (m, 3H), 7.01-6.93 (m, 2H), 6.80 (t, ] = 7.6 Hz, 1H),
3.73 (d, ] = 15.6 Hz, 1H), 3.21 (d, ] = 15.6 Hz, 1H), 2.39 (s, 3H)
ppm; *C NMR (150 MHz, CDCl;) 8 176.2, 144.4, 141.4, 138.7,
136. 2, 132.5, 132.4, 129.6 (2C), 128.2, 128.1 (2C), 126.8, 125.2,
124.4, 123.1, 121.5, 112.4, 103.6, 72.9, 42.3, 21.6 ppm; HRMS
(ESI): m/z (M + H)" calcd for C,,H;gBrN,O5S* 469.0222; found
469.0222.

(S)-1-[(4-methoxyphenyl)sulfonyl]-2,3’-spirobi (indolin)-2’-
one (3h)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3h as a white solid (113.7 mg, 70% yield).
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mp: 245-248°C."H NMR (600 MHz, CDCl;) § 7.87 (d, ] = 9.0 Hz,
2H), 7.71 (s, 1H), 7.25-7.23 (m, 2H), 7.19-7.15 (m, 2H), 6.99 (t, ]
=7.2Hz, 1H), 6.95 (d, ] = 7.2 Hz, 1H), 6.92 (d, ] = 7.8 Hz, 1H),
6.89- 6.86 (m, 3H), 3.83 (s, 3H), 3.74 (d, ] = 15.6 Hz, 1H), 3.22 (d, ]
= 16.2 Hz, 1H) ppm; >C NMR (150 MHz, CDCl3) 8 177.4, 163.3,
141.7, 139.4, 131.0, 130.9, 130.3 (2C), 129.7, 128.1, 127.2, 125.2,
123.1,122.9,122.9, 114.1 (2C), 112.4, 110.5, 71.7, 55.6, 42.2 ppm;
HRMS (ESI): m/z (M + H)* calcd for C,,H,oN,0,S* 407.1065;
found 407.1062.

(S)-1-(phenylsulfonyl)-2,3'-spirobi (indolin)-2'-one (3i)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3i as a red solid (132.5 mg, 88% yield). mp:
138-140°C."H NMR (400 MHz, DMSO-d,) 8 10.77 (s, 1H), 7.81
(d,]=7.6 Hz, 2H), 7.67 (t, ] = 7.2 Hz, 1H), 7.53 (t, ] = 7.6 Hz, 2H),
7.29-7.23 (m, 4H), 7.06-7.02 (m, 1H), 6.95 (d, J = 8.0 Hz, 1H),
6.80 (t, J = 7.2Hz, 1H), 6.73 (t, ] = 7.2 Hz, 1H), 3.55 (d, ] =
16.2.4Hz, 1H), 325 (d, ] = 16.4Hz, 1H) ppm; °C NMR
(100 MHz, DMSO-ds) & 177.1, 141.6, 141.5, 139.34, 134.2,
130.8, 130.2, 129.7 (2C), 128.4, 128.0, 127.8 (2C), 125.9, 123.5,
123.0,122.5,112.3, 110.8, 71.8, 42.1 ppm; HRMS (ESI): m/z (M +
H)" calcd for C,;H;7N,038" 377.0960; found 377.0955.

(S) -1-[(4-fluorophenyl)sulfonyl]-2,3'-spirobi (indolin)-2’-
one (3j)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3j as a red solid (141 mg, 90% yield). mp:
207-210°C. '"H NMR (400 MHz, DMSO-d,) & 10.80 (s, 1H),
7.88-7.85 (m, 2H), 7.38 (t, ] = 13.2Hz, 2H) 7.29-7.25 (m,
4H), 7.07-7.03 (m, 1H), 6.95 (d, ] = 7.6 Hz, 1H), 6.81 (t, ] =
7.6 Hz, 1H), 6.73 (d, ] = 7.2 Hz, 1H) 3.55 (d, ] = 16.4 Hz, 1H), 3.25
(d, J = 16.4 Hz, 1H) ppm; °C NMR (125 MHz, CDCl;) 8 177.7,
141.4,139.7, 136.4, 130.8, 130.8, 130.5, 130.0, 128.2, 127.3, 125.4,
123.3, 123.0, 122.8, 116.2, 116.1, 112.5, 110.9, 71.8, 42.2,
29.7ppm; HRMS (ESI): m/z (M + H)" caled for
C,1H 6FN,03S" 395.0866; found 395.0863.

(S)-4-Chloro-1-tosyl-2,3’-spirobi (indolin)-2'-one (3k)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3k as a red solid (132.6 mg, 78% yield).
mp: 222-226°C."H NMR (600 MHz, CDCl;) & 8.07 (s, 1H), 7.76
(d, J = 7.6 Hz, 2H), 7.26 (t, ] = 9.6 Hz, 1H), 7.22-7.18 (m, 3H),
7.14(t,J=8.4Hz, 1H),6.98 (d,]=7.8 Hz, 1H), 6.94 (t, ] = 7.8 Hz,
2H),6.88 (t, ] = 7.8 Hz, 1H) 3.72 (d, ] = 16.8 Hz, 1H), 3.30 (d, ] =
16.2 Hz, 1H), 2.38 (s, 3H) ppm; °C NMR (150 MHz, CDCl;) &
177.1, 144.5, 142.9, 139.6, 136.2, 131.0, 130.6, 123.0, 129.7, 129.6
(2C),128.0 (2C),125.7,123.1, 123.2, 123.0, 110.7, 110.6, 71.4, 41.5,
21.6 ppm; HRMS (ESI): m/z (M + H)" caled for C,,H 3CIN,05S"
425.0727; found 425.0718.

(S)-6-Bromo-1-tosyl-2,3'-spirobi (indolin)-2'-one (31)

According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3l as a white solid (137 mg, 73% yield). mp:
89-93°C.'"H NMR (600 MHz, CDCL,) 8 7.76 (d, J = 8.4 Hz, 2H),
7.72 (s, 1H), 7.44 (s, 1H), 7.28-7.27 (m, 1H), 7.23 (d, ] = 8.4 Hz,
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2H), 7.13-7.12 (m, 1H), 7.01 (d, J = 7.8 Hz, 1H), 6.93-6.90 (M,
2H), 6.87 (d,J= 8.4 Hz, 1H), 3.65 (d, /= 16.2 Hz, 1H), 3.15(d, ] =
15.6 Hz, 1H), 2.39 (s, 3H) ppm; >C NMR (150 MHz, CDCl;) &
176.8, 144.5, 143.0, 139.4, 136.0, 130.4, 130.0, 129.7 (2C), 128.0
(2C),126.3, 126.2, 125.9, 123.2, 123.0, 121.7, 115.7, 110.6, 72.1,
41.7, 21.6ppm; HRMS (ESI): m/z (M + H)" caled for
C,,H sBrN,05S" 469.0222; found 469.0108.
(S)-6-Chloro-1-tosyl-2,3'-spirobi (indolin)-2'-one (3m)
According to general procedure A, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate = 10/
1 to 4/1) to provide 3m as a white solid (144.5 mg, 85% yield). mp:
174-177°C. "H NMR (400 MHz, DMSO-dy) 8 10.79 (s, 1H), 7.69
(d, J = 8.0Hz, 2H), 7.37 (d, ] = 8.0 Hz, 2H), 7.28 (d, ] = 7.6 Hz,
2H), 7.10 (d, J = 10.4 Hz, 2H), 6.94 (d, ] = 8.0 Hz, 1H), 6.86-6.82
(m, 2H), 3.51 (d, J = 16.4 Hz, 1H), 3.25 (d, ] = 16.4 Hz, 1H), 2.38
(s, 3H) ppm; *C NMR (100 MHz, DMSO-dg) & 176.7, 145.2,
143.0, 141.6, 136.1, 132.6, 130.4, 130.3 (2C), 127.9 (2C), 127.3,
127.2 123.2, 122.6, 112.0, 110.9, 72.6, 67.5, 41.4, 25.6, 21.5 ppm;
HRMS (ESI): m/z (M + H)™ calcd for C,,H;3CIN,O3S" 425.0727;
found 425.0725.
(S)-5-Fluoro-1-tosyl-2,3'-spirobi (indolin)-2'-one (3n)
According to general procedure, the crude product was
purified by silica gel chromatography (hexane/ethyl acetate =
10/1 to 4/1) to provide 3n as a white solid (150 mg, 92% yield).
mp: 195-198°C."H NMR (400 MHz, DMSO-dg) & 10.77 (s,
1H),7.67 (d, J = 8.0 Hz, 2H), 7.33 (d, ] = 8.4 Hz, 2H), 7.28 (t, ] =
7.6 Hz, 1H), 7.19-7.16 (m, 2H), 7.05 (d, J = 9.2 Hz, 1H), 6.94
(d, J = 8.0 Hz, 1H), 6.85-6.77 (m, 2H), 3.53 (d, ] = 15.2 Hz, 1H),
324 (d, ] = 16.4Hz, 1H), 2.37 (s, 3H) ppm; *C NMR
(100 MHz, DMSO-ds) & 176.8, 144.9, 141.5, 138.0, 136.3,
130.6, 130.1 (2C), 127.9 (2C), 123.1, 122.5, 114.8, 114.5,
113.6, 113.3, 113.0, 112.9, 110.8, 41.8, 25.6, 21.5ppm;
HRMS (ESI): m/z (M + H)" caled for C,,H;sFN,05S"
409.1022; found 409.1010.

4.2 Biological Part

4.2.1 Cell Culture

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (#11965118, DMEM, Thermo Fisher Scientific)
supplemented with 10% Certified fetal bovine serum
(#C04001-500, FBS, VivaCell, Shanghai, China) penicillin
(100 units/ml), and streptomycin (100 pug/ml; #15140163,
10,000 units/ml, Thermo Fisher Scientific) in a 5% CO,
humidified incubator at 37°C.

4.2.2 OMX-SIM Super Resolution Imaging

HeLa cells were incubated with MTG and LTR at 37°C for
30 min in fresh DMEM and then washed three times with fresh
DMEM. Super-resolution images were acquired on a
commercial OMX-3D-SIM  Microscope. Images were
obtained at 512 x 512 using Z-stacks with a step size of
0.125 pm. The laser model was set to fast 272 MHz, the gain
was set to 1, the output powers at the fiber end: 65 mW. All
fluorescence images were analyzed, and their backgrounds
were subtracted with Image J software.
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4.2.3 Data Analysis

Statistical analysis was performed with Prism 8 (GraphPad).
Normality and lognormality test to check the normal
distribution. In the case of normal distribution, the statistical
comparison of results was test with a Student’s t test. In the case of
non-normal distribution, the statistical comparison of results was
test with a Mann-Whitney test, with levels of significance set at n.
s. (no significant difference), *p < 0.05, **p < 0.01, **p < 0.001,
and ***p < 0.0001. Data are presented as mean + SEM. Analyzed
cells were obtained from three replicates. Statistical significances
and sample sizes in all graphs are indicated in the corresponding
figure legends.
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Background: The interaction between lysosomes and mitochondria includes not only
mitophagy but also mitochondrion-lysosome contact (MLC) that enables the two
organelles to exchange materials and information. In our study, we synthesised a
biosensor with fluorescence characteristics that can image lysosomes for structured
illumination microscopy and, in turn, examined morphological changes in mitochondria
and the phenomenon of MLC under pathological conditions.

Methods: After designing and synthesising the biosensor, dubbed CNN, we performed
an assay with a Cell Counting Kit-8 to detect CNN’s toxicity in relation to H9C2
cardiomyocytes. We next analysed the co-localisation of CNN and the commercial
lysosomal probe LTG in cells, qualitatively analysed the imaging characteristics of CNN
in different cells (i.e. H9C2, HelLa and HepG2 cells) via structured illumination microscopy
and observed how CNN entered cells at different temperatures and levels of endocytosis.
Last, we treated the H9C2 cells with mannitol or glucose to observe the morphological
changes of mitochondria and their positions relative to lysosomes.

Results: After we endocytosed CNN, a lysosome-targeted biosensor with a wide, stable
pH response range, into cells in an energy-dependent manner. SIM also revealed that
conditions in high glucose induced stress in lysosomes and changed the morphology of
mitochondria from elongated strips to round spheres.

Conclusion: CNN is a new tool for tracking lysosomes in living cells, both physiologically
and pathologically, and showcases new options for the design of similar biosensors.

Keywords: organelle, lysosome, mitochondria, super-resolution imaging, nanoscopic, mitochondria-lysosome
contact

INTRODUCTION

Lysosomes, as the main sites of degradation in cells, play an important role in intracellular signal
transduction, energy metabolism and homeostasis (Settembre et al., 2013; Chen Q. et al., 2021). Their
most representative feature is the series of hydrolases that form the acidic environment within them,
which provides a favourable environment for the degradation of various foreign substances, damaged
proteins and even other organelles. Under normal physiological conditions, the pH of lysosomes is
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FIGURE 1 | Design and characterization of the biosensor CNN. (A) Synthetic route of probe CNN. 1) 3-Chloro-N, N-dimethylpropan-1-amine, 6-
hydroxynaphthalene-2-carbaldehyde, K,COg, acetone, reflux. 2) AcOH, NaOAc, 3-methylbutan-2-one, reflux. 3) lodoethane, acetonitrile, reflux. 4) EtOH, reflux. (B) UV-
vis absorption spectrum of CNN (10 pM) in solution (1% DMSO, 99% PBS, pH = 7.4). (C) Fluorescence spectra changes of CNN (10 pM) in solution (1% DMSO, 99%
PBS, pH = 7.4), Aox = 405 nm. Slit: 5.0 nm; 5.0 nm. (D) Fluorescence emission spectra of CNN (0.5 uM, Aex = 405 nm. Slit: 5.0 nm; 10.0 nm)and LTG (100 nM, \ex
=488 nm. Slit: 5.0 nm; 5.0 nm) in different pH solution (HCI, NaOH, PBS). (E) Cell counting kit (CCK-8) experiment operation flow chart. (F) Cytotoxicity of the CNN on
HIC2 cells at various concentrations (0, 0.5, 1, 2, 5, 10 umol/L). Data are presented as mean + SEM. (n.s. represents no statistical significance, ****p < 0.0001, all
compared with O umol/L).

not fixed but fluctuates within the range of 4.5-6.5. However, in As organelles involved in intracellular metabolism, lysosomes
pathological conditions, including cell apoptosis, the pH of  cannot function without interacting with other organelles,
lysosomes increases (Li et al., 2019), which results in abnormal  including  for  autophagy, for  mitophagy and in
functioning that accelerates the occurrence and development of  mitochondrion-lysosome contact (MLC) (Wong et al, 2019). In
disease. particular, mitochondria and lysosomes were recently found to form
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dynamic contact sites in order to mediate the inter-membrane
interchange of metabolites. However, defective MLC is closely
related to cancer (Audano et al., 2020), cardiovascular disease (Yu
et al, 2020) and neurodegenerative disease (Kim et al, 2021).
Therefore, research focused on MLC is of great significance.

To date, lysosomes and mitochondria have often been studied at
the cellular level by conventional methods such as western blotting,
immunofluorescence and confocal fluorescence microscopy.
However, due to limitations in resolution, those methods make
observing MLC difficult. Against that trend, the emergence of
stimulated emission depletion (STED) (Hanne et al., 2015), photo-
activated localisation microscopy (PALM) (Quirin et al, 2012),
stochastic optical reconstruction microscopy (STORM) (Huang
et al, 2008) and structured illumination microscopy (SIM)
(Huang et al, 2018) has made it possible to image crosstalk in
different organelles at the nanoscale (Chen H. et al,, 2021; Liu Y. et al,,
2021; Zhang et al., 2021; Wei et al,, 2022) as well as MLC. Beyond
that, research conducted to quantitatively analyse MLC produced a
new method involving the M-value (Chen et al., 2020b) in order to
distinguish the fusion of mitochondria and lysosomes. In that
method, an M-value less than 0.4 indicates MLC, whereas
M-values in the range of 0.5-1.0 indicate mitophagy. Using those
innovations, it is crucial to further introduce the concept of MLC into
subsequent clinical research on disease. In addition, a variety of
lysosome-targeted probes reported in the past few years shows that
the synthetic biosensor need possess a certain properties, such as self-
fluorescence or the fluorophores, to image in cells under SIM.

In our study, we designed a lysosome-targeted biosensor,
CNN, to observe changes in lysosomal morphology and
fluorescence signals in different cells under SIM. Afterwards, CNN
was used to track the interaction of lysosomes and mitochondria in a
diabetic cardiomyopathy model under conditions in high glucose at
the nano-scale. Owing to its wide pH response range, low background
and exceptional cell permeability, CNN can be used to detect
morphological changes in mitochondria and
lysosome-mitochondrion interaction under different conditions via
SIM. Because CNN can be used to track lysosomes under SIM, it
stands as a powerful new tool for studying lysosome-related diseases.

RESULTS

Biosensor Design and Characterisation

After being designed and synthesised (Figure 1A), the biosensor,
CNN, was characterised by "H NMR, C NMR and HRMS
(Supplementary Figures S7-S9), the results of which suggest its
correct structure and high purity. Its large conjugate structure allows
CNN to achieve bright red fluorescence and an ultraviolet absorbance
peak at 428 nm and fluorescence peak at 596 nm (Figures 1B,C).
Another key design element is that CNN is protonated in the
presence of a weakly basic triamino and selectively accumulates in
an acidic environment. Therefore, we measured changes of CNN’s
fluorescence intensity in solutions with different pH values
(Figure 1D). When the pH ranged from 2 to 10, CNN showed
approximately consistent emission peaks at 567 nm. Compared with
LTG, a commercial lysosomal probe, CNN thus has the advantage of
stable fluorescence characteristics independent of changes in pH. To

Super-Resolution Imaging

further investigate the characteristics of CNN on the cellular scale, we
determined safe concentrations of CNN for cells via an assay with a
Cell Counting Kit-8 (Figure 1E). The results showed that when the
concentration of CNN was 1, 2, 5 and 10 uM, cell proliferation was
inhibited (Figure 1F), and when the concentration reached 10 uM,
cell viability was significantly reduced (<50% vs control group).
Therefore, we chose 0.5uM as a safe working concentration for
living cells.

Subcellular Distribution of CNN in Living

HI9C2 Cells Under SIM

To verify whether CNN can be imaged in cells using SIM, HIC2 cells
were incubated with CNN for 1h, and the results revealed that the
biosensor could be clearly imaged under red channel excitation at
405 nm (Figure 2A). That finding was consistent with the spectral
results measured earlier and with the characteristics of CNN’s multi-
conjugate structure. In addition, we could clearly observe CNN’s
randomly distribution within cells in the shape of circular dots
ranging in diameter from 04 to 2.3 pm (Figure 2B), with an
average of 0.9 um. The average area of the dots was thus 0.3 um®
(Figure 2C). Based on a set of imaging characteristics found in cells,
we speculate that CNN targets lysosomes. To verify that conjecture, a
commercial lysosomal probe, LTG, was used to co-stain with CNN
(Figure 2D). The results, shown in Figure 2E, indicated that the
green fluorescence of LTG overlapped well with the red fluorescence
of CNN, and the Pearson correlation coefficient was 0.8 according to
co-location analysis conducted in Image] software (Figure 2F).
Meanwhile, to ascertain the specificity of CNN’s localisation in
lysosomes, commercial lipid droplets or nuclear probes were used
to co-stain with CNN. As a result, we observed that those probes were
independent of each other (Supplementary Figures S10). Altogether,
CNN can indeed be imaged in cells using SIM and specifically targets
lysosomes in living cells.

SIM Images of CNN in H9C2 Cells Under

Different Conditions

Extracellular substances enter cells in a variety of ways that can be
classified into two types: energy-dependent and non-energy-
dependent. We thus speculated that CNN’s entry into cells could
be hindered by low temperatures and endocytosis inhibitors
(Figure 3A). Therefore, to determine how CNN enters cells, H9C2
cells with CNN were treated under different incubation conditions in
the dark (Figures 3B-D). Compared with the control group (ie.
cultivated at 37°C), the fluorescence intensity of CNN in the inhibitor
group [ie. pretreated with the endocytosis inhibitor chlorpromazine
(Gambhire et al., 2019)] decreased, whereas the low temperature group
(cultivated at 4’C) exhibited diffuse but uniform red signals both within
or outside cells. Moreover, clustered red dots were not observed in the
HIC2 cells. Those results all suggest that CNN enters cells primarily via
endocytosis in an energy-dependent manner (Figures 3E,F).

Imaging of Quantitative Molecule CNN in

Different Cell Lines

To evaluate whether CNN shows differences in cell lines other
than H9C2 cells under SIM, we stained HeLa cells and HepG2
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FIGURE 2 | SIM images and Co-localization of CNN in HIC2 cells. (A) SIM image of HIC2 cells stained with CNN (0.5 UM, \ex = 405 nm) for 1 h. (B) Particle’s
diameter of the CNN puncta. n = 100. (C) Particle’s area of the CNN in living cell. n = 100. (D) Schematic diagram of LTG (100 nM, Agx = 488 nm) and CNN jointly labeling
lysosomes. (E) Merged SIM images of HOC2 cells stained with CNN and LTG. White circle notes the enlarged part. (F) Quantitative analysis of the colocalization between
CNN and LTG.
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FIGURE 3 | SIM images of CNN under different conditions in HOC2 cells. (A) Effect of different treatment conditions on CNN entry into cells. (B) HIC2 cells were
incubated with CNN (0.5 UM, \ex = 405 nm) for 1 h at 37°C. (C) HIC2 cells were incubated with the Chlorpromazine (CPZ, 20 uM) at 37°C for 2 h and incubated with
CNN at 37°C for 1 h (D) HOC2 cells were incubated with CNN for 1 h at 4°C. (E) Fluorescence and grayscale images of the enlarged region indicated by white rectangles
in (B,C,D). (F) Fluorescence intensity of CNN with 37°C, 4°C and CPZ. Data are presented as mean + SEM (n = 10, ***p < 0.0001). All compared with 37°C.

cells with CNN for 1 h and subsequently performed SIM imaging ~ fluorescence intensity, particle diameter and particle area
(Figure 4A). As shown in Figure 4B, CNN not only located in ~ (Figures 4C-E). Combined with the shape, size and
normal cells but also targeted lysosomes in tumour cells. Our  distribution of dots, it further indicated that CNN, as a
statistical analysis of those three kinds of cells compared with the ~ fluorescent biosensor, can track lysosomes precisely within
control group (i.e. H9C2 cells) revealed that the experimental  cells. That characteristic stands to provide an experimental
group (ie. HeLa and HepG2 cells) remained unchanged in  basis for the future application and extension of probes.
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Application of CNN to Disease Models

in vitro

The common interactions of mitochondria and lysosomes
include mitophagy, which plays an essential role in eliminating
damaged mitochondria, as well as the more recently discovered
contact of mitochondria and lysosomes in normal cells. To
characterise MLC, we used CNN together with the commercial
probe PKMTDR to track lysosomes and mitochondria. The
images showed mitochondria and lysosomes next to each
other and engaging in MLC in normal untreated cells, as
consistent with previous findings (Chen et al.,, 2018) (Figures
5A,B). We also observed MLC events in other conditions,
including ones with high glucose and in a hypertonic
environment (Figures 5C-F). Even so, compared with the
untreated group, we observed that when H9C2 cells were
treated with 35mM of glucose, the morphology of
mitochondria showed severe damage and changed in shape
from fibrous rods to round spheres, whereas ones treated with
mannitol showed a typical morphology of mitochondria
(Figure 5G). Those findings align with the results of a
previous quantitative analysis (Chen et al, 2019). Other
findings reveals that after treatment with glucose, the
proportion of round mitochondria increased compared with
untreated cells, whereas the distribution of hyperfused
mitochondria decreased (Figure 5H). Afterwards, we also
found that compared with the untreated and hypertonic
groups, lysosomes became larger and more numerous in the
excess glucose environment (Supplementary Figures S11, S12).
Those results confirm that conditions in high glucose induced

intracellular stress responses, including mitochondrial swelling
and lysosomal enlargement (Supplementary Figure S13).

DISCUSSION

As vital intracellular structures, lysosomes are responsible for
recovery and digestion in eukaryotic cells, which participate
widely in the regulation of autophagy (Cheng et al., 2018),
apoptosis (Brunk et al., 2001), antigen processing (Cabukusta
and Neefjes, 2018) and other biological processes. Impaired
lysosomal functioning affects normal degradation and, in turn,
leads to various diseases, including Alzheimer’s disease
(Colacurcio and Nixon, 2016), lysosomal storage disease
(Colacurcio and Nixon, 2016; Platt et al, 2018) and
Parkinson’s disease (Colacurcio and Nixon, 2016; Burbulla
et al, 2017; Kim et al., 2021). However, most traditional
techniques used to indirectly determine lysosomal dysfunction
have kept organelle-level examinations in their infancy. Against
that trend are recent innovations in instruments for observing
organelles and the development of fluorescent probes for labelling
various organelles in living cells.

Research has shown that numerous diseases are accompanied
by pH changes within lysosomes. In diabetic cardiomyopathy,
conditions in high glucose can increase levels of the prorenin
receptor (PRR) (Yu et al., 2019), a subunit of the vacuolar
ATPase (V-ATPase) complex, which is critical for maintaining
the pH of intracellular vesicles, especially in lysosomes. In
addition, researchers have verified that PRR deletion leads to
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FIGURE 5 | CNN tracking of mitochondria—-lysosomes contact sites in living H9C2 cells. (A,B) SIM images of MLC in untreated cells. The white line refers to a
contact site between CNN (0.5 puM, Aex = 405 nm) and PKMTDR (0.5 pM, Aex = 640 nm). (C,D) MLC under mannitol treatment. The white line refers to a contact site
between CNN and PKMTDR. (E,F) MLC under glucose treatment. The white line refers to a contact site between CNN and PKMTDR. (B,D,F) The yellow rectangle
represents M-value. (G) Mitochondrial morphology of the control group, HP group, and HG group. (H) The quantitative analysis of mitochondrial morphology in
HIC2 cells treated with mannitol (HP) or glucose (HG). Round means 1.0 < L/W < 1.5. Intermediate means 1.5 < L/W < 2.0. Tubular means 2.0 < L/W < 5.0. Hyperfused
means L/VW > 5.0. Data are presented as mean + SEM (n = 3, n.s. represents no statistical significance; *o < 0.05, **p < 0.01.). All compared with control group.

damage in podocytes due to lysosomal acidification, indicated
by the weakened fluorescence intensity of the lysotracker.
Thus, it is crucial to invent a lysosomal biosensor with
stable expression in different pH environments for tracking
morphological and quantitative changes in lysosomes under
disease conditions. To date, lysosomal probes have emerged
one after the other, including ratio probes (Li et al., 2018; Yan
et al., 2020), viscosity probes (Wang et al., 2013) and double-
labelled probes (Chen et al., 2020a; Liu Z. et al., 2021). Taking
into account the changes in pH within lysosomes under
different processing conditions, we developed a lysosomal
probe with a wide pH response range to track lysosomal
changes within cells. Owing to their unique fluorescent
properties, probes are often used to label biological tissues
or cells for convenient imaging under various microscopes.
Moreover, with the development of super-resolution
microscopy, the interaction between lysosomes and other
organelles, including MLC (Wong et al, 2019), lipid
droplet-lysosome interaction (Drizyte-Miller et al., 2020)

and peroxisome-lysosome contact (Chu et al., 2015), can be
visualised at the nanometre scale (<200nm). After
synthesising the probe, we co-stained the cells with CNN
and commercial PKMTDR (Yang et al, 2020) to observe
the interaction between mitochondria and lysosomes under
different treatment conditions with SIM. Research has shown
that under healthy conditions, approximately 15% of
lysosomes are in long-term contact with mitochondria, with
a contact duration that can reach 1 min (Han et al., 2017),
which suggests that MLC occurs under normal physiological
conditions. In addition, other research has shown that after
knocking out genes related to autophagy, contact-related
phenomena continued (Chen et al, 2018). And the
expression of autophagy related proteins, such as LC3,
ATG5 and ATGI12 (Wong et al, 2018), could not be
activated in the occurrence of MLC. Thereby demonstrating
that MLC is independent of mitophagy. Since then, other
researchers investigated MLC amid certain diseases and
found that TBC1D15 played a vital role in the occurrence
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of MLC (Wong et al., 2018; Peng et al., 2020; Yu et al., 2020;
Kim et al., 2021). Under physiological conditions, TBC1D15 is
recruited by Fis1 on mitochondria to promote the hydrolysis of
RAB7GTP, a site of MLC, and the immediate separation of
mitochondria and lysosomes (Wong et al., 2018). Under
conditions of ischemia and hypoxia, lacking the TBC1D15
prolonged MLC to the point that lysosomal dysfunction
occurred and osmotic pressure increased (Yu et al., 2020).
Other research has also revealed that under normal
circumstances, MLC can cause Ca’" to enter the
mitochondria via the transient receptor potential mucolipin
1 (TRPMLI, located in lysosomes), the voltage-dependent
anion channel 1 (VDACI, located in mitochondrial outer
membrane) and the mitochondrial calcium uniporter
(MCU, located in mitochondrial inner membrane) (Peng
al., 2020). When TRPML1 on the lysosomes is
dysfunctional, the calcium dynamics of the mitochondria
are unregulated, which demonstrates the important role of
MLC in the exchange of materials and information between
organelles. Using SIM imaging, we found that conditions in
high glucose caused morphological changes of mitochondria,
some of which were still in contact with lysosomes. As
indicated in our study, conditions in high glucose induced
the overproduction of reactive oxygen species, which disrupted
the antioxidant defence mechanism and mitochondrial
function (Pal et al., 2020). However, the specific mechanism
of the influence of excessive glucose on MLC remains unclear,
which should motivate future investigations into the crosstalk
of mitochondria and lysosomes.

et

CONCLUSION

We developed a lysosome tracker, CNN, that can be used to
observe the crosstalk of lysosomes and mitochondria in living
cells under SIM. Using CNN, we found that MLC can not only be
captured under normal conditions but also induced by glucose
and mannitol. Therefore, CNN stands as a new tool for tracking
lysosomes in living cells under both physiological and
pathological conditions and showcases new options for the
design of similar biosensors.

EXPERIMENTAL SECTIONS

Materials

Dulbecco’s modified Eagle’s medium (#11965118, DMEM),
phenol-free medium (#1894117), fetal bovine serum
(#26140079, FBS) and Penicillin-streptomycin (#15140163,
10,000 units/ml), Trypsin-EDTA (#25200-072) and other
reagents for cell culture were obtained from Gibco BRL
(Grand Island, NY, United States). Lyso-Tracker Green
(#C1047S, LTG) and Hoechst (#C1022) were obtained from
Beyotime (Wuhan, China). Lipi-Blue (LD01) were from
DOJINDO Laboratories (Kumamoto, Japan). PK Mito-Tracker
Deep Red (PKMTDR) were obtained from Peking University.
The Cell Counting Kit-8 (#HY-K0301, CCK-8) Assay
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Kit,Chlorpromazine (#HY-12708, CPZ)was obtained from
MedChemExpress (Monmouth Junction, NJ, United States).

Synthesis of Probes

Synthesis of Compound QN

A mixture of 3-chloro-N, N-dimethylpropan-1-amine (3.63 g,
30 mmol), 6-hydroxynaphthalene-2-carbaldehyde (1.72 g,
10 mmol) and K,CO; (1.37 g 10mmol) were stirred in
acetone (60 ml) and then refluxed overnight. After removal of
the solvent in vacuo, the crude compound was obtained and then
purified by column chromatography (3:50, MeOH/DCM), and
then yellow liquid (QN) was obtained after dried (1.62g,
6.3 mmol, 63%). 'H NMR (600 MHz, DMSO-ds) & (ppm)
(Supplementary Figure S1): 10.09 (s, 1H), 8.45 (s, 1H), 8.05
(d, J=9.0 Hz, 1H), 7.93 (d, J = 8.5 Hz, 1H), 7.86 (dd, ] = 8.5, 1.2
Hz, 1H), 7.42 (d, ] = 2.3 Hz, 1H), 7.29 (dd, ] = 8.9, 2.4 Hz, 1H),
4.16 (t, ] = 6.5 Hz, 2H), 241 (t, ] = 7.1 Hz, 2H), 2.18 (s, 6H),
1.96-1.90 (m, 2H). *C NMR (151 MHz, DMSO-dg) & (ppm)
(Supplementary Figure S2): 192.76, 159.73, 138.34, 134.54,
13248, 131.65, 128.12, 127.96, 123.50, 120.31, 107.68, 66.71,
56.06, 45.53, 27.24. HRMS m/z (Supplementary Figure S3):
calculated for C;cH,oNO,"™ (M + H)™: 258.1489, found 258.1259.

Synthesis of Compound CC1

A mixture of 4-hydrazinobenzoic acid (0.5g, 4.6 mmol), 3-
methylbutan-2-one (1.7g, 19.4mmol) and sodium acetate
(0.76 g, 9.2 mmol) were stirred in glacial acetic acid (3 ml) and
then refluxed overnight. After removal of the solvent in vacuo, the
crude compound was obtained and then purified by column
chromatography (1:9, MeOH/DCM), and then brown liquid was
obtained after dried (0.43g, 2.7 mmol, 59%). Subsequently, a
mixture of the previous product (0.16 g, 1 mmol) and iodoethane
(0.78 g, 5 mmol) refluxed in acetonitrile (5 ml). A large amount of
white powder solids precipitated after reacted 24 h. Then the
crude product was obtained by filtered, following washed by cold
ethanol and ethyl ester. A white compound CCl (0.13 g,
0.7 mmol, 70%) was obtained after dried. '"H NMR (600 MHz,
DMSO-de) 6§ (ppm) (Supplementary Figure S4): 8.03-7.94 (m,
1H), 7.90-7.81 (m, 1H), 7.64 (dd, ] = 6.2, 2.7 Hz, 2H), 4.52 (q, ] =
7.3 Hz, 2H), 2.86 (s, 3H), 1.55 (s, 6H), 1.46 (t, ] = 7.4 Hz, 3H). °C
NMR "*C NMR (151 MHz, DMSO-dg) & (ppm) (Supplementary
Figure S5): 196.61, 142.49, 141.21, 129.90, 129.45, 124.02, 115.82,
54.65, 43.64, 22.45, 14.45, 13.17. HRMS m/z (Supplementary
Figure $6): calculated for CyoH3sN,O" (M)™: 188.1434, found
188.1494.

Synthesis of Compound CNN

A mixture of the previous product QN (0.13 g, 0.5 mmol) and
CC1 (0.09 g, 0.5 mmol) were refluxed in ethanol (6 ml). A large
amount of yellow powder solids precipitated after reacted
overnight. Then the crude product was obtained by filtered,
following washed by cold ethanol and ethyl ester. A yellow
compound CNN (0.13 g, 0.3 mmol, 60%) was obtained after
dried. 'H NMR (600 MHz, DMSO-ds) & (ppm)
(Supplementary Figure S7): 8.76 (s, 1H), 8.62 (d, ] = 16.2 Hz,
1H), 8.39 (d, ] = 8.8 Hz, 1H), 8.02 (dd, ] = 8.6, 6.1 Hz, 2H), 7.96 (d,
J=7.4Hz 1H),7.92 (d, ] = 6.7 Hz, 1H), 7.76 (d, ] = 16.2 Hz, 1H),
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7.68-7.63 (m, 2H), 7.32 (dd, ] = 8.9, 1.8 Hz, 1H),4.78 (d, = 7.2
Hz, 2H), 4.27 (t, ] = 6.0 Hz, 2H), 3.29-3.25 (m, 3H), 2.84 (s, 6H),
2.25-2.18 (m, 2H), 1.86 (s, 6H), 1.51 (t, ] = 7.2 Hz, 3H). ’'C NMR
(151 MHz, DMSO-ds) § (ppm) (Supplementary Figure S8):
181.80 159.43, 154.74, 144.39, 140.94, 137.58, 135.00, 131.69,
130.64, 129.82, 129.62, 128.61, 128.25, 125.64, 123.60 120.36,
115.54, 111.89, 108.19, 65.79, 54.92, 52.75, 43.20, 42.69, 26.21,
24.59, 14.25. HRMS m/z (Supplementary Figure S9): calculated
for C,oH3sN,OF [M*: 427.2744, found 427.2394.

Cell Culture

The frozen HIC2 cells were taken out of the liquid nitrogen tank
and put into the preheated water bath for rapid melting. All the
solution in the frozen storage tube was transferred to the
centrifuge tube for 1,000 r/min, 5min. The supernatant was
discarded, and the bottom cells were precipitated by mixing
with the complete medium (DMEM containing 10% FBS, 1%
penicillin and streptomycin). All of them were transferred to
culture flask and cultured at 37°C in 5% CO,. Then it was
transferred to the second generation for subsequent experiments.

Cell Treatment
H9C2 cells with a density of 2.5 x 10° were inoculated into a
35mm SIM-specific petri dish containing 2ml complete
medium. After 24 h culture, the cells were washed twice with
preheated PBS. The cells were treated with CNN at 500 nM for
1h and then incubated with or without commercial lysosomal
probe LTG at 100 nM for 30 min. Then the cells were washed
with phenol-free red DMEM medium for 5 times. Finally, the
cells were cultured in complete medium without phenol red and
observed under super resolution confocal microscope.
Membrane making and grouping of diabetic cardiomyopathy
model in vitro: the blank control group was treated with 5.5 mM
low-glucose medium. The hypertonic group (HP group) was
treated with 5.5mM low-sugar medium and 29.5mM
mannitol for 24 h H9C2 cardiomyocytes were stimulated with
35 mM high glucose solution for 24 h in the high glucose group
(HG group). After film-making, HOC2 cells were treated with
CNN and PKMTDR for 1h and 20 min, respectively. Finally,
images were captured and processed by super-resolution confocal
microscope.

Cytotoxicity Assay

Cell Counting Kit-8 (CCK-8) was used to detect the cytotoxicity
of probe CNN. HIC2 cells diluted with complete medium were
inoculated into 96-well plates at a density of 8 x 10> cells/well, and
cultured for 24 h in an incubator containing 5% CO, at 37°C.
Then CNN and DMEM containing 0, 0.5, 1, 2, 5, 10 uM were used
to replace the original media in 96-well plates. After 24 h, each
well was added 10puL CCKS8 solution and incubated in an
incubator for 2h. Finally, the absorbance at 450 nm was
determined by enzyme-linked immunosorbent assay.

OMX 3D-SIM Imaging

A total of 2.5 x 10> HIC2 cells were seeded on a 35 mm glass-
bottom microwell dish and incubated with 2ml of DMEM
medium supplemented with 10% FBS for 24h. After
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treatment, the cells were washed twice with preheated PBS.
The cells were treated with CNN at 500 nM for 1h. Then the
cells were washed with PBS for 3 times and phenol-free red
DMEM medium for 4 times. H9C2 cells cultured in a phenol-free
DMEM were observed under an OMX 3D-SIM (Delta Vision,
Inc., Issaquah, WA, United States) equipped with a 60x/1.42
numerical aperture oil-immersion objective lens and solid-state
lasers. Obtained SIM images were analyzed using Image]
software.

Data Analysis

The calculation method of M-value is referred to the previous
article (Chen et al.,, 2020b). Statistical analysis was performed
with GraphPad Prism and Origin 2019. Normality test is used to
check the normal distribution. In the case of non-normal
distribution, the statistical comparison of results was presented
with a Student’s t test. Data are presented as mean + SEM. * was
defined as p < 0.05, ** as p < 0.01, *** as p < 0.001, ** as p <
0.0001, and #.s. as no significant difference. Sample sizes in all
graphs are indicated in the corresponding figure legends.
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Glutamate-induced excitotoxicity is a pathological basis of many acute/chronic
neurodegenerative diseases. Sarco/endoplasmic reticulum Ca®*-ATPase (SERCA2b) is
a membrane-embedded P-type ATPase pump that manages the translocation of calcium
ions (Ca*) from cytosol into the lumen of the endoplasmic reticulum (ER) calcium stores. It
participates in a wide range of biological functions in the central nervous system (CNS).
However, the role of SERCA2b in glutamate-induced excitotoxicity and its mechanism
must be elucidated. Herein, we demonstrate that SERCA2b mutants exacerbate the
excitotoxicity of hypo-glutamate stimulation on HT22 cells. In this study, SERCA2b
mutants accelerated Ca®* depletion through loss-of-function (reduced pumping
capacity) or gain-of-function (acquired leakage), resulting in ER stress. In addition, the
occurrence of ER Ca®" depletion increased mitochondria-associated membrane
formation, which led to mitochondrial Ca?* overload and dysfunction. Moreover, the
enhancement of SERCA2b pumping capacity or inhibition of Ca®* leakage attenuated
Ca?* depletion and impeded excitotoxicity in response to hypo-glutamate stimulation. In
conclusion, SERCA2b mutants exacerbate ER Ca®*-depletion-mediated excitotoxicity in
glutamate-sensitive HT22 cells. The mechanism of disruption is mainly related to the
heterogeneity of SERCA2b mutation sites. Stabilization of SRECA2b function is a critical
therapeutic approach against glutamate-induced excitotoxicity. These data will expand
understanding of organelle regulatory networks and facilitate the discovery and creation of
drugs against excitatory/inhibitory imbalance in the CNS.

Keywords: SERCA2b, excitotoxicity, calcium depletion, endoplasmic reticulum stress, mitochondria, CDN1163

Frontiers in Pharmacology | www.frontiersin.org 63

April 2022 | Volume 13 | Article 877175


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.877175&domain=pdf&date_stamp=2022-04-20
https://www.frontiersin.org/articles/10.3389/fphar.2022.877175/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.877175/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.877175/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.877175/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.877175/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.877175/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.877175/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.877175/full
http://creativecommons.org/licenses/by/4.0/
mailto:yangli525@csu.edu.cn
mailto:yf2323@hotmail.com
https://doi.org/10.3389/fphar.2022.877175
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.877175

Zhang et al.

INTRODUCTION

Glutamate is the primary excitatory neurotransmitter in the
mammalian central nervous system (CNS). Glutamatergic
neurotransmission controls many cognitive, motor, sensory,
and autonomic activities. In addition, glutamate is critical in
maintaining the balance between excitation and inhibition in the
CNS (Meldrum, 2000). Glutamate is released from glutamatergic
neurons into the synaptic gap and transmits excitatory output by
binding to ionotropic or metabotropic receptors. High-affinity
transport proteins expressed in neurons and glial cells are
responsible for rapidly removing the glutamate from the
synaptic gap to the astrocytes. Astrocytes then convert
glutamate to inert glutamine by intracellular glutamine
synthetase (GS) and release it into the synaptic gap for re-
uptake by neurons in what is known as the
“glutamate-glutamine” cycle (Hayashi, 2018). Glutamate
accumulation at the synapse exceeding the physiological range
is detrimental. Too much glutamate released at the synapse
results in intracellular calcium-ion (Ca*') overload, which
leads to neuronal excitotoxicity and subsequent neuronal
dysfunction and apoptosis (Angelova et al., 2019).

Impaired glutamate homeostasis has severe neuropathological
consequences and is associated with a variety of CNS disorders,
such as epilepsy, Alzheimer’s disease (AD), Huntington’s disease,
and Parkinson’s disease (Hynd et al., 2004; Andre et al., 2010; Eid
et al, 2016; Zhang et al, 2019; Rezaeian et al, 2022).
Neuroprotective strategies for glutamate receptors and
transporters include targeting ion-channel pores, glutamate
binding sites, and glycine binding sites. For example, non-
competitive N-methyl-D-aspartic acid receptor (NMDAR)
antagonists, such as aptiganel hydrochloride, dizocilpine,
memantine, and  dextromethorphan,  have  shown
neuroprotective effects in cultured neurons and animal models
(Kroppenstedt et al., 1998; Pu et al., 2015; de Miranda et al., 2017;
Liu et al, 2020). However, only memantine has shown
neuroprotective effects in clinical trials (Brown et al., 2013).
The competitive NMDAR antagonist (selfotel) increases the
mortality rate in acute ischemic stroke patients (Davis et al,
2000), and SDZ EAA 494 has been reported to cause memory
impairment and to have no clinical benefit in traumatic brain
injury patients (Slieker et al., 2008). Targeting excitatory amino
acid transporter 2 (EAAT?2), the major glutamate transporter in
the CNS, is a novel approach for developing epilepsy therapy
(Ngomba and van Luijtelaar, 2018; Green et al., 2021). However,
the functional characteristics of the glutamate transporter and its
implications for epileptic neuropathology and behavior require
further study (Zaitsev et al.,, 2020). Excitotoxicity can lead to
neuronal death through multiple death pathways and targets.
Therefore, it is essential to explore the potential excitotoxic
mechanisms for developing neuroprotective drugs.

Ca®" is an essential cellular signaling regulator that acts as a
crucial second messenger in many cellular processes and
“enforcers” of glutamate excitotoxicity. The activation of the
glutamate receptors leads to an inward flow of extracellular
Ca®" and an increase in intracellular Ca®* levels ([Ca2+]cym).
The elevated amount of [Ca**]y,, further triggers the opening of
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Ca2+-releasing channels in the endoplasmic reticulum (ER),
activating inositol 1,4,5-trisphosphate receptors (IP3Rs) and
ryanodine receptors (RYRs). This process is known as
calcium-induced calcium release (CICR), which is a primary
mechanism of calcium signal generation and amplification in
the cells (Verkhratsky and Shmigol, 1996). Inefficient removal of
[Ca“]Cyto may affect numerous Ca*’-dependent biological
functions, ultimately leading to cellular dysfunction and
neuronal death. There are several hypotheses for this
phenomenon. The downstream effects of increased levels of
the [Ca2+]q,to are mitochondrial Ca®* overload via
mitochondrial Ca** uniporter protein (MCU). Mitochondrial
Ca®" overload results in increased mitochondrial membrane
permeability, imbalance of redox reaction, release of reactive
oxygen species (ROS), and release and activation of apoptosis-
related factors, all of which are associated with glutamate-induced
neuronal death (Nicholls and Budd, 1998; Plotegher et al., 2021).
Another possible explanation is that impaired levels of [Ca2+]cym
clearance lead to ER Ca®" depletion. Since chaperones require
high concentrations of Ca®* and ATP in the process of protein
folding, excessive unfolded proteins or misfolded proteins
accumulate in the ER lumen, causing endoplasmic reticulum
stress (ERS) (Hetz and Saxena, 2017; Ghemrawi and Khair, 2020).
ERS can cause cells to produce adaptive responses, including
reducing protein translation, enhancing degradation of unfolded
proteins, and folding chaperone proteins, a process known as
unfolded protein response (UPR) (Ghemrawi and Khair, 2020).
ER Ca®" depletion pushes UPR out of balance, leading to forms of
cell death such as apoptosis and autophagy. In glutamate-induced
neuronal toxicity, the interactions between [Ca“]cym, ER Ca*",
mitochondrial Ca®*, UPR, and mitochondrial dysfunction
require further investigation.

Sarco/endoplasmic reticulum Ca**-ATPases (SERCA2b)
pumps are membrane-embedded P-type ATPases pumps that
mediate the translocation of [Ca2+]cyt0 to the ER lumen by
hydrolyzing ATP against a concentration gradient (Chen J.
et al, 2020). ATP2A2 encodes SERCA2a-c and is widely
distributed in various cells. SERCA2b is the most widely
expressed pump in brain tissue (Baba-Aissa et al., 1998; Mata
and Sepul'veda, 2005), including in the soma, dendrites, and
axon terminals (Hartter et al.,, 1987; Lysakowski et al., 1999;
Bouchard et al., 2003). There is growing evidence that ATP2A2
mutations are associated with neuropsychological disorders
such as epilepsy, mild intellectual disability, bipolar disorder,
and schizophrenia (Cederlof et al., 2015; Britzolaki et al., 2018;
Gordon-Smith et al., 2018), but the in vivo significance of
SERCA2b in neurons and the brain has not been extensively
studied (Nakajima et al., 2021). It is understood that excessive
glutamate leads to cell toxicity, but it remains unknown whether
low amounts of glutamate can also impair cell functions via ER
Ca?t depletion, an increase in levels of [Ca2+]cym, and induction
of mitochondrial toxicity. Since SERCA2b has a vital role in
regulating neuronal Ca** homeostasis, we speculate that
SERCA2b is involved in glutamate-induced excitotoxicity
processes by regulating ER Ca®" storage. We also hypothesize
that the loss-of-function (LOF) mechanism of ATP2A2
mutations demonstrated in Darier’s disease (Ahn et al., 2003)
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can explain the relationship between ER Ca®" storage and
glutamate-induced excitotoxicity.

We built glutamate excitotoxicity models of HT22 cells
transfected with four SERCA2b mutants (G23R, D567Y,
G860S, and 11014V). The G806S mutant has been published
previously (Peng et al., 2018), whereas the other three mutants
were from our in-house database of genetic epilepsy, a typical
excitotoxic pathogenic disease. We found that the SERCA2b
mutants exacerbated ER Ca** depletion, led to mitochondrial
Ca”" overload, and increased ERS and mitochondria-mediated
apoptosis induced by low glutamate concentration. The
mechanism of ER Ca** depletion depended on the effect of
different mutation sites on calcium channels, including
pumping capacity and passive leakage. Rescue of ER Ca**
depletion facilitated the suppression of excitotoxicity. These
results expand the knowledge of glutamate-induced
excitotoxicity.

MATERIALS AND METHODS

Cell Culture and Transfection

HT22 cells were obtained from Kunming Cell Bank of the
Chinese Academy of Sciences (Kunming, China), and they
were cultured in DMEM medium (Hyclone, USA)
supplemented with 10% FBS (Gibco, USA), 100 U/ml
penicillin, and 100 ug/ml streptomycin (Gibco, USA). Cell
culture was performed at 37°C in an incubator filled with 5%
CO; and 95% air. Glutamate (0.5, 1, 2, 5, 10, 20 mM) (Sigma,
USA) was applied to HT22 cells 24 h for subsequent analysis.
According to the DNA transfection protocol, the SERCA
plasmids were transfected into HT22 cells by jetOPTIMUS
(Polyplus transfection, France). The control group (CON)
mentioned in this article refers to the cells transfected with the
empty plasmid (pcDNA3.1) only. The cells were analyzed for the
glutamate response 24 after transfection.

Mutant SERCA2 Plasmid Construct

The pcDNA3.1-SERCA2b-3xFLAG plasmid containing human
SERCA2b was purchased from GenScript. Site-directed
mutagenesis was performed using the QuickMutation™. After
sequencing confirmation of the wildtype SERCA2b, all mutants
(G23R, D567Y, G860S, 11014V) studied were induced by site-
directed mutagenesis using Serca2b as a template and confirmed
by sequencing again. Primers used for site-directed mutagenesis
PCR are listed in Supplementary Table S1.

Cell Viability Assay

Cell Counting Kit-8 assay (CCK-8): Cells were seeded into 96-
well plates at a density of 5 x 10 cells per well. After 12 h, cells in
each well were incubated with 10 ul CCK-8 solution (Beyotime,
China) for 2 h at 37°C. The incubation plates were then placed in a
microplate reader (Biotek Synergy H1, USA) to determine the
optical density (OD) values at 450 nm. The curves were plotted
according to the OD values. Thiazolyl Blue Tetrazolium Bromide
assay (MTT): Cells were seeded into 96-well plates at a density of
5 x 10? cells per well. After 12 h, cells in each well were incubated
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with 10 pl MTT solution (Beyotime, China) for 4 h at 37°C. After
that, 100 pl of Formazan solution (Beyotime, China) was added to
each well, mixed properly, followed by incubation for another 4 h.
Then the OD of each well was measured at 570 nm. Lactate
dehydrogenase (LDH) release assay was performed using the
LDH Cytotoxicity Assay Kit (Beyoutime, China). Briefly, cells
were plated in a 96-well plate, and 60 pl of LDH assay working
solution was added to each well according to the operation
manual, mixed well, and incubated at room temperature
(about 25°C) in a dark place for 30 min. Then the OD value of
each well was measured at 490 nm. The absorbance after Triton
X-100 treatment was regarded as A,,,,. Cellactivity (%) = [1 -

(Asumples - Acan)/ (Amax - Acan)] x 100.

Detection of Cytoplasmic and

Mitochondrial Ca®*

Cells were incubated with 5 uM Fluo-4 AM (Invitrogen, USA) or
Rhod-2 AM (Abcam, USA) for 20 min. After washing with PBS
twice, the buffer was replaced with HBSS without Ca®* and Mg>*.
Cells were scanned and imaged at 5 s intervals under a microplate
reader (Biotek Synergy H1, USA) by successive addition to a final
concentration of 1 mM glutamate, 10 mM caffeine, and 5 mM
EGTA. For the rescue of [Ca*|gr experiment, CDN1163 (10 uM,
Selleck) or thapsigargin (2 uM, Sigma) was added and incubated
for 10 min, followed by glutamate stimulation. Fluo-2 AM Ex/Em
= 549/578 nm, Fluo-4 AM Ex/Em = 494/506 nm.

Transmission Electron Microscope

Cells were fixed with 1% osmic acid for 2 h at 4°C and centrifuged
at 200 rpm for 10 min; then, cell pellets were collected. The cell
pellets were fixed again by 1% osmic acid and 0.1 M PBS (PH7.4)
for 2 h at 20°C, followed by dehydration, infiltration, embedding,
sectioning, and staining (2% Uranyl acetate and lead citrate).
Finally, they were observed under an electron microscope
(Hitachi, Japan).

Mitochondrial Membrane Potential

Detection

Cells were incubated with 10 nM tetramethylrhodamine, ethyl
ester (TMRE) (Beyotime, China) for 30 min at 37°C at 24 h after
glutamate stimulation. Then, cells were washed twice with a pre-
warmed cell culture medium and observed in a confocal laser
microscope (LEICA TCS SP8, Germany). Cells treated with
10 uM carbonyl cyanide-m-chlorophenyl hydrazone (Beyotime,
China) were used as a positive control. Image J software was used
for analyzing fluorescence intensity. Ex/Em = 550/575 nm.

ROS Detection

Cells were incubated with 10 nM 2'7'-
Dichlorodihydrofluorescein diacetate (DCFH-DA) (Nanjing
Jiancheng Bioengineering Institute, China) for 1h at 37°C, and
then centrifuged at 1,000 rpm for 5 min. The cell pellets were
observed under a confocal laser microscope (LEICA TCS SPS8,
Germany). ImageJ software was used for analyzing fluorescence
intensity. Ex/Em = 500/525 nm.
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Western Blotting
The cells were rinsed with ice-cold PBS two times before the total

protein was extracted. The extraction process took place on ice. After
adding RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl 1%
sodium deoxycholate, 0.1% SDS, 2 mM EDTA) the homogenate was
centrifuged at 12,000 rpm for 10 min at 4°C. For SERCA2 solubility
analysis experiments, the addition of 1% Triton X-100 and repeated
ultrasonic fragmentation helped lysis, and the supernatant was
subjected to denaturation (98°C, 10 min) to enhance lysis. The
bicinchoninic acid protein assay kit determined the protein
concentration. Equal amounts of protein (20-40pg) were
separated by a 10%-15% SDS-PAGE gel and transferred onto a
PVDF membrane. PVDF membrane was blocked with 5% skim
milk at room temperature in TBST for 1h. Membranes were
incubated with primary antibodies (details in Supplementary
Table S2) and horseradish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch). The membranes were
then treated wusing an enhanced chemiluminescence kit
(Millipore). Image J software (National Institutes of Health, USA)
was used to analyze protein expression levels quantitatively.

TdT-Mediated dUTP Nick-End Labeling

Assay

TUNEL kit (C1088, Beyotime) was used to detect apoptotic cells
according to the manufacturer’s instructions. In brief, samples
were fixed with 4% PFA, permeabilized with 0.1% Triton X-100 in
PBS for 10 min at room temperature, incubated with working
solution (terminal deoxynucleotidyl transferase, TdT) for 1 h, and
shielded from light at 37°C. The nuclei were then stained with the
DAPI for 10 min. The specimens were analyzed using a confocal
laser microscope (LEICA TCS SP8, Germany.

Quantitative RT-PCR

Total RNA was isolated using TRIzol Lysis Reagent (Invitrogen),
and cDNA was synthesized by All-in-OneTMFirst-Strand cDNA
Synthesis Kit (GeneCopoeia, USA). For qPCR, amplification
reactions were performed using All-in-One™qPCR Mix
(GeneCopoeia, USA), run on the ABI-VIl Real-Time PCR
detection system. The primers were synthesized by Tsingke
Company (China); the details of sequences are listed in
Supplementary Table S3. All experimental steps
performed following the manufacturers’ instructions. Data
analysis was performed using the 2 “*T method to
determine the relative quantitative level and was expressed as
a fold-difference to the relevant control (recognized as 1 + 0.00).

were

Isolation of Microsomes

According to the modified Parsons’s protocol, microsomes (crude
ER) were isolated by serial centrifugation (Parsons et al., 2000; Wang
et al, 2011). Briefly, cells cultured in 6-well plates were transiently
transfected and then collected and suspended with 350 ul of low-
tonic buffer per well (10 mM Tris-HCI, pH 7.5, 0.5 mM MgCl, and
1mM phenylmethanesulfonyl fluoride). The cells were
homogenized for 45 strokes with a glass homogenizer and then
made isotonic by adding 350 ul buffer (0.5M sucrose, 0.3 M KCl,
6 mM B-mercaptoethanol, 40 uM CaCl2, 10 mM Tris-HCl, pH 7.5).
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The homogenate was centrifuged at 5,000 g for 10 min to yield a
supernatant (S1) and a crude nuclear pellet. S1 was then centrifuged
for 20 min at 18,000 g to yield a supernatant (S2) and a crude
mitochondrial pellet (P2). S2 was then centrifuged for 3 h at 20,000 g
to yield a cytosolic fraction (S3) and the crude microsomal pellet
(P3). The P3 pellets (microsomes) were suspended in 65 pl buffer
containing 10 mM Tris-HCI, pH 7.5, 0.15 M KCl, 0.25 M sucrose,
20 mM CaCl,and 3 mM B-mercaptoethanol. The concentration of
microsomes was determined by the Lowry method.

SERCA2 Activity

SERCA2 activity was measured by the inorganic phosphorus
method (A070-4-2, Nanjing Jiancheng Bioengineering Institute).
Briefly, ATP was decomposed into ADP and inorganic
phosphorus by ATPase. The reagents were added separately, then
mixed according to the protocol, and the reaction was carried out at
37°C for 10 min. After that, 100 ul of the sample was added and
mixed for the enzymatic reaction. After centrifugation at 3,500 rpm
for 10 min, 150 pl of the supernatant was collected to determine
phosphorus. The absorbance was measured at A636 wavelength with
0.02 pmol/ml standard phosphorus solution as a reference. The
amount of ATPase to produce lumol of inorganic phosphorus
per mg of microsomes per hour was defined as 1 ATPase activity
unit (umolPi/mg protein/hour).

Statistical Analysis

The student’s t-test was used to determine significant differences
between the two groups. One-way analysis of variance was
utilized to determine significant differences among multiple
groups. A p-value of less than 0.05 was considered statistically
significant. Results were expressed as means + SEM.

RESULTS

SERCA2b Mutants Exacerbate
Hypo-Glutamate-Induced ER Stress and
Cell Death in HT22 Cells

Excitotoxicity plays an essential role in CNS injury. Intracellular
calcium overload and mitochondrial dysfunction are the leading
causes of high glutamate-induced neuronal death (Meldrum, 1993;
Olloquequi et al, 2018). We tested the impacts of different
concentrations of glutamate stimulation on HT22 cell viability
using both CCk-8 and MTT assays and found that cell viability
was reduced in a dose-dependent manner (Figure 1A). High
concentrations of glutamate (5 mM) stimulation for 24 h resulted
in reduced cell activity approaching 60%-70%. LDH release assays
further confirmed the excitatory neurotoxic effect of excess
glutamate (Figure 1B). Low glutamate stimulation concentration
(1 mM) did not directly affect cell viability. However, in transfected
SERCA2b mutants (G23R, D567Y, G860S, and 11014V), cell
viability was significantly decreased after 24 h of stimulation with
a low concentration of glutamate (Figure 1C). Furthermore, LDH
release assays also confirmed the sensitivity of mutant cells to
excitotoxicity of low glutamate (Figure 1D). TUNEL analysis
revealed frequent apoptotic cells in all mutant groups, but few
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FIGURE 1 | SERCA2 mutants exacerbate hypo-glutamate-induced ERS and cell death in HT22 cells. (A,B): MTT assay, CCK-8 assay (A), and LDH release assay
(B) show decreased cellular activity in a glutamate concentration-dependent manner in native HT22 cells. (C,D): CCK-8 assay (C) and LDH assay (D) show SERCA2
mutants exacerbated hypo-glutamate-induced cell death. *p < 0.05 compared with respective 0 mM glutamate stimulation. o > 0.05 compared with respective 0 mM
glutamate stimulation. p < 0.05 compared with WT in 1 mM glutamate stimulation, respectively. (E,F): Representative images (E) and summary data (F) show
increased cell apoptosis of SRCA2 mutants under hypo-glutamate stimulation by TUNEL staining. *o < 0.05 compared with WT group, respectively. Scale bar, 200 ym.
(G,H): Increased expression of ERS marker of indicated proteins (G) and mRNAs (H) under hypo-glutamate stimulation by Western blotting, real-time qPCR,
respectively. *p < 0.05 compared with WT group.

apoptotic cells were observed in the wildtype (WT) or CON group  exacerbate the excitotoxicity induced by low concentrations of
after 24 h of glutamate stimulation (Figures 1E,F). To explore the  glutamate by affecting ERS.
cause of apoptosis in HT222 cells, we evaluated the severity of ERS

after 1-mM glutamate stimulation. It was found that low glutamate- .. .
induced apoptosis and protein kinase R-like ER kinase- C/EBP Reduced Pump Activity and Cytoplasmic

homologous protein (PERK-CHOP) signaling pathways were Ca®* Clearance Efficiency in SERCA2b
activated in mutant cells, which was confirmed by increased ~ Mutants

protein and mRNA levels of ERS markers (Figures 1G,H). In  Severe ERS is often caused by the depletion of ER Ca", as the
summary, these results suggest that the four SERCA2b mutants  process of proteins folding by the molecular chaperones requires
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respectively. (D,E): Quantification of SERCA2 activity of mutants when transfected alone (D) or co-transfected (E), SERCA2 mutants were inactive and even inhibited
endogenous SERCA2 activity. (D): *p < 0.05 compared with CON group, #p > 0.05 compared with CON groups respectively. (E): *p < 0.05 compared with WT group.

high levels of Ca®". We next measured the levels of [Ca“]wm
concentration in response to glutamate stimulation and ER Ca**
storage levels. After 10 min of loading with Fluo-4 AM, cells
stimulated with 1-mM glutamate showed a transient increase in
calcium fluorescence signal and gradually returned to the resting
levels. The magnitude of the glutamate response was significantly
lower in the G860S mutant than in the WT group (Figures
2A-C). The [Ca2+]cym clearance efficiency was significantly lower
in all groups than the WT group (Figures 2A-C), suggesting
SERCA2b-mediated Ca** uptake dysfunction in mutants. Rapid

addition of 10-mM caffeine was used to release ER Ca**, and the
results showed Ca”* storage in G23R/D567Y/11014V groups was
similar to the WT group, which was significantly decreased in the
G860S group (Figures 2A,B). We next assayed SERCA2b activity
of isolated microsomes (including both the intrinsic activity of
SERCA2b and exogenously transferred mutant activity).
SERCA2b activity was significantly increased in the WT group
compared with the CON group, while the activity was not
significantly altered in the G23R/D567Y/G860S/11014V groups
(Figure 2D). However, when the WT and mutant plasmids were
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co-transfected (WT:mutants = 1:1), the SERCA2 activity of each
mutant group decreased when compared with WT groups alone
(Figure 2E). These results suggested that the SERCA2b mutants
were inactive and might have affected the endogenous pump
activity, which is consistent with the decreased [Ca“]Cyto
scavenging efficiency in the glutamate response. In summary,
SERCA2b mutants lost the ability to pump Ca®" against
concentration, resulting in a slow [Ca“]cyto clearance
responding to glutamate stimulation.

Insoluble, Low-Expression Mutant Protein
Causes Loss-of-Function of SERCA2b

We examined the expression and intracellular distribution of
exogenously expressed SERCA2 protein by Flag tags.
Immunofluorescence results showed that SERCA2 was widely
distributed in the cytoplasm (Figure 3A). Compared with the WT
group, the exogenous SERCA2 protein expression was
significantly reduced in the mutant groups (Figures 3B,D),
and this reduction was not significantly associated with the
regulation of mRNA transcript levels because qPCR results
confirmed that the transcript levels were unaffected
(Figure 3C). Further reasons for the decrease in SERCA2
expression could be proteasome-mediated degradation or the
formation of aggregates. The aggregates are insoluble in
conventional protein lysis buffers, resulting in reduced soluble
proteins separated by SDS-PAGE gel. To confirm these two
possibilities, we first examined SERCA2 expression after

treating cells with the proteasome inhibitor lactacystin (L). As
shown in Figures 3B,D, lactacystin treatment did not increase
SERCA2 protein expression levels in the WT/G23R/D567Y/
G860S groups, indicating that these mutant proteins were not
degraded by the proteasome, while partial degradation of the
11014V group was apparent. We then improved the protein lysis
treatment process (e.g., adding 1% TritonX-100 to enhance lysis,
repeated ultrasonic fragmentation, and denaturation at 98°C
extended to 10 min). These results showed that the soluble
fraction of the protein was significantly increased compared to
that treated by conventional lysis methods (Figures 3B,D),
suggesting that some missense mutations may be expressed at
levels similar to WT proteins but form insoluble aggregates,
which may be related to misfolding of the mutants.

SERCA2b Mutants Increase
Mitochondrial-ER Contacts Leading to
Mitochondrial Ca®* Overload and
Dysfunction Under Hypo-Glutamate

Stimulation

Mitochondria are closely associated with the ER through a
physical structure, the mitochondria-associated membrane
(MAM), which provides energy for the assembly, folding, and
modification of ER and the uptake of Ca** and lipids transferred
from the ER. These contact sites are enriched with specific
proteins, such as IP3R, Mitofusin 2 (Mfn2), and voltage-
dependent anion channel 1 (VDACI). After confirming that
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FIGURE 4 | SERCA2 mutants increase mitochondrial-ER contacts leading to mitochondrial Ca®* overload and dysfunction under hypo-glutamate stimulation. (A):
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ER Ca’" uptake is impaired in SERCA2b mutants, we wondered
whether the mitochondrial function is altered and involved in
hypo-glutamate-induced excitotoxicity. Following experiments,
we discovered an increased proportion of mitochondrial-ER
contacts in the mutants compared to WT group cells by
transmission electron microscopy (Figures 4A,B). WB results
of isolated MAM fractions showed that the expression of IP3R
and Mfn2 was significantly higher in the mutant groups than in
the WT group (Figure 4C), suggesting that these proteins may be
redistributed from the ER or mitochondrial membrane to the
MAM. These results demonstrated that mitochondrial-ER
contact sites were increased in SERCA2 mutant cells.

The increased mitochondrial-ER contact and calcium channel
proteins of the MAM were the most likely causes of the increased
Ca®" flux to mitochondria, resulting in mitochondrial Ca®*
overload. We then assessed the kinetics of mitochondrial Ca**
by specifically labeling mitochondrial Ca** with Rhod-2 AM.
Subsequently, mitochondrial Ca®" fluorescence showed a strong
response to hypo-glutamate stimulation in the four mutants,
followed by a return to the resting levels (Figure 4D). These
results suggested that SERCA2b mutants are more prone to
mitochondrial Ca** overload in response to excitatory events.
The mutants’ mitochondrial membrane potential (MMP) was
significantly decreased after glutamate stimulation (Figures
4E,F), and no significant changes were observed in the WT

group. In addition, ROS levels were increased in the mutants
compared to the WT group (Figure 4G). These results further
confirmed that SERCA2b inactivation causes an increased MAM
Ca®" flux associated with mitochondrial dysfunction.

CDN1163 Inhibits Hypo-Glutamate-Induced
Excitotoxicity by Reducing SERCA2
Mutant-Mediated ER Ca®* Depletion and
Stress

Glutamate-induced CICR causes a rapid increase in the levels of
[Ca2+]cym, and SERCA2 mutants fails to remove Ca*" effectively,
resulting in sustained [Ca2+]Cyto overload and ER Ca** depletion.
CDN1163 is a small-molecule trans-activator of SERCA that
improves intracellular Ca®* homeostasis. We aimed to
attenuate glutamate-induced excitotoxicity by increasing the
Ca®* capacity of SERCA2. The G23R/D567Y/I140V groups
(CDN1163 intervention groups) showed shortened recovery
time from the [Ca“]wm oscillations compared to the group
without CDN1163 intervention (Figures 5A,B), suggesting
enhanced Ca** uptake capacity of ER. The efficiency of
[Ca2+]cym clearance was unaffected in the G860S group. CCK-
8 assay results showed that cell activity in the G23R/D567Y/
1140V groups was significantly increased after CDN1163
intervention (Figure 5B), accompanied by a decrease in ERS
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markers (Figure 5C), while the G860S group did not show
significant changes (Figures 5B,C). Taken together, CDN1163
inhibited hypo-glutamate-induced excitotoxicity by reducing
mutant-mediated ER Ca®* depletion and stress.

Inhibition of Pump Leakage Reduces ER
Ca?* Depletion and Attenuates

Hypo-Glutamate-Induced Excitotoxicity

Interestingly, in the above experiments, CDN1163 neither
enhanced the [Ca2+]Cyto clearance efficiency of G860S nor
restored the ER Ca®" storage. We speculate that the G860S
mutation may lead to the coupling mistake of the
SERCA2 gated-channel structure and the acquisition of cis-
concentration “leakage capacity.” When the cis-concentration
leakage capacity is greater than the inverse “pumping capacity,”
the total ER Ca®" flux is toward the cytoplasmic side, leading to
the depletion of Ca®" storage, which may be one of the
mechanisms of the gain-of-function (GOF) pathogenesis. To
confirm this hypothesis, WT and G860S cells were treated
with thapsigargin before glutamate stimulation. Thapsigargin
is a non-competitive inhibitor of SERCA and does not affect
the activity of other ATPases. Calcium signal imaging results
showed that thapsigargin reduced the glutamate response time of
G860S and partially restored ER Ca®" storage (Figures 6A—C). In
contrast, thapsigargin prolonged the [Caer]cytO clearance of
glutamate response in WT-group cells, which is consistent
with our previous hypothesis. CCK-8 assay suggested that cell

viability in the G860S group significantly increased after
thapsigargin intervention (Figure 6D). Taken together, the
inhibited leakage of SERCA2 mutants could attenuate ER Ca**
depletion and reduce glutamate-induced excitotoxicity.

DISCUSSION

Excitotoxicity refers to neuronal damage and death due to
chronic or excessive exposure to excitatory amino acids,
particularly glutamate, the primary neurotransmitter in
mammals. The concept of excitotoxicity was introduced
following Olney’s observation of neuropathic damage in
rodent and primate brains after systemic injection of
glutamate and its analogs (Olney, 1969). Excitotoxicity is
widely recognized as a critical player in the occurrence of
numerous  acute/chronic  neurodegenerative  pathologies
(Ikonomidou and Turski, 1995; Binvignat and Olloquequi,
2020). Although the activation of glutamate receptors leads to
the inward flow of different ions, there is a consensus that Ca**
plays a crucial role in excitotoxicity (Choi, 1987), and
mitochondrial dysfunction is a critical deleterious effect of
excitotoxicity (Mira and Cerpa, 2021). Several clinical trials
and animal studies have aimed to address the mechanisms
involved in excitotoxicity (Olloquequi et al., 2018; Zaitsev
et al,, 2020), focusing on the functional effects of glutamate
receptors/transporters on cell membranes. These studies
brought new questions, such as the memory impairment,
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hallucinogenic, schizophrenic, and potentially addictive effects of
NMDAR antagonists (Allen and Ivester, 2017); the enhancement
of the neuronal apoptotic effects (Monti and Contestabile, 2000;
Parsons and Raymond, 2014); and the actual relevance of EAAT
as a target of pharmacological intervention, which remains to be
fully understood and validated (Zaitsev et al., 2020). Given the
complex mechanisms of excitotoxicity and the brain’s
susceptibility to progressive and long-term damage, there is a
need to delve into the underlying mechanisms and facilitate the
development of new and effective treatments. The current study
investigated the impact of four SERCA2b mutants carried by
epileptic patients who suffered from a typical excitotoxic
pathogenic disease.

The SERCA2b mutants (G23R, D567Y, G860S, and 11014V)
exacerbated Ca®* depletion in the ER under excitatory loading, as
evidenced by delayed [Caer]Cym removal or reduced Ca** storage.
A severe ER Ca®" depletion is an upstream event in the
pathophysiology of many neurological diseases. Conversely,
impaired ER Ca®" release may no longer maintain essential
cellular functions. However, depletion of [Ca*]gr causes ERS
and activates UPR, which depends on the duration and severity of
the ERS. The mechanism of ER Ca®" depletion is inextricably
linked to the functional state of the Ca®* channels of the ER
membrane (SERCA, RYR, and IP3R). In the GM1 gangliosidosis
model, GM1 accumulates in the microstructure domain of the
MAM, which increases ER Ca®" depletion and Ca®* flux to the
mitochondria by interacting with phosphorylated IP3R,
ultimately leading to mitochondrial Ca®" overload-mediated
apoptosis (Sano et al., 2009). In glucocerebroside disease,
overactivation of RyR indirectly mediates ER Ca** depletion,
and the redox sensor of RyR may be involved (Lloyd-Evans et al.,
2003). In neuropathic pain models, the reduction in SERCA2
leads to decreased ER Ca®" storage, and the resulting disruption
of CICR and protein synthesis may contribute to the development
of neuropathic pain (Gemes et al., 2009). Unlike the pathogenic
mechanism of ER Ca®* depletion in this study, some researchers
have suggested that the increased ER Ca®" storage by amyloid
oligomers results in the remodeling of Ca** signaling, which
would lead to early learning and memory deficits in the onset of
AD (Berridge, 2010).

Intracellular Ca** regulatory mechanisms can buffer
excitatory stimuli from low glutamate concentrations and
maintain intracellular homeostasis. However, for SERCA2
mutant cells, this excitatory stimulus is a devastating signal,
mainly attributed to the LOF effect due to abnormal SERCA2
expression or activity. Many studies have confirmed that different
SERCA2 mutations lead to LOF effects in pump defects or
reduced protein levels that underlie dominant diseases.
Gordon-Smith et al. found a significantly higher rate of
disrupting ATP2A2 mutations in cases with Darier’s disease
accompanied with neuropsychiatric disorders (Gordon-Smith
et al, 2018). Ahn’s study confirmed proteasome degradation
in the SERCA2 protein (K542X, Q790X, and E917X) (Ahn
et al., 2003). However, increased proteasome degradation was
also observed in missense mutants (S920Y and 11014V). In
addition, a heterozygous splicing mutation in ATP2A2 also
resulted in a shift code and an early termination codon

Restoring SERCA2b Attenuates Cellular Excitotoxicity

(Nakamura et al,, 2016). In addition, Wang et al. discovered
that the SERCA2 mutant underwent protein aggregation and
formed insoluble aggregates. We performed enhanced treatments
on cell lysates in our experiments and confirmed the decreased
solubility of SERCA2 mutants. Notably, interactions between
SERCA2b monomers were found to dimerize in Ahn’s study
(Ahn et al., 2003), affecting the activity of each other, which
explains why the pump function of WT is inhibited when WT
and mutants coexist. The complicated regulation mechanism of
SERCA?2 fundamentally affects the differences in local and global
Ca®" release kinetics of the mutants.

Only the ER Ca®" storage of G860S was decreased in this
experiment. Moreover, the activation of the SERCA2 by
CDNI1163 failed to rescue ER Ca®' storage. Moreover, the
addition of thapsigargin, which is an irreversible SERCA
pump inhibitor, did not prevent calcium removal in the
G860S mutant. These results indicate that other pathways are
implicated in the observed decrease of [Ca“]cym and uptake by
the ER, such as the calcium leakage in G860S mutant or
insufficient concentration of thapsigargin. Ion pumps can be
thought of as two gated-controlled ion-selective channels, with
the gates facing different sides of the membrane. The ATPase
enzyme cycle controls the gates and ensures the unidirectional
transport of ions. The ability of both gates to open simultaneously
is critical to prevent the passive transport of ions through the
trans-membrane region. When a minor defect disrupts the
coupling between the enzymatic cycle and gating properties,
this uncoupling may lead to passive leakage of ions to form
GOF channels (Gadsby, 2009). Indeed, SERCA2 can form leaks
for Ca®" under certain conditions. For example, the A617T
mutation of mMSERCA causes ion leakage under heating
conditions, and M494L and R131Q also cause ion leakage
even without heating, while heating exacerbates the degree of
leakage (Kaneko et al., 2014). The marine toxin palytoxin disrupts
the coordination of the two gates in the Na"/K" ATPase, leading
to ion leakage (Artigas and Gadsby, 2003). Ultimately, ER Ca**
storage depends on the balance between the cis-concentration
leakage capacity and inverse pumping capacity. In the present
study, thapsigargin may have increased ER Ca®* storage primarily
through attenuating calcium leakage from G860S. In addition, the
concentration window of thapsigargin in inhibiting SERCA
pumping or leakage requires further research.

The link between the ER and mitochondria is considered to be
highly dynamic, as local Ca®" ions can regulate the ER-
mitochondria linkage in different ways (Garcia-Pérez et al,
2008). The increased Ca** blocks the motility of both
organelles and enhances their interactions (Yi et al, 2004),
leading to an increase in the contact sites between the MAM
and ER, which may be the main reason that SERCA2b mutants
lead to mitochondrial disorders under glutamate excitatory
loading. MAM is a crucial determinant of cell function and
survival, achieved by regulating intracellular Ca** signaling.
MAM dominates the efficient transferring of Ca®" from the
ER to the mitochondria, and mitochondrial Ca** oscillations
play a significant role in energy production by regulating calcium-
dependent enzymic reactions that generate ATP (Hajnoczky
et al, 1995; Rizzuto et al, 2004). Thus, they control the

Frontiers in Pharmacology | www.frontiersin.org

n

April 2022 | Volume 13 | Article 877175


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhang et al. Restoring SERCA2b Attenuates Cellular Excitotoxicity

Excitotoxicity Excitability

e

TR
© Lysosome @@ Mitochondrion _[e== o

()

ER . Nucleus @ SERcA2b o caz

QP Glutamatereceptor ¥V Glutamate @ CDN1163

FIGURE 7 | Schematic model depicting the ER Ca®* depletion in response to glutamate-induced excitotoxicity. SERCA2b mutants increase susceptibility to
glutamate-induced excitotoxicity by exacerbating ER Ca?* depletion. ER Ca* depletion leads to increased levels of the [Caz*]cwO and ER-mitochondria contact, which in
turn leads to abnormal activation of many Ca®*-dependent pathways, such as ERS, oxidative stress, apoptosis, autophagy, and ultimately promotes cell death.
CDN1163 enhances SERCA2b activity and inhibits ER Ca?* depletion, maintaining intracellular Ca®* homeostasis. The affected dysfunctional mitochondria,

lysosomes, and ER are highlighted in red.

fundamental processes of energy production and determine the
cell's fate by triggering or preventing apoptosis (Green and
Kroemer, 2004; Walter and Hajnoczky, 2005). However, MAM
is enriched with different functional enzymes involved in lipid
metabolism, glucose metabolism, redox reactions, and chaperone
molecule folding (Lebiedzinska et al., 2009; Hayashi et al., 2009).
Moreover, MAM contains critical Ca** handling proteins of two
organelles (Giorgi et al., 2009; Decuypere et al., 2011). SERCA2
mutants exacerbate mitochondrial dysfunction under excitatory
loading by affecting the function of the MAM (Figure 4).
Oxidative stress dysregulation is another important factor in
mitochondrial dysfunction under excitatory loading. Increased
[Caz*]Cyto or impaired clearance leads to nitric oxide synthase
activation for nitric oxide synthesis, which inhibits mitochondrial
electron transport, results in increased production of ROS, and
causes a wide range of toxic oxidative responses (Moncada and
Erusalimsky, 2002). In excitotoxicity, protein dysfunction, lipid
peroxidation, DNA breakage, inhibition of mitochondrial
respiratory chain enzymes, and disruption of energy synthesis
may occur at any time once the intracellular accumulation of
reactive nitrogen species and ROS exceeds the maximum load of
the neuronal antioxidant system (Martinez-Ruiz et al, 2011).
Therefore, new technologies targeting subcellular delivery of
drugs have great potential to rescue mitochondrial dysfunction
(Sun et al., 2019).

Different SERCA2b mutants lead to ER Ca®" depletion and
mitochondrial dysfunction in response to excitatory events. It is
noteworthy that part of the reason is the decrease in pumping
capacity (LOF type) and the other factor is the increase in leakage
(GOF type), which determines the difference in the scheme of
restoring ER Ca®* homeostasis. It is also true that CDN1163

enhances the activity of LOF-type pumps (G23R, D567, and
11014V) to inhibit glutamate-induced excitotoxicity, but not the
GOF-type mutant (G860S) (Figure 5). Genetic and phenotypic
heterogeneity leads to differences in regimens to treat gene-
related disorders. For example, in SCN2A, patients with GOF
mutations (increased sodium channel activity) respond well to
sodium channel blockers (SCBs), whereas patients with LOF
(decreased channel availability and membrane excitability)
mutations experience exacerbated seizures due to SCB use
(Wolff et al, 2017). Notably, the severity of the ATP2A2
mutant phenotypes parallels the preserved SERCA2 pump
activity (Ahn et al,, 2003), suggesting that enhancing SERCA2
pump activity and stabilizing ER Ca** storage are vital to the
treatment of excitotoxicity-related disorders. For example, in a
neuropathic pain model, enhanced SERCA2 expression or
activity in dorsal root ganglia neurons alleviated mechanical
and thermal abnormalities in pain, and the reduction of ERS
was accompanied by morphological and functional recovery (Li
et al,, 2022). CDN1163 increased ER Ca®* content, rescued ERS-
induced neuronal death in vitro, and showed significant efficacy
in a 6-hydroxydopamine-induced Parkinson’s disease rat model
(Dahl, 2017). The dystrophic phenotype of dystrophin-null
transgenic mice was ameliorated by CDNI1163, which
effectively prevented exercise-induced muscle damage and
restored mitochondrial function (Nogami et al., 2021).
Organelles are in a delicate and dynamic homeostasis
conducted by Ca**. As depicted in Figure 7, ER Ca*
depletion caused by SERCA2b mutations disrupts this balance,
leading to the activation of a series of cell-death signaling
pathways. Targeted treatments against organelles may be a
potential  approach  to  synergistically enhance the
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neuroprotective function of glutamate receptor inhibitors or
glutamate transporters (Wang K. et al., 2022; Wei et al., 2022).
For example, recovery of the mitochondrial function shows
potential therapeutic strategies for traumatic brain injury
(Cheng et al,, 2012) and neurodegenerative diseases (Cunnane
et al,, 2020). The suppression of ERS also mitigates epileptic
behaviors of the seizure model (Yokoi et al., 2015; Zhu et al.,
2017) and AMPA-induced cognitive impairment in rats
(Bhardwaj et al., 2021). In recent years, another essential Ca**
storage-related organelle, the lysosome, has gradually been
emphasized with excitotoxicity (Vucicevic et al, 2020; Davis
et al,, 2021). Furthermore, enhanced cytoprotective autophagy
can mitigate glutamate-induced excitotoxicity. We may have long
overlooked that other cations, such as zinc ions, may play an
essential role in AMPK-mediated excitotoxicity (Granzotto et al.,
2020; Kim et al, 2020). New ion-tracing techniques, such as
ultrahigh-resolution optical microscopy, are promising
approaches that can be used to unravel these mysteries (Chen
Q. et al.,, 2020; Fang et al., 2021; Wang L. et al., 2022).

CONCLUSION

The current study demonstrates that SERCA2 mutants
exacerbate the excitotoxicity of hypo-glutamate stimulation
on HT22. SERCA2 mutants accelerate ER Ca>" depletion by
either LOF (reduced pumping capacity) or GOF (acquired ion
leakage), leading to ERS. The occurrence of ER Ca** depletion
increases MAM formation, contributing to mitochondrial
Ca®* overload and dysfunction. Rescuing the SERCA2
pumping capacity or inhibition of Ca®* leak attenuates Ca**
depletion and inhibits excitotoxicity in response to hypo-
glutamate stimulation. The stabilization of SRECA2b
function is a critical therapeutic target against glutamate-
induced  excitotoxicity. = These data will expand
understanding of organelle regulatory networks and
facilitate the discovery and creation of drugs against
excitatory/inhibitory imbalance in the CNS.
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Background: Mitochondria are the main sites of reactive sulfur species (RSS) production
in living cells. RSS in mitochondria play an important role in physiological and pathological
processes of life. In this study, a dual-labeling probe that could simultaneously label the
mitochondrial membrane and matrix was designed to quantitatively detect RSS of
mitochondria in living cells using nano-level super-resolution imaging.

Methods: A fluorescent probe CPE was designed and synthesized. The cytotoxicity of
CPE was determined and co-localization of CPE with a commercial mitochondrial probe
was analyzed in HelLa cells. Then, the uptake patterns of CPE in HelLa cells at different
temperatures and endocytosis levels were investigated. The staining characteristics of
CPE under different conditions were imaged and quantitated under structured illumination
Microscopy.

Results: A fluorescence probe CPE reacting to RSS was developed, which could
simultaneously label the mitochondrial membrane with green fluorescence and the
mitochondrial matrix with red fluorescence. CPE was able to demonstrate the
mitochondrial morphology and detect the changes of RSS in mitochondria. With the
increase of mitochondrial RSS concentration, the light of the red matrix will be quenched.

Conclusion: CPE provides a strategy for the design of probes and an attractive tool for
accurate examination to changes of mitochondrial morphology and RSS in mitochondria in
living cells at the nanoscale.

Keywords: super-resolution imaging, mitochondria, RSS, small molecules probe, nanoscale

Abbreviations: SIM, structured illumination microscopy; CCK-8, Cell Counting Kit-8; TEM, traditional transmission mi-
croscope; H,S, hydrogen sulfide; SO,, sulfur dioxide; Cys, cysteine; Hey, homocysteine; GSH, reduced glutathione; RSS, reactive
sulfur species; MMP, mitochondrial membrane potential.
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1 INTRODUCTION

Mitochondria serve as very important organelles in eukaryotic
cells, which mainly provide energy for cell activities and are
known as the “power factory” of cells (Yousif et al., 2009;
Rezaeian et al, 2022; Chen et al, 2021). In addition,
mitochondria have various functions of other vital life
activities including participating in lipid synthesis, buffering
intracellular calcium, and modulating immune response.
Moreover, mitochondria are the main sites of reactive sulfur
species (RSS) production in living organisms (Vinten, 2020).
Intracellular RSS have emerged as a general term for active
sulfur-containing biomolecules including hydrogen sulfide
(H,S), sulfur dioxide (SO;), cysteine (Cys), homocysteine
(Hcy), and reduced glutathione (GSH) that play an important
role in many physiological and pathological processes. For
example, sulfur dioxide (SO,) is not only likely a primary
energy generation for important biosynthetic reactions but also
involved in a multitude of biological signaling (Lau and Pluth,
2019). Moderate concentrations of RSS can be healthy, but many
studies have shown that excessive RSS would be associated with
many diseases, including cardiovascular diseases, neurological
diseases, and tumors (Cai et al., 2010; Yan et al., 2019; Shi et al,,
2022). Therefore, it is of great significance to develop fluorescent
probes that can rapidly, real-time, and accurately detect changes
of RSS concentrations in living cells for the diagnosis of related
diseases.

At present, fluorescent probes have been developed to
detect the content of active sulfur in mitochondria, with
good selectivity, quick response (3 min), low cytotoxicity,
and good cell permeability (Bai et al., 2021). However, they
are not able to reflect the morphology of mitochondria, which
could be damaged by excess active sulfur in the body.
Mitochondrial morphology including the integrity of
mitochondrial outer membrane and the presence of cristae
is the most direct reflection of mitochondrial functional
integrity (Wiemerslage and Lee, 2016; Ke et al., 2018). In
addition, morphological changes in mitochondria that were
divided into mitochondrial swelling, rupture, integrity of inner
or outer membrane destructions, and mitochondrial crest
fracture play a crucial role in occurrence and development
of mitochondria-related diseases (Alirol and Martinou, 2006;
Yu et al., 2006; Shao et al., 2020). Apart from the deficiencies
mentioned earlier, due to the limited resolution and sensitivity
of conventional electron microscopy, mitochondria cannot be
clearly distinguished from other membranous structures,
which is sometimes confusing (Chen et al., 2019).

To solve this problem, we developed a small-molecule
fluorescent probe containing nitrogen jons with specific
organelle-targeting ability of the mitochondrial membrane
and matrix, which could not only demonstrate the
morphology of mitochondria but also tract the changes of
RSS in the matrix of mitochondria. At the same time, recent
development of the extended-resolution microscopy technique
and structured illumination microscopy (SIM) (Gustafsson,
2000; Huang et al., 2018) have made it possible to investigate
delicate structures of mitochondria in living cells at the
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nanoscale level (Chen et al.,, 2018), and based on that, we
incubated HeLa cells with CPE for 1 h, and then imaged under
SIM using a dual-channel mode with excitation at 405 and
561 nm. As expected, CPE labeled the mitochondria
membrane with green fluorescence and the matrix with red
fluorescence. With the increase of active sulfur in the
mitochondria, the red matrix fluorescence would be
quenched. Meanwhile, mitochondrial morphology may also
be changed, which make it possible to further clarify the
relationship between the content of active sulfur in
mitochondria and the functional status of mitochondria at
the nanoscale level. According to the aforementioned
information, CPE may be a new tool for tracking RSS and
the function of mitochondria under SIM, providing a powerful
method for investigating diagnosis and treatment strategies for
mitochondria-related diseases.

2 RESULTS AND DISCUSSION
2.1 Characterization of CPE

Mitochondria are  two-membrane-bound  sub-organelles
surrounded by an outer and an inner smooth membrane,
which is folded to form the cristae (Sasaki, 2010). The inner
mitochondrial membrane encircles a space identified as the
matrix. The membrane potential difference of mitochondria
tends to attract positively charged molecules to accumulate in
its interior (Leung et al., 2013). Based on this, we modified the
coumarin group with pyridine to make it positively charged.
Under the attraction of mitochondrial membrane potential
difference, CPE can accurately target mitochondria (Figures
1A,B) (Zhao et al., 2013; Zhao et al.,, 2014; Zhao et al., 2015;
Shi et al., 2016; Gui et al., 2017). In addition, the fluorophores
possess two emission peaks (~500 and 660 nm) (Figure 1H),
which provides them the chance to label the mitochondrial
membrane and matrix. To indicate this point, we incubated
CPE in vitro with lecithin for 1h, and then imaged using SIM
with 405 and 561 channels emitted. As expected, lecithin that
loaded CPE showed green fluorescence at the excitation of
405nm and red fluorescence at the excitation of 561 nm
(Supplementary Figure S1), which suggests that CPE is a
double-labeled probe. In addition, the fluorophores can react
with RSS such as H,S and SO, (Figures 1C,F). It is shown that the
color of CPE changed from mauve to light yellow when it reacted
with Na,SOj; in vitro experiments (Supplementary Figure S2).
To measure the degree of response to RSS, we used Na,S as an
H,S donor and Na,SO; as an SO, donor to simulate the
environment rich in RSS of mitochondria. As observed, the
fluorescence of CPE decreased distinctly with the increase of
RSS (Figures 1D,G). The 561 excited light was quenched at 10
equivalent Na,SO3, while the 405 excited light did not quench
and remained at a certain fluorescence intensity still. Moreover,
the probe did not respond to other biologically relevant species
such as H,O,, ClO7, and F~ (Figure 1E). These results suggest
that CPE can not only respond to active sulfur and detect the
active sulfur content but also have the potential to label
mitochondria.
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FIGURE 1 | Design and fluorescence characterization of CPE. (A) Chemical structure of CPE. (B) Staining organelles of CPE. (E) Responsive substance of CPE. (H)
CPE emission spectrogram. (C,F) Fluorescence spectra determined with H,S and Na,SOg treatments. (D,G) Fluorescence spectra were determined after response with
different concentrations of Na,SOs.

2.2 Imaging of CPE in Living Cells

To verify whether CPE could target organelles in living cells or
not, HelLa cells were incubated with CPE and imaged under SIM
using a dual-channel mode with excitation at 405 and 561 nm. As
shown in SIM images, green fluorescence excited at 405 nm
stained the outer membrane of mitochondria, which revealed
fibrous, rod-like, and punctate morphology (Figures 2C,D),
consistent with previous literature reports (Sasaki, 2010). Red
particles or fibers with weaker fluorescence excited at 561 were
encased in a green membrane, illustrating it targets the
mitochondrial matrix (Figure 2A). Here is the surprise, CPE
could show the crest line distribution of mitochondria
(Figure 2B), which is closely associated with the pathology of
cancer, osteoarthritis, and AIDS (Guarani et al., 2015; Blanco
et al., 2011). In addition, this scene in live cells could only be
captured by SIM compared to other reported methods of imaging
(Shao et al., 2020). Therefore, the combination of SIM can take
advantage of the probe CPE, which suggests its potential for use
in the diagnosis of mitochondrial diseases. Next, we used the

length-to-width ratio (L/W) to quantitatively analyze the
distribution of mitochondria and found that various
morphologies could be assigned into four groups as follows:
hyperfused (L/W = 5.0), tubular (2.0 < L/W < 5.0),
intermediate (1.5 < L/W < 2.0), and round or nearly round
(1.0 < L/W < 1.5) (Figures 2C-E) (Cao et al., 2017). The fibrous,
rod-shaped, and spotted once mentioned earlier might be
classified as hyperfused, tubular, and round (Figure 2F), and
then, we used CCK-8 assay to evaluate the cytotoxicity of CPE to
Hela cells (Qin et al., 2015). No cytotoxicity was shown at the
range of 0-20 uM to HeLa cells during 24 h, demonstrating that
10 pM is a relatively safe working concentration for CPE with no
interference in mitochondrial imaging under SIM in living cells.
Finally, different temperatures and endocytosis levels of CPE
incubated to HelLa cells were observed to define the uptake
properties of CPE. The cells showed weaker fluorescence when
incubated with CPE at 4°C (Supplementary Figure S3) or with
an endocytosis inhibitor (NH,Cl) (Supplementary Figure S4)
than that of cells incubated with CPE at 37°C (Fang et al., 2019),
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FIGURE 2| SIM images of CPE puncta in Hela cells (\ex1 =405 nm and Ae,2 = 561 nm). (A) SIM image of cells labeled with CPE (10 uM) for 1 h. (B) Mitochondrial
crista. (C-E) Mitochondrial morphology of distribution parameters of L/W. (F) Ratio of mitochondrial morphology.

whether it is red or green fluorescence. These results strongly = used as a common mitophagy inducer (Chen et al., 2020a). After
indicate that CPE enters cells through energy-dependent  that, we re-stained the cells with both CPE and PKMTDR for co-
endocytosis. Therefore, we conclude that CPE stains organelles location imaging (Figures 3D,E), while most did not attach to
in living cells with low toxicity and good cell permeability. broken mitochondria. This indicates that labeled mitochondria
depends on MMP. These results show that CPE could not only
e label mitochondria specifically but also provide references for
2.3 CPE Could Specifically Label measuring MMP.
Mitochondria
To determine whether CPE can specifically label mitochondria, .
we co-stained the cells with a commercial probe, PKMTDR, for 2.4 CPE Can Detect the Active Sulfur
1 h. The following merged SIM images revealed that the green ~ Content and Indicate Mitochondrial Status
fluorescence signal of CPE colocalized well with the red  To confirm whether CPE can detect the content of active sulfur in
fluorescence signal of PKMTDR (Figures 3A,B), whose  mitochondria, we processed mitochondria with CCCP of 50 uM
Pearson colocalization coefficient (PCC) was as high as 0.72 for 30 min. Mitochondria were broken into round shapes
with PKMTDR (Figure 3C). It is clear that CPE has high  (Figure 4A), consistent with previous literature reports (Chen
specificity for mitochondrial attachment. Next, we observed et al, 2020b). Then, L/W was used to quantitatively analyze the
whether CPE-labeled mitochondria depends on mitochondrial ~ distribution of mitochondrial morphology as before. After that,
membrane potential (MMP) or not. To damage the membrane we used automatic analysis software (Image]) to calculate the
potential of mitochondria, HeLa cells were treated with 10 uM  distribution of individual mitochondria in CCCP-treated HeLa
carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which was  cells and found that the ratio of round structures accounts for
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nearly a half (Figure 4D), which indicates the mitochondria were
in an unhealthy status. In addition, we found that red fluorescent
excited by 561 was quenched in round shape mitochondria
(Figure 4C), which was due to CCCP treatment increased the
concentrations of ROS (Kane et al., 2018), high concentrations of
ROS then increased RSS levels (Tabassum and Jeong, 2019).
However, there was still some red fluorescent outside
mitochondria, thus we hypothesized that it was caused by the
destruction of mitochondrial outer membrane and the outflow of
mitochondrial matrix (Figure 4B). Meanwhile, the content of
active sulfur flowing out of the matrix was not enough to quench
red fluorescent. All these indicate that CPE has the potential of

detecting active sulfur in mitochondria and judging the status of
mitochondria, which can provide a powerful reference value for
the diagnosis of mitochondrial diseases.

3 CONCLUSION

Mitochondria-related ~diseases are closely associated to
mitochondrial ~ damage, which is characterized by
morphological distribution changes and crest damage

(Schapira, 2006; Senyilmaz et al,, 2015). In addition, RSS in
mitochondria can regulate mitochondrial morphogenesis and
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Total=100

play a crucial role in the physiological and pathological processes
of living organisms (Kashatus, 2018). However, traditional
methods of observing mitochondrial morphology, such as
transmission  electron microscopy, magnetic resonance
imaging, and confocal fluorescence microscopy, are unable to
capture the morphology of living cells and simulate the actual in
vivo state (Chen et al., 2019). To address this problem, here, we
developed CPE, a dual-labeling probe enabling the evaluation for
mitochondrial morphology and the detection of RSS through
simultaneous labeling of the mitochondria membrane and matrix
in living cells, which make it possible for the diagnosis of early
mitochondria-related diseases under SIM. Thus, CPE not only
provides strategies for the design of accurate positioning probes
but may also become a powerful approach for investigating
mitochondrial biology.

4 EXPERIMENTAL SECTIONS

4.1 Synthetic Route

A mixture of 7-(diethylaMino)-2-oxo-2H-chromene-3-
carbaldehyde (0.26 g, 1mmol) and 4-pyridineacetonitrile
(0.12 g, 1 mmol) refluxed in dry ethanol (15ml). A large
amount of brown powder solids precipitated after reacted
overnight. After cooling to room temperature, the crude
product was filtered and washed with cool acetonitrile.
Subsequently, a mixture of the previous product (0.172 g,

0.5mmol) and iodoethane (0.47g, 3 mmol) refluxed in
acetonitrile (3 ml). A large amount of purple powder solids
precipitated after reacted for 24 h. Then, the crude product was
obtained by filtering, followed by washing with cold ethanol
and ethyl ester. A purple compound CPE (0.11 g, 0.3 mmol,
60%) was obtained after drying. 'H NMR (600 MHz, DMSO-
ds) 6 (ppm) (Supplementary Figure S5): 9.05 (d, ] = 7.1 Hz,
2H), 8.84 (s, 1H), 8.39 (s, 1H), 8.32 (d, J = 7.1 Hz, 2H), 7.66 (d,
J=9.1Hz, 1H),6.88 (dd, J=9.1,2.4 Hz, 1H), 6.68 (d, ] = 2.2 Hz,
1H),4.62(q,J=7.3 Hz,2H),3.56 (q,J=7.0 Hz, 4H), 1.55 (t,] =
7.3 Hz, 3H), and 1.18 (t, ] = 7.1 Hz, 6H). "*C NMR (151 MHz,
DMSO-ds) 6 (ppm) (Supplementary Figure S6): 160.46,
158.10, 154.22, 150.01, 145.28, 144.98, 144.82, 132.97,
123.23 116.91, 111.58, 111.31, 108.85, 102.17, 97.29, 56.04,
45.28, 16.61, and 12.94. HRMS m/z (Supplementary Figure
S7): calculated for C,3H,4N;O," [M]*: 374.1863, found
374.1775.

4.2 General Materials

Dulbecco’s modified Eagle’s medium (#11965118, DMEM),
phenol-free medium (#1894117), penicillin-streptomycin
(#15140163, 10,000 units/ml), trypsin-EDTA (#25200-072),
and other reagents for cell culture were obtained from Gibco
BRL (Grand Island, NY, United States). Fetal bovine serum (FBS)
was obtained from VivaCell (Shanghai, China). HeLa cells were
gifted from the Chunyan Liu’s lab (Shandong First Medical
University).
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4.3 Cell Culture

HeLa cells were cultured in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum, penicillin (100 pg/
ml), and streptomycin (100 pg/ml) in a 5% CO, humidified
incubator at 37°C.

4.4 Experiments In Vitro

CPE (10 uM) was put into a color dish and allowed to react with
different concentrations such as 0, 2, 4, 6, and 8 eq., Na,SO, or
H,S in order to complete the reactive sulfur concentration
response experiment, and then the fluorescence spectra of
CPE at different concentrations were detected. Next, we
incubated CPE with lecithin for 1h and imaged under SIM to
search for the luminescence properties of CPE.

4.5 Cell Culture and Imaging Under OMX
3D-SIM

HeLa cells were seeded on 35 mm glass-bottom micro dishes at a
density of 1x10° and incubated with 2 ml of DMEM medium
supplemented with 10% FBS for 24 h. After that, cells were
incubated with 10 uM CPE for 1h and washed with fresh
DMEM for five times. At last, the cells with no phenol in
culture medium were imaged under an OMX 3D-SIM
extended-resolution microscope. Images were acquired at
512 x 512, with a step size of 0.125 pm, and CPE was excited
at 405 and 561 nm.

4.6 Cytotoxicity Assay

The Cell Counting Kit-8 (CCK-8) assay was used to measure
the cytotoxicity assay. HeLa cells at a density of 8x10° every
well were seeded in a 96-well plate in DMEM with 10% FBS at
37°C for 24 h. Then, the original medium was replaced with
100 pL fresh medium, each well containing CPE with the
concentrations of 0, 1, 5, 10, and 20uM. After 24h
incubation, 10 uL CCK-8 solution was added to each well,
and the plate was incubated in the incubator for 1 h. Finally,
the absorbance at 450 nm was determined by enzyme-linked
immunosorbent assay.

4.7 Colocalization Experiments

Cells at a density of 1x10° were seeded on 35 mm glass-bottom
culture dishes and incubated with 2ml of DMEM medium
supplemented with 10% FBS. After 24 h incubation, cells were
incubated with 100nM PKMTDR and 10uM CPE for 1h.
Finally, the cells were cultured in a phenol-free medium and
imaged under an OMX 3D-SIM. PKMTDR was excited at
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The endoplasmic reticulum (ER) is the main storage site of Zn?*, and Zn®* plays an
important role in regulating ER homeostasis. Therefore, we designed and synthesized a
ratiometric fluorescent Zn®* probe ER-Zn targeting ER stress. The probe displayed a
specific Zn®* induced blue shift at the spectral maximum values of excitation (80 nm) and
emission (30 nm). The ratio imaging capability of Zn®* under dual excitation mode can be
applied not only to quantitative and reversible detection of exogenous Zn®*, but also the
observation of the Zn®* level change under ER stress, elucidating the different behaviors of
Zn°* release in ER stimulated by tunicamycin and thapsigargin. Additionally, the NIR
imaging capability of ER-Zn provides an important basis for further research on animal
models and is expected to realize the visualization and treatment of ER stress-related
diseases through the regulation of ER stress by Zn?*. We envision that this probe can be
applied to screen drugs for diseases related to ER stress regulation.

Keywords: organelle targeting, Zn?* dynamics, ER stress, ionic disorder, drug regulation

1 INTRODUCTION

Zinc (Zn*") is the second most abundant transition metal ion after iron in the body, involving in a
variety of pathological and physiological processes, such as enzyme transport, gene transcription,
and immune function (Kambe et al.,, 2015; Maret, 2019; Bird and Wilson, 2020). Endoplasmic
reticulum (ER) homeostasis was found to be closely related to Zn**. It has been reported that zinc
deficiency can cause ER stress and a decrease of metallothionein level, which leads to oxidative stress,
cell damage, and acute kidney injury (Inagi, 2009; Hadj Abdallah et al., 2018; Hancock et al., 2020).
Therefore, it is necessary to detect Zn>* level changes in ER and even in vivo to study the
physiological process associated with ER.

Fluorescent probe method has been widely used to detect ionic dynamics in living cells due to its
advantages of low toxicity, easy preparation, and in sifu non-destructive detection (Chen et al., 2015;
Li et al., 2020; Chen et al,, 2021; Fang et al., 2021a; Liu et al., 2021; Wang and Diao, 2022; Wang et al.,
2022). Therefore, the use of fluorescent probes to study Zn>" in ER provides a powerful tool for the
detection and treatment of ER stress-related diseases by regulating the Zn" level (Chabosseau et al.,
2018; Huang et al., 2021; Liu et al,, 2022). Although many Zn** fluorescent probes have been
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developed, most of them show turn-on response and are difficult
to use for in vivo detection (Fang et al., 2021b; Qi et al., 2021;
Wang et al., 2021).

In this paper, due to the lack of research on near-infrared
(NIR) ratiometric Zn>" fluorescent probes targeting ER, such a
probe combined with the intramolecular charge transfer (ICT)
mechanism was rationally designed by us. For one thing, the
styrene group was introduced into the a site of BODIPY
fluorophore, which not only increased its excitation
wavelength, but also extended the emission wavelength of the
fluorophore to the NIR region for reducing the interference of
spontaneous fluorescence in organisms and damage to cells
during imaging. For another, N, N, N'-tri (pyridin-2-ylmethyl)
ethane-1,2-diamine (TPEA) was introduced at the « position as
the Zn>" chelating group. Finally, p-toluenesulfonamide was
introduced at the meso position of the fluorophore as the ER
targeting group to construct a highly selective NIR Zn**
fluorescent probe targeting ER, ER-Zn. Cell imaging
experiments showed that ER-Zn had good cytocompatibility,
which not only realized reversibly ratiometric imaging of
exogenous Zn>*, but also quantitatively monitored the
fluctuation of Zn** level in ER under ER stress. ER-Zn
provides a new method to study the relationship between ER
stress regulation and Zn®" level.

2 MATERIALS AND METHODS

2.1 Materials and Instruments

The commonly used chemicals (e.g., potassium carbonate,
piperazine, acid and base, etc.) and general solvents (e.g.,
dichloromethane, methanol, ethanol, ethyl acetate, petroleum
ether, etc.) were all from the domestic reagents purchased by
School of Chemistry and Chemical Engineering of Nanjing
University, and they were not further purified before use. In
the spectral characterization, the solvents such as DMSO and
DME were both spectrally pure reagents purchased from Aldrich.
The water used was ultrapure from Millipore. CuSO,,
MgC126H20, CaClz, ZH(NO3)2'7H20, NaCL KCI, FeClz,
CoCl,-6H,0, and NiCl,-6H,O were dissolved in ultrapure
water to prepare corresponding concentrations of metal ion
stock solution. The stock solution of Zn** was prepared by
dissolving ZnCl, in ultrapure water.

Mass spectrometry was determined by LCQ electrospray
ionization mass spectrometry (ESI-MS, Finnigan). High-
resolution mass spectrometry (HRMS) was determined by
Thermo scientific quadrupole orbit trap tandem high-
resolution mass spectrometer. 'H and 'C NMR were
determined by Bruker DRX-500 and Bruker DRX-400 NMR
spectrometers  using standard pulse sequence  with
tetramethylsilane (TMS) as internal standard (298 K). The
absorption spectra were measured by PerkinElmer Lambda
35 UV-vis spectrometer. Fluorescence emission spectra were
recorded by FluoroMax-4 fluorescence spectrometer (HORIBA
Jvon Inc.). The pH assay was determined by SevenCompact S210
pH meter (Mettle Toledo). Cell imaging was performed on
Olympus FV10-ASW laser confocal fluorescence microscope

Zn?* Micro-Dynamics in Endoplasmic Reticulum

and Leica SP8 STED 3X confocal microscope. The excitation
wavelength was 570 and 650 nm, and the collection wavelength
was 660-720 nm.

2.2 Synthesis and Characterization

The synthesis steps of ER-Zn are shown in Supplementary
Figure S1. 1 and 2 were synthesized according to the
literature method (Aydin et al.,, 2016), and 3 and ER-Zn were
synthesized as described in the literature after corresponding
improvement.

At 0°C, 3 (3.3 mmol, 1.12g) and 4-methylbenzenesulfonyl
chloride (3.3 mmol, 627 mg) were dissolved in dichloromethane
(20 ml), and then several drops of pyridine were added to the
solution. After stirring for 2 h, the solvent was removed by rotary
evaporation. The target product in orange solid form (1.34 g,
82.3%) was obtained by using dichloromethane/petroleum ether
(v:v = 2:1) preparative chromatography on silica gel. "H NMR
(400 MHz, CDCl;) 6 7.65 (d, ] = 7.9 Hz, 2H), 7.25-7.17 (m, 4H),
7.13 (d, J = 8.4 Hz, 2H), 5.96 (s, 2H), 2.53 (s, 6H), 2.38 (s, 3H),
1.25 (s, 6H). >C NMR (101 MHz, CDCL,) 8 155.71, 144.16,
142.77, 140.52, 137.52, 135.27, 132.08, 131.38, 129.59, 129.12,
127.42, 122.31, 121.32, 21.55, 14.58, and 14.45.

ER-Zn: 3 (0.73 mmol, 360 mg) and TPEA-CHO (0.73 mmol,
317 mg) were weighed and added into a 50 ml three-necked flask.
Then the activated molecular sieve was added into the bottle with
a water separator. Pumped the pressure of the system to vacuum.
Under the protection of nitrogen, 10 ml toluene, a drop of acetic
acid and a drop of pyridine were added and refluxed overnight.
The reaction process was monitored by TLC until the reaction
finished. The reaction was further processed after cooling to room
temperature. The saturated NaCl solution was used to extract for
three times, and the organic phase was selected to remove water
by Na,SO,. After the solid was removed by filtration, the crude
product in the filtrate was collected by rotary evaporation. The
target product in blue-black solid form (532 mg, 80.1%) was
obtained by preparative chromatography with dichloromethane/
methanol (v:v, 100:1—90:10) system on silica gel. 'H NMR
(400 MHz, CDCl,) & 8.57 (dd, | = 5.1, 1.6 Hz, 2H), 7.66-7.63
(m, 4H),7.61 (d, ] = 1.8 Hz, 1H), 7.42 (d, ] = 7.7 Hz, 4H), 7.38 (d, ]
=8.3 Hz, 2H), 7.24-7.20 (m, 3H), 7.20-7.16 (m, 5H), 7.12 (dd, ] =
8.7,2.4Hz, 3H), 6.55 (d, ] = 6 Hz, 2H), 6.52 (s, 1H), 5.93 (s, 1H),
3.93 (s, 4H), 3.20 (t, ] = 5.8 Hz, 2H), 2.91 (t, ] = 5.5 Hz, 2H), 2.56
(s, 3H), 2.37 (s, 3H), 2.11 (s, 3H), 1.28 (s, 3H), and 1.24 (s, 3H).
*C NMR (101 MHz, CDCl3) & 174.77, 158.46, 155.07, 152.89,
149.77, 149.26, 148.83, 143.97, 142.53, 140.30, 140.03, 138.28,
137.63, 137.56, 137.25, 136.92, 135.43, 133.06, 132.34, 131.08,
129.52, 129.47, 127.40, 125.20, 123.52, 122.46, 122.20, 120.46,
117.82, 113.97, 112.62, 106.55, 60.04, 52.66, 40.91, 21.54, 21.01,
14.79, 14.58, and 14.33. HRMS (positive mode, m/z): Calcd:
913.39896, found: 913.39630 for [M + H]" and Calcd:
935.38090, found: 935.37921 for [M + Na]*.

2.3 Spectral Characterization

7.78 mg ER-Zn was accurately weighed and then dissolved with
8.52ml DMSO to prepare 1 mM ER-Zn storage solution. No
special instructions, the test system is 50 mM HEPES solution
with 60% DMSO (containing 100 mM KNO;, pH = 7.2).
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FIGURE 1 | (A) Commonly used Zn?* chelators. (B) The Zn®* sensing
mechanism of ER-Zn.

2.3.1 Absorption and Excitation Spectra Tests

10 pM ER-Zn solution was prepared with 3 ml buffer solution,
and its absorption and fluorescence spectra were collected. Then,
1 ul ZnCl, (3 mM) was equivalently dropped into the test system
to record the absorption titration spectra, fluorescence titration
spectra, and excitation titration spectra. The absorption band was
collected from 480 to 750 nm, the excitation spectra test
parameters are as follows: the emission at 700 nm and
excitation collection band from 475 to 685 nm, the slit is 4 * 4 nm.

2.3.2 Selectivity and pH Dependence Assays
Selectivity test: The different metal ions 2 mM Mg>*, K*, Ca®" and
Na*, and 10 uM Ni**, Co**, AI**, Cr’*, Cu*", Fe’*, Mn*", Pb**
solutions, respectively, were dripped to the probe solution before
collecting their excitation spectra. Then, 10 ul ZnCl, solution
(3 mM) was added into the test system containing different ions
to determine their excitation spectra.

pH-dependent experiment: Using NaOH and HCI, the buffer
solution (50 mM HEPES, containing 60% DMSO, 100 mM
KNO;, pH = 7.2) was adjusted to pH range of 2-10, then
30 ul ER-Zn storage solution (1 mM) was added to the
solutions to make the final concentration as 10 uM. Finally,
10 pul ZnCl, storage solution (3 mM) was dropped into the
above solutions, and the fluorescence spectra were performed.

2.4 Cell Imaging

2.4.1 Cell Culture

The HeLa cells used in the experiment were cultured in the air
with 5% CO, at 37°C. The cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Invitrogen) containing 10%
fetal bovine serum (FBS), penicillin (100 units/ml), and

Zn?* Micro-Dynamics in Endoplasmic Reticulum

streptomycin (100 mg/ml). There is no special indication that
HeLa cells are used for cell imaging.

2.4.2 Cytotoxicity Experiment

MTT (3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium
bromide) method was used to determine the number of
living cells by using MTT to produce purple precipitate
formazan with the mitochondrial succinate dehydrogenase
of living cells. HeLa cells in the exponential growth phase were
collected and inoculated into 96-well plates. About 5,000 cells
and 100 pl medium containing 10% FBS were added to each
plate. HeLa cells in 96-well plates were placed in a 37°C, 5%
CO, incubator. After cell adherent growth for 12h, the
original culture medium was washed away, and 200 ul ER-
BDP with different concentrations were added to each well,
and then put back into the incubator for 24 h. Then 30 pl MTT
solution was added to each well. After incubation in the
incubator for 12 h, the supernatant was carefully removed,
and 200 ul DMSO was added to each well to fully dissolve the
purple precipitate. Finally, the absorbance of each well at
490 nm was measured by a microplate reader. Each group of
experiments was measured three times in parallel.

2.4.3 Colocalization Experiment

Two groups of cells were prepared, and the co-localization
experiments between the nucleus, ER and ER-Zn were
carried out respectively. Two groups of cells were treated
with 100 nM ER-Tracker™ Blue-White DPX dye for 30 min
and 100 nM DAPI for 10 min, respectively. The cells were taken
out and washed three times with PBS buffer, then incubated
with 5 uM ER-Zn solution for 30 min and washed three times
with PBS bulffer.

The excitation wavelength and emission channel of ER-Blue
Tracker dye were as follows: the excitation wavelength was
405nm, and the emission channel was 415-450 nm; the
excitation wavelength of the probe ER-Zn was 570 nm, and
the emission channel was 660-720 nm. For DAPI, the
excitation wavelength was 405 nm, and the emission channel
was 430-500 nm; the excitation wavelength of ER-Zn was
633 nm, and the emission channel was 645-700 nm.

2.4.4 Detection of Exogenous Zn?*

The cultured cells were washed three times with metal-free PBS
solution and then incubated with 5 uM ER-BDP solution at room
temperature for 2 h. Remove the probe solution, wash the cells
three times with PBS solution without metal ions, and then
observe them with a laser confocal fluorescence microscope.
The introduction of exogenous zinc in cells was carried out by
incubation in a 1:1 mixture of 5mM ZnCl, and 5mM 2-
mercaptopyidine-N-oxide aqueous solution (diluted to a
specific concentration by DMEM). After incubation for
20 min, the imaging was performed with a laser confocal
fluorescence microscope. After imaging, the cells were washed
three times with PBS without metal ions and then treated with
50 uM TPEN (diluted by the TPEN storage solution through
DMEM medium) for 20 min, and then washed once with PBS.

Frontiers in Pharmacology | www.frontiersin.org

June 2022 | Volume 13 | Article 927609


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Fang et al.

Zn?* Micro-Dynamics in Endoplasmic Reticulum

>

2n%/ER-Zn

—

e
©
?

—(.1

Absorbance
o
S

550 600 650 700
Wavelength (nm)

500

x10%
Zn*"/ER-Zn
0

—0.1

2

g
o
1

g
()
L

1.54

1.0

Emission Intensi

0.5+

0.0

500 550 600 650 700
Wavelength (nm)

@ ER-Zn
Q@ Zn*+ER-Zn

650 700 750
Wavelength (nm)
D
254
243fold g
=20 -
©o 1
E 1
L 15 X
o 1
5 !
£ 101 !
w 2
5 1
|
|
0 |
0.0 0.5 1.0 15
Zn2*/ ER-Zn
F U EED
B ER-Zn+Zn?
25
5 20+
£
w4
L
5
£ 101
w

ER-Zn + Zn®* under different cation conditions.

FIGURE 2 | (A) Absorption titration spectra of 10 pM ER-Zn with Zn?*. The inset: photographs of 10 uM ER-Zn with 0 and 1.0 eq. Zn®* under the natural light; (B)
Zn?* fluorescence titration spectra of 10 UM ER-Zn with Zn®*. The inset: photographs of 10 uM ER-Zn with O and 1.0 eq. Zn?* under the 365 nm UV light. Aex = 600 nm;
(C) Excitation spectra of 10 uM ER-Zn upon the addition of Zn?*. (D) Scatter plot between Ems;o/Emez¢ With different concentrations of Zn?*. Agm = 700 nm, the
excitation collection band is 475-685 nm, the slit is 4 * 4 nm; (E) Ems;s/Emg71 of ER-Zn and ER-Zn + Zn?* in the pH range from 2 to 10; (F) Selectivity of ER-Zn and

2.4.5 Detection of Endogenous Zn?* Under
Endoplasmic Reticulum Stress

Time-course imaging: The cells were incubated with 5 uM ER-Zn
for 2 h and then washed with PBS buffer three times. Then, the
cells were incubated with 25ug/ml thapsigargin (TG) and
collected images with time.

Cell imaging under different stimuli: Three groups of cells were
stimulated by TM and TG to induce ER stress, respectively. The cells
were treated with medium, 25 pg/ml tunicamycin (TM), and 25 pg/ml
TG for 12 h, respectively. After incubation with 5 uM ER-Zn solution
for 2 h, the cells were washed three times with PBS buffer. The cells
were washed with PBS solution three times, and the cells were imaged.

3 RESULT AND DISCUSSION

3.1 Rational Design and Spectral
Characterization of ER-Zn

The design of Zn>* fluorescent probes has encountered the
following problems so far: 1) Sensitivity and selectivity. Since
DPA (Di (2-methylpyridine) amine) was first linked with
fluorescein, the chelating group has become the most
commonly used recognition group for the construction of
Zn** sensors (Walkup et al, 2000). However, binding ability
and stability are still the main problems for high sensitivity
monitoring of Zn>" in biological systems. Hence, we improved
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FIGURE 3 | Reversible ratiometric imaging of ER-Zn for exogenous

Zn?*. (A) Ratiometric imaging of the ER-Zn-stained Hela cells (5 pM, 2 h,
37°C) upon incubation with 5 pM ZnPT for 20 min and subsequent TPEN
(50 uM, 30 min) treatment; (B) Fluorescence ratio quantification of (A).

The corresponding histograms of the determined average fluorescence
intensity in cells from n = 3 biologically independent experiments, mean + SD.
The green channel: Aex = 570 Nnm, A = 660-720 nm, the red channel: Agy =
650 N, \gm = 660-720 nm, Ratio = Fg/FR, scale bar: 25 pm.

the binding ability, coordination rate, and zinc complex stability
by increasing coordination sites to form DPA derivatives with five
ligands as TPEA (Figure 1A). 2) Organelle-targeting capability.
To achieve the ER targeting effect, glibenclamide fragment acting
on K" channel in the ER was selected as the targeting group of the
probe (Zunkler et al., 2004). 3) Imaging depth limitation. We
expanded the conjugation of the BODIPY fluorophore to achieve
depth imaging in biological tissues. In addition, the conjugated
structure has an obvious ICT effect and can achieve quantitative
imaging. To this end, we constructed a highly selective NIR ER
targeting ratiometric Zn®* probe, ER-Zn (Figure 1B). Its
synthetic route and structural characterization including NMR
and MS are shown in Supplementary Figures S1-S4.

The probe molecule ER-Zn was prepared as a 10 pM solution
in HEPES buffer (50 mM, containing 60% DMSO, 100 mM
KNOs;, pH = 7.2). Absorption and fluorescence titration were
performed by adding different concentrations of Zn**. As can be
seen from Figure 2A, with the increase of Zn>* concentration, the
absorbance at 610 nm decreases continuously until it disappears,
while a new absorption peak at 575nm appears and keeps
increasing. Therefore, when Zn>* was added, the absorption
peak was blue-shifted from 610 to 575 nm with an isosbestic
point appearing at 588 nm, and the solution color changed from

Zn?* Micro-Dynamics in Endoplasmic Reticulum

cyan to blue. The nitrogen atom in the chelating group of the free
probe had a strong electron donating ability. However, Zn>*
binding TPEA weakened the electron-donating ability of nitrogen
atom, which diminished the ICT effect of the structure, inducing
a hypochromatic shift of absorption peak.

Subsequently, the Zn>* fluorescence titration spectra of ER-Zn
were determined. As can be seen from Figure 2B, with the increase
of Zn** concentration, the emission intensity at 660 nm was
enhanced. Based on this, we further tested its excitation spectra
with a collection band of 475-685nm at 700 nm emission. The
excitation titration spectra of ER-Zn upon Zn>* were shown in
Figure 2C, with the addition of Zn", the fluorescence intensity at
700 nm excited with 573 nm increased, meanwhile, the
fluorescence intensity at 700 nm excited with 671 nm decreased.
This excitation ratio sensing ability enables ER-Zn to present dual-
excitation with single-channel emission ratiometric imaging, which
means that during the titration process of Zn’*, the emission at
700 nm under 573 nm excitation enhances, while the emission at
700 nm under 671 nm excitation underwent slightly decrement.
The emission ratio (Ems;3/Emg;) reached equilibrium when Zn**
was added to 1 eq. It indicated that ER-Zn binds with Zn** in the
manner of 1:1. In addition, the detection limit (30/slope) of this
probe was estimated to be 31.8nM (Figure 2D). It was
demonstrated that ER-Zn and Zn>" exhibited the characteristic
of ratiometric sensing, which can eliminate background
fluorescence, providing a basis for the realization of quantitative
detection in the cell.

3.2 The Associate Mechanism of ER-Zn

to Zn?*

According to the Zn** fluorescence titration spectra of ER-Zn,
when the concentration of ER-Zn and Zn** was 1:1, the ratio of
Ems;3/Emg;; reached plague, indicating that ER-Zn associated
with Zn®" was 1:1. To further determine the binding ratio of
ER-Zn to Zn®*', the work curve was determined as the
concentration ratio (ER-Zn/ER-Zn + Zn**) ranges from 0.1 to
1. As shown in Supplementary Figure S5, when the concentration
ratio was 0.5, the fluorescence intensity at 660 nm came up to
maximum, that is, the binding ratio of ER-Zn and Zn*" is 1:1.
Notably, the dissociation constant of the ER-Zn-Zn** complex was
calculated as 3.65nM (Supplementary Figure S6). In addition,
HRMS determination of the probe solution in the presence of Zn**
was also carried out (Supplementary Figure S7). We can find that
the mass peak of [ER-Zn + Zn]** is 488.1596, which is consistent
with the predicted peak of 488.1599, further proving that the
association ratio of ER-Zn to Zn** is 1:1.

3.3 pH Dependence and Selectivity of ER-Zn
After confirming the ratiometric sensing ability of ER-Zn to Zn**, we
further investigated the pH stability and sensing specificity of ER-Zn.
Firstly, we examined whether the response behavior of ER-Zn to Zn**
would be interfered with the physiological pH range. As shown in
Figure 2E, the Ems;3/Emg;, ratio of ER-Zn in the absence and
presence of Zn>* did not change significantly in the pH range of 4-8.
It can be inferred that ER-Zn can be applied to detecting the dynamic
change of Zn** in the physiological environment.
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FIGURE 4 | Ratiometric imaging of Zn** in ER under TG (thapsigargin) stimulation with time. (A) Ratiometric images and (B) the corresponding fluorescence
intensity changes of ER-Zn (5 uM, 2 h) in HeLa cells at ER stress state induced by TG (25 pg/ml) for different time. The green channels: Aex = 570 nm, Aep, = 660-720 nm,
the red fluorescence channels: Agx = 650 NM, A\, = 660-720 nm; Ratio = Fg/Fr, Mean + SD, scale bar: 25 ym.
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FIGURE 5 | Ratiometric imaging of Zn* in ER under ER stress regulation by different stimuli. (A) Ratiometric images of HeLa cells treated with medium, 25 pg/mi
TMand 25 pg/mlI TG for 12 h, respectively, then incubatied with ER-Zn (5 pM, 2 h). (B) The corresponding mean fluorescence intensity ratio of (A). The green channels:
Aex = 570 nm, Agm = 660-720 nm, the red fluorescence channels: Agx = 650 NM, Agyy = 660-720 nm; Ratio = Fg/Fr, Mean + SD, scale bar: 25 um.

Next, we explored the selectivity and anti-interference ability of ~ influence on ER-Zn recognition of Zn** can be ignored. The above
ER-Zn to Zn**. It can be seen from Figure 2F that Ems;3/Emg;; of  result revealed that ER-Zn has a specific response to Zn** at
ER-Zn added with different metal ions was similar to that of the blank ~ physiological pH, which is expected to be used to detect the Zn**
sample, indicating ER-Zn’s excellent selectivity. Notably, the solution ~ level change in living cells.
containing different metal ions was then added with equivalent Zn**,
it was found that Ems;3/Emg;; exhibited a significant enhancement 3.4 Reve rsibility of ER-Zn
compared with that of without the addition of Zn>*, only the solution ~ Reversible responses are very important to studying the dynamic
containing Ni** and Cu®" increased slightly. The content of Ni** and ~ changes of Zn** level in cells. To this end, the reversibility of ER-Zn
Cu®" in ER and even cells are much less than that of Zn>", so their ~ with between Zn** and TPEN was studied. Supplementary Figure
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$8 showed that Ems;3/Emg;, ratio increased after the Zn>* addition,
and the TPEN addition made Ems;;/Emg;; ratio decreased. The
reversibility cycle can be repeated at least four times, providing a clue
for the study of Zn>* dynamic change in the cell.

3.5 Photostability and Colocalization of

ER-Zn in Cells

To study the cytocompatibility of ER-Zn and select the appropriate
concentration for subsequent cell experiments, MTT was used to
determine the cell survival rate after the HeLa cells were incubated
with ER-Zn at the concentrations of 0, 5, 7.5, 10, 12.5, 15, 17.5, 20,
22.5, and 25 uM for 24 h. When the concentration of ER-Zn reached
25 uM, the cell survival rate was even close to 100% (Supplementary
Figure S9). Therefore, ER-Zn has good biocompatibility and can be
used for bioimaging. Considering the good photophysical properties
of ER-Zn, 5uM can be selected as the following cell imaging
experiment.

Then we studied the photostability of ER-Zn in cells. The
cells were incubated with ER-Zn for 2h and were imaged
every 2 min after continuous illumination. As can be seen
from Supplementary Figure S10, the fluorescence intensity
of the green channel and the red channel did not change
significantly within 10 min, and the fluorescence ratio
remained almost the same, indicating that ER-Zn had
good photostability to be suitable for long time dynamic
imaging.

Next, to confirm the distribution of ER-Zn in the cell, we
conducted a colocalization experiment using ER commercial dye
and ER-Zn, and found that the probe and ER commercial dye has a
very high overlap, the calculation of Pearson’s colocalization
coefficient can reach 0.93 (Supplementary Figure S11). However,
its colocalization coefficient with the nucleus is only 0.13. It
demonstrated that ER-Zn is mainly located in ER, which is
consistent with our original design purpose.

3.6 Reversible Cell Imaging of Exogenous
Zn?* by ER-Zn

The ER targeting ability of ER-Zn has been confirmed via a
colocalization experiment. To further study the sensing ability of
ER-Zn on Zn** in ER, we next conducted cell imaging
experiments of endogenous and exogenous Zn>* using ER-Zn.
We selected membrane permeable Zn®* carrier (zinc pyrithione,
ZnPT) as an exogenous Zn>* supplement and TPEN as an
intracellular Zn®" chelator. When the cells were incubated
with ER-Zn for 2h, excitation ratiometric imaging was
performed, and the probe showed dual-channel imaging in the
cells. Then the cells were incubated with 5 uM ZnPT for 10 min
for cell imaging. As shown in Figure 3, the fluorescence intensity
of the green channel was significantly enhanced compared with
the control group, while the fluorescence intensity of the red
channel weakened, and the image ratio was significantly
enhanced, showing the elevated Zn** in cells. When the cells
were incubated with 50 pM TPEN for 20 min, the image ratio was
significantly decreased. It is proved from the result that ER-Zn
can be used for quantitative imaging of exogenous Zn’" in cells,

Zn?* Micro-Dynamics in Endoplasmic Reticulum

which provides a basis for quantitative and dynamic imaging of
endogenous Zn>" in ER.

3.7 Zn?** Change Under Endoplasmic

Reticulum Stress Regulation

To study the effect of different stimuli (e.g, TG and TM, etc.) on Zn**
in the ER, we set up cell imaging of endogenous Zn>* by ER-Zn under
ER stress. TG can affect ER calcium (Ca*") homeostasis by specific
inhibition of ER Ca®>*-ATPase and induce ER stress (Zhang et al.,
2014; Sehgal et al., 2017). Therefore, we selected TG as the agent to
stimulate ER stress. We investigated the Zn>" level change in ER of
HeLa cells after TG stimulation for different time periods. Figure 4
showed that with the extension of stimulation time, the fluorescence
intensity of the green channel gradually decreased and that of the red
channel increased slightly, showing that the ER stress-induced by TG
can lead to a decreased Zn>* level in ER.

In addition, TM is also commonly used to induce ER stress
(Jackisch et al., 2020; Suganya et al.,, 2014). We stimulated the cells
with TM and TG to produce ER stress. As can be seen from Figure 5,
the fluorescence ratio of the cell induced by both TM and TG
decreased to varying degrees, further indicating that ER stress
regulates the decline of Zn** level in ER. We speculate that Zn**
homeostasis, like Ca®* homeostasis, is controlled by IP3Rs, which
may allow Zn®' to enter the cytoplasm and pump Zn** from the
cytoplasm into ER through TG sensitive ATPase activity (Stork and
Li, 2010; Liang et al., 2016). When ER stress occurs, especially after the
stimulation of TG and TM, Zn®* will be released from the ER into the
cytoplasm, resulting in the decrease of Zn>" in the ER.

4 CONCLUSION

In summary, based on the ICT mechanism, we designed and
synthesized a novel NIR ratiometric fluorescent probe targeting
ER, ER-Zn, which has a good ratio response to Zn", good selectivity,
and anti-interference ability. In addition, ER-Zn not only possesses
double excitation ratio detection of exogenous Zn>* but made clear
the relationship between ER stress regulation by different stimuli and
the endogenous Zn”" level in the ER. ER-Zn with the ability of NIR
imaging provides a reliable technical basis and design strategy for the
further development of quantitative imaging of Zn>* probes in vivo.
We envision that this probe can be applied to screen drugs for
diseases related to ER stress regulation.
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The inter-organelle interactions, including the cytomembrane, endoplasmic reticulum,
mitochondrion, lysosome, dictyosome, and nucleus, play the important roles in
maintaining the normal function and homeostasis of cells. Organelle dysfunction can
lead to a range of diseases (e.g., Alzheimer’s disease (AD), Parkinson’s disease (PD), and
cancer), and provide a new perspective for drug discovery. With the development of
imaging techniques and functional fluorescent probes, a variety of algorithms and
strategies have been developed for the ever-improving estimation of subcellular
structures, organelle interaction, and organelle-related drug discovery with accounting
for the dynamic structures of organelles, such as the nanoscopy technology and molecular
dynamics (MD) simulations. Accordingly, this work summarizes a series of state-of-the-art
examples of the recent progress in this rapidly changing field and uncovering the drug
screening based on the structures and interactions of organelles. Finally, we propose the
future outlook for exciting applications of organelle-related drug discovery, with the
cooperation of nanoscopy and MD simulations.

Keywords: organelle interaction, subcellular structure, drug discovery, nanoscopy, molecular dynamics simulation

INTRODUCTION

Cellular organelles with specific morphology and functions are highly dynamic in maintaining the
normal operation of eukaryotic cell life activities (Xu et al., 2016; Passmore et al., 2021), and they
interact with each other through coordination to complete a series of important physiological
functions (Valm et al., 2017). The fine division of labor, cooperation, and close contact of organelles
from the interaction network to realize rapid exchanges of substance and information and carry out
various biological processes under different conditions (Schwarz and Blower, 2016). Dysfunctional
interactions between organelles are usually accompanied by serious diseases (Sakhrani and Padh,
2013), including Alzheimer’s disease (AD) (Santos et al., 2010; Burte et al., 2015; Wong et al., 2018),
Parkinson’s disease (PD) (Hauser and Hastings, 2013; Jin et al., 2014; Pickrell and Youle, 2015;
Burbulla et al., 2017), and cancer (Doria et al., 2013; Nixon, 2013; Huang et al., 2016; Mc Donald and
Krainc, 2017; Plotegher and Duchen, 2017). The dysfunction of organelles in various human diseases
(Figure 1) could be mechanistically resolved by studying their architectures and interactions, as well
as closely monitoring the dynamic alterations (Plotegher and Duchen, 2017; Samanta et al., 2019).
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Organelle bioimaging can aid our understanding of the
organelle functions and the development of organelle-targeting
therapy for various diseases. Conventional fluorescence
microscopy (FM) opens the door to fine structural details of
cellular architectures and dynamics, while the resolution is
limited to approximately 200 nm because of the light
diffraction (Cox and Sheppard, 2004). As the dimension of the
interaction between organelles is much smaller than the light
diffraction limit, such as autophagosome, mitochondria-
lysosome contact, and transport vesicles, many methods and
techniques surpassing the diffraction limit have been
developed (Carrington et al, 1995; Huang et al, 2008;
Patterson et al, 2010). Among these technologies, super-
resolution microscopy (SRM) (Reiter et al,, 2011) and cryo-
electron microscopy (cryo-EM) (Bai et al, 2015) have
established their roles in overcoming these limits and allowing
the study on organelles to enter the nanoage, helping us to
elucidate the dynamics structures of organelles and present the
intrinsically dynamic behavior of organelle interactions.

With the status of interactions between organelles in the
improvements of pathogenesis and therapeutics, related
articles are emerging as an endless stream. Recent advances in
organelle-targeted fluorescent probes (FPs) provide us with a
more suitable selection and high resolution scale under SRM
(Ning et al, 2017). Meanwhile, some review articles have
deliberated on the pathways to mitochondria-lysosome
interactions (Audano et al, 2018) and molecules or ions
transports between mitochondria and lysosomes (Raffaello
et al, 2016; Todkar et al, 2017). In this review, various

strategies will be summarized to the introduction and
application of nanoscopy (SRM and cryo-EM) and molecular
dynamics (MD) simulations in the dynamic nature of subcellular
structures, the subcellular interactions, and the organelle-related
drug discovery. In addition, this review presents the future
developments working in concert towards the spatial evolution
and throughput necessary for nanoscopy and MD simulations to
promote the organelle-related drug pipeline.

NANOSCOPY ON ORGANELLE
INTERACTIONS AND DRUG DISCOVERY

Super-resolution Microscopy

Precise imaging of intracellular and subcellular structures and
their dynamic processes are crucial to fundamental research in
biology and medicine (Dean and Palmer, 2014; Specht et al.,
2017).  Super-resolution microscopy (SRM) techniques
(Gustafsson et al., 2016) enable the observation of fluorescence
images of subcellular organelles beyond the diffraction limit by
precluding fluorescence emission when fluorophores are exposed
to the excitation light, have been developed (Hell, 2007; Yang
etal., 2016). More recently, SRM has been used to investigate the
properties of soft matters (Woell and Flors, 2017) such as
polymers (Park et al,, 2015), catalysts (Peng and Long, 2011),
DNA origami (Iinuma et al., 2014), and lipid-based materials
(Sharonov and Hochstrasser, 2006). There are two distinct
conceptual approaches to obtaining the super-resolution
image. One strategy based on probes for achieving supper
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FIGURE 2 | Acquisition schematics for each super-resolution technique. White circles represent molecules, green represents excitation light, red represents
depletion light, and yellow highlights fluorescing molecules. In acquisition schematics, molecular positions mimic the cellular distributions of the FtsZ protein (Coltharp
and Xiao, 2012). (A) ALM and STORM based on single-molecule localization use low levels of activation light (violet arrow) to stochastically activate and localize single
molecules. An activated molecule produces a diffraction-limited spot (diffuse yellow circle) to localize the molecule’s position. Different spots are superimposed to
create a superresolution image. (B) SIM utilizes the moiré effect. Interference between the illumination pattern (green stripes) and the sample (yellow stripes) produces
moiré fringes (black lines). Although the emission from fluorescing molecules (yellow circles) is diffraction-limited, spatial information extracted from the Fourier transforms
of each image with illumination patterns is combined to generate the super-resolution image. (C) STED projects concentric excitation (green circle) and depletion beams
(red donut) onto a sample. Although the fluorophore can be excited (large green circle), the depletion beam (red donut) stimulates molecules outside the central
30-80 nm region back to the ground state before they fluoresce, generating a super-resolution PSF (small green circle). The super-resolution image is obtained by

collecting beams.

resolution employs stochastic activation of fluorescence to switch
on individual photoactivatable molecules and then images and
bleaches them at different time points, including photoactivated
localization microscopy (PALM) (Betzig et al., 2006) (Figure 2A),
fluorescence photoactivated localization microscopy (FPALM)
(Hess et al, 2006), and stochastic optical reconstruction
microscopy (STORM) (Rust et al, 2006) (Figure 2A). The
other category of strategies is based on modulating the spatial
pattern of fluorescence emission of molecules, including
stimulated emission depletion (STED) (Zhan et al, 2017)
(Figure 2C) microscopy and its generalization reversible
saturable optical transitions (RESOLFT) technique (Klar et al.,
2000; Gustafsson, 2005; Hell, 2007) and structured illumination
microscopy (SIM) (Gustafsson, 2005; Li et al., 2015) (Figure 2B).
Commercial (e.g., Volocity, Amira, and Imaris) and open-source
[e.g., Fiji (Schindelin et al, 2012), Image] (Collins, 2007),
CellProfiler (Carpenter et al., 2006), Icy (de Chaumont et al,
2011) and V3D (Peng and Long, 2011)] software packages have
been developed to enable the processing and analysis of
microscopy images of organelles, further reducing the
difficulty of analysis. SRM can obtain the images of dynamic

structures during the processes of organelle interactions, and
multicolor makes it more accurate in responding to subcellular
effects with the conventional fluorescent group and simple
operating device. But the resolution is largely affected by the
selected fluorescent probe. Besides, the introduction to
fluorophore will destroy cell activity and affect the
physiological environment. However, current ultra-resolution
imaging methods based on light and probe can visualize the
structure and dynamic processes of cells at the subcellular
organelle level, which provides great possibilities for studying
the pathogenesis and therapeutic of organelle-related diseases.
With the technical advancements in SRM, in practice,
however, many factors can influence the achievable resolution,
including the excitation and detection schemes, the properties of
fluorescent probes (FPs), as well as the labeling and sampling
density of FPs. SRM technologies have also enhanced the
requirements of FPs, which need especially low cytotoxicity,
high photostability, photobleaching resistance (Uno et al,
2014), and specific background (Han et al., 2017) to monitor
organelle interplay in living cells. In recent studies, FPs (Table 1)
were mainly divided into organic small-molecule probes and

Frontiers in Pharmacology | www.frontiersin.org

96

June 2022 | Volume 13 | Article 935898


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Yang et al.

TABLE 1 | Properties of different fluorescent probes.

Probe

LTR (Zhitomirsky et al., 2018)
MTG (Chen et al., 2014)
ERTG (Phaniraj et al., 2016)
TPE-Ade (Xing et al., 2021)
DTPA-BTN (Shen et al., 2021)
LC (Shen et al., 2018)
DTPA-BT-F (Xu et al., 2022)

Organelle Interaction and Drug Discovery

Properties

high quantum yield, cheap, and convenient but easily washed out, low photostability, and cytotoxicity

used Ade acts as an active site of many small molecules and the fluorescence intensity was enhanced by 160 times
the FWHM value was decreased by 130 and 281 nm, which increased the signal-to-noise ratios

recorded mtDNA distribution at unprecedented resolution

nanoparticle and have a diffusion limit during LMP

LTR: Lysosome Tracker Red, MTG: Mitochondria Tracker Green, ERTG: Endoplasmic Reticulum Tracker Green, TPE-Ade: Tetraphenylethylene- Adenosine, DTPA-BTN: 4,7-
ditriphenylamine-[1,2,5]- thiadiazolo [3,4-c]pyridine, LC: a thiophene-based terpyridine Zn(ll) complex, DTPA-BT-F: 4,4 '-(5,6-difluorobenzo[c][1,2,5]thiadiazole-4, 7-diyl)bis(N,N-bis(4-

methoxyphenyl)aniline).

TABLE 2 | Common commercial probes.

Organelle Probes

Mitochondrion Mito-Tracker Green FM(Pendergrass et al., 2004)

Mito-Tracker Red FM(Buravkov et al., 2014)

Nuclear DAPI (Castanheira et al., 2009)
Hoechst 33342 (Zhang et al., 1999)
ER ER-Tracker Green (Zhang et al., 2019b)
ER-Tracker Red (Wu et al., 2018)
ER-Tracker Blue-White DPX (Chini et al., 2018)
Lysosome Lyso-Tracker Green (Sintes and del Giorgio, 2010)

Lyso-Tracker Red (Freundt et al., 2007)

Golgi apparatus Golgi-Tracker Red (Li et al., 2017)

ER:Endoplasmic Reticulum.

organelle-targeting phosphor transition metal complex probes
(Kim and Cho, 2015; Wu et al., 2017). Commercial dyes (Table 2)
are representative organic small-molecule probes for studying the
interactions between organelles, especially in STED-based
imaging. Because diluted dye solutions are used in the imaging
process, the photostability of these probes leaves much to be
desired. In addition, some commercial dyes alter the permeability
of organelles and the inhibition of complexes at very low
concentrations (Zielonka et al., 2017). Therefore, the
development of new FPs is important to reveal the dynamic
process of organelles for the special characters. The concept of
“aggregation-induced emission” (AIE) was proposed by Tang
et al. (2016) (Luo et al, 2001). Since then a series of AIE
luminogens (AIEgens) can emit bright fluorescence in the
aggregation state and do nothing in solution state (Zhang
et al,, 2019; Ni et al, 2019). Organic fluorophores for STED
nanoscopy usually suffer from quenched emission in the
aggregated state and inferior photostability (Dang et al., 2019).
AlEgens have better photostability and photobleaching resistance
than commercial dyes, so it has been considered to have great
potential in STED applications (Zhang et al., 2018). TPE-Ade, a
Golgi-targeting probe, was first used Ade acts as an active site of
many small molecules in the Golgi apparatus and TPE with AIE
characteristics, and the fluorescence intensity was enhanced by
160 times (Xing et al, 2021). Together with the good
characteristics of AIE luminogens, Shen et al. synthesized
whole-cell targeting nanoparticles, DTPA-BTN (Shen et al,
2021). Compared to the wide field images, the FWHM value

of SIM images with DTPA-BTN was decreased by 130 and
281 nm, which increased the signal-to-noise ratios. AIEgens
display good photostability and biocompatibility and can avoid
fluorescence from the background. To overcome the limitations
of small molecules during lysosomal membrane permeability
(LMP), Xu et al. (2022) used DTPA-BT-F, an organic
nanocrystal with high brightness for the lysosome imaging, at
STED to monitor and long-term address lysosomal movements,
including lysosomal contact. Due to the larger size, DTPA-BT-F
had a diffusion limit during LMP, which prolongs their retention
time with lysosomes for the long-term STED images which is the
first case of AIE nanoparticles prepared by nanoprecipitation for
STED. Compared with organic small-molecule probes, metal
complex probes have stronger photostability, photobleaching
resistance, and a large Stokes shift (Fernandez-Moreira et al,
2010). Hence, it is more suitable to observe the dynamic process
of organelles for a long time (Chen et al., 2018). This provides the
added advantage that lifetimes of phosphorescence are much
longer than those of fluorescence, which makes changes in them
potentially easier to detect (Shewring et al., 2017). Shen et al.
(2018) designed and synthesized a mitochondrial-target probe
LC, a Zn(II) complex based on a thiophene unit, binding with
mtDNA in living cells. Due to the LC probe, the STED images
recorded mtDNA distribution within mitochondrial cristae and
inner matrix in living at unprecedented resolution (Shen et al.,
2018). Tang et al. (2016) reported a mitochondria-targeting Zn
(I1) complex dye, Znsalen J-S-Alk, whose fluorescence intensity
decayed to 10% of its maximum after 360s of continuous
scanning under STORM (Tang et al,, 2016).

The search for new therapies is a tedious process with long
cycles and high risks (Bialer and White, 2010). In the last 20 years,
technological advances in genomics (Xu et al., 2018), proteomics
(Han et al., 2008), and metabolomics (Wishart, 2016) have greatly
increased the number of potential therapeutic targets for a wide
variety of important clinical diseases (Zhu et al., 2012; Li et al,,
2018). However, there still exists a gap in quickly and effectively
identifying the target compound with the best efficacy from a
large number of candidate compounds with high specificity and
sensitivity, which is also a difficulty in current scientific research.
Organelles are highly dynamic and equipped to constantly and
rapidly change their motility, positioning, morphology, and
identity for different functions (Passmore et al., 2021). Highly
dynamic organelle interactions at the subcellular level regulate
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intracellular equilibrium and homeostasis and have been
considered as the important targets for drug discovery. SRM
can realize the observation of organelle interactions in living cells,
find possible targets for treating diseases, and then observe the
influence of drugs on the target. For example, there are thousands
of proteins attached to the mitochondria. However, most proteins
are encoded by nuclear genes except 13 proteins controlled by
mtDNA (Beattie et al., 1966). These proteins are synthesized in
the cytosol and imported into mitochondria by highly conserved
translocation machinery (Harbauer et al., 2014). Through the
analysis of mitochondrial protein composition, over fifty proteins
were found to be shared with the endoplasmic reticulum. Cellular
proteins include apoptosis inducing factor (AIF) (Chiang et al,
2012), acyl-CoA: diacylglycerol acyl-transferase 2 (DGAT2)
(Stone et al, 2009), and retinol dehydrogenase 10 (Rdh10)
(Jiang and Napoli, 2013) trafficking from the ER to the
mitochondria directly. In addition, pathogen-encoded proteins
such as human cytomegalovirus (CMV) (Bozidis et al., 2008)
encode viral mitochondrial-localized inhibitor of apoptosis
(VMIA), hepatitis ¢ virus (HCV) encodes the N3/4A protease,
and human immunodeficiency virus 1 (HIV-1) encodes viral
protein R (Vpr), which also traffics from the ER to mitochondria
(Huang et al,, 2012). The contacts of ER and outer mitochondrial

membrane (OMM) may facilitate the transportation of proteins
between the ER and mitochondria (Kornmann et al., 2009).
Mitochondrial localization inhibitor of human cytomegalovirus
(HCMV) vMIA protein, which is transmitted to the
mitochondrial associated membrane (MAM) and ER is in
contact with OMM. For visualizing vMIA association with
MAM, a series of images under STED showed vMIA is
distributed in clusters (Bhuvanendran et al, 2014). The
distribution established the ability of super-resolution imaging
to provide valuable insight into viral protein localization,
particularly in the sub-mitochondrial compartments, and into
drug discovery and medical treatment of Cytomegalovirus. In
contrast to direct transport from the cytosol to the OMM and
vMIA traffics sequentially from the ER to mitochondria through
mitochondria-associated membrane contacts between the two
organelles rather than direct transport from the cytosol to the
outer mitochondrial membrane. To investigate the role of host
proteins in vMIA trafficking from the ER to mitochondria, Salka
et al. (2017) designed a series of experiments, and the results
revealed that the Mitofusin (Mfn1/2)- and phosphofurin acidic
cluster sorting protein 2 (PACS-2)-mediated ER-mitochondria
tethering is not required for the ER-mitochondria trafficking,
proven by a fluorescence lifetime comparison of PACS-2- and
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Mifnl1/2-knockdown human primary fibroblasts and mouse
embryos via STED method.

Cryo-Electron Microscopy

Although SRM can achieve the imaging of subcellular structures,
it is difficult to detect dense material structures by using FPs,
which prohibits the understanding of organelle interactions at the
nanoscale level. Cryo-electron microscopy (cryo-EM) (Glaeser,
2018) (Figure 3A) can observe hyperfine structures of organelles
at near atomic resolution under the conditions closest to the
physiological environment, without the need for probes to label
the samples. Due to the imaging and processing processes of cryo-
EM strategy, the time series of dynamic structures are difficult to
extract. However, cryo-EM remains firmly established as a central
tool in the arsenal of structural biology, enabling the generation of
numerous near-atomic resolution structures with the highest
resolution of 1.22 A (the B3 GABA, receptor) (Nakane et al.,
2020). The establishment of cryo-EM benefits from the
development of cryofixation through rapid cooling, which
compels aqueous samples into a vitreous state, the
development of efficient data processing [i.e, RELION
(Zivanov et al.,, 2020)] and detector technology [direct electron
detector, DDD (Barak et al., 2020)]. The two most prevalent
approaches of cryo-EM are 1) to determine the three-dimensional
(3D) structures of biological specimens: single particle analysis
(SPA) (Figure 3B) (Nakane et al, 2020) and 2) cryo-electron
tomography (cryo-ET) (Figure 3C) (Ng and Gan, 2020). In cryo-
ET, the sample itself is imaged in 3D, and a series of 2D EM
images are photographed by the sequentially tilted specimen
(Wagner et al, 2017). The cryo-ET reconstruction method
uses large micrographs for reconstruction, believing that large
images can provide more signals and help to find the center of
images at various tilting angles, but this kind of large image limits
the resolution. Subtomogram averaging (STA) (Kucukelbir et al.,
2014) is a recent successful development in tomography which
collects data by tilt stage before tomographic reconstruction. Due
to each molecule frozen in a completely random direction, there
is no need to rotate the specimen stage for the projection in
different directions and the projection range of SPA also exceeds
the inclination range of specimen stage. The tilt angle limitation
can be regarded as missing part of the sample information
(Murata and Wolf, 2018). However, when the background
noise is high, such as in the complex cellular environment, it
is difficult to find and distinguish individual particles, only the
conventional method (e.g., single particle analysis) can be
adopted. In addition, the third dimension of STA is another
advantage over the 2D image of SPA, because the 2D projection
does not contain the absolute handedness of the structure, which
increases the possibility of incorrect 3D reconstructions. STA can
solve the brand-new structure with unknown symmetry and get
the positive deterministic structure. However, the wrong
symmetry information will cause the deviation of SPA and get
the inaccurate 3D classification results.

Ren and Zhang invented the IPET method and FETR
algorithm to perform the three-dimensional reconstruction.
Via IPET and FETR, the adverse effect caused by the
inclination error can be effectively limited, and the

Organelle Interaction and Drug Discovery

macromolecular center can be found more accurately, thus
greatly improving the resolution of reconstruction results
(Zhang et al, 2013). Interaction or crosstalk between
organelles occurs in the blink of an eye at the nanoscale level.
The dynamics of microenvironmental processes can be visualized
by SRM with fluorescence probe labeling organelles however at
the cost of wasting the structural and morphological information
around the probes (Song and Murata, 2018). Whereas the
dynamic processes of organelles are almost impossible to
obtain due to the mechanism of cryo-EM forcing us to get a
static picture (Ohta et al,, 2021). Combining with fluorescence
light microscopy and cryo-EM, correlative light and electron
microscopy (CLEM) (Murata and Wolf, 2018; Ohta et al,
2021) can break through such technical limitations to meet
the needs of life sciences and pharmacotherapeutics.
Fluorescence microscopy captures the dynamics of the cellular
process, then cell samples are fixed at a specific time.
Subsequently, cryo-EM provides the surrounding ultrastructure
at fluorescence localization. Focused ion beam SEM (FIB-SEM)
can further improve the resolution of electron microscopy
imaging of intracellular structures. Fermie was the first to use
CLEM to link the dynamic characteristics and interactions of
organelles to the hyperfine integrity of the structure of the labeled
region. Combining CLEM and FIB-SEM, live images of the endo-
lysosomal system were written down realizing the real-time
tracking of late endosome-lysosome interactions (Fermie et al.,
2018). In addition, Cryo-FIB provides a reliable technical option
for understanding how subcellular organelles work together. Guo
et al. (2022) visualized organelles of microalgae in unprecedented
detail under cryo-FIB. The organelle volume of nuclear radiation
mutant cells was significantly larger than that of wild-type cells.

The ER forms a continuous network of tubules and cisternae
that extends throughout all cell compartments, including
neuronal dendrites and axons (Griffing et al., 2017). There are
two pathways in organelle communication: 1) vesicle transport
between organelles and 2) membrane contacts without leading to
the bulk transfer of organelle luminal content (Winters et al.,
2020). Interorganellar communication at membrane contact sites
(MCSs) plays a major role in lipid metabolism, Ca** homeostasis,
and other fundamental cellular processes (Parnis et al., 2013). The
ER forms MCSs with virtually all other organelles, such as the
Golgi apparatus, mitochondria, lysosomes, or endosomes, as well
as the plasma membrane (PM). The DHPR-RyR couplon is an
excellent example of the importance of supramolecular
architecture for MCS function. Visualization of components of
the junction smaller than RyRs or DHPRs has been hindered by
technical limitations, but pioneering cryo-ET work approached
this issue in fully hydrated, unstained isolated triad junctions
(Renken et al, 2009). These studies measured an average
separation between sarcoplasmic reticulum and T-tubule
membranes of 15.5nm and hinted at a periodic arrangement
of the calsequestrin layer, which is separated from the RyRs by a
5nm gap bridged by fine filaments that could correspond to
proteins such as triadin or junction. There are three protein coats,
COPI (Zachaus et al., 2017), COPII (Hurley and Young, 2017),
and clathrin (Kaksonen and Roux, 2018) mediating the formation
and trafficking of vesicles in transport. The COPI coat mediates
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intra-Golgi and retrograde Golgi-ER trafficking and is
fundamental to the polarized Golgi structure (Duden, 2003).
Bykov et al. (2017) reported the in situ cryo-ET studies of
Golgi stacks and the native structure of the COPI coat within
Chlamydomonas reinhardtii cells, which provided reproducible
Golgi architecture. Structural analysis of the Golgi apparatus and
vesicle topology (Figure 4A) showed that vesicles change their
size, membrane thickness, and cargo content as they progress
from cis to trans, but the structure of the coat machinery remains
constant. During apoptosis, mitochondria permeabilize the outer
membranes to release apoptogenic proteins from the
intermembrane space (Dingeldein et al, 2018). To further
investigate mitochondrial outer membrane permeabilization
(MOMP), Kuwana developed simple but faithful vesicle
systems—outer membrane vesicles (OMVs) and liposomes—to
visualize the pores in the membrane and dynamics by using cryo-
EM in vitro preserving the native and hydrated membrane
structure (Schafer et al., 2009; Gillies et al., 2015; Kuwana
et al., 2016; Kuwana, 2019). Studies have indicated that Bax,
an effector proapoptotic molecule that permeabilizes lipid
membranes (Yang et al.,, 2006), is localized on the pore edges
constituting part of the pore walls, and the pore exclusively
formed by Bax oligomers will enlarge while more Bax
molecules join.

Drug discovery and targeted drug transport are two links in
the whole process of disease treatment. Although SRM can
observe the structural changes and interaction dynamics of

organelles in living cells, specific binding to organelle
membrane proteins or other contact sites is still required for
organelle-related drug development. Cryo-EM can image specific
targets on organelles at a resolution of atomic level benefiting the
understanding of therapeutic targets and drugs. By determining
the structural basis for the improved affinity of the peptidic
agonist of an aGPCR, peptidic antagonists toward aGPCRs
were developed by converting the “finger residues” to acidic
residues (Xiao et al, 2022). In search of drugs to treat
hypertension and Parkinson’s disease - highly selective DRD1
agonists—Xiao et al. (2021) determined near-atomic-resolution
cryo-EM structures of activated DRD1 with a downstream Gs
effector revealing a conserved motif for dopaminergic receptor
recognition with catecholamine agonists. With cell aging or
cytopathic effect, the expression of mitochondrial DNA was
changed. Inhibitors of mitochondrial transcription (IMTSs)
impair mtDNA transcription and inhibit mtDNA expression
and the oxidative phosphorylation (OXPHOS) system. The
OXPHOS system plays a vital role in the persistence of
therapy-resistant ~ cancer cell growth. Through the
reconstruction of human mitochondrial RNA polymerase by
cryo-EM, Bonekamp et al.(2020) found the allosteric binding
site near the active center cleft of POLRMT (Figures 4B,C). After
the treatment of IMT, the viability of cancer cells strongly
decreased, but importantly, treatment with IMT was not
cytotoxic to human PBMCs or pooled primary human
hepatocytes. Prolonged treatment with an IMT thus
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specifically affects the proliferation of cancer cells, which suggests
that cancer therapy may be a potential in vivo application of
IMTs. Glioblastoma (GBM) is the most common malignant
primary brain tumor in adults. However, existing treatments,
such as surgery and chemotherapy, have little effect on
glioblastoma stem cells (GSCs) (Schulze et al, 2018). After
high-content screening in a custom-made library of potential
mitochondrial translation inhibitors, Sighel et al. (2021)
identified the bacterial antibiotic quinupristin/dalfopristin (Q/
D) as an effective suppressor of GSC growth that can disrupt the
cell cycle, induce cell death and inhibit the replication of GSCs.
Cryo-EM results revealed that Q/D binds to the large
mitoribosomal subunit, inhibiting the mitochondrial protein
synthesis and functionally dysregulating the OXPHOS
complexes, suggesting that Q/D could potentially be
repurposed for the treatment of tumors.

MOLECULAR DYNAMICS SIMULATIONS
APPROACH FOR ORGANELLE
INTERACTIONS

Although the dynamic process of organelle interactions can be
obtained by nanoscopy, it is still necessary to analyze the
evolution behavior at the all-atom level. Molecular dynamics
(MD) simulations could obtain structural and dynamical insight
into organelle interactions at the all-atom level (Fiorin et al,
2013). MD simulations have been used not only to study the
dynamics of short-term organelle interactions in the presence and
absence of membrane proteins but also to study the formation of
structures and nanodomains around the organelle proteins.
During these simulations, the coarsening models (Saunders
and Voth, 2013) are usually adopted to save computing
resources with the cost of sacrificing spatial resolution by
allowing a significant increase in the integration time step in
the numerical solution of Newton’s equation of motion
(Pluhackova and Bockmann, 2015).

With the increase in understanding of organelle composition
and the importance of organelle interactions, modeling of
organelle interactions has become more complex. An energy-
based model has been designed for the molecular reaction-
diffusion dynamics involved with the cytomembrane,
cytoskeletons, and organelle membranes. The existence of a
clustering associated with receptor-cluster rafts and the “fluid
mosaic model” in the plasma membrane was confirmed based on
this perspective (Azuma et al., 2006). With the development of
computer hardware and algorithms, Coarse-Grained MD
simulations have been widely extended beyond the
cytomembrane, entering the domain of organelles and
subcellular structures (Chavent et al, 2016). A model
integrating multiple data from structural biology, mass
spectroscopy, and biophysics realized the near atomic
resolution of synaptic vesicles (Takamori et al., 2006). Based
on MD simulations of bovine heart mitochondria, Arnarez et al.
(2016) revealed the reason why cardiolipins glue complexes
together is cardiolipin binding strength is higher than
mitochondrial lipids resulting from non-additive electrostatic
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and van der Waals forces, suggesting that lipids have the
ability to selectively mediate protein-protein interactions. The
study of interactions between membraneless organelles has also
benefited from MD simulations. For example, membraneless
organelles exhibit classic signatures of liquids which allows to
concentrate molecular reactants and organelle interactions to
take place. Wei et al. (2017) found that the effective mesh size
of intracellular droplets is ~ 3-8 nm, which determines the size
scale of droplet characteristics affecting molecular diffusion and
permeability, and reveals how specific intrinsically disordered
proteins (IDPs) phase separate to form permeable, low-density
liquid. Liquid-liquid phase separation (LLPS) condensates can
simulate membraneless organelles in vitro. The rebalancing MD
simulation force fields, based on experimental data on LLPS and
without limiting specific coarse-particle sizes, not only perfect the
interaction between proteins, but also correct the potential energy
surface, improving the reliability of modeling interactions
between membraneless organelles (Benayad et al., 2021). With
the support of a new MD simulation approach equipped with a
subtractive assembly technique to eliminate the overlap in space,
Vermaas et al. (2022) simulated one protocell model at the
organelle scale level and one protocell model at the cell scale
level. The MD results revealed how membrane curvature plays a
role in diffusion and protein organization at the subcellular
scale level.

OUTLOOK

Organelle interactions play the important roles in maintaining
cell homeostasis and function, and the fine organelle structures
have extraordinary implications for drug discovery. Super-
resolution microscopy (SRM) techniques enable the
observation of fluorescence images of subcellular organelles
beyond the diffraction limit and arouse the discovery of
mitochondrial lysosome contact (MLC), providing a new
perspective on the drug screening and the treatment of
diseases (Chen et al., 2018; Chen et al., 2020). However, the
resolution of ultra-resolution microscopy is still lower than that of
cryo-EM, and the three-dimensional reconstruction results of
organelles obtained by SRM seem to be different from those of
cryo-EM approaches (e.g., cryo-ET) (Diebolder et al., 2012;
Broeken et al., 2015). With the development of cryo-EM, the
resolution of organelle structures has reached the approximate
atomic level, especially the dynamic structural changes of the
organelle interactions. =~ While, the three-dimensional
reconstruction of cryo-EM captures the configuration frozen
in various random states, with the less time sequence
information of captured structures.

The ideal of organelle interaction research is to capture a series
of atomic resolution images in active state in chronological order,
construct the dynamic structures during the interaction
processes, and deeply understand the details of conformational
transitions and “energy motion” transformation mechanism. Due
to the limitation of current nanoscopy techniques, SRM and cryo-
EM analyses cannot reach the atomic resolution or look at how a
particular change over time trends. The two deficiencies could be
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partially compensated by molecular dynamics (MD) simulation.
Although the computational power of MD simulation is far from
being able to replace the experiments, through careful design,
especially constrained by the key dynamic spatial and temporal
data provided by nanoscopy (SRM and cryo-EM), it can provide
sufficient information for the construction of the initial model.
Combined with Coarse-Grained MD and all-atom MD
simulations, it is expected to not only connect the dynamic
evolution process of organelle interaction on a large scale (the
application of CG models sacrifices degrees of freedom), but also
analyze the evolution behavior of key dynamic nodes at the all-
atom level (reintroducing the atomic details by subsequent all-
atom models), then summarize the physical characteristics and
laws of the structure-activity changes of the system, and establish
the correlation between the dynamic structure and function of
organelles (Marrink et al., 2019).

With the continued advances in SRM, cryo-EM, and MD
simulation, the combination of the three techniques and the
cooperation of super-resolution time series and cryo-EM
structure information will be an effective solution for the
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Mitochondria, as the powerhouse of cells, are involved in various processes of cellular
homeostasis, especially energy metabolism. The morphology of mitochondria is a critical
indicator for their functions, referring to mitochondrial fusion and fission. Here, we
performed structured illumination microscopy (SIM) to measure the mitochondrial
morphology in living cells. Benefitting from its nano-scale resolution, this SIM-based
strategy can quantify the fusion and fission of mitochondria with high sensitivity.
Furthermore, as type 2 diabetes mellitus (T2DM) is caused by a disorder of energy
Substrate utilization, this strategy has the potential to study T2DM by analyzing the
mitochondrial morphology of insulin-resistant (IR) cells. With SIM, we found that
mitochondrial fission was increased in IR MRC-5, LO2, FHs 74 Int, and HepG2 cells
but not in IR Huh7 cells with high-invasiveness ability. Furthermore, we found that
metformin could inhibit mitochondrial fission in IR cells, and sorafenib could promote
mitochondrial fusion in HepG2 cancer cells, especially in those IR cells. To conclude,
mitochondrial fission is involved in T2DM, and cancer cells with high-invasiveness ability
may be equipped with stronger resistance to energy metabolism disorder. In addition, the
pharmacodynamics of metformin and sorafenib in cancer may be related to the inhibition of
mitochondrial fission, especially for patients with T2DM.

Keywords: mitochondria, structured illumination microscopy, T2DM, metformin, sorafenib

INTRODUCTION

Type 2 diabetes mellitus (T2DM), a serious health problem worldwide, is caused by insulin resistance
and is related to abnormal energy substrate use in cells (Petersen and Shulman, 2018; Cole and
Florez, 2020). Mitochondria play pivotal roles in cellular energy metabolism, and increasing pieces of
evidence have pointed out that mitochondrial dysfunction and T2DM are reciprocally influenced
(Szendroedi et al., 2012; Prasun, 2020). Thus, studying the role of mitochondria in the pathogenesis
of T2DM has attracted more attention from researchers.

Mitochondria are a dynamical organelle, and their morphology can range from tubular networks
to sphere structure through fusion and fission events (Scorrano, 2005). Accordingly, as the balance
between fusion and fission has direct or indirect effects on mitochondrial function by controlling its
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quality, content exchange, and ATP production (Mao et al., 2013;
Kandul et al., 2016; Chan, 2020), it is increasingly recognized that
the function of mitochondria varies with their morphology.

Therefore, expanding our understanding of the changes in
mitochondrial morphology is of great significance for T2DM
pathogenesis and pharmacodynamics evaluation. To date, the
measurement of mitochondrial morphology mainly depended on
confocal fluorescence microscopy and transmission electron
microscopy (TEM). However, because of the resolution
limitation of confocal fluorescence microscopy, it is difficult to
sensitively identify and quantify morphological changes in
mitochondria in insulin-resistant (IR) cells (Chen et al., 2019).
In addition, due to the complicated process, images captured by
TEM could rarely reflect the true situation of mitochondrial
morphology and cannot be applied in evaluating mitochondria
in living cells. Hence, it is essential to develop a more accurate
strategy for mitochondrial morphology quantification in living
cells. As SIM illuminates the sample with a defined illumination
pattern (usually a sine wave grating formed by the interference of
two lights) to obtain an image that is beyond the general optical
resolution (Gustafsson, 2005), it can capture the morphology of
the sample with 100 nm spatial resolution, and has been applied
in studying mitochondria and their connections with other
organelles in several studies (Chen et al., 2018; Chen et al,
2020; Chen et al.,, 2021; Wang et al., 2022). But it remains a
vacant premise for the SIM-based strategy for mitochondrial
morphology in T2DM.

Here, we established IR cells, and performed SIM to capture
their mitochondrial morphology at the nano-scale and analysis
software to automatically quantify the morphological changes of
mitochondria. In addition, to confirm the achieved results and
further detect the relationship between T2DM and cancer
metastasis, we investigated mitochondrial morphology in IR
hepatoma carcinoma cells with different invasive abilities
under SIM. Moreover, we measured the changes in
mitochondrial morphology in IR cells after being treated with
metformin, a classical diabetes drug, or sorafenib, a most-used
cancer targeted-therapy drug for hepatocellular carcinoma
(HCC), under SIM. Taken together, based on the super-
resolution of SIM, we proposed a new strategy for studying
T2DM and evaluating the pharmacodynamics of related drugs
by quantifying mitochondrial morphology. Also, this method
may be a potential tool to guide the therapeutic regimen for
T2DM patients with cancers.

METHODS

Cell Culture

MRC-5, LO2, FHs 74 Int, HepG2, and Huh?7 cells were obtained
from ATCC and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 1% penicillin-streptomycin and 10% fetal bovine
serum (FBS). All cell lines are cultured under optimal conditions
in a humidified atmosphere (95%), 5% CO2 at 37°C. Metformin
(Sigma-Aldrich, United States) was dissolved in phosphate-
buffered saline (Gibco, United States) as a stock solution of
IM. Sorafenib was purchased from Selleck and dissolved in

Mitochondrial Morphology SIM in T2DM

DMSO (Sigma-Aldrich, United States) as a 50 mM stock
solution. For each experiment, fresh appropriate working
concentrations were prepared with the DMEM medium.
Diluted drugs were filtered through a 0.22-um PTFE ﬁlteé
(Macherey-Nagel, Germany) before use. MitoTracker
Mitochondrion-Selective ~ Probes  were  purchased
Invitrogen.

from

Cellular Insulin-Resistant Models

To induce insulin resistance, cells were cultured in serum-free,
low-glucose (1 g/L) DMEM containing 0.5% BSA and 5nM of
TNF-a (R&D Systems) for 24 h.

Structured lllumination Microscopy
(SIM)-Based Mitochondrial Imaging

Cells were split and cultured in a glass-bottomed micro-well dish
and incubated with 2 ml of DMEM supplemented with 10% FBS
for 24 h. After being washed with PBS, the cells were treated with
metformin (1 mM) or sorafenib (2ug/ml) for 24 h. Afterward, the
cells were incubated with 100 nM of MitoTracker Green (MTG)
at 37°C for 30 min. Then, the cells were washed with PBS five
times and incubated in a phenol-free medium for SIM imaging
(Nikon, Tokyo, Japan).

Statistical Analysis

SIM images were analyzed with Nikon Elements and Image]
software. Statistical analysis was performed with GraphPad Prism
7.0. The statistical comparison was performed through Student’s
t-test at significance levels of *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001. Data appeared as mean * SD.

RESULTS

Structured Ilumination Microscopy (SIM)-Based Imaging of
Mitochondrial Morphology for Quantitative Analysis in
Insulin-Resistant Cells

As the super-resolution of structured illumination microscopy
(SIM), which can reach the 100 nm-scale, we combined it with
Image] software to quantify the mitochondrial morphology in
living cells. First, 100 nM MitoTracker Green (MTG) was used to
stain 786-O renal cancer cells for 30min to allow the
mitochondria to be captured with SIM. The image showed
various morphologies of mitochondria, such as punctate, rod-
like, and fibrous. Then, the image was transformed to an 8-bit
format by Image] software for the next automatical analysis. Next,
referring to a previous study (Shao et al.,, 2020), we used the
length-to-width (L/W) method to quantify the mitochondrial
morphology and assigned it into four classes: round or round-like
(1.0 < L/W < 1.5), intermediate (1.5 < L/W < 2.0), tubular (2.0 <
L/W < 5.0), and hyper-fused (L/W > 5.0) (Figure 1A). Thus, we
could intuitively observe the distribution of mitochondrial
morphology in one cell, and then quantify the morphological
changes among cells.

To validate the application of this mitochondrial morphology
quantitative strategy based on SIM, and explore the role of
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FIGURE 1 | SIM-based imaging of mitochondrial morphology for quantitative analysis in IR cells. (A) After being captured by SIM, the image of mitochondria in a
786-0 cancer cell was transformed to an 8-bit format, and the length/width of the mitochondria was further analyzed by Imaged software. (B) Representative images of
mitochondrial morphology and corresponding quantitative analysis for the four morphological groups (round, intermediate, tubular, and hyper-fused) in parental and IR
MRC-5, LO2, and FHs 74 Int cells, respectively. (C) Representative images of mitochondrial morphology and corresponding quantitative analysis for the four
morphological groups (round, intermediate, tubular, and hyperfused) in parental and IR HepG2 and Huh7 cancer cells, respectively. Scale bar: 10 pm. Data showed as
mean + SD. *p < 0.05, *p < 0.01, and **p < 0.001, ns: no significance. The gradient column chart indicates the trend of morphological changes, referring to the fission
and fusion of the mitochondria.
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morphological changes in mitochondria in T2DM, we first
established IR cells with fibroblasts, intestine epithelial cells,
and hepatocytes by culturing these three cell lines in a low-
glucose medium with TNF-a and 0.5% BSA. This method has
been widely used to establish IR cells in vitro (Lo et al., 2013).
Under SIM, we observed that the round-like mitochondria
significantly increased in MRC-5, LO2, and FHs 74 Int cells
after they were induced to be resistant to insulin. On the contrary,
the tubular mitochondria were decreased, especially in MRC-5
cells. These morphological changes conformed to the
mitochondrial fission process. Quantitative analysis results
indicated that compared with 32.48 + 4.77%, 33.51 + 4.66%,
and 40.08 + 4.06% in parental MRC-5, LO2, and FHs 74 Int cells,
respectively, the ratio of round or round-like mitochondria
increased to 43.43 * 8.64%, 40.41 + 8.73%, and 46.43 + 4.95%
in their corresponding IR cells. Conversely, the ratio of tubular
mitochondria decreased to 28.94 + 7.54% and 34.95 + 5.36% in IR
MRC-5 and LO2 cells, respectively, while they were 41.16 + 5.85%
and 37.87 £ 4.09% in parental MRC-5 and LO2 cells, respectively.
The ratio of intermediate mitochondria in FHs 74 Int cells also
decreased from 28.24 + 2.17% to 22.20 + 2.24% after changing to
being insulin-resistant (Figure 1B). Altogether, these data
implied that mitochondrial fission is positively correlated with
insulin resistance in cells, especially in fibroblasts.

Next, to expand the application of this new strategy in the
T2DM area, we continued to measure the mitochondrial
morphology in IR cancer cells. We first used HepG2, a
hepatoma carcinoma cell line with low-invasive ability, to
develop an IR model. We observed that the mitochondria
presented as more punctate-like but less fibrosis-like after
being induced to be resistant to insulin. Our data also showed
the ratio of round or round-like mitochondria increased to
47.34 + 599% in IR HepG2 cells, which was only 37.68 *
539% in its parental cells. Meanwhile, the ratio of
intermediate and tubular mitochondria both emerged as
opposite changes in IR HepG2 cells compared to their
parental cells, decreasing from 27.37 + 2.56% to 2343 *
3.41%, and 34.37 £ 5.93% to 28.99 + 2.07%, respectively. The
balance between fission and fusion tilted to fission. Next, to figure
out whether this balance-imbalance is connected with the
invasive ability of cancer cells, we induced Huh7 cells, another
hepatoma carcinoma cell line but with high-invasive ability, to be
resistant to insulin. However, the SIM images showed that there
were no obvious changes in mitochondrial morphology after
Huh?7 cells became insulin-resistant. The data also showed that
the distributions of these four morphological classifications in
parental Huh7 cells and IR Huh7 cells were similar (Figure 1C).
These results implied that the effect of T2DM on cancer may vary
from cancer metastatic abilities.

Decreased Mitochondrial Fission in IR Cells

Treated With Metformin or Sorafenib

As metformin is one of the most used drugs for T2DM therapy,
we further evaluated the influence of metformin on the
morphological changes of mitochondria in IR cells. With SIM,
we observed that the mitochondria exhibited refusion states in the

Mitochondrial Morphology SIM in T2DM

IR MRC-5, LO2, FHs 74 Int, and HepG2 cells after being treated
with metformin (Figure 2A). The quantitative data further
confirmed this phenomenon. In IR MRC-5 cells, ratios of
round or round-like and intermediate mitochondria both
slipped from 4343 + 8.63% to 32.00 * 2.72% and from
27.62 + 5.77% to 20.72 + 2.24%, respectively, but the ratio of
tubular mitochondria increased from 28.94 + 7.54% to 46.42 +
2.71%. In IR LO2 cells, ratios of round or round-like and
intermediate mitochondria both dropped from 40.41 + 8.73%
to 37.03 + 2.51% and from 26.09 £ 6.30% to 19.33 + 1.19%,
respectively, but the ratio of tubular mitochondria went up from
34.95% + 5.36 to 43.31 £ 1.52%. In IR FHs 74 Int cells, the ratios
of round or round-like and intermediate mitochondria both
dropped from 4643 + 4.95% to 3523 + 2.52% and from
2220 + 2.24% to 19.87 + 2.91%, respectively, while the ratio
of tubular mitochondria increased from 31.08 + 1.53% to 44.18 +
3.73%. In HepG2 cancer cells, the ratio of round or round-like
mitochondria was also down from 47.34 + 5.99% to 40.44 +
10.00%, and the ratio of intermediate mitochondria was up from
2343 + 3.41% to 31.38 * 6.21%; however, the ratio of tubular
mitochondria barely changed (Figure 2B). The results gave a hint
that metformin might improve insulin resistance in cells by
inhibiting their mitochondrial fission, and this refusion effect
might also play a role in the anti-cancer effect of metformin.
In addition, as sorafenib is the most commonly used targeted-
drug for hepatocellular carcinoma (HCC) therapy, to explore the
T2DM influence on sorafenib efficiency for hepatoma carcinoma
patients, we proceeded to measure the effect of sorafenib on
mitochondrial morphology in parental HepG2 cells and IR
HepG2 cells. The images captured by SIM indicated that
sorafenib could lead to mitochondria fusion both in these two
cells (Figure 2C). With quantitative analysis, the data showed
that after treatment with sorafenib, the ratio of round or round-
like mitochondria was reduced from 37.68 + 5.39% to 34.50 +
2.88% and from 47.34 £ 5.99% to 35.72 + 4.84%, while the ratio of
tubular mitochondria was increased from 34.37 + 5.93% to
37.32 = 4.17% and from 28.99 * 2.07% to 33.97 + 2.50% in
parental and IR HepG2 cells, respectively. Moreover, the ratio of
intermediate mitochondria also increased from 23.43 + 3.41% to
30.12 + 2.44% in IR HepG2 cells but nearly did not change in
parental HepG2 cells (Figure 2D). Overtly, a more distinct fusion
trend was detected in IR HepG2 cells, which indicated that
sorafenib might be more effective for HCC patients with T2DM.

DISCUSSION

Increasing amount of evidence has shown that T2DM caused by
insulin resistance is characterized by impaired mitochondrial
function, and it is also widely accepted that there is an exact
link between morphology and function of mitochondria. Thus,
studying T2DM from the perspective of mitochondrial
morphology will be more intuitional, and it has the potential
to provide a quantifiable biomarker for studying and monitoring
T2DM. In this study, we used a super-sensitive method, SIM, to
examine the morphological changes in mitochondria. The results
indicated that the fission of mitochondria was enhanced after
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FIGURE 2 | Effect of metformin or sorafenib on mitochondrial morphology in IR cells. (A) Representative images of mitochondrial morphology in IR MRC-5, LO2,
FHs 74 Int, and HepG2 cells treated or untreated with metformin. (B) Quantitative analysis for the four morphological groups (round, intermediate, tubular, and hyper-
fused) in IRMRC-5, LO2, FHs 74 Int, and HepG2 cells treated or untreated with metformin. (C) Representative images of mitochondrial morphology in IR HepG2 cancer
cells with or without sorafenib treatment. (D) Quantitative analysis for the four morphological groups (round, intermediate, tubular, and hyper-fused) in IR HepG2
cancer cells with or without sorafenib treatment, respectively. Scale bar: 10 um. Data showed as mean + SD. *p < 0.05, *p < 0.01, ***p < 0.001, and ****p < 0.0001, ns:

normal fibroblasts, hepatocytes, and intestine epithelial cells were
induced to be resistant to insulin, especially in fibroblasts. A
similar phenomenon has also been reported that the fission of
mitochondria can lead to insulin resistance in skeletal muscle cells
and dorsal vagal complex (Filippi et al., 2017; Axelrod et al., 2021;
Kugler et al., 2021). It should be noted that it is first reported that
this phenomenon can be detected in fibroblasts and intestinal
epithelial cells in our study. Furthermore, benefitting from the
super-sensitivity of SIM, we could accurately quantify the
morphological changes of mitochondria with ImageJ software,
and the data showed insulin resistance had the greatest influence
on fibroblasts among these three cell types. We speculated that
the reason for this result is that insulin has a greater effect on
mesenchymal cells, such as adipocytes which can be differentiated
from fibroblasts in vitro (Benito et al., 1991).

In addition, in the past decades, there has been an explosion in
knowledge about the role of T2DM in promoting cancer
metastasis (Brown et al, 2020; Fan et al, 2020), but the
underlying mechanism is still under study. Hence, we further
quantified the mitochondrial morphology in IR HepG2 cancer
cells and found that mitochondrial fission was also increased.
Considering previous research studies which showed that
mitochondrial fission was significantly unregulated in distant
metastasis of hepatocellular carcinoma and mitochondrial

fission can promote breast cancer and hepatocellular
carcinoma metastasis (Zhang et al., 2017; Sun et al., 2018; Yu
et al,, 2021), it is tempting to speculate that T2DM can facilitate
cancer metastasis by boosting mitochondrial fission according to
our results. Furthermore, we also noted that compared with
HepG2 cells of weakly potential invasion and low frequent
metastasis, Huh7 cells of strongly potential invasion and high
frequent metastasis are less sensitive to insulin resistance; the
results suggested that insulin resistance may have a greater effect
on the early stage of cancer rather than metastatic cancer.
Together, our work added a novel explanation for the
metastasis-promoting effect of T2DM in different cancer stages.

As one of the most used first-line drugs for T2DM, metformin
also has anticancer effects (Vancura et al., 2018; Cheng et al.,
2021; Xiao et al., 2022). Here, our data indicated that metformin
could alleviate the mitochondrial fission exerted by insulin
resistance in cells. Previous research studies have reported that
mitochondrial refusion by the overexpression of Mfn-2, a
mitochondrial fusion protein, or inhibition of Drp-1, a
mitochondrial fission protein, could lead to a decrease in cell
proliferation and an increase in apoptosis in lung cancer
(Rehman et al., 2012). It also has been observed that induction
of mitochondrial fission is required for the maintenance of liver
cancer-initiating cells, and the inhibition of fission could result in
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the apoptosis of brain tumor-initiating cells; thus, tumor growth
was halted (Xie et al., 2015; Tang et al, 2021). Furthermore,
mitochondrial fission is important for damaged mitochondrion
elimination by mitophagy, so it is possible that the refusion of
mitochondria can accumulate damaged mitochondria which go
against cancer cells’ survival and proliferation (Grandemange
et al,, 2009). Given this, we reasoned that the inhibition of
mitochondrial fission might be the underlying mechanism of
the anticancer effect of metformin. Moreover, we also found that
sorafenib could enhance mitochondrial fusion in HepG2 cells,
and this effect is stronger in IR HepG2 cells, which is consistent
with a previous study which showed that sorafenib might have a
better anticancer effect in hepatocellular carcinoma patients with
T2DM than those without T2DM (Di Costanzo et al., 2017).
Consequently, our data provided a possible explanation for this
phenomenon and a new direction to investigate the mechanism
for the anti-cancer effect of sorafenib.

By using the super-resolution characteristic of SIM to precisely
quantify the morphological changes of mitochondria, we found
that insulin resistance could lead to mitochondrial fission in
living cells, and metformin and sorafenib can both weaken
this mitochondrial fission-promoting effect of insulin
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Recently, there has been a rapidly expanding interest in a new nanomaterial, graphene
quantum dots (GQDs), owing to its profound potential in various advanced applications. At
present, the study of GQDs mainly focuses on the new synthesis methods and surface
modification. However, revealing the intracellular distribution of GQDs is currently not
available, limiting in-depth understanding of its biological regulatory mechanism. To fill up
this gap, the visualization study of red fluorescent graphene quantum dots (Red-GQDs) is
helpful to clarify their subcellular distribution and metabolism in living cells system. Here, in
this study, two-photon laser confocal microscopy was used to deeply analyze the uptake
and subcellular distribution of Red-GQDs by Hela cells at different concentrations and
times through visual observation and discussed the effect of Red-GQDs on the metabolic
of Hela cells. The results indicated that Red-GQDs could be well-absorbed by Hela cells
and further revealed the differential distribution of Red-GQDs in different organelles
(lysosomes and mitochondria) in a time-dependent manner. In addition, we confirmed
that Red-GQDs significantly affect cell biological functions. Low concentrations of Red-
GQDs are related to the autophagy pathway of cells, and high concentrations of Red-
GQDs can induce ferroptosis in cells and promote the secretion of cellular exosomes. In
the present study, the distribution and metabolic pathways of Red-GQDs in the subcellular
structure of cells were characterized in detail through visual analysis, which can bring
positive reference for the application of Red-GQDs in the future.

Keywords: GQDs, subcellular distribution, lysosome, autolysosome, mitochondrion

INTRODUCTION

With the rapid development of nanoscopic imaging technology, more and more nanomaterials are
used in the field of life sciences. Carbon dots (CDs) are a new type of fluorescent nanomaterials with
carbon atoms as the basic structural unit. According to the different chemical structures, they are
divided into spherical carbon nanodots (carbon nanodots, CNDs), graphene quantum dots (GQDs)
with single-layer or multi-layer sheet structure, or aggregated granular polymer dots (polymer dots,
PDs) (Tian et al., 2018). GQDs are a kind of carbon quantum dots (carbon dots, CDs). GQDs can be
regarded as graphene fragments of less than 100 nm in lateral size (Chen et al., 2017; Tian et al,,
2018). In contrast, GQD has “molecular” features rather than colloids and is a nanocarbon material
with a honeycomb-like hexagonal lattice structure with sp>~sp> carbon bonds. In recent years, many
studies have converted two-dimensional graphene into zero-dimensional graphene quantum dots
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(GQDs), which have broad and continuous absorption bands in
the ultraviolet region, and the absorption is strong, but the
ultraviolet absorption of GQDs prepared by different methods
peaks are different. The transition from the m orbital of the C=C
bond to the 7* orbital in the GQDs structure (Abdullah Al et al.,
2013), or the transition from the n orbital of the C=0 bond to the
7* orbital can cause characteristic peaks (Mihalache et al., 2014),
and some GQDs can cause characteristic peaks. There may also
be no obvious absorption peaks (Shen et al., 2011). GQDs are very
small, and the movement of the internal electrons in all directions
is limited, and they have significant quantum confinement effects
(QCEs), quantum tunneling effects, and boundary effects (Zhu et al,,
2014), which will induce the stability of GQDs fluorescence with
high quantum yield (Hai et al., 2015). GQDs have attracted much
attention due to their unique structures, boundary effects, and
quantum confinement effects (Chen et al., 2017; Tian et al,, 2018).

It was found that the surface of GQDs has a large number of
hydrophilic groups (such as hydroxyl and carboxyl groups) (Gan
et al, 2016; Hai et al,, 2018). It has excellent water solubility,
photobleaching resistance, biocompatibility, and low toxicity;
meanwhile, GQDs also have a high specific surface area,
multiphoton  excitation ability, and abundant surface
photoenergy groups, which are helpful for their surface
modification (Schroeder et al., 2016; Xu et al., 2018; Zhu et al.,
2015). With the abovementioned advantages, GQDs have
received extensive attention and research in scientific research,
such as bioimaging, biosensing, and biopharmaceuticals (Tan
et al,, 2012; Xu et al, 2016; Yoo et al,, 2015). In the field of
biomedicine, some researchers (Wang et al., 2013) used GQDs for
stem cell labeling and found that GQDs were easier to enter cells,
showed lower cytotoxicity, and could produce clear and stable
images. Markovic et al. (2012) reported that GQDs could induce
the production of reactive oxygen species ROS in human glioma
U251 cells, causing oxidative stress and further leading to
autophagy and apoptosis. In addition, researchers also
synthesized GQDs that can emit multiple colors (blue, green,
and yellow) with unique optical properties, low cytotoxicity, and
good biocompatibility, which can be used as potential bioimaging
agents in vitro. GQDs can interact with organic or inorganic
substances through energy resonance transfer and other forms to
quench the fluorescence of GQDs. According to this principle,
biosensors can be fabricated, which can be used for the detection
of specific gene sequences. Using the properties of GQDs that can
be combined with a variety of molecules, some studies have
proved that GQDs can be used as excellent carriers for drugs and
can enhance the therapeutic effect of drug-loading systems by
virtue of their own photothermal properties (Wang et al., 2013).

In recent years, researchers in the field of biomedical research
have applied GQDs to a variety of living cell markers (Kim et al.,
2017), including HeLa cells, dental pulp stem cells, neural stem
cells, human lung cancer, and breast cancer cells (Shang et al.,
2014; Ku et al, 2021). The research is mostly focused on the
cytotoxicity, surface modification and modification, drug
delivery, and tumor cell imaging of GQDs, and there are few
studies on their visualization and biological functions in cells. The
recently developed two-photon laser confocal microscope,
LSM980, provides a powerful tool for visualizing the

Red-GQDs’ Organelles Distribution

distribution of GQDs in organelles. In this study, we selected a
kind of Red-GQDs for further study. In order to study the
distribution of Red-GQDs more accurately, we tracked their
distribution in organelles with LSM980 and found that low
concentrations of Red-GQDs were distributed in mitochondria
and lysosomes, and they participated in the autophagy of cells.
High concentrations of Red-GQDs can participate in ferroptosis
and promote the secretion of exosomes. In conclusion, this work
provides a powerful method for the biological function research
and application of GQDs.

RESULTS AND DISCUSSIONS
The Characterization of Red-GQDs

Red-GQDs were obtained and characterized from Nanjing
XFNANO Materials Tech. Co., Ltd and the zeta potential of
Red-GQDs was measured using Dylisizer NS-90Z
(Supplementary Figures S1-5). Then, we detected the UV-vis
absorption band and the fluorescence band of Red-GQDs. The
absorption peak and the strongest fluorescence absorption peak
of Red-GQDs were at 514.5 and 599 nm separately (Figures 1A
and B). Red-GQDs with strong fluorescence properties provide
important conditions for their visualization in cells. It is
consistent with the fluorescence features of Red-GQDs, which
we subsequently observe with LSM980. As shown in Figure 1C,
the cells were divided into three groups: normal group (37°C),
low-temperature treatment group (4°C), and endocytosis
inhibitor (chlorpromazine, CPZ)-treated group in order to
examine how Red-GQDs enter into HeLa cells. The results
showed that the fluorescence intensity of Red-GQDs in the
low-temperature treatment group (at 4°C) and the endocytosis
inhibitor treatment group was significantly lower than that in the
normal group (at 37°C). This result indicated that Red-GQDs
entered cells in an energy-dependent endocytic manner (Figures
1C and D; Supplementary Figure S6). Based on this, we carried
out cellular uptake experiments of Red-GQDs and incubated
HeLa cells with 25 pg/ml of Red-GQDs for 1, 6, 8, and 10h,
respectively. The results showed that the fluorescence intensity of
Red-GQDs gradually increased with the extension of incubation
time, indicating that Red-GQDs had better cell permeability
(Figures 1E and F). We detected the viability of HelLa cells
incubated with different concentrations of Red-GQDs for 24 h by
CCKS8S assay. The decreased cell viability became different from
the control when the concentration was above 50 pg/ml
(Figure 1G).

Studies have shown that the imaging effect of GQDs is related
to the uptake rate of cells, and the uptake of nanoparticles by cells
is inseparable from factors such as particle size, shape, specific
surface area, surface charge, and surface modification (Agarwal
et al., 2013). The smaller the particle size of the nanoparticle, the
higher the fluorescence intensity (Eda et al., 2010) and the easier it
is to be taken up by cells (Xu et al., 2018). The particle size of the
Red-GQDs selected in this study was less than 10 nm, and the
results of the study are consistent with those of previous studies
and also show better cell permeability. We used Red-GQDs, with
a particle size less than 10nm, that showed better cell
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significant (n = 3, *p < 0.01, **p < 0.001, and ****p < 0.0001). All compared with 37°C. (E) Permeability of the Red-GQDs (10 pg/ml) at times of 1, 6, 8, and 10 hin
Hela cells. (F)Fluorescence intensity changes of HeLa cells treated with Red-GQDs (10 pg/ml) for 1, 6, 8, and 10 h. (G) Effects of Red-GQDs on cell viability in HeLa cells
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permeability, which is consistent with the previous research
conclusions. In addition, the surface charge of nanoparticles is
another important factor affecting their uptake by cells. Studies
have found that due to the negative charge on the surface of the cell
membrane, nanoparticles with a positive potential are easier than
those with a negative potential. It is adsorbed to the cell surface and
even enters the cell (Zhuo et al., 2012). GQDs with a particle size of
15 nm have a higher positive surface charge than those of 50 nm and
are more easily taken up by cells. The Red-GQDs selected in this

study have amino groups and are more easily adsorbed to the cell
surface.

According to the report, long-term exposure to GQDs can lead
to decreased motor frequency and abnormal head and pharyngeal
movements in C. elegans, reflecting the chronic toxicity of GQDs
to dopamine and glutamate neurons (Li et al., 2017). A study on
graphene toxicity showed that GQDs smaller than 50 nm did not
cause significant damage to cells (Tabish et al., 2018). The results
of the CCK8 assay showed that 15nm GQDs had no obvious
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toxicity to PC12 cells, and 50 nm GQDs had lower cytotoxicity.
However, with the increase of the intervention concentration and
the prolongation of the intervention time, it still showed a certain
toxic effect. In this study, Red-GQDs, less than 10 nm, were
selected for the experiment, and the self-cytotoxicity of Red-GQDs
could be ignored. We incubated cells with different concentrations of
Red-GQDs, and the results of the CCK8 assay were consistent with
the results in the previous research (Wu et al,, 2013; Yuan et al,
2014). In conclusion, low concentrations of Red-GQDs are
nanomaterials with good biosafety.

Distribution of Red-GQDs With
Low-Concentration in Subcellular

Structures

Red-GQDs with the usage of 25 pg/ml were co-incubated with
HeLa cells for 0.5, 1, 2, and 3 h, respectively, to observe the
distribution of Red-GQDs in subcellular structures. The results
illustrated that Red-GQDs exhibited red globular structures when
HelLa cells were incubated for 0.5h (Figures 2A and B), which
was consistent with the reported lysosome morphology (Chen
etal,, 2022; Chen et al., 2020b). In addition to the red globules, we

also observed red fibrous structures (Figures 2A and B) when
Red GQDs were co-incubated with HeLa cells for 1 h. This result
is consistent with the morphology of mitochondrion (Chen et al.,
2022; Chen et al., 2020a). The red fibrous structure decreased, and
then the phenomenon of rupture and expansion gradually
appeared while the co-incubation time was extended for 2 or
3 h. The spherical structure increased significantly (Figures 2A
and B).

HeLa cells were incubated with Red-GQDs (25 pg/ml) for 0.5,
1, 2, and 3 h, respectively, to confirm the distribution of Red-
GQDs in organelles at different times. Then the incubated HeLa
cells were co-stained with a commercial lysosome probe
(LysoTracker Blue, LTB) and a commercial mitochondrial
probe (MitoTracker Green, MTG) (Figure 2C). As shown in
Figure 2D, a large number of red spheres were overlapped with
LTB-labeled lysosomes, and a small amount of them overlapped
with MTG mitochondrion, as Red-GQDs were incubated for
0.5h. The Red-GQDs were still mainly located in lysosomes
labeled by LTB, but the co-localization coefficient of Red-
GQDs with  MTG-labeled  mitochondrion  increased
significantly. In addition, the co-localization coefficient of
MTG-labeled mitochondrion with LTB-labeled lysosomes also
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increased while Red-GQDs were incubated with HeLa cells for 1 h
(Figure 2D). The overlap between Red-GQDs and MTG-labeled
green mitochondrion was significantly increased, and the co-
localization coefficient of Red-GQDs with LTB-labeled blue
lysosomes decreased as long as Red-GQDs were incubated for
2h (Figure 2D). Red-GQDs still exhibited high overlap with
MTG-labeled green mitochondrion. At this time, the co-
localization coefficients of Red-GQDs with LTB and MTG
with LTB also increased slightly with the extension of the
incubated time for 3h (Figure 2D). These results suggested
that Red-GQDs distributed in lysosomes and
mitochondria in a time-dependent manner after entering the cell

Lysosomes are considered to be intracellular “scavengers”
(Mijaljica et al, 2011) and are rich in more than 60 acid
hydrolytic enzymes. The enzymes contained in each lysosome
are different, but acid phosphatase is ubiquitous in lysosomes,
and so it can be used as a marker enzyme of lysosomes. It has been
reported that the pH value in the lysosome ranges from 3.5 to 5.5,
and the optimum pH value for the enzymatic reaction is 5.0. The
acidic environment in the lysosome is closely related to the
proton pump V-ATPases on the lysosomal membrane, which
hydrolyzes ATP to generate energy, and, at the same time,
transports H' into the lysosome, causing the pH value to
drop, thereby maintaining the acidic environment in the
lysosome. This acidic microenvironment of lysosomes is
beneficial for maintaining the activity of acid hydrolases and
the hydrolysis process and for regulating the transport of
biological macromolecules across the lysosomal membrane. If
the H" in the lysosome leaks, the transmembrane concentration
gradient of H" decreases, which can destroy the permeability
balance of other ions, resulting in the stability of decreased
lysosomal membrane (Serrano-Puebla and Boya, 2016). In
addition, since most enzymes in the lysosome have M6P with
negative charges, the inner surface of the lysosomal membrane
also has negative charges, which maintain a free state for the
enzymes in the lysosome, a feature that helps prevent the
lysosome itself was digested (Settembre et al, 2013). The
particle size of the Red-GQDs we selected was less than 10
nm and contained amino and hydroxyl groups. So, it was
quickly captured by lysosomes after entering cells. After Red-
GQDs entered the lysosome, the charge balance in the lysosome
was destroyed. In addition, the hydroxyl group could form
hydrogen bonds with the phospholipids or proteins on the
lysosomal membrane, which could increase the permeability of
the lysosomal membrane or even rupture. Under these factors,
the lysosomal membrane becomes unstable, the integrity is lost,
the permeability is enhanced, and lysosome membrane
permeabilization (LMP) occurs (Yoo et al., 2015), resulting in
the release of cathepsins and hydrolases from the lysosomal
lumen into the cytoplasm (Tan et al, 2012). Red-GQDs
captured by lysosomes during this study also re-entered the
cytoplasm for this reason, and Red-GQDs contacted
mitochondrion with increasing incubation time. One of the
reasons is that the mitochondrial surface carries negative
charges, while the Red-GQDs have positive charges. Apart
from this reason, it is unknown whether the change of
lysosomal membrane permeabilization and the release of

were

Red-GQDs’ Organelles Distribution

cathepsins and hydrolases within the lysosomal lumen
trigger the mitochondrial stress response. After entering
cells, Red-GQDs are distributed in lysosomes and
mitochondrion in a time-dependent manner. The molecular
mechanism of this visual phenomenon needs to be further
studied and perfected.

Red-GQDs With Low Concentration
Participating in Autophagy

These results showed that mitochondrion gradually became
spherical and merged with lysosomes with increasing the
incubation time. We further examined the relationship
between Red-GQDs and mitochondria or lysosomes in order
to confirm whether Red-GQDs with low concentration are
involved in the process of autophagy. It is shown that
mitochondrion and lysosomes were dispersed, while Red-
GQDs were incubated for 0.5h. Under this condition, by
increasing the incubation time, mitochondrion and lysosomes
were gradually contacted with each other and even merged
together (Figure 3A). This result suggested that Red-GQDs
might be involved in the process of autophagy with the
increase in incubation time.

HeLa cells were incubated with Red-GQDs for 1h and a
commercial autophagy-lysosome probe (DAPGreen) for 0.5h,
and then the co-localization analysis was in agreement with the
conjecture. The results in Figure 3B exhibit that the fluorescence
of Red-GQDs overlapped with that of DAPGreen. Through the
quantitative analysis of the underlined part, Red-GQDs
overlapped with fluorescence ranges of DAPGreen (Figures
3C and D). These results indicated that Red-GQDs
participated in autophagy after entering cells and formed
autolysosomes (Figure 3E). Substances in autolysosomes were
degraded by digestive enzymes in the lysosomes. In addition, we
selected specific proteins (p62, LC3B) related to autophagy for
Western blot assay. The results showed that the protein levels of
p62 were reduced in control compared with a low concentration
of Red-GQDs, and the protein levels of LC3B-II were increased
(Figures 5A-D).

Autophagy is a highly conserved catabolic process (Menzies
et al., 2017; Liao et al, 2021) that is critical for cellular
homeostasis. At the same time, it participates in and regulates
life processes such as differentiation, development, and tissue
remodeling of organisms (Li et al., 2015). In the process of
autophagy, abnormal components in the cytoplasm are
packaged by autophagosomes and transported to lysosomes,
forming autophagolysosomes and degrading them (Tan et al,
2012). Autophagy under normal conditions can maintain the
normal function of cells and is usually beneficial to cell survival.
However, excessive autophagy often causes cell death (Zhang
et al, 2012). As one of the important organelles involved in
autophagy, lysosomes can sensitively sense intracellular dynamic
changes, including nutrients, energy levels, and harmful factors
(Luzio et al, 2007; Lim and Zoncu, 2016). In this study, a
commercial autophagy-lysosome probe (DAPGreen) was used
to visually observe the metabolic pathway of low-concentration
Red-GQDs after entering cells under the visualization study.
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After Red-GQDs enter cells, they damage lysosomes and
participate in autophagy to form autolysosomes. During this
process, a separation membrane composed of a double-layered
membrane is formed, which continuously wraps accumulated
proteins or damaged lysosomes, forming autophagosomes.
Autophagosome Rab GTPases, anchoring factors, and SNAREs
undergo multiple fusion processes at different stages of the
endolysosomal system, finally forming autophagosomes with
degradative functions to degrade and recycle phagocytosed
substances (Menzies et al., 2017; Lawrence and Zoncu, 2019;
Zhao and Zhang, 2019). It has been reported that galectin-3
within the cytoplasm is a key protein involved in lysosomal
autophagy, which can recognize glycoproteins exposed to the
lysosomal membrane in the cytoplasm after lysosome rupture. It
further binds to tripartite domain-containing protein 16
(TRIM16), the regulatory factor E3 ubiquitin ligase (Hung
et al., 2013; Maejima et al., 2013). After that, TRIM16 recruits

autophagy regulator Unc-51-like kinase 1 (ULK1), Beclin 1, and
autophagy-related protein 16L1 (Thurston et al., 2012), and is
modified by the K63 ubiquitin chain, and finally interacts with the
key protein LC3 on the autophagy bubble membrane through the
autophagy receptor p62. After binding, the damaged lysosomes
are packaged to form autophagosomes, which are transported to
normal lysosomes for degradation. This process is a key step in
the formation of autolysosomes. Therefore, further exploration
and screening of key autophagy molecules to target activation or
inhibition of autophagy is expected to make breakthroughs in the
prevention and treatment of autophagy-related diseases. Given
that lysosomes are key organelles in cellular metabolism,
understanding the function of lysosomes in the autophagy
pathway is of great physiopathological value for in-depth
exploration of the mechanism of autophagy. Since lysosomes
are key organelles in cellular metabolism, understanding the
function of lysosomes in the autophagy pathway is of great
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FIGURE 4 | Red-GQDs of higher concentration induce ferroptosis and exosome secretion. (A,B) Fluorescence image of mitochondrion Fe®* with and without
treated with Red-GQDs (50 ug/ml, 1 h), Mito-FerroGreen: Aex = 488 nm. (C) Mitochondrion Fe?* level with and without Red-GQDs (50 ug/mi, 1 h)-treated. (E and F)
Fluorescence image of mitochondrion ROS with and without Red-GQDs (50 pg/ml, 1 h), DCFH-DA: Aex = 488 nm. (G) Mitochondrion ROS level with and without Red-
GQDs (50 pg/ml, 1 h)-treated. (H) Co-localization of Red-GQDs (50 pg/ml, 1 h) and commercial exosomes probes eGFP-NM_001780 cd63 (\ex = 488 nm). (1)
Fluorescence image of the enlarged region indicated by the white rectangle in (H). (J) Co-localization value of Red-GQDs and eGFP-NM_001780 cd63. Data are

presented as mean + SEM (n = 3).
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physiopathological value for in-depth exploration of the
mechanism of autophagy.

Red-GQDs With High Concentration Induce

Ferroptosis and Exosome Secretion

Mitochondria are the main organelles that regulate iron
metabolism and fatty acid metabolism (Nunnari and
Suomalainen, 2012). Mitochondria play an important role in
the induction of ferroptosis (Gao et al., 2019). Excessive reactive
oxygen species (ROS) production is a direct revulsant of cellular
ferroptosis, while mitochondria are the main source of ROS
(Wang et al,, 2020; Xie et al., 2016). It has been reported that
the morphology of mltochondrlon is changed, such as
mitochondrial shrinkage and loss of cristae during the process
of ferroptosis (Wang et al., 2020) (Doll et al., 2017). It has been
reported that the morphology change of mitochondrion also
occurred while microglia BV2 was treated with high
concentrations of GQDs (>50 pg/ml) (Wu et al, 2020).
Intracellular iron overload, glutathione (GSH) depletion, and
excessive ROS and lipid peroxidation (LPO) occurred in the
cells after microglia BV2 was treated with GQDs with high
concentration. These results indicated that GQDs could
damage the iron metabolism and redox balance in microglial

cells (Wu et al,, 2020; Xie et al, 2016). Red-GQDs in a high
concentration could cause significant ferroptosis and reduced
membrane motility in cells.

In our study, mitochondria were damaged (Supplementary
Figure S7; labeled 1) after incubating cells with a high
concentration of Red-GQDs (50 ug/ml) for 1h. HelLa cells
were incubated with a commercial mitochondrial Fe** green
probe (Mito-FerroGreen) and a commercial ROS green probe
(DCFH-DA) for 0.5h separately, and then the incubated
HeLa cells were incubated again with 50 ug/ml Red-GQDs for
1h to verify the relation of mitochondrial damage and
ferroptosis.

The results showed that the fluorescence signals of Mito-
FerroGreen and DCFH-DA in HeLa cells without incubation
with Red-GQDs were weaker, while the fluorescence signals of
Mito-FerroGreen and DCFH-DA in HeLa cells treated with Red-
GQDs significantly enhanced (Figures 4A-F). The contents of
Fe** and ROS were increased in HeLa cells while the cells were
treated with Red-GQDs via quantitative analysis (Figures 4C and
G). From this, it was concluded that mitochondrial damage
occurred, and the contents of Fe** and ROS were increased in
HeLa cells in the presence of 50pg/ml Red-GQDs. It
demonstrated that Red-GQDs with high concentration could
interfere with iron metabolism and redox balance in HeLa
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cells, leading to lipid peroxidation and ferroptosis in cells. These
results are consistent with previous reports (Wu et al., 2020). In
addition, we selected ferroptosis-related proteins (GPX4 and
NOX1) for Western blot assay. The results showed that high
concentrations of Red-GQDs led to decreased GPX4 expression,
increased ROS production, and ferroptosis in HeLa cells. The
protein expression level of NOX1 reflects the degree of lipid
peroxidation (Figures 5E-H).

As can be observed in fluorescence images (Supplementary
Figure S7; labeled 2), red circles appeared on the cell membrane

while 50 ug/ml Red-GQDs were co-incubated with HeLa cells for
1 h. It is consistent with the morphology of exosomes previously
reported (Dixon et al., 2012; Gurunathan et al,, 2019). Based on
the above-stated phenomenon, 50 pg/ml Red-GQDs were first co-
incubated with HeLa cells for 1h and then co-stained with the
exosome green fluorescent dye eGFP-NM_001780 cd63. As
shown in Figure 4I, a large number of Red-GQDs were
accumulated on the cell membrane, and the fluorescence of
Red-GQDs was highly coincident with that of eGFP-
NM_001780 cd63 (Figures 4H-]J).
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These results exhibit that Red-GQDs with high concentration
can promote Fe** overload, ROS, and lipid peroxidation (LPO) in
mitochondrion in HeLa cells. These factors lead to the damage of
mitochondrial morphology, decreasing cellular activity and
impairing normal metabolic pathways in cells. At the same
time, the increase of lipid peroxides and the significant
decrease of cell membrane fluidity also lead to the
accumulation of Red-GQDs in the cell membrane.

CONCLUSION

Two-photon confocal microscopy was used to track the location of
Red-GQDs in live cells at different incubation times to visualize
them. Compared with traditional techniques, two-photon confocal
microscopy can better achieve nanoscale imaging of fluorescence in
living cells. Our work highlighted the biological mechanism of action
of Red-GQDs, showing how Red-GQDs are captured by cells and
localized to different organelles over time. On this basis, we
systematically analyzed the uptake and metabolism of Red-GQDs
in HeLa cells and confirmed that Red-GQDs mainly entered cells
through energy-dependent endocytosis and showed significant
concentration and time dependence in subcellular distribution. In
this work, Red-GQDs at a low concentration (25 ug/ml) were
absorbed by cells and distributed in different organelles
(lysosomes and mitochondria) in a time-dependent manner.
During the incubation time of 0.5-1h, Red-GQDs were mainly
distributed in lysosomes and were gradually enriched in
mitochondria over time. Red-GQDs also participate in autophagy
and form autolysosomes. A high concentration (50 pg/ml) of Red-
GQDs can promote mitochondrial Fe** overload, ROS and lipid
peroxidation (LPO) increase, and induce ferroptosis in cells. In
addition, a high concentration (50 pg/ml) of Red-GQDs can also
promote the secretion of cellular exosomes (Figure 6). This study
improves the mechanism of action of graphene quantum dots
(GQDs) in the biomedical field and provides a basis for further
research and applications of Red-GQDs.

EXPERIMENTAL SECTIONS

Materials and Instruments

General methods were used unless otherwise stated. Materials
and solvents were purchased from commercial suppliers and used
without further purification. The super-resolution imaging of
organelles was taken using a two-photon laser confocal
microscope (LSM980ONLO, ZEISS, Germany). Red-GQDs
(Particle size<10 nm) were custom synthesized by Nanjing
XFNANO Materials Tech. Co., and the data characterizing
Red-GQDs were also measured by Nanjing XFNANO
Materials Tech. Co.

Cell Culture and Staining

HelLa cells were seeded on Dulbecco’s modified Eagle’s medium,
DMEM (VivaCell, Shanghai, China) with 10% fetal bovine serum,
FBS (VivaCell, Shanghai, China), 1% penicillin and streptomycin.
The stock solution of Red-GQDs was prepared in DMSO and

Red-GQDs’ Organelles Distribution

then diluted with a cultural medium of HeLa cells at a required
concentration of 37°C in an environment containing 5% CO,_ The
cells were washed five times with prewarmed PBS and three times
with the complete medium before imaging.

Western Blot

TP from HelLa cells was isolated via RIPA assay in keeping with
the manufacturer’s specifications. The isolated proteins were
quantitated via BCA Protein Assay Kit (Solarbio, Beijing,
China, PC0020). The proteins were segregated by 12% SDS-
PAGE and then transferred onto polyvinylidene fluoride film.
The films were sealed with 5% fat-free milk and probed with the
primary antibodies against GPX4 (#abl125066, Abcam,
Cambridge, United Kingdom), P62 (#18420-1-AP, Proteintech
Group, Chicago, IL, United States), LC3B (#18725-1-AP,
Proteintech Group, Chicago, IL, United States), NOXI
(#17772-1-AP, Proteintech Group, Chicago, IL, United States),
and B-tubulin (#10094-1-AP, Proteintech Group, Chicago, IL,
United States) at 4°C for one night, followed by 1-h immunoblot
with the secondary antibodies at indoor temperature. After
washing with TBS/Tween, the PVDF membranes were
incubated with secondary antibodies at indoor temperature for
1 h. Blots were developed with an ECL kit (Millipore Corporation,
Billerica, United States) and analyzed via Image J.

Two-Photon Laser Confocal
Microscope-LSM980NLO

HeLa cells were seeded in 35-mm glass-bottom microwell dishes
to image. The fluorescence images were obtained using a two-
photon laser confocal microscope (LSM980NLO) and analyzed
using Image] software. Red-GQDs and commercial dyes were
prepared with complete DMEM, and then cells were stained in a
cell incubator. Fluorescence images were obtained using
LSM980NLO.

In Vitro Endocytic Pathways

HeLla cells were divided into three groups: pre-treated with
chlorpromazine (CPZ, 20.0uM, 1h, inhibitor endocytosis),
lower temperature (4°C, 1h, energy inhibitor), and control
group (37°C, 1 h). The cells were washed with PBS two times
and then stained with Red-GQDs (10 ug/ml) for 1h at 37°C.
Finally, the cells were washed with PBS five times and with
complete DMEM three times. Then, they were visualized
under an LSM980NLO microscope with 488 nm excitation.

Cell Transfection

In brief, 2,500 ng of DNA was combined with 8 ul of TurboFect
transfection solution in 250 pl free DMEM to form the
transfection mixtures. As the mixtures were incubating at
room temperature for 20 min, cells in 35-mm dishes were
replaced with 750 pl complete DMEM and then the mixtures
were added to the cells. After transfecting the cells for 3 h, the
transfection medium was replaced with 1 ml of complete DMEM
with a penicillin-streptomycin solution. The cells were incubated
at 37°C and then stained with Red-GQDs (50 ug/ml) for a
colocalization assay.
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Quantitative Detection of Mitochondrial
Fe®* and ROS Level in SIM Image

The normal group of HelLa cells were stained with commercial
Mito-FerroGreen and DCFH-DA probes, and the other groups
were stained with Red-GQDs and commercial Mito-FerroGreen
and DCFH-DA probes, which were imaged using a two-photon
laser confocal microscope-LSM980NLO. Quantitative analysis of
fluorescence intensities was performed using Image].

Data Analysis

Statistical analysis was performed using GraphPad Prism 7, and
Origin 2018. Normality and log-normality tests were performed
to check the normal distribution. In the case of normal distribution,
the statistical comparison of results was tested with a Student’s ¢-
test. Data are presented as mean + SEM. SEM was used to compare
experimental results with controls. In the case of non-normal
distribution, the statistical comparison of results was tested with
a Mann-Whitney test, with levels of significance set at n.s. (no
significant difference), *p < 0.05, **p < 0.01, **p < 0.001, and
% < 0.0001. Statistical significance and sample sizes in all graphs
are indicated in the corresponding figure legends.
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Modern cellular biology faces several major obstacles, such as the determination of the
concentration of active sites corresponding to chemical substances. In recent years, the
popular small-molecule fluorescent probes have completely changed the understanding of
cellular biology through their high sensitivity toward specific substances in various
organisms. Mitochondria and lysosomes are significant organelles in various
organisms, and their interaction is closely related to the development of various
diseases. The investigation of their structure and function has gathered tremendous
attention from biologists. The advanced nanoscopic technologies have replaced the
diffraction-limited conventional imaging techniques and have been developed to
explore the unknown aspects of mitochondria and lysosomes with a sub-diffraction
resolution. Recent progress in this field has yielded several excellent mitochondria- and
lysosome-targeted fluorescent probes, some of which have demonstrated significant
biological applications. Herein, we review studies that have been carried out to date and
suggest future research directions that will harness the considerable potential of
mitochondria- and lysosome-targeted fluorescent probes.

Keywords: lysosomes, mitochondria, small-molecule fluorescent probe, interaction, imaging

1 INTRODUCTION

Mitochondria, popularly termed the cellular “powerhouses,” are one of the most significant
constituents of eukaryotic cells. The mitochondria not only plays an important role in adenosine
triphosphate (ATP) production but also performs numerous essential functions within the cells, such
as transmission of information, induction of cell differentiation, growth, and apoptosis
(Vakifahmetoglu-Norberg et al., 2017). Mitochondria have a distinctive double-membrane
structure, playing important roles in their unique and complicated functions. Lysosomes are
“digestion workshops” in cells, participating in the apoptotic process and other types of cell
death (Luzio et al., 2007). They can function alone to participate in normal biological processes
and can also interact with each other to accelerate the transmission of materials and communication
with the external environment, which allows cells to improve their biological functions.

Apart from playing their own distinctive function, mitochondria could interact with lysosomes.
At present, the interactions between mitochondria and lysosomes have been extensively explored,
such as the fusion of the lysosomes with mitochondria during the process of autophagy (Chen et al.,
2019a) and the mitochondrial and lysosomal contact (MLC) (Wong et al., 2019). Their contact
promotes transmission of materials and information. When their contacting function is disrupted,
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FIGURE 1 | The design strategies of fluorescence probes targeting mitochondria.

the occurrence of human-related diseases, such as Parkinson’s
and lysosomal storage-related diseases, is noted (Wong et al.,
2019). Therefore, the timely monitoring of their dynamic changes
and the estimation of the reactive small-molecule (RSM) levels
are very important for identifying their physiological function
and the pathogenesis of the related diseases. Several RSMs have
been found in the mitochondria and various enzymes exist in the
lysosome, whose dysfunction can participate in the progression of
human-related diseases, such as metabolic diseases, heart failure,
neurodegenerative diseases (Marc et al, 2009), Alzheimer’s
disease (Nixon et al., 2000), and Parkinson disease (Daniel
et al., 2008).

Fluorescence microscopy (EM) is a powerful tool for studying
cellular dynamics, which has been used widely to study the
interaction mechanism between mitochondria and lysosomes
(Chen et al, 2019b; Chen et al, 2020). However, among
imaging organelle interaction, the systematic introduction of
mitochondrial and lysosomal imaging strategy is rare.
Therefore, the present review focuses on some new imaging
strategies of fluorescence probes targeting mitochondria and
lysosomes.

2 FLUORESCENCE PROBES DESIGN
STRATEGIES FOR MITOCHONDRIA
IMAGING

Small-molecule fluorescent probes targeting mitochondria can
enable the imaging of these organelles to detect the dynamic
location and morphological changes of the mitochondria and
observe their physiological process (Wei et al, 2022). The
fluorescent probes used for imaging mitochondria are mainly
divided into the following two types: bearing unique positive
charge and targeting the contents of mitochondria and lysosomes.
Hence, membrane permeable cationic compounds could be enriched
into mitochondria because of their electrophoresis effect. The
commercial probe targeting mitochondria, MitoTracker Green
(MTG) with positive charge, has been widely used to target

mitochondria selectively. In addition, triphenylphosphonium
(TPP) with large hydrophobic radius has also been used as a
targeting group for mitochondria owing to its high membrane
permeability (Figure 1) (Tian et al,, 2022).

2.1 Single Functional Fluorescent Probes
Targeting Mitochondria via Positive Charge

Mitochondrial membrane potential is the main component of
proton motion dynamics, which is formed by protons pumped
from the mitochondrial matrix to membrane. The mitochondria
keep the negative transmembrane potential up to —180 mV if the
potential in the cytoplasm is 0 mV (Tian et al., 2022). Based on
these characterizations, positive charge has been widely applied to
target mitochondria.

Recently, Gu et al. have designed a novel photoactivatable bio-
probe, o-TPE-ON+ (Gu et al, 2016), which can indicate the
characterization of spontaneous scintillation without any imaging
buffer or additives. Interestingly, this probe can target the
mitochondria specifically, which is probably owing to the
accumulation of negative charge of mitochondrial outer
membrane. In addition, o-TPE-ON+ has been thought as a
better choice for fluorescence imaging on the basis of its better
cell permeability and outstanding biocompatibility. And the
probe o-TPE-ON+ has tracked the high-resolution nanoscopic
imaging and dynamic changes of the mitochondria (Gu et al,
2016). Huimin et al. (2022) utilized Cy5 to link with dextran to
target and visualize the mitochondrial changes under dextran,
which realizes the drug-visualized study at the organelle scale.
Saipeng et al. (2015) also designed a mitochondrial fluorescence
probe, NPA-TPP, with a fluorescent group of 1,8-naphthalimide
group and the targeting group of TPP (Figure 2).

2.2 Fluorescent Probes Detecting

Mitochondrial Contents
It has been demonstrated that there are several RSMs in the
mitochondria. The RSMs mainly include reactive oxygen species
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FIGURE 2 | The photocyclodehydrogenation process of o-TPE-ON+ (Gu et al., 2016)
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FIGURE 3| The design of L-1 and its response with ONOO™ (Liu et al., 2021). (A) Synthetic route of probe L-1. (B) Proposed ONOO" visualization mechanisms for
probe L-1 in living cells. (C) Super-resolution visualization of ONOO™ using L-1 in living cells.

(ROS), active nitrogen, metal cations, protons, and anions. development (Bras et al., 2005). In recent years, the mitochondria
Therefore, to visualize the distribution and action mechanism  has been recognized as an important target of many drugs. It has
of RSMs in the mitochondria, various researchers have designed ~ been reported that one of the main ways of causing mitochondrial
and synthesized several small-molecule fluorescent probes that  damage is the abnormal level of intracellular ROS. The ROS includes
target specific mitochondrial contents to further study the action ~ peroxides, super oxides, hydroxyl radicals, singlet oxygen, etc.

targets and mechanism of drugs, which provides a powerful tool Among them, peroxynitrite (ONOO™) is a major one because of
for the integration of diagnosis and treatment of diseases (Liu its function of signal transduction and antibacterial activities in the
et al.,, 2021; Huimin et al., 2022). biosystems (Radi, 2013). To detect ONOO™ selectively, Liu et al.

(2021) designed a probe L-1, a “landmine,” to monitor the ONOO™
2.2.1 Application of the Fluorescent Probes in the levels in living cells with higher selectivity. In addition, they

Detection of Reactive Oxygen Species in Mitochondria  proposed a novel strategy “landmine warfare strategy.”
The survival of cells depends largely on mitochondrial function,  “Landmine” L-1 without fluorescence was distributed evenly in
which was recognized as an important target for potential drug  the cell matrix and could release fluorophore when “engineer”
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Labile Zn2* fluctuation in
multi-organelles

ONOO™ was generated in the mitochondria (Figure 3). Under
SIM, it could be found that the “engineer” ONOO™ acted alone at
the mitochondrial cristae and emitted fluorescence. The “landmine
warfare strategy” provided a novel designed method for innovative
drugs development of diseases which resulted owing to the
abnormal ONOO™ concentration and provided a novel research
direction for other ROS materials in the mitochondria. H,O, is one
of the major forms of ROS, which participates in the process of a
cell's growth metabolism and energy production (Chen et al., 2014;
Kangnan et al, 2020a). Kangnan et al. (2020b) designed a TP
probe, Pyp-B, to detect the concentration of H,O, in the
mitochondria. Xiaoyue et al. (2018) developed the near-infrared
fluorescent probe Mito-Cy-Tfs to detect the level of superoxide
anion (O,"") and the relationship between O,"~ concentration and
apoptosis during ischemia/reperfusion.

2.2.2 Fluorescent Probe Detection of Metal Cations in
Mitochondria

Metal ions are required for mitochondrial physiology in many
aspects. Copper, iron, manganese, and zinc play an important
role in organ metalloenzymes and metalloproteins (Pierrel et al.,

2007). In biological systems, the zinc ion (Zn>") mainly
participates in certain life processes, such as DNA synthesis,
enzyme catalysis, and gene transcription. In recent years, a large
number of evidence have proved that Zn>* is essential to the
autophagy process, and autophagy can promote large changes of
Zn**. Therefore, the detection of the levels of Zn** has become
one of the research hotspots of mitochondrial fluorescent probes.
In recent years, researchers have designed and synthesized
various fluorescent probes for the intracellular detection of
Zn** in the cells; however, certain probes cannot target the
mitochondria (Hung et al., 2013; Liuzzi and Yoo, 2013; Ding
and Zhong, 2017). To determine the importance of Zn** in
autophagy and signal transformation, Fang’s group developed
a series of probe targeting Zn®>" in many organelles
simultaneously and proposed a novel concept, Zn-STIMO, of
tracking Zn** in multiple organelles (Figure 4) (Fang et al., 2021).
They found that mitochondrial autophagy inducer CCCP-
induced mitophagy in HeLa cells is associated with unstable
Zn** enhancement. The results showed that SIM technology
would become a reliable tool detecting unstable Zn**, which
also demonstrated that the organelle identification related with
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FIGURE 5 | The reaction mechanism and fluorescence imaging of probe FP (Shiling et al., 2014). (A) Proposed reaction mechanism of FP. (B) Fluorescence
imaging of COS-7 and MCF-7 cells incubated with probe FP (2.5 uM) before (a and d) and after (b, c, e, and f) being treated with TBAF, NaF (100 pM).
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super resolution morphological study would have an amazing
potential in tracking the biological species and events of specific
organelles in organoids. Ning et al. (2016) developed a two-
photon ratio probe (Mito-MPVQ) targeting the mitochondria to
detect Zn** levels. Triphenylphosphine was used as the targeting
group of the probe. Following the attachment of a fluorescent
group, this probe was localized in the mitochondria and
improved the two-photon signal detection for Zn>*.

In addition, during these years, previous researchers have
designed and synthesized several fluorescent probes to detect
other metal cations in the mitochondria. For example, Wang et al.
(2018) designed the mitochondria-targeting fluorescent probe
(PyCM-2) and (PyCM-3) to detect Au’" levels.

2.2.3 Fluorescent Probe Detection of Anions in
Mitochondria

Although the detection of cations in the mitochondria has been
extensively examined, the role of anions is also very important.
Fluorine ions can cause metabolic diseases following their
accumulation in the mitochondria. In 2014, Shiling et al.
designed and synthesized the mitochondrial fluorescent probe

FP, which was used to detect fluorine (Shiling et al., 2014). This
probe was localized in the mitochondria. The fluoride ions could
knock out the silyl protecting group, and subsequently the
phenoxide reacted with the —CN group, which induced
nonfluorescent FP to highly fluorescent YG and emitted
strong green fluorescence (Figure 5). Therefore, FP was used
to detect and image fluorine in the mitochondria and has been
thoroughly examined in the fields of cell biology and medical
Xu group developed a mitochondrial-targeting
fluorescent probe for the detection of fluorine in viable cells,
which was denoted as Mito-FP (Xu et al., 2019). The probe could
be successfully localized in the mitochondria and has been used
for the imaging of fluorine in HeLa cells.

science.

2.2.4 Fluorescent Probes Detecting Mitochondrial
Microenvironment

In addition to the mitochondrial morphology,
microenvironmental factors are regarded as the significant
factors of the mitochondrial status, such as the mitochondrial
pH value, polarity, and temperature. Normal polarization is
necessary for cellular energy metabolism (Nemoto et al., 2000),

several

Frontiers in Pharmacology | www.frontiersin.org

129

July 2022 | Volume 13 | Article 915609


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Chen et al. Mitochondria- and Lysosomes-Targeted Probes

HOQ,

FIGURE 6 | The pH sensing mechanism for the probe HBTMP (Gaoqing et al., 2020).

and the appropriate pH value could also keep the normal 3,1 Fluorescence Probes Detecting

: ~ - 2+ . ..
membrane potential, which forces ATP generation and Ca Reactive Oxygen Species in the Lysosome

homeost'asus reg]ulatlon (c(ljr(?mpgmhal;ld Heid, 1978).1) In cancer cells, the lysosomal content is high, and oncogene-
Gaoqing et al. (2020) designed the fluorescent probe HBTMP i ey transformation will alter the lysosomal membrane in

to detect the mitocbgndrial PH value. Th'is probe emitted red .o cells, which makes them more sensitive to lysosomal
fluorescence '1n ac1('11c anq neutral enylronments and blue membrane permeability (LMP) and promotes tumor
fluorescence 1n.a%kahne. environments (Flgurg .6). Furthermore, progression (Boya and Kroemer, 2008; Kallunki et al, 2013).
HBTMP  exhibited improved photostability and ~ lower Among the various intracellular stimuli (e.g., LMP), the ROS are

cytotoxicity. The fluorescent image Of. the Viabl‘? cells  the most closely related to lysosomal death (Vila et al., 2011;
demonstrated that HBTMP could easily spread in the Melina-Theoni and Athanasios, 2014). In order to assess the

mito.c.h(.)ndria and detect changes in the pH with high ROS-related lysosomal cell death in cancer cells, Zhang et al.
sensitivity. We concluded that HBTMP could be used to study (2017) designed and synthesized a near-infrared fluorescent

the pH changets of the mitochondria in viable cells in a more probe (PSiR) targeting the lysosomes, which could timely
efficient way. Li et al. (2019) reported a near-infrared fluorescence detect the generation of lysosomal ROS in cancer cells

probe of hydroxy—L—lysme. n 2019,‘den0te(‘i as HXPI-P. This (Figure 8). The experimental results indicated that the probe
probe. was ulsed to detect m{tochonfirlal p olalr ity change§ throulgh exhibited strong resistance to photooxidation, fast reaction, and
drug induction and starvation, which contributed to distinguish high selectivity and sensitivity. The anticancer drug B-lapachone
the differences in polarity between normal and cancer cells via (B-lap) could stimulate the generation of ROS in lysosomes,
ratio fluorescence imaging. which was accompanied by a dose-dependent fluorescence

enhancement. Due to its sensitivity in detecting ROS in cancer

cells, the probe could distinguish normal cells from cancer cells

3 FLUORESCENT PROBES DESIGN according to specific images; it could also distinguish the presence
STRATEGIES FOR TARGETING THE of cancer cells in healthy tissues (Figure 8C).
LYSOSOMES The hydroxyl radical (¢OH) is one of the most active free

radicals noted in ROS, which can destroy various
biomacromolecules. In order to detect the generation and
function of lysosomal ®OH in viable cells, Benitez-Martin et al.
(2018) developed an active probe targeting lysosomes, denoted as
1-Red (“off” state). HOCl is a type of ROS and lysosome is one of
the main sources of HOCIL. Therefore, the detection of lysosomal
HOCI plays an important role in studying its biological process. In
2017, Yawei et al. (2017) designed and synthesized a pH-mediated
lysosomal targeted fluorescent probe (Lyso-HOCI). The probe
contained pH-sensitive phenol, which was used as its targeting
group. A similar structure of rhodamine demonstrated a unique
chlorination effect in an acidic environment, which could be used
to specifically detect HOCL Meng et al. (2019) developed the
fluorescent probe CR-Ly using coumarin as a donor, rhodamine
as the receptor, and morpholine as the lysosomal targeting group.

Lysosomes are important acidic organelles in eukaryotic cells.
They involve more than 60 hydrolases and proteases and are
considered to be the “digestive organs” of the cells. In addition,
they can also participate in the regulation of the secretory
function of cells. Lysosomes also contain various RSMs that
participate in the corresponding biological reactions, such as
ROS and metal cations. The visualization of RSMs in the
lysosome plays an important role in understanding their
mechanism of action and their therapeutic application in the
treatment of various related diseases (Chen et al., 2021; Wang and
Diao, 2022).

A single functional fluorescent probe targeting lysosomes can
enable imaging the lysosomes to detect their dynamic location
and morphological changes and track their physiological
processes (Qiu et al, 2020). However, the majority of the
available commercial probes targeting lysosomes are amine-
based compounds and exhibit certain limitations, such as . }
lower specificity of their localization and reducing suitability 3.2 Fluorescent Probe Detection of Reactive
for long time detection. To address these problems, Nitrogen Species in the Lysosome
researchers have carried out research on lysosomal probes  Nitric oxide (NO) plays an important role in the process of cell
(Figure 7). catabolism, whose quantity can influence lysosomal function.

Frontiers in Pharmacology | www.frontiersin.org 130 July 2022 | Volume 13 | Article 915609


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Chen et al.

Mitochondria- and Lysosomes-Targeted Probes

ROS
Reactive nitrogen
species
. . -l -
Reductive species L
S
metal cation

by pH value

) anions

FIGURE 7 | The design strategies of fluorescence probes targeting lysosomes.

hROS

800
©) 2
- -
¥
600- B ]
&
= =
8
I 4001 <
2 B
2
P
2001 w é

0-

FIGURE 8 | The sensing mechanisms of PSiR for hROS and imaging characterization (Zhang et al., 2017). (A) The sensing mechanisms of PSiR for hROS. (B)
Average fluorescence intensity from images in various cells. (C) Imaging tumor using PSiR in tumor-bearing mouse with Hela cells.

Abnormal NO can induce the development of cardiovascular and
nervous system diseases. Therefore, the function of NO in
lysosomes remains to be studied, which requires the design
and development of ideal lysosomal targeting fluorescent
probes detecting the change in the concentration of NO. Feng
et al. (2016) synthesized the fluorescent probe LysoNO-Naph to
detect NO in lysosomes on the basis of 1,8-naphthalimide
(Figure 9). The probe was synthesized by using 4-(2-
aminoethyl)-morpholine as a  targeting group and
o-phenylene-diamine as the reacting site of NO. And it could
be used for lysosomal imaging. In addition, hemolysin-Naph

exhibited higher selectivity and sensitivity for NO, indicating that
this probe could be used to detect lysosomal NO successfully. In
the same year, Yinhui et al. (2016) designed the pH-activated
fluorescent probe Rhod-H-NO for detecting lysosomal NO levels.
When the diameter of the nanoparticles was less than 200 nm,
MSNs could enter into the lysosome, resulting in its successful
tracking and imaging. Therefore, embedding Rhode-H-NO into
the nanopore with MSNs can prevent it from being degraded,
which leads to the accumulation of the probe in the lysosomes
and the detection of NO. Fengyang et al. (2018) designed and
synthesized the novel fluorescent probe MBTD in 2018. MBTD
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could specifically be used to image NO in lysosomes due to its
large stroke shift and stable fluorescence; its D-A-D-structure
probe exhibited improved photostability and higher NO
selectivity.

3.3 Fluorescent Probe Detection of

Reductive Species in Lysosomes

Hydrogen sulfide (H,S) is very important in various physiological
processes. It can regulate cardiovascular and neuronal functions.
H,S can also cause instability of the lysosomal membrane, which
leads to autophagy and cell death. Low molecular weight
mercaptans, such as cysteine (Cys) and glutathione (GSH),
play an important role in the pathogenesis of related human
diseases (Baocun et al., 2010). Therefore, the detection of the

levels of H,S and mercaptans in the cells is very important for the
identification of biological processes and the diagnosis and
treatment of related diseases.

The hydrolysis of various proteins in the lysosome is closely
related to mercaptan (T et al., 2000). In the lysosomes of the liver
cells, Cys is a main stimulant for the degradation of albumin
(Arunachalam et al., 2000). To investigate the function of Cys in
lysosomes, Long et al. synthesized the TP probe MNPO
(Figure 10) (Long et al,, 2019). The probe was designed and
synthesized with a naphthalene derivative as the fluorescent
group, morpholine as the lysosomal targeting group, and a,p-
unsaturated ketone as the action site of Cys. The introduction of
the pyridine group into the molecule could improve water
solubility and selectivity of Cys. It was found using specific
experiments that the increase of Cys concentration increased
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the fluorescence intensity of the probe at 524 nm. Moreover,
when the concentration range of Cys was 0-10 uM, the
fluorescence intensity indicated a linear relationship with Cys.
Therefore, the probe could be a useful tool to detect the dynamic
changes of Cys in lysosomes. In addition, Tamima et al. (2020)
developed a novel lysosome-targeted fluorescent probe ABXO1
for the detection of the levels of Cys. Interestingly, the probe and
cysteine adduct exhibited optimal two-photon absorption
properties, which could achieve the two-photon imaging of
lysosomal cysteine under excitation at near-infrared wavelengths.
H,S is an antioxidant that participates in various physiological
reactions in the liver, spleen, and kidneys. Traditional lysosomal-
targeting H,S fluorescent probes cannot provide adequate imaging
of the lysosome with an open fluorescent signal; therefore, the design
of fluorescent probes targeting lysosomal and mitochondrial H,S has
high application value. Yong et al. (2016) designed and synthesized
the TP probe TP-PMVC, which could be used to image lysosomal
and mitochondrial H,S by using a dual channel. The probe used
carbazole MVC as a TP platform. Since the pKa of pyridine was 5.0,
it was used as the site of H" and as the targeting unit of the lysosome.
In addition, indole exhibited potent electrophilicity required for the
generation of H,S. In an acidic environment, pyridine was
protonated to produce red fluorescence for lysosomal imaging.
By using specific experiments, it was shown that the fluorescent
intensity was significantly improved under acidic conditions, while
lysosomes and lysosomal H,S could be detected at 960 nm and
810 nm. In addition, Cai et al. (2018) synthesized the ratio
fluorescent probe SN-N3 for the detection of lysosomal H,S.

3.4 Fluorescent Probes Used for the

Detection of the Metal Cation in Lysosomes
In recent years, a novel function of the lysosomes has been
discovered which is the regulation of the steady state of the
transition metals, such as copper and zinc (Blaby-Haas and
Merchant, 2014). Various enzymes in the body can catalyze
biochemical reactions by using specific transition metals.
Therefore, lysosomes can maintain the metal steady state
in cells by regulating the metal content and controlling its
downstream signaling (Kurz et al., 2011; E. and S., 2014).
Copper is related to the activity of various essential enzymes in the
body. When copper is absent, the activity of the enzymes dependent to
copper will decrease leading to the occurrence of related diseases, such
as Menkes syndrome (Bie et al., 2007; Tiimer and Meller, 2010). In
addition, excessive copper can also lead to cellular toxicity, affect lipid
metabolism, and other biological processes, and subsequently lead to
certain related diseases, such as Wilson’s disease (Seth et al., 2004).
Therefore, in recent years, fluorescent probes detecting copper ions
(Cu™) in lysosomes have become a major focus of research
investigation. In 2015, Mingguang et al. developed a lysosomal
targeted Cu®" fluorescent probe (Lys-Cu) with dual channel
emission, which used rhodamine as a dye (Mingguang et al,
2015). The carbonyl oxygen atoms in 1,8-naphthalimide can
combine with metal ions and can be used as a binding unit and a
fluorescent group. During the process of photoinduced electron
transfer, PET is inhibited following the combination of Cu®* with
1,8-naphthalimide, leading to a significant enhancement of the

Mitochondria- and Lysosomes-Targeted Probes

fluorescent intensity at 440 nm and 580 nm. In addition, the
probe exhibited lower cytotoxicity and higher affinity and could be
used to image Cu’" in lysosomes more efficiently. The hydrazone-
containing pyrrole exhibited high affinity for Cu** and, in 2018,
synthesized a hydrazone probe from sunitinib (Wu et al., 2018). The
results indicated that when Cu®" was combined with the probe,
rhodamine was used to induce a ring opening reaction; pyrrole
could then react with rhodamine resulting in the imaging of Cu**
in lysosomes.

Zinc ions (Zn>") are important metal ions involved in several
biological reactions. They are closely related to lysosomal
dysfunction and autophagy. The abnormal Zn** concentration
levels can result in the development of human diseases, such as
coronary heart disease (Heyu et al., 2021) and allergic inflammation
(Masanobu et al., 2020). Currently, various fluorescent probes have
been developed to detect Zn>*; however, only a few can be used to
detect Zn* in lysosomes. In 2015, Hyo-Jun et al. introduced an N,N-
di-(2-pyridyl)ethylenediamine =~ (DPEN)  group into the
naphthalimide dye (Hyo-Jun et al, 2016). The oxygen atom in
the carbonyl group of the imide was combined with Zn** and with
the nitrogen atom in DPEN, subsequently a two-photon
fluorescence probe was synthesized for the detection of Zn** in
the lysosomes (Figure 11). It was found that the probe exhibited an
optimal linear response to Zn®'; the fluorescent intensity of the
probe was low following combination with Zn** when pH = 7.4.
When pH = 4.5-5.5, the fluorescent intensity was significantly
enhanced. The high sensitivity and affinity of the probe for Zn**
was optimal for the detection of the dynamic changes of lysosomal
Zn**. In addition, Duan et al. designed the fluorescent probe DR,
which  was  synthesized using N,N-bis(2-pyridylmethyl)
ethylenediamine (BPEN) and morpholine as a ligand (Duan
et al, 2019). When BPEN was connected with the fluorescent
group by benzene on the imide, the probe could achieve high
sensitivity to Zn”**. When the probe was combined with Zn®*,
the fluorescent intensity increased at a pH range of 7.0-10.0 and
was significantly increased when the pH range was 4.0-7.5, which
indicated that the probe could be used to detect Zn>" in lysosomes.

3.5 Fluorescent Probe Detecting Anions in

Lysosomes

The maintenance of lysosomal pH is achieved by the synergy of
the proton pump and the chloride channel. Moreover, the
chloride (CI") ion plays an important role in the development
of brain diseases, such as Alzheimer’s disease (Hui et al., 2017).
Therefore, the development of fluorescent probes that can
specifically detect Cl™ in lysosomes has become one of the
major research hotspots in recent years. Sang-Hyun et al
(2019) developed the fluorescent probe MQAE-MP in 2019 to
specifically detect lysosomal CI". It was found by using specific
experiments that the concentration of Cl” in lysosomes was
decreased following treatment with the substances that could
destroy their normal function. The concentration of CI
depended on whether MQAE-MP was used or not. Therefore,
due to the targeting effect of the morpholine group, MQAE-MP
was mainly accumulated in lysosomes and could be used to fully
detect the levels of Cl™ in these organelles (Figure 12).
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3.6 Fluorescent Probes Targeting pH Value

in the Lysosome

The normal pH of the lysosome is 4.5-5.5, which demonstrates weak
acidity. An abnormal pH value can lead to corresponding changes in
the cell function, and subsequently cause human-related diseases, such
as cardiovascular and neurodegenerative diseases (Onyenwoke and
Brenman, 2015). Therefore, the detection of the changes in lysosomal
pH is important for understanding their biological functions in the
related diseases. In the recent 10 years, various small-molecule

fluorescent probes have been developed to detect the changes in
the lysosomal pH (Wen et al,, 2014; Jun et al,, 2015; Yongkang et al,,
2016; Ji-Ting et al,, 2017). Despite these efforts, considerable work is
required to improve their detection sensitivity. Peng et al. (2019)
developed a two-photon fluorescence probe, which was sensitive to
pH changes, and was denoted as Lyso-MPCB (Figure 13). The probe
was equipped with the lysosome-located group morpholine, and it
could monitor the pH value of the lysosome in real time. Moreover, it
could specifically detect autophagy. Lyso-MPCB exhibited blue
fluorescent emission at basic conditions and could emit green
fluorescence at acidic conditions. The results indicated that the pKa
value of the probe was 4.86, which was suitable for detecting the
normal pH changes of the lysosomes (4.5-5.5). In addition, the ratio
signal of the lysosome was linear with the pH when the range was
42-5.6. Therefore, the probe was a powerful tool for monitoring
pH changes in lysosomes.

In addition, Lee et al. (2018) designed and synthesized a
rhodamine pH fluorescent probe, which exhibited improved water
solubility, higher quantum vyield, and sensitivity and selectivity. The
probe’s pKa value was 4.10, and therefore it was used to detect the
acidic environment. Gong et al. (2019) designed a fluorescent probe
detecting the pH changes in lysosomes, denoted as Ly-HN2AM,
which used N-aminomorpholine as a closed loop switch and could
react strongly under the range: pH = 4.79-6.07. The probe exhibited
lower cytotoxicity and improved photostability and could be used to
visualize the pH changes in lysosomes under physiological and
pathological conditions. Lingling et al. (2020) synthesized a series
of fluorescent probes in 2020 based on imidazole-benzothiadiazole
compounds to detect the changes in pH of the lysosomes. The probe
MIBTAA could react strongly in an acidic environment and exhibited
higher sensitivity and selectivity for detecting pH changes.

4 DUAL-LABELING PROBES TARGETING
LYSOSOMES AND MITOCHONDRIA

The lysosome is an acidic organelle that can decompose proteins, and
mitochondria is considered the energy source of the cells. The
dynamic changes and biological functions of lysosomes and
mitochondria in viable cells can be detected simultaneously with
fluorescence microscopy.
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The interaction between the mitochondria and lysosomes is an
important biological process in eukaryotic cells. When their interaction
is dysfunctional, certain neurodegenerative diseases develop (Nixon,
2013), such as cancer (Beth, 2007) and Parkinson’s disease (Burbulla
et al,, 2017). Therefore, an increased number of studies have visually
assessed the interaction between mitochondria and lysosomes. Qixin
et al. (2020) developed the hemicyanine fluorescent probe Coupa in
2020, which included a specific organelle-targeting ability (Figure 14).
By using the technology of super-resolution illustrated microscopy
(SIM), the Coupa dye could label mitochondria and lysosomes
simultaneously and reveal the interaction between them by
functional fluorescence conversion and co-localization. Staining
with Coupa indicated that the local viscosity was increased, which
was consistent with the biological characteristics of MLC. This may be
the result of protein aggregation in the process of MLC. Therefore, the
probe could be used efficiently to locate and track the interaction of the
lysosomes with mitochondria in viable cells.

The abnormal viscosity of the mitochondria and lysosomes can
lead to their dysfunction and eventually to the development of related
diseases (Lu et al., 2013; Bochao et al.,, 2019). Wei et al. (2021) had
developed a cyanine compound in 2020 for the detection of medium
viscosity. The probe had near-infrared emission (650 nm) and
improved sensitivity and selectivity. It could simultaneously target
the lysosomes and mitochondria. In addition, this compound could
distinguish normal cells and cancer cells by identifying the changes in
viscosity; it could also detect and image the changes in the
mitochondrial and lysosomal viscosity in HeLa cells.

SO, is an important gaseous messenger, which plays a
significant role in the induction of apoptosis in lysosomes and
mitochondria. When SO, exhibits abnormal levels, the
N-acetylneuraminic  acid present in lysosomes and
mitochondria will redistribute, which exhibits adverse effects
on the induction of apoptosis (Merkur’eva et al, 1981).
Therefore, it is necessary to develop a fluorescent probe that
can detect SO, and simultaneously target the lysosomes and
mitochondria. Kong et al. (2019) synthesized the novel
fluorescent probe DML-P in 2019 by using a FRET-based
method, which could simultaneously detect SO, levels in
lysosomes and mitochondria. The probe was the first double-
targeted fluorescent probe that could simultaneously track SO, in
mitochondria and lysosomes. DML-P exhibited higher selectivity
and stability. In addition, DML-P could detect cellular
endogenous SO, both in the single-photon and two-photon
modes, indicating that it could become a powerful tool to
study the action mechanism and relationship of the lysosomes
and mitochondria.

Nitroreductase (NTR) plays an important role in human
health, and the mitochondria and lysosomes are its main
sources (Yang et al., 2018; Klockow et al., 2020). Therefore,
the development of fluorescent probes for the detection of
NTR in mitochondria and lysosomes has become one of the
main research hotspots. Sha et al. (2020) developed a dye with
aromatic azonia and benzo(e)indol anion skeleton in 2020. On
the basis of this dye, the authors of the study synthesized a probe
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containing 2-ethyl-5-nitrofuran or 4-nitrobenzoyl moiety to
detect NTR. The probe emitted in the near infrared. It could
target lysosomes and mitochondria simultaneously and exhibited
higher sensitivity to NTR. This probe could detect and image
lysosomal and mitochondrial NTR in HeLa cells. Therefore, it
became the first fluorescent compound which could
simultaneously detect lysosomal and mitochondrial NTR.

5 CONCLUSION AND OUTLOOK

Small-molecule fluorescent probes located in the mitochondria and
lysosomes have been used to detect and image RSMs in recent years.
This area has become a research hotspot and involves the
identification of fluorescent probes targeting the mitochondria and
lysosomes. These probes exhibit specific targeting capabilities and have
become a popular research tool in the field of biology, pharmacy, and
clinical medicine. Among them, two-photo fluorescent probes have
been widely included in the study of lysosomal and mitochondrial
targeted fluorescent probes due to the advantages of high resolution
and long-time observation. At present, various fluorescent probes have
been designed and synthesized to simultaneously target the
mitochondria and lysosomes, which provides important tools for
the study of RSMs and their mechanisms of action.

According to the present review, the probes detecting
lysosomal and mitochondrial RSMs fit the following
characteristics: 1) higher selectivity toward certain RSMs
compared with other RSMs noted in the organelles; 2)
higher quantum yield and longer emission wavelength; 3)
higher photostability of product with probe and RSMs; 4)
improved biocompatibility.  Currently, the emission
wavelength of the fluorescent group in certain probes
remains short and subject to interference; therefore, the
research and development of fluorescent probes require
further studies to be completed.

At present, various mitochondrial and lysosomal targeted
fluorescent probes have enabled the dynamic monitoring and
imaging of RSMs, and certain probes have been used in the
diagnosis and treatment of human-related diseases, which
will become one of the important research directions in the
future.
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Colorectal cancer (CRC) is one of the most common digestive system cancer in the world.
Its incidence and mortality are increasing annually. Presently, CRC lacks long-term
effective treatment methods and drugs. Therefore, finding new treatment methods and
drugs is of great significance for CRC treatment. Compounds derived from natural plants
have been widely used in tumor research and treatment because of their good antitumor
activity these years. This study found that nodosin, a diterpenoid extracted from the
medicinal plant Rabdosia serra (Maxim.) Hara, inhibited the growth of CRC cells SW480,
HT-29 and LoVo in a dose- and time-dependent manner, with inhibitory concentrations
(ICs0) of 7.4, 7.7, and 6.6 uM respectively. We selected highly metastatic and poorly
differentiated SW480 cells for further studies. We found that nodosin could inhibit cell
proliferation by inhibiting DNA synthesis and induce cell death by inducing oxidative stress,
apoptosis and autophagy in cells. Through in vitro assays combined with transcriptomic
analysis, it was found that nodosin could downregulate tribbles pseudokinase 3 and
upregulate oxidative stress-induced growth inhibitor 1 to induce oxidative stress in cells;
nodosin-induced reactive oxygen species were able to upregulate the expression of heme
oxygenase 1 to induce apoptosis and the expression of cathepsin L. and light chain-3 to
induce autophagy. /n vivo, we found that nodosin inhibited tumor growth and induced cells
to undergo apoptosis and autophagy without significant toxic effects. In conclusion, our
findings suggest that nodosin exerts anti-CRC effects mainly through its ability to induce
apoptosis and autophagy in vitro and in vivo. Therefore, our study contributes to the
development of nodosin-based potential CRC therapeutic drugs.

Keywords: nodosin, colorectal cancer, oxidative stress, apoptosis, autophagy

INTRODUCTION

Colorectal cancer (CRC) is a common cancer of the digestive system. Among the common malignant
tumors, CRC ranks second in the mortality rate (Keum and Giovannucci, 2019). In recent years,
studies have found that an increase in unhealthy eating habits has led to a gradual onset of CRC at
younger ages, and CRC incidence has gradually increased among people under the age of 50
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(Akimoto et al, 2021). Most patients have progressed to
metastatic CRC during diagnosis, and their survival is
1-5years (Van der Jeught et al., 2018). Current treatments for
CRC are limited, and conventional anticancer methods, such as
surgery, radiotherapy, and chemotherapy, are highly toxic and
nonspecific (Johdi and Sukor, 2020). Cetuximab and
panitumumab are often used in clinical practice to treat and
extend the survival period of patients (Biller and Schrag, 2021).
However, there is no complete cure, and drug resistance
emergence is gradually increasing (Talib et al, 2020).
Therefore, studying more effective treatment methods and
drugs for treating CRC is crucial.

In recent years, natural medicines have been considered
essential sources of medicines for treating different diseases.
Studies have found that natural compounds can exert anti-
proliferative, ~pro-apoptotic, ~anti-angiogenic, and anti-
mutagenic effects by regulating various biological processes,
including the cell epigenome (Samec et al,, 2019). In addition,
plant-derived compounds can suppress cancer invasion, transfer,
and proliferation by regulating various signaling pathways
(Sarwar et al, 2018). Therefore, natural compounds have
become a relatively widespread antitumor drug for clinical
applications. The search for novel antitumor active substances
from naturally derived compounds has become a research
hotspot for anticancer drugs.

Rabdosia serra (Maxim.) Hara, called Xihuangcao in Chinese,
is widely used to treat various diseases because of its diverse
biological activities, including anti-inflammatory, anti-oxidation,
antibacterial, and antitumor activities (Chen et al, 2014).
Diterpenoids and phenolics extracted from Rabdosia serra
(Maxim.) Hara have good medical and health value (Lin et al.,
2013). This study found that the diterpenoid nodosin extracted
from Rabdosia serra (Maxim.) Hara inhibits the activity of CRC
cells. Nowadays, most researches on nodosin mainly focus on
three aspects: anti-inflammatory, antibacterial, and anticancer
activities. In terms of anti-inflammatory activity, nodosin can
inhibit mouse ear swelling and serum interleukin-2 (IL-2) levels
by regulating the cell cycle of mouse T lymphocytes (Li et al.,
2010); In terms of antibacterial activity, the minimal inhibitory
concentration 90 (MICyy) of nodosin against gram-positive
bacteria Staphylococcus aureus and Streptococcus mutans was
25 ug/ml, and the antibacterial activity was high, while the
antibacterial activity against gram-negative bacteria was weak
(Isobe and Nagata, 2010); In terms of antitumor activity, nodosin
can inhibit the proliferation of CRC HCT116 cells by regulating
the Wnt/B-catenin signaling pathway (Bae et al., 2020). However,
we found that nodosin had a lower inhibitory concentration
(ICsp) and better anticancer activity against SW480 cells than
against HCT116 cells. Moreover, previous studies have been
limited to the Wnt/B-catenin signaling pathway, and their
effects on animals have not been studied. Therefore, this study
aimed to determine the pharmacological mechanism of nodosin
in CRC SW480 cells and to verify its effect in vivo.

This study conducted an in-depth investigation of the
potential anticancer mechanism of nodosin in CRC in vivo
and in vitro. Nodosin was found to inhibit the proliferation,
migration, and clonogenicity of SW480 cells by cell counting kit-8
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(CCK-8), clone formation, cell migration, 5-ethynyl-2'-
deoxyuridine (EdU), and cell immunofluorescence (IF) assays.
In addition, combined the transcriptomic analysis results
indicated that nodosin could downregulate tribbles
pseudokinase 3 (TRIB3) and upregulate oxidative stress-induced
growth inhibitor 1 (OSGINI) to induce oxidative stress in cells.
Nodosin-induced reactive oxygen species (ROS) were able to
upregulate the expression of heme oxygenase 1 (HMOXI) to
induce apoptosis and upregulate the expression of cathepsin L
(CTSL) and light chain-3 (LC3) to induce autophagy. In vivo,
nodosin inhibited the growth of CRC transplant tumors and
induced apoptosis and autophagy through hematoxylin and eosin
(H&E) staining and immunohistochemistry assays (IHC). In
conclusion, the results of this study will better reveal the
anticancer mechanism of nodosin in CRC, provide some ideas
and strategies for treating CRC, and help develop nodosin-based
anti-CRC drugs.

MATERIALS AND METHODS

Cell Culture

Human CRC SW480, HT-29, Lovo, and NCM460 cells were
purchased from American Type Culture Collection (ATCC), and
cells were cultured in DMEM medium (06-1055-57-1ACS, BI,
Israel), which added 10% Fetal Bovine Serum (FBS, A3160801,
Hyclone, United States) and 1% Pecinillin-Streptomycin (P/S,
UB89609, GBICO, United States), cultured in 37°C incubation
containing 5% CO,.

Chemicals

Nodosin was purchased from Huzhou Zhanshu Biotechnology
Co., Ltd. (10391-09-0, molecular formula: C,oH,c0¢, molecular
weight: 362.42, purity: 99.98%). DMSO (dimethyl sulfoxide,
D8371) was obtained from Solarbio Technology Ltd.

Cell Viability Assay

Cells with a density of 25% were seeded in 96-well plates, and
treated with 0-16 pM nodosin when the total cell density was
about 40%. The relative cell activities of SW480, HT-29, LoVo,
and NCM460 after nodosin treatment were then detected
following the manufacturer’s instruction of CCK-8 kit (CK04,
DOJINDO, Japan).

Cell Morphological Assay

SW480 cells were seeded in the 12-well plates at the confluence of
1 x 10” cells/well. After the cells adhered and returned to normal,
the cell morphology at TO moment was recorded, then treated
with 0-12pM of nodosin for 48h, and recorded the
morphological changes after different times of treatment with
an inverted microscope (Nikon, Japan).

Cell Migration Assay

Before the cells were seeded into 12-well plates, the inserts (80469,
IBIDI, Germany) were stuck onto plate bottom following the
manufacturer’s instruction. When the cell confluence reached
80%, the insert was removed with forceps to produce a scratch of
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500 um width. The TO moment was recorded with an inverted
microscope (Nikon, Japan). Then added 0-12 uM nodosin and
incubated with cells for 24 h, observed and recorded the width of
cell scratches with a microscope (Nikon, Japan).

Cell Membrane Staining Assay

An appropriate amount of cells were seeded in 12-well plates,
treated with nodosin for 24 h. Nodosin-treated cells were washed
using PBS and fixed with 4% paraformaldehyde for 15 min. After
washed 2 to 3 times with PBS, the fixed cells were stained with
double dyes (Hoechst 33342 1:1000, C1022, Beyotime; Dio 1:100,
C1038, Beyotime) for 20 min, washed twice with PBS, and then
photographed with a fluorescence inverted microscope (Nikon,
Japan).

Clone Formation Assay

The cells were seeded in a 12-well plate at a confluence of
500 cells/well. 48 h later, different concentration of nodosin
was added. The medium with nodosin was changed every
3 days. After incubation with/without nodosin, the cells were
fixed with 4% paraformaldehyde for 20min at ambient
temperature and then stained with crystal violet staining
solution (KGA229, KeyGEN BioTECH, China) for 5-10 min.
The stained colonies were recorded under an inverted microscope
(Nikon, Japan).

Live/Dead Cell Detection

SW480 cells were seeded in 12-well plates at a number of 1 x 10°
cells/well. After the cell density was about 50%, nodosin was
added for treatment. The cell viability was detected using a
Calcein AM Cell Viability Assay Kit (C2013FT, Beyotime,
China), and the stained cells were recorded microscopically
(Nikon, Japan).

Measurement of DNA Synthesis Rate by
EdU Method

DNA synthesis in nodosin-treated SW480 cells was detected
using EdU-594 Cell Proliferation Assay Reagent (C0078S,
Beyotime, China) in the light of the manufacturer’s
instruction. The staining results were recorded microscopically
(Nikon, Japan), followed by quantitative analysis using Image]
software.

Cell Cycle Assay

The nodosin-treated SW480 cells were centrifuged and collected.
The cells were resuspended with 70% cold ethanol, fixed on ice for
60 min. After centrifugated at 2,000 rpm, the supernatant was
discarded and the pellet cells were resuspended with a mixed
solution containing PI (KGA214, KeGEN BioTECH, China),
RNase (ST579, Beyotime, China) and Triton X-100 (P0096,
Beyotime, China). The stained cells were detected with a flow
cytometer (Beckman, cytolfex, United States).

IF Staining
The cultured cells were fixed with 4% paraformaldehyde at
room temperature for 20 min, then permeabilized with 0.3%
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Triton X-100 for 15 min, blocked with 3% BSA for 30 min.
After discarding the block solution, the samples were incubated
with Ki67 (1:300, ab15580, abcam, United Kingdom) overnight,
and then incubated with CoraLite 488-conjugated Affinipure
Goat Anti-Rabbit IgG (H + L) (SA00013-2, proteintech, China)
for 1.5h. The nucleus was stained with DAPI (C1002,
Beyotime, China) and the cytoskeleton was stained with
Actin-Tracker Red 594 (F-Actin, C2205S, Beyotime, China).
The number of the cell proliferation marker Ki67 was observed
and recorded with a fluorescence inverted microscope (Nikon,
Japan) at a wavelength of 550 nm.

Detection of ROS by H.DCFDA

The changes of ROS in nodosin-induced SW480 cells were
detected with the cell-permeable ROS probe H,DCFDA (HY-
D0940, MCE, United States). SW480 cells in the nodosin-treated
and control group were incubated with H,DCFDA in a CO,
incubator at 37°C for 30 min in the dark. The changes of ROS in
the cells were detected by flow cytometry (Beckman, cytolfex,
United States). To detect whether ROS was involved nodosin-
inhibited cell activity, SW480 cells were pretreated with the
antioxidant NAC (ST1546, Beyotime, China) for 1h, and co-
incubated with 12 uM nodosin for 48 h. Finally, the cell activity
was detected using the CCK-8 Kkit.

Apoptosis Detection

Nodosin-treated SW480 cells were digested with EDTA-free
trypsin (T1350, Solarbio, China). The cells were incubated
with Annexin V-FITC (C1062M, Beyotime, China) and PI
(KGA214, KeyGEN BioTECH, China) for 20 min in the dark.
The rate of apoptosis was determined and recorded by flow
cytometry (Beckman, cytolfex, United States).

Plasmid Transfection

Lipofectamine 3000 Transfection Kit (L3000015, Invitrogen,
United States) was used to transfer lampl OFP, ER, and mito
plasmids (gifts from Camilla Raiborg, University of Oslo,
Norway) into SW480 cells. After the target plasmids
expressed, different concentrations of nodosin were added.
Then the confocal laser microscopy (Leica TCS SP8, Leica,
Germany) was used to examine the changes of intracellular
lysosomes, endoplasmic reticulum, and mitochondria.

Autophagy Detection

SW480 cells were cultured in a 96-well plate at 37°C with 5% CO,
for 12 h. Next, they were treated with 12 pM of nodosin for 48 h.
SW480 cells were then incubated with 6.25-250nM of the
autophagy blocker chloroquine (CQ, HY-17589A, MCE,
United States) for 2 h, and cell viability was detected using the
CCK-8 kit.

Transcriptome Assay

In transcriptome sequencing, three nodosin-treated samples and
three control samples were lysed with Trizol reagent (15596026,
ambition, Japan) respectively (5 x 10° cells in each sample).
Library construction, mRNA sequencing, and bioinformatics
analysis were performed at BIOMARKER (Beijing, China).
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TABLE 1 | The primer sequences for PCR.

Primer PCR primer

HMOX1 Forword: CAGGCAGAGAATGCTGAGT
Reverse: TTGAACTTGGTGGCACTG

CTSL Forword: TCCTACACTCATCCTTGCTG
Reverse: AACCACACTGACCCTGATTC

B-actin Forword: CACTCTTCCAGCCTTCCTT

Reverse: ACAGGTCTTTGCGGATGT

Reverse Transcriptional PCR and Real-

Time PCR

Total RNA in cells was extracted with Trizol reagent (15596026,
ambition, Japan), then RNA was reversed into ¢cDNA with
FastKing RT Kit (With gDNase) (KR116, TIANGEN, China),
validated with agarose gel, and then qPCR was conducted using
SuperReal PreMix Color (SYBR Green, FP215, TIANGEN,
China), relative mRNA levels were normalized to B-actin
levels, and relative gene expression changes were calculated.
The primers of PCR and q-PCR are shown in Tables 1, 2.

Western Blotting

The nodosin-treated SW480 cells were lysed and proteins were
extracted from them using lysis buffer (P0013, Beyotime, China).
The protein extracts were processed by SDS polyacrylamide gel
electrophoresis and blotted on PVDF membranes. Western blotting
(WB) was performed using the following primary antibodies:
HMOXI1 (Rabbit, 1:3,000, 10701-1-AP, proteintech, China), LC3
(Rabbit, 1:2,000, 14600-1-AP, proteintech, China), p-Actin (Rabbit,
1:2,000, GB11001, Servicebio, China). After the primary antibody
was incubated and washed, the immunohy bridization signal was
captured using HRP-conjugated secondary antibody. The secondary
antibodies were listed as follows: HRP Goat Anti-Rabbit IgG (H + L)
(1:4,000, ASO14, ABclonal, China). The development was then
performed using ECL solution (P0018S, Beyotime, China).

Xenograft in Nude Mice

BALB/c-nude nude mice were provided by Jinan Pengyue Laboratory
Animal Breeding Co.,Ltd., eight females, 6 weeks old, about 20 g, SPF
grade, the laboratory animal certificate number was No.
370726211100958867. This assay was performed with the approval
of the Ethics Committee of Jining Medical University. BALB/c-nude
female mice were subcutaneously injected with CRC SW480 cells. The
mice were randomly divided into two groups (4 nude mice/group)
when the tumor grew to 100 mm’. In the nodosin-treated group, the
mice were treated by nodosin with a dose of 3 mg/kg, once every
3 days. The control group was treated with DMSO at the same
injection volume and frequency. After 10 injections, the CRC
xenograft tumors of mice
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light of the instructions of the HE staining kit (G1120, Solarbio,
China). The changes of the pathological sections were observed
under a Pannoramic Desk (3DHISTECH, Hungary).

IHC Staining

The biomarkers in nude mice transplanted tumors were
detected by ITHC methods. Cut the wax block into 4-um
wax slices, and use an oven at 60°C for 1-2 h. The sections
were removed for dewaxing, hydration, and then antigen
repair with improved sodium citrate antigen repair solution
(P0083, Beyotime, China). Incubated for 30min with
inactivated endogenous peroxidase 3% H,0, (SV0004,
BOSTER, China) to avoid light. Afterwards, they were
blocked with ready-to-use normal goat serum (AR0009,
BOSTER, China) for 30 min. After shaking off the blocking
solution, Ki67 (1:300, ab15580, abcam, United Kingdom),
HMOX1 (Rabbit, 1:200, 10701-1-AP, proteintech, China),
LC3 (Rabbit, 1:500, 14600-1-AP, proteintech, China), CTSL
(Rabbit, 1:500, proteintech, China) were added and placed in a
refrigerator at 4°C overnight for incubation. Polymeric HRP-
labeled anti-rabbit/mouse IgG (SV0004, BOSTER, China) was
added after washing with PBS and incubated for 30 min at
room temperature in the dark. The color was developed with
DAB chromogen solution (C02-12, ORIGENE, America).
After color development, counterstain with hematoxylin
(AR0005, BOSTER, China). Afterwards, it was blue with
alkaline PBS. Finally, dehydration was performed and the
slides were mounted. Scanning observations were performed
using a Pannoramic Desk (3DHISTECH, Hungary).

Statistics

The difference between the two groups was assessed by two-tailed
t-test. The three groups and above were evaluated with one-way
ANOVA analysis followed by LSD Post Hoc multiple comparison to
assess its significance, and p-value < 0.05 was considered significant.

RESULTS

Nodosin Repressed CRC Cells in a Dose-
and Time-Dependent Way in vitro

The chemical structure of nodosin is shown in Figure 1A.
According to the CCK-8 assay results (Figures 1B-D),
nodosin significantly repressed CRC cells proliferation in a
dose-dependent manner. The ICsy of nodosin in SW480, HT-
29, and LoVo cells were 7.4, 7.7, and 6.6 uM, respectively.

TABLE 2 | The primer sequences for realtime-PCR.

were removed, weighed and Primer Quantitative RT-PCR primer
photographed. Paraffin blocks were made after the tumors were
fixed with 10% neutral formalin and dehydrated for subsequent studies. "X Forword: ATTGCCAGTGOCACCAAGT
Reverse: TGAGCAGGAACGCAGTCTT

.. CTSL Forword: TCCTACACTCATCCTTGCTG
H&E Staining Reverse: TOCACTGTGCCTCTAAACTG
The CRC xenograft tumors paraffin blocks were cut into slices  p-actin Forword: CACTCTTCCAGCCTTCCTT
(the thickness was 4 um). The tumor sections were stained in the Reverse: ACAGGTCTTTGCGGATGT
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FIGURE 1 | Nodosin suppressed CRC cells in dose- and time-dependent way in vitro. (A) The chemical structural formula of nodosin (http://www.chemspider.
com). (B) CRC SW480 cells were treated with 0-16 pM nodosin for 48 h. The relative viability of cells was detected by CCK-8 kit. Each group was repeated three times.
The significant difference between the nodosin treated and control group (without nodosin) was evaluated by the two-tailed t-test, *p < 0.05, **0.01 < p < 0.05, **p < 0.
01. (C) HT-29 cells were treated with 0-16 uM nodosin for 48 h. The cell viability was tested by CCK-8 kit. (D) LoVo cells were treated with 0-16 uM nodosin for
48 h. The cell viability was tested by CCK-8 kit. (E) NCM460 cells were treated with 0-16 uM nodosin for 48 h. The cell activity was tested by CCK-8 kit. (F) SW480 cells
were treated with nodosin for 48 h, and the morphological changes of SW480 cells were recorded by fluorescence inverted microscope. (G) The repressive effect of

(Continued)
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FIGURE 1 | nodosin on the migration of SW480 cells was tested by cell scratch method. SW480 cells were treated with different concentrations of nodosin for 24 h to
measure the scratch width and calculate the cell scratch closure rate. The relative migration rate significant difference between the nodosin treated group and the control
group (without nodosin) was evaluated by the two-tailed t-test, p < 0.05, **p < 0.01, ***p < 0.001. (H) Nodosin reduced the relative activity of SW480 cells in a dose- and
time-dependent manner. The significant difference was evaluated with one-way ANOVA analysis followed by LSD Post Hocnultiple comparison, and p-value < 0.05 was
considered significant. (1) Nodosin reduced the relative activity of HT-29 cells in a dose-dependent and time-dependent way. The significance difference was evaluated
with one-way ANOVA analysis followed by LSD Post Hocnultiple comparison, and p-value < 0.05 was considered significant.

However, the toxicity to human normal colonic mucosal
epithelial cells NCM460 was lower, with an ICsq of 10.2 uM
(Figure 1E). In addition, the morphological characteristics of
CRC SW480 cells were significantly changed after nodosin
treatment (Figure 1F). At low concentrations, the cells
underwent significant shrinkage and elongation; at high
concentrations, the cells were unable to adhere and became
rounded. Figure 1G shows that nodosin dose-dependently
restrained the migration ability of SW480 cells. Cell mobility
decreased gradually with increased nodosin concentration, and
almost no cell migration occurred at 12 uM. Therefore, the
relative activity of cells gradually decreased with increased
nodosin concentration and prolonged treatment (Figures
1H,I), indicating that nodosin could inhibit the proliferation
of CRC cells in a dose- and time-dependent manner.

Nodosin Suppressed CRC Cells
Proliferation and Triggered Cells Death

Proliferation and death are important processes in the
development of tumor cells. As nodosin concentration
increased, the number of cells gradually decreased, and the cell
membrane became larger and damaged (Figure 2A).
Additionally, nodosin inhibited the clonogenic ability of
SW480 cells. When nodosin concentration was greater than
4 uM, the cells could not form clonal colonies (Figure 2B).
Interestingly, nodosin only inhibited 10% of cell activity at a
concentration of 4uM, whereas nodosin at the same
concentration inhibited majority of the clonogenic ability of
SW480 cells. Moreover, the number of live cells decreased,
and the number of dead cells gradually became elevated with
increased nodosin concentrations in the live/dead cell staining
assay (Figure 2C).

Nodosin Inhibited DNA Synthesis Rate in
CRC Cells

DNA replication speed is an important indicator for evaluating
the cell proliferation rate, activity, and physiological status. This
study found that nodosin inhibited DNA replication ability of
SW480 cells by EAU assay (Figure 3A). After nodosin treatment,
the total number of cells decreased to a certain extent. The relative
ratio of EdU/H33342 gradually decreased as the nodosin
concentration increased, which indicated that nodosin
effectively  inhibited the DNA replication ability of
SW480 cells. Moreover, the cell cycle of SW480 cells was
detected after nodosin treatment, and nodosin affected the
synthesis (S) phase of the cell cycle; the S phase gradually
decreased with increased nodosin concentration (Figure 3B).

Ki67 is an antigen related to cell proliferation and exerts an
important role in mitosis. In Ki67 immunofluorescence staining
(Figure 3C), the Ki67-labeled antigen gradually decreased with
an increase in nodosin treatment concentrations, which is
consistent with the experimental results shown in Figures
3A,B. These results demonstrate that nodosin can inhibit
DNA synthesis from multiple perspectives.

Nodosin Induced Oxidative Stress,
Apoptosis, and Autophagy in SW480 Cells

To further study the antitumor mechanism of nodosin,
H,DCFDA fluorescent probe was used to test intracellular
ROS levels after nodosin treatment. Figure 4A shows that
after the cells were stimulated by nodosin, oxidative stress
occurred, and the ROS level in the cells increased
continuously with an increase in nodosin treatment
concentration. In this regard, after pretreatment with the
antioxidant N-acetylcysteine (NAC), the relative cell activity
reached saturation when the NAC concentration was 0.5 mM,
and the relative cell activity could be increased to 80%, indicating
that nodosin induced oxidative stress-mediated cell death. The
evidence that pretreatment with NAC reversed oxidative stress-
induced changes in SW480 cell death validated the dependence
on oxidative stress (Figure 4B). Oxidative stress may lead to cell
apoptosis and autophagy; therefore, an apoptosis assay using flow
cytometry was performed. These results revealed that nodosin
induced cell apoptosis. The apoptosis rate gradually elevated with
increased nodosin concentration. When the concentration of
nodosin was 12 uM, the apoptosis rate of the cells was 16.11%
(Figures 4C,D). Therefore, we speculated that there are other
modes of cell death in addition to apoptosis. Elevated levels of
ROS usually lead to stress in mitochondria, endoplasmic
reticulum, and lysosomes; therefore, the changes in these cell
organelles after nodosin treatment were observed by plasmid
transfection assay. This study’s findings showed that
mitochondria and  endoplasmic  reticulum  gradually
disappeared with increased nodosin concentration, while
lysosomes gradually increased. The endoplasmic reticulum and
mitochondria almost completely disappeared at a nodosin
concentration of 6pM (Figure 4E). Based on this
phenomenon, we hypothesized that these cells may have
undergone autophagy. To verify whether nodosin can induce
autophagy in cells, the autophagy blocker chloroquine was used
to rescue nodosin-treated SW480 cells. Chloroquine rescued
nodosin-induced SW480 cells cell death to a certain extent. At
a chloroquine concentration of 6.25 nM, the relative cell activity
increased by approximately 10%. These results illustrate that
nodosin induced autophagy in SW480 cells (Figure 4F).
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FIGURE 2 | Nodosin supressed cell proliferation and triggered cell death. (A) Nodosin-treated SW480 cells were stained with Dio and Hoechst 33342 (Dio stained
membranes in green and Hoechst 33342 stained nucleus in blug). (B) Different concentrations of nodosin treated SW480 cells for 12 days. Crystal violet stained cell
communities were observed with an inverted microscope. (C) Nodosin-treated SW480 cells were stained with Hoechest 33342, Calcein AM and PI. The stained results
were recorded by fluorescence inverted microscope (Hoechest 33342 stained cells in blue, Calcein AM stained cells in green and Pl stained cells in red).
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FIGURE 3 | Nodosin repressed the proliferation of CRC cells by inhibiting DNA synthesis. (A) Nodosin-treated SW480 cells were stained with EdU and Hoechst
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33342, and then cell proliferation was observed with fluorescence inverted microscope (EdU stained cells in red, Hoechst 33342 stained cells in blue). (B) Nodosin-
treated SW480 cells were stained with PI. The cell cycle of staining cells was detected by flow cytometry. The blue area was G1 phase cells, the red area was S phase
cells, and the green area was G2 phase cells. The significant difference was evaluated with one-way ANOVA analysis followed by LSD Post Hocmultiple
comparison, and p-value < 0.05 was considered significant. (C) SW480 cells were treated with different concentrations of nodosin for 24 h. The Ki67 was detected by IF.
F-actin was red fluoreacence, Ki67 was green fluorescence, and DAPI was blue fluorescence. The significance difference was evaluated with one-way ANOVA analysis
followed by LSD Post Hocmultiple comparison, and p-value < 0.05 was considered significant.

Transcriptomic Analysis of Nodosin
Inhibition of CRC Tumors

To investigate the anticancer mechanism of nodosin,
transcriptomic sequencing was performed. Figure 5A shows a
volcano plot of differentially expressed genes (DEGs) between the
nodosin treatment and control groups. With nodosin treatment,
205 genes were upregulated, and 376 genes were downregulated.
Among them, aldo-keto reductase family 1 member C1 (AKRICI),

aldo-keto reductase family 1 member B10 (AKRIB10), OSGINI,
HMOXI, and CTSL were significantly upregulated, whereas
transcription factor 4 (TCF4), TRIB3, syntrophin beta 1
(SNTBI), kinase family member 21B (KIF21B), mitogen-
activated protein kinase 6 (MAP2K6), cadherin 11 (CDHII),
amphiregulin ~ (AREG), and epiregulin (EREG) were
significantly downregulated. Most of these genes were involved
in signaling pathways related to cell proliferation inhibition and
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FIGURE 4 | Nodosin triggered cell death in CRC in a manner of oxidative stress, apoptosis and autophagy. (A) Intracellular ROS changes in SW480 caused by
nodosin were determined by H,DCFDA, red indicated the blank control (no ROS probe), light green indicated the solvent control (DMSO treatment, including the ROS
probe), purple indicated the negative control (8 uM nodosin treatment, but with no ROS probe available), orange indicated the 5 uM nodosin treated and containing the
ROS probe, light blue indicated the 8 uM nodosin treated and containing the ROS probe, dark blue indicated the 12 yM nodosin treated and containing the ROS
probe, brown indicated the 16 pM nodosin treated and containing the ROS probe, dark green indicated a positive control (treated with 1 mM H,0,). (B) SW480 cells
were pretreated with ROS inhibitor NAC for 1 h and treated with nodosin for 48 h. The relative viability of cells was detected by CCK-8 kit. (C) Flow cytometry was

(Continued)
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inactivated cells with the CCK-8 kit.

FIGURE 4 | employed to determine the apoptosis rate. X axis represented FITC intensity of Annexin-V on the extracellular membrane, Y axis represented Pl staining
intensity of cells, early apoptotic cell populations were in Q1-LR, late apoptotic cell populations were in Q1-UR. (D) The rate of SW480 cells apoptosis. The significant
difference was evaluated with one-way ANOVA analysis followed by LSD Post Hocmultiple comparison, and p-value < 0.05 was considered significant. (E) SW480 cells
(transfected with lamp1 OFP, ER, and mito) were treated with different concentrations of nodosin. The intracellular changes in lysosomes, endoplasmic reticulum, and
mitochondria were recorded by laser confocal microscopy. Orange represented lysosomes, blue represented mitochondria, and green representsed endoplasmic
reticulum. (F) After SW480 cells were treated with nodosin for an appropriate period, different concentrations of chloroquine were added to rescue the nodosin-

cell death induction. Figure 5B shows that gene ontology (GO)
analysis was enriched in biological processes with more
significant DEGs changes. We drew a heatmap of the DEGs
involved in apoptosis and death. HMOXI was also upregulated
(Figure 5C). These changes induced oxidative stress in the cells,
which in turn induced apoptosis. To verify the high-throughput
sequencing results, specific primers were designed for verification
at the messenger RNA (mRNA) level. The results of PCR and
qPCR showed that the HMOX1 and CTSL levels, which are
related to apoptosis and autophagy,
increased (Figures 5D,E). Furthermore, WB was performed to
verify whether nodosin affected the above pathways at the protein
level. The results showed that the apoptosis-and autophagy-
positive relative molecules HMOX1 and LC3 were significantly
elevated (Figure 5F). Since the transcriptomic results indicated
that nodosin affected the expression of genes related to oxidative
stress, apoptosis, and autophagy in CRC cells, we validated it
using the commonly used gene expression profiling interactive
analysis (GEPIA) database in clinical practice. The results
revealed that the gene TRIB3 negatively associated with
oxidative stress was significantly downregulated, the genes
PHLDA3, LC3, and CTSL related to apoptosis and autophagy
were significantly upregulated in normal colorectal tissues
compared to colorectal tumors (Figure 5G), while nodosin
also reversed the expression of these genes, indicating that
nodosin is beneficial for the treatment of CRC.

were  significantly

Nodosin Suppressed the Growth of CRC

Xenografted Tumors in Vivo

To investigate the antitumor effect of nodosin on CRC in vivo,
nude mouse subcutaneous tumorigenesis models were used for
administration. Figure 6A shows the growth process of
xenografted tumors in nude mice. Tumors in the nodosin-
treated group grew slower than those in the control
group. After the mice were terminated, tumors were isolated
and photographed (Figure 6B). When the tumors were weighed,
there was a significant difference in tumors weight between the
treatment and control group (Figure 6C). There was no
significant change in the bodyweight of nude mice in the two
groups (Figure 6D), indicating that nodosin had no obvious side
effects. H&E and IHC stainings of the pathological tumor sections
were performed. H&E staining showed that compared with the
control group, the cell structure of the tumor was destroyed, and
the number of nuclei was also reduced (Figure 6E). The results of
IHC staining revealed that the level of proliferation marker

Ki67 was significantly lower in the nodosin-treated group than
in the control group, indicating that treatment with nodosin
could supress the proliferation of colorectal xenografted tumors.
In addition, the expression of the apoptosis marker HMOXI1 and
the autophagy markers LC3 and CTSL were significantly
increased in the nodosin-treated group, which indicated that
nodosin could induce apoptosis and autophagy in colorectal
tumor cells (Figure 6F).

DISCUSSION

It is difficult to completely cure CRC due to its high recurrence,
easy metastasis, short survival time, limited treatment, and easy
drug resistance emergence, which has become a challenging
problem in the medical community (Vaghari-Tabari et al,
2020). The increasing incidence of CRC and the trend toward
a younger onset have forced researchers to develop new drugs to
replace existing drugs (Stoffel and Murphy, 2020). In recent years,
natural plant-derived compounds have been found to target
various signaling pathways with good tolerance and few toxic
side effects (Rejhova et al., 2018). The combination of natural
compounds and traditional chemotherapeutic drugs can be
considered to provide new directions for the research and
treatment of cancer.

Using cell and animal models, this study discovered that
nodosin, a diterpenoid extracted from Rabdosia serra
(Maxim.) Hara has antitumor activity against CRC.
Furthermore, combined transcriptomic analysis revealed that
nodosin could promote SW480 cell death through multiple
pathways, including oxidative stress, apoptosis, and autophagy.

Oxidative stress and the resulting oxidative damage are
important factors in tumorigenesis and progression (Klaunig
2018). Basak et al. (2020) found that oxidative stress is closely
associated with the occurrence and development of CRC and that
oxidative stress caused by excessive production of ROS can
selectively eradicate tumor cells. This study found that
nodosin increased ROS levels in CRC SW480 cells
(Figure 4A). After the rescue of the antioxidant NAC, the
activity of the cells significantly increased, indicating that the
cells underwent oxidative stress (Figure 4B). TRIB3, a modulator
of cellular responses to various stresses, is upregulated in various
cancers (Tang et al., 2020). TRIB3 expression in colorectal tumors
was also higher compared to normal colorectal tissues in the
GEPIA database (Figure 5G). This study found that nodosin
could downregulate TRIB3 expression, implying that nodosin
may induce oxidative stress in cells. In addition, excessive ROS
production can lead to oxidative stress and programmed cell
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FIGURE 5 | Transcripptomic results demonstrated that nodosin induced oxidative stress, apoptosis, and autophagy. (A) Voclano plot of the differential genes
between the nodosin treated and control groups. (B) GO analysis enriched for biological processes with more obvious differential gene changes, with more differential
genes in biological processes related to apoptosis. (C) Heatmap of the differential genes associated with apoptosis between the nodosin treated and control groups. (D)
The cDNA levels of HMOX1, CTSL, and p-actin were measured by PCR. (E) The mRNA levels of HMOX1, CTSL, and f-actin were detected by g-PCR. Each test
was repeated three times, and the difference was tested by atwo-tailed t-test. *p < 0.05, “*p < 0.01, **p < 0.001. (F) The protein levels of HMOX1, p-actin, and LC3 were
tested by western blotting. (G) Expression of the oxidative stress, apoptotic and autophagy-related genes TRIB3, PHLDAS, LC3, and CTSL in clinical CRC and normal
tissues (http://gepia.cancer-pku.cn/index.html, COAD: Colon adenocarcinoma; READ: Rectal adenocarcinoma, *p < 0.05).
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FIGURE 6 | Nodosin supressed the growth of CRC xenograft tumors in nude mice. (A) The whole procedure of the nude mice experiment. (B) The xenograft
tumors isolated from nude mice. (C) Tumor weights were compared in nude mice from nodosin treated and control groups. (D) Body weight was compared from
nodosin treated versus control groups. (E) The nodosin-treated and control xenograft tumors were stained with H&E. (F) IHC was used to detect the expression of Ki67,
HMOX1, LC3, and CTSL in nodosin-treated and control group, and photographed under microscope.
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FIGURE 7 | The schematic diagram of pharmacological mechanism of nodosin against CRC. Nodosin inhibited CRC mainly by triggering oxidative stress,
apoptosis, and autophagy. The observed pharmacological mechanism of action of nodosin on CRC is as follows: 1) Nodosin could downregulate TRIB3 and upregulate
OSGINT to elevate ROS levels and induce oxidative stress in cells. Moreover, nodosin could upregulate HMOX1, induce heme breakdown, release ROS, promote
oxidative stress in cells, and induce apoptosis. 2) Excessive ROS production could lead to oxidative stress in cells. Oxidative stress was able to induce apoptosis.
Finally, mitochondria and endoplasmic reticulum were destroyed in response to oxidative stress. Lysosomes removed damaged organelles and induced cells to undergo
autophagy, inducing upregulation of autophagy markers LC3 and CTSL expression. Nodosin promoted cell death by inducing CRC cells to undergo apoptosis and
autophagy. This figure is drawn by Figdraw (www.figdraw.com).

death, such as apoptosis and autophagy (Gao et al,, 2020). Tsai ~ 2017). In addition, autophagy responds to stressful conditions,
etal. (2017) found that the upregulation of OSGINI could elevate including oxidative stress (Zhou et al,, 2021). In different types of
ROS levels, activate PI3K/Akt/Nrf2 signaling, and trigger  autophagy, lysosomes can degrade and remove oxidized/damaged
apoptosis in cells. Wang et al. (2017) found that  proteins and large organelles that produce ROS (such as
OSGIN1 could induce autophagy-positive related molecules,  mitochondria and peroxisomes) (Mahapatra et al., 2021). Through
such as LC3, at the protein and mRNA levels. Interestingly,  co-transfection with three markers labeled endoplasmic reticulum,
our study found nodosin upregulated the expression of  mitochondria, and lysosomes, we found that nodosin could cause the
OSGINI and LC3. Therefore, we speculated that nodosin was  endoplasmic reticulum and mitochondria to vanish but increase
able to trigger oxidative stress, apoptosis, and autophagy in  lysosomes in a dose-dependent manner (Figure 4E). More
SW480 cells by increasing cellular ROS levels. importantly, nodosin-induced cell inactivation was significantly

The transcriptomic analysis revealed that nodosin was able to  rescued by the autophagy blocker chloroquine, suggesting that
activate intrinsic and extrinsic apoptotic signaling pathways in  autophagy may be an essential pathway in nodosin-triggered cell
SW480 cells (Figure 5B). HMOXI was upregulated in the  death (Figure 4F). Presently, markers related to autophagy mainly
apoptotic signaling pathway. HMOX1 triggered heme breakdown,  include CTSL and LC3. CTSL, which encodes lysosomal cysteine
releasing reactive oxide species and enhancing intercellular oxidative ~ protease, promotes autophagic flux (Thirusangu et al., 2021). Han
stress-induced apoptosis (Chiang et al., 2019). PCR, RT-PCR, WB, et al. (2016) found that upregulation of CTSL enhances the efficacy of
and IHC results showed that nodosin upregulated the  anticancer drugs against lung cancer and other types of malignant
HMOX1 expression, indicating that nodosin induced cell death  tumor cells. Furthermore, the expression of another key autophagy-
in an HMOXI modulation-related manner. These results suggested ~ related protein, LC3, was significantly increased following nodosin
that the cell death-promoting mechanism of nodosin was to induce ~ treatment. LC3 plays a crucial role in autophagosome formation and
apoptosis by upregulating HMOX1. Moreover, Gandini et al. (2019)  autophagy development (Song et al., 2019). This study demonstrated
found that upregulation of HMOX1 could inhibit the growth of  that nodosin could upregulate the expression of CTSL (Figures
breast cancer tumors and prolong patient survival. Therefore, we =~ 5D-F), suggesting that the cell death-promoting mechanism of
considered the development of nodosin-based apoptosis inducersto ~ nodosin-modulated CTSL, which in turn, caused autophagy in
induce CRC cells death. CRC cells. See et al. (2018) found that upregulation of the

ROS induces apoptosis and autophagy in cells. Autophagy is  autophagy marker LC3 promotes autophagy and induces CRC
another programmed cell death pathway in addition to apoptosis. It cell death. Therefore, targeting autophagy-related proteins may be
has been reported that autophagy can kill anti-apoptotic cells (Lietal.,  an effective treatment strategy for CRC.

Frontiers in Pharmacology | www.frontiersin.org 152 July 2022 | Volume 13 | Article 943272


www.figdraw.com
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Fan et al.

In conclusion, nodosin repressed CRC mainly through the
induction of oxidative stress, triggering apoptosis, and autophagy.
This study revealed the molecular mechanisms of nodosin against
CRC: 1) Downregulation of TRIB3 and upregulation of OSGINI to
induce oxidative stress in cells; 2) Elevation of HMOX1 expression to
induce apoptosis; 3) Upregulation of CTSL and LC3 expression to
trigger autophagy (As shown in Figure 7). However, we could not
exclude other possible molecular mechanisms. This research
provides solid experimental evidence for the suppression of CRC
and greatly contributes to developing novel drugs for CRC therapy.
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A promising therapeutics for
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Shandong Provincial Qianfoshan Hospital, Jinan, China

A wound occurs when the epidermis and dermis of the skin are damaged
internally and externally. The traditional wound healing method is
unsatisfactory, which will prolong the treatment time and increase the
treatment cost, which brings economic and psychological burdens to
patients. Therefore, there is an urgent need for a new method to accelerate
wound healing. As a cell-free therapy, exosome derived from stem cell (EdSC)
offers new possibilities for wound healing. EASC is the smallest extracellular
vesicle secreted by stem cells with diameters of 30-150 nm and a lipid bilayer
structure. Previous studies have found that EJSC can participate in and promote
almost all stages of wound healing, including regulating inflammatory cells;
improving activation of fibroblasts, keratinocytes, and endothelial cells; and
adjusting the ratio of collagen | and lll. We reviewed the relevant knowledge of
wounds; summarized the biogenesis, isolation, and identification of exosomes;
and clarified the pharmacological role of exosomes in promoting wound
healing. This review provides knowledge support for the pharmacological
study of exosomes.

KEYWORDS

exosome, stem cell, wound healing, therapeutics, wound

Introduction

The skin is the largest multifunctional organ in the body. It can prevent bacterial
invasion and resist chemical and physical assaults by forming a strong barrier between the
organism and the environment (Proksch et al., 2008; Wang et al.,, 2019). A wound is a
disruption of normal anatomic structure and function because of internal and external
breakage of the epidermis and dermis and occurs when the skin is torn and burned and
has pressure ulcer and diabetes ulcer (Reinke and Sorg, 2012; Kanji and Das, 2017; Ayavoo
etal,, 2021). A prompt and suitable wound healing is necessary for the repair of functional
tissues as well as disordered structures after an injury (Gurtner et al., 2008; Ayavoo et al.,
2021). Normal wound healing is a sophisticated and dynamic activity that involves many
physiological activities, such as inflammation, cell proliferation, and extracellular matrix
remodeling (Wang et al., 2018). Chronic wounds fail to heal orderly and timely through
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FIGURE 1

Schematical illustration of a wound. A wound occurs when

the dermis and epidermis of the skin, as well as blood vessels, are
damaged.

normal healing mechanisms (Velnar et al., 2009), which are
characterized by long healing time and scar hyperplasia.

According to the statistics, chronic wounds affect more than
6 million people. It is anticipated that the number of people with
chronic wounds will increase among our growing elderly and
diabetes population (Powers et al., 2016). Chronic nonhealing
wounds will make patients experience serious pain and become
physically anxious (Jarbrink et al., 2017), which would bring
strong pressure on society (Jarbrink et al., 2017). Therefore, the
development of novel technologies and practices in the best
practice clinical management of chronic wounds is imperative
to diminish the possible burdens on the health and economy of
the society and optimize the healthcare management for this
prospective silent pandemic.

Conventional wound care methods include wound dressings
(Han and Ceilley, 2017), skin substitutes (Dai et al,, 2020), and
growth factors (Shpichka et al., 2019). However, the drawbacks of
these methods such as long healing time, immune rejection, high
cost, and easy infection (Goodarzi et al., 2018; Vu et al., 2021) limit
their application. In recent years, stem cells for wound healing have
become one of their most important tools because of their strong
self-renewal and differentiation ability (Nourian Dehkordi et al.,
2019). Studies have confirmed that the effect of stem cell therapy has
to do with the paracrine effect mediated by stem cell secretory factor
exosomes (Yang J. et al, 2020). The exosome is the smallest
extracellular vesicle, which is released into the extracellular
environment after the fusion of late endosomes with the plasma
membrane (Hessvik and Llorente, 2018). Exosome derived from
stem cell (EdSC) is secreted by stem cells, which can transfer
functional cargos such as proteins, DNA, and RNA from donor
cells to the recipient cells (Nikfarjam et al., 2020; Gurung et al., 2021)
and mediate intercellular communication to promote the activities
of wound healing-related cells, such as fibroblasts and keratinocytes
(Arishe et al, 2021). In this review, we reported the biogenesis,
isolation, and identification of exosomes; elaborated on the
mechanism of exosomes promoting wound healing; and
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discussed the clinical trials of exosomes in the treatment of
wound healing.

Representative therapeutics for
wound healing

Wounds are disruption of normal anatomic structure and
function because of internal and external breakage of the
epidermis and dermis (Reinke and Sorg, 2012; Kanji and Das,
2017; Ayavoo et al, 2021) (Figure 1). Current strategies for
wound healing include wound dressings (Han and Ceilley,
2017), skin substitutes (Dai et al., 2020), and growth factors
(Shpichka et al., 2019).

Wound dressings

Wound dressing is a sterile pad that is used in direct contact
with the injury (Tang et al., 2021), which can keep a local moist
environment around the wound, protect the wound from micro-
organisms, and sustain good gas transmission (Kamoun et al.,
2017). Common wound dressings include cotton gauze, human
amniotic membrane, and polysaccharide-based factors (Zeng
et al,, 2018). However, traditional wound dressings are limited
in providing a proper sterile environment for wounds (Farahani
and Shafiee, 2021).

Skin substitutes

Skin substitutes are heterogenous biomaterials that can
provide a substitute for the extracellular matrix to accelerate
the healing process of wounds (Auger et al., 2009; Dai et al,,
2020). According to different sources, it can be divided into
allografts of human origin and xenografts of animal origin
(FerreiraCastropaggiaro et al., 2011). This way provides a
physical barrier from bacteria (Wei et al, 2022) and
trauma and can keep a moist microenvironment in the
wound bed (Dai et al., 2020), but allogenic skin grafts have
the risk of immune rejection (Iy and Al-Rubaiy, 2009).

Growth factors

Growth factors can affect the microenvironment in the
wound bed when released. (Dolati et al., 2020), such as
promoting intercellular communication, including endothelial
cells and fibroblasts (Werner and Grose, 2003). Although the
direct application of growth factors is beneficial to wound
healing, it also has certain limitations. For example, under the
action of protein hydrolases, growth factors will degrade quickly
(Golchin et al., 2018).
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Recent emerging novel tool:
exosome derived from stem cell

Stem cells play an important role in wound healing and skin
of their
differentiation ability (Mazini et al,

strong  self-renewal and
2020; Guillamat-Prats,
2021; Jo et al., 2021). The main tissue sources of stem cells for

regeneration because

wound healing and skin regeneration include fat, bone marrow,
and umbilical cord. In the process of wound treatment, using
stem cells can close the wound early and reduce scar formation
(Isakson et al., 2015; Guillamat-Prats, 2021). Of note, many
studies have reported the effect of mesenchymal stem cells
(MSCs) in wounds and regenerative medicine through their
paracrine factors such as exosomes.

The emergence of EdSC offers new possibilities for wound
healing. As a cell-free therapy, EdSC overcomes the limitations of
stem cells. EdSC therapy is easy to use and time-saving and has
low immune rejection (Ha et al., 2020). Studies have found that
EdSC can induce benefits in nearly all phases of wound healing.
For instance, it can inhibit inflammation, control immune
responses, and promote cell proliferation and angiogenesis
(He et al., 2019; Chen Md et al., 2021).

Biogenesis of exosome derived from stem
cell

Exosomes are a subset of extracellular vesicles that are
secreted by the majority of the types of cell-like dendritic
cells, T cells, stem cells, and a variety of cancer cells (Isaac
et al,, 2021). According to the biogenesis and size, extracellular
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vesicles can be divided into exosomes, microvesicles, and
apoptotic bodies (Crescitelli et al., 2013; Thakur et al., 2021).
The diameter of exosomes is 30-150 nm, which is the smallest
extracellular vesicle (Raposo and Stoorvogel, 2013). The release
1) Cell
membrane invaginates to form primary endosomes, and the

of exosomes occurs via three major steps (Figure 2):

early endosomes are acidified into late endosomes. 2) The late
endosomes bud inward to form a multivesicular body (MVB)
(Tiwari A. et al.,
extracellular environment after the fusion of MVB and plasma

2021). 3) Exosomes are released into the

membrane by exocytosis (Huotari and Helenius, 2011; Van Niel
etal, 2018; Gurunathan et al.,, 2021). The exosomes secreted by
stem cells such as adipose-derived stem cells and umbilical cord
MSCs are EdSCs (Yu et al, 2014). EdSC contains many
biomolecules of donor stem cells, such as DNA, RNA,
nucleic acid, lipids, metabolites, and cytosolic (Kalluri and
Lebleu, 2020; Gurung et al., 2021).
bilayers, EdSC can regulate cell-cell communication by

Surrounded by lipid

transferring a lot of functional biomolecules to recipient cells
(Tran et al.,, 2020; An et al., 2021; Arishe et al., 2021). As the
main paracrine factors of stem cells, many studies established
that EdSCs are also involved in the immune response (Hodge
et al., 2021; Dai et al., 2022), cancer prevention and treatment
(Jiang et al., 2022; Nik Nabil et al., 2022), antigen presentation
(You et al,, 2021; Zheng et al., 2022), angiogenesis (Yang et al.,
2021), drug delivery (Riau et al., 2019; Ding et al., 2022; Rao
et al., 2022), and inflammation (Shen et al.,, 2021). Multiple
pharmacological effects make EASC attract much attention in
enhancing skin wound healing (Las Heras et al., 2020; Al
Gailani et al., 2022; Dong et al., 2022; Opoku-Damoah et al,,
2022).
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Technologies for isolating exosome
derived from stem cell

The isolation of pure EdSC is critical to understanding its
mechanism and application to wound healing. Conventional
methods include ultracentrifugation-based techniques, size-
based  techniques,
techniques (Wu et al.,, 2019).

and  immunoaffinity  capture-based

(1) For ultracentrifugation-based techniques: Ultracentrifugation-
based techniques are known as the “gold standard” for EdSC
isolation technology (Yang D. et al., 2020), which is according to
the difference in size and density of each constituent in mixture

2015; Saad et al, 2021).

Ultracentrifugation can be divided into density gradient

ultracentrifugation  and  differential  ultracentrifugation

(Konoshenko et 2018; Gurunathan et al, 2019).

Differential ultracentrifugation is easy to operate and low in

cost (Zhao R. et al., 2021). However, compared with differential

centrifugation, the purity of EdSC isolated by density gradient
centrifugation is higher (Shirejini and Inci, 2021; Tarasov et al,

2021).

For size-based techniques: Size exclusion chromatography is a

solution (Livshits et al,

al.,

2
typical technology for separation based on the size of exosomes.
The sample containing exosomes flows through a stationary
phase column filled with a porous matrix. The sample
molecules smaller than the pore size can diffuse into the
matrix and need a longer time to pass through the column,
whereas large molecules get eluted faster (Tiwari S. et al., 2021).
This method cannot distinguish EdSC and microvesicles of the
same size, and the yield of exosomes is low. However, it is quick,
easy, and cheap, and the isolated EdSCs are uniform in size and
intact biophysically and functionally (Heydari et al, 2021;
Purghe et al,, 2021; Saad et al,, 2021).

(3) For immunoaffinity capture-based techniques:

Immunoaffinity-based isolation strategies use antibodies

that were embedded with different materials such as

magnetic beads (Kandimalla et al, 2021) to target the

specific surface antigens of exosomes (Li S. et al.,, 2021).

Then, antibody-recognized exosomes are captured (Alzhrani

etal., 2021). This method can evidently increase the purity of

EdSC and save time and samples of isolation (Li S. et al.,

2021). However, the defect of this method is that it is not

suitable for the isolation of large sample volumes (Alzhrani

et al., 2021). Moreover, it only works with cell-free samples

and isolates EASC with low yield (Fu et al., 2019).

Tools for identifying exosome derived
from stem cell

Once EdSCs are isolated, they need to be further quantified
and analyzed (Li S. et al., 2021). According to the International
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Society of Extracellular Vesicles, the identification techniques of
EdSCs can be based on morphology, size, and specific proteins on
the surface of exosomes (Thery et al., 2018), such as electron
microscope, nanoparticle tracking analysis (NTA), and western
blot.

(1) For electron microscope: Electron microscopy techniques
have been widely used to detect the morphology and size of
EdSC (Alzhrani et al., 2021). It mainly includes a cryo-
electron microscope and a transmission electron

microscope (TME). In TME, two electron beams pass

through the samples and are subsequently collected and

magnified (Liu Q. et al, 2021). However, EdSCs show a

saucer-like structure under TME (Zhao R. et al., 2021). Many

researchers attribute this phenomenon to the collapse of
samples caused by drying during sample processing (Cizmar

and Yuana, 2017). Unlike TME, EdSCs detected using a

cryo-electron microscope are round (Jin et al., 2021). This

technique is now widely used since the destruction of the
sample is avoided.

For NTA: NTA can identify the dimension as well as the

concentration of EdSC (Zara et al., 2020). The Brownian

motion of suspended particles and light scattering are the

basic principles of NTA (Pelissier Vatter et al., 2020; Zhao R.

et al,, 2021). By viewing in the mind each very small bit

@

through image observations using either distributed widely
light or gave out fluorescence, NTA measures the Brownian
motion of person EdSC and connects it to a very small bit
size (Carnino et al, 2019; Alzhrani et al, 2021). The
of this method
sensitivity, easy sample preparation, fast analysis speed,

advantages include high detection
and suitability for a large number of samples (Zara et al,
2020; Singh et al, 2021). However, this technique is
accompanied by the problems of poor sensitivity, low
efficiency of sorting targeted EdSC,
reproducibility (Jin et al., 2021).

For western blot: Western blot identifies EASC based on the
specific proteins on the surface. Specific proteins (such as
CD9, CD81, and CD63) are separated by electrophoresis and
then combined with the corresponding antibodies (Zhao
et al., 2019; Jalaludin et al., 2021). This identification method
has high sensitivity and specificity (Singh et al,, 2021).

and  poor

3)

However, workflow is prolonged (Singh et al., 2021).

A promising therapeutics, exosome
derived from stem cell, for wound
healing

EdSC can be administered to the wound through intravenous
injection and subcutaneous injection (Hu et al, 2016). After
administration of EdSC to the wound site, it can induce benefits
in almost all stages of wound healing, such as inhibiting
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Bioeffects of stem cells derived exosomes on wound healing. (A) EJSC can inhibit inflammation by regulating the number of inflammatory cells

and the polarization of macrophages. (B) EASC can promote re-epithelialization by increasing the activity of fibroblasts as well as keratinocytes and
activating pathways. (C) EdSC can improve angiogenesis by stimulating the release of angiogenic factors and regulating the activity of endothelial
cells. (D) EASC can improve tissue remodeling by regulating the ratio of collagen and myofibroblast differentiation.

inflammation by controlling immune cells, accelerating wound
closure and angiogenesis by promoting proliferation and
migration of cells, and reducing scar formation by regulating
the proportion of collagen (Li D. et al., 2018; Wei et al.,, 2021).
This part mainly discusses the delivery systems and mechanisms
of EdSC that promote wound healing (Figure 3).

Exosome derived from stem cell delivery
systems for wound healing

The most common way of administration of EdSC is
intravenous injection. For instance, delivering EdSC to the
wound site of mice through intravenous injection can stimulate
the activities of fibroblasts, to accelerate wound healing (Hu et al.,
2016). Subcutaneous injection is another delivery method of EdSC
for wound healing. Liu et al. injected melatonin-stimulated EdSCs
subcutaneously into the wound and found that EdSCs enhance
diabetic wound healing by regulating the polarization of
macrophage M1 phenotype to M2 phenotype through targeting
PTEN/AKT pathway (Liu et al,, 2020). Although the method of
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direct injection seems more efficient, it is highly invasive (Kosaka
et al, 2012; Akbari et al,, 2020). Although injection is simple and
effective, it can limit EASC therapeutic function because the
clearance rate of this route is relatively rapid (Takahashi et al.,
2013). In recent years, many researchers have combined EdSC
with hydrogel to prolong the efficacy time and improve the
stability of EdSC, to accelerate wound healing. As a new
dressing, a hydrogel is a three-dimensional structure formed by
physical or chemical crosslinking between hydrophilic polymer
chains (Zhao Y. et al., 2021; Ma and Wu, 2022; Safari et al., 2022).
Hydrogels can load EdSC by absorbing a large amount of solution
containing EdSC because of the hydrophilic functional groups in
polymers (Xu etal., 2018; Golchin et al., 2022). Applying the EdSC-
loaded hydrogel dressing to the wound bed, the hydrogel network
can control the release concentration and time of EdSC and
increase the moisture content of the wound (Kim et al., 2017;
Shafei et al., 2020). It maintains a good microenvironment in the
wound bed that supports the activities of loaded cells to accelerate
wound healing (Kim et al, 2017; Riha et al, 2021). Hence,
hydrogels are utilized as desirable therapeutic agents for EdSC
on wound healing.
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Inflammation

Inflammation is characterized by removing debris and
preventing infection through activation and recruitment of
resident immune cells, such as neutrophils, mast cells, and
eosinophils (Wang et al, 2018). Accumulating evidence
suggests that EdSCs inhibit the process of inflammation in
various pathways. Studies have confirmed that MSC-exosomes
can block the infiltration of neutrophils and reduce the number
of neutrophils in wounds to prevent excessive inflammation (Li
et al,, 2016; Shojaati et al., 2019). In addition, MSC-exosomes
from different sources reduce pro-inflammatory factors such as
IL-1, IL-6, TNF-q, IFN-y, IL-17, TNF-q, and IL-1p along with
increase anti-inflammatory factors such as IL-10, TSG-6, IL-4,
and TGF-B in wounds to accelerate the inflammatory process
(Liu et al., 2014; Chen et al., 2016; Nojehdehi et al., 2018; Li K. L.
etal, 2021; Shen et al., 2021). In the later stage of inflammatory,
pro-inflammatory M1 macrophages are transformed into anti-
inflammatory M2 macrophages, which can activate fibroblasts,
endothelial
epithelialization as well as angiogenic processes (Rani and
Ritter, 2016; Sorg et al., 2017). For one thing, Xu et al. found
that under LPS stimulation, exosomes from BMSCs resulted in

keratinocytes, and cells to promote re-

an increase in M2 macrophage polarization and a decrease in
M1 macrophage polarization (Xu et al., 2019). For another thing,
some researchers have found that stem cell-derived exosomes
from different sources can also induce the polarization of
macrophage M1 phenotype to M2 phenotype through various
biological pathways. For example, exosomes derived from MSCs
stimulated by melatonin have been shown to enhance diabetic
wound healing by targeting the PTEN/AKT pathway (Liu et al.,
2020). Meanwhile, Khare et al. demonstrated that BMSC-derived
exosomes promote the inflammation process by decreasing the
proliferation and activation of B cells (Khare et al., 2018). In
addition, EdSC also can suppress inflammatory T cell
proliferation (Blazquez et al., 2014; Di Trapani et al., 2016;
Monguio-Tortajada et al, 2017), activate T cells into T
regulatory cells (Chen et al, 2016), and increase the number
and proliferation of Tregs (Del Fattore et al., 2015; Chen et al,,
2016; Du et al., 2018; Nojehdehi et al., 2018; Zhang et al., 2018;
Riazifar et al., 2019; Li K. L. et al,, 2021). In the immune system,
dendritic cells are the cells that present antigens that can enhance
T cell proliferation (Xie et al., 2020). Reis et al. found that
dendritic cells can be inhibited by exosome treatment, which
indirectly inhibits T cell activity (Reis et al., 2018). Therefore, all
evidence suggests that SCAEs have anti-inflammatory potential
and the ability to prevent excessive inflammation.

Re-epithelialization

In the phase of re-epithelialization, fibroblasts proliferate and
migrate in large numbers and produce and deposit ECM to form
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granulation tissues that replace initial fibrin clots and repair
tissue losses (Wilkinson and Hardman, 2020). EdSCs were
readily taken up by fibroblasts that stimulate cell activity to
promote wound healing (Hu et al., 2016; Chen Md et al., 2021;
Tutuianu et al., 2021). As a scaffold, granulation tissue supports
migration as well as the proliferation of wound cells and

promotes new angiogenesis. Meanwhile, fibroblasts can
stimulate keratinocytes by secreting keratinocyte-derived
growth  factors, which can undergo a  partial

epithelial-mesenchymal transition (Sorg et al, 2017). Then,
keratinocytes proliferate and migrate toward the wound center
until contact with reverse cells stops (Han and Ceilley, 2017).
EdSC can promote wound healing by regulating keratinocyte and
fibroblast characteristics and enhancing re-epithelialization. In
addition, ADSC-derived
activities by activating Wnt/B-catenin signaling, AKT/HIF-

exosomes enhance keratinocyte
lalpha signaling, or AKT pathway to promote wound healing
(Ma et al.,, 2019; Zhang et al., 2020). According to Chen et al.,
highly expressed microRNA-21 in ADSC-exosomes can increase
the MMP-9 expression via the PI3K/AKT to promote the activity
of the keratinocytes (Yang C. et al., 2020). Moreover, ADSC-
exosomes inhibited miR-19b expression via IncRNA H19 (H19)
and activated the Wnt/B-catenin pathway using upregulated
SPY-related high-mobility group box 9 (SOX9), resulting in
enhanced human skin fibroblast function (Miao et al., 2021;
Qian et al, 2021). Human ADSC-exosomes contain IncRNA
MALAT], which is capable of increasing fibroblast migration in
the dermis (Cooper et al., 2018). Jeffrey et al. suggested that
CD63* exosomes from BMSCs contribute to the transport
exterior Wnt3a signal to recipient cells significantly, thereby
promoting fibroblast and endothelial functions (Mcbride et al.,
2017). In addition, the study also found that umbilical
cord-derived MSC (uMSC)-exosomes contain microRNAs
such as miR-21, miR-23a, and miR-125b, which can suppress
the differentiation of fibroblasts into myofibroblasts formation
via inhibiting collagen deposition (Mcbride et al., 2017) to
accelerated re-epithelialization (Fang et al., 2016; Li D. et al,
2021). Taken together, the role of exosomes in promoting re-
epithelialization is mainly achieved by enhancing the function of
keratinocytes and fibroblasts.

Angiogenesis

the
proliferative phase. Promoting angiogenesis is the main factor

Angiogenesis is another important process in

for stem cell-derived exosomes to promote wound healing.
Angiogenesis provides oxygen, blood supply, and metabolic
pathways for wound healing. Hypoxic environment after
injury has induced the release of fibroblast growth factor
2 and vascular endothelial growth factor A. This stimulates
vascular endothelial cell proliferation to build new blood
TutuiaNu et al. demonstrated that

vessels. €xosomes

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.957771

Lv et al.

stimulated endothelial cell migration via scratch test assay
2021). addition, of
angiogenesis such as angiopoietin-2 (Ang-2) and endothelin
(ET-1) in EdSC (Tutuianu et al, 2021).
Meanwhile, exosomes derived from human uMSCs can

(Tutuianu et al., In stimulators

were found

improve angiogenesis by delivering angiopoietin-2 to promote
wound healing (Liu J. et al., 2021). Wounds in the feet of diabetic
rats treated with exosomes from ADSCs overexpressing
Nrf2  exhibited
formation, enhanced growth factor expression, and increased

reduced ulcer area, granulation tissue
angiogenesis (Li X. et al., 2018). In recent years, it is reported that
embryonic stem cell-derived exosomes can activate Nrf2 to
improve endothelial senescence (Chen B. et al., 2019). Some
studies have found that stem cell-derived exosomes can transfer
RNA or protein, such as miR-125a (Liang et al., 2016), miR-31
(Kangetal., 2016), miR-21 (An et al., 2019), and DMBT1 protein
(Chen et al., 2018), to promote angiogenesis for wound healing.
Ding et al. demonstrated that exosomes from human BMSCs can
stimulate angiogenesis by activating the PI3K/AKT signaling
pathway in vitro (Ding et al., 2019). Signaling pathways with
similar efficacy include AKT/eNOS pathway (Yu et al., 2020) and
Wnt4/p-Catenin pathway (Zhang et al,, 2015). As mentioned
above, stem cell-derived exosomes accelerate wound healing via

promoting angiogenesis.

Remodeling

In the remodeling stage, the primary task is to reduce scar
formation. Uncontrolled accumulation of myofibroblasts that
contract the wound and excessive proportion of collagen Ill in the
wound lead to scar formation (Zeng and Liu, 2021). In
granulation tissue, collagen | replaced collagen Il gradually to
promote scar-free repair. In recent years, some studies observed
the effects of exosomes on matrix remodeling. Liu et al. injected
exosomes secreted by human ADSCs intravenously into murine
incisional wounds and found that ADSC-exosomes can
reconstruct ECM in wound bed by regulating the proportion
of collagen-like type Il to type | and reduce scar formation by
regulating differentiation of fibroblast (Wang et al., 2017; Wang
et al, 2021). MiR-192-5p expressing exosomes derived from
human ADSCs can mitigate hypertrophic scar fibrosis by
modulating the smad pathway. Its performance in wound
healing is attenuated collagen deposition, transdifferentiation
of fibroblasts of
hypertrophic In addition,

to myofibroblasts, and formation
(Li Y. et 2021).
microRNAs enriched in epidermal stem cell-derived exosomes
(EPSC-exos) include miR-16, let-7a, miR-425-5p, and miR-142-
3p (Duan et al., 2020). EPSC-exos-specific microRNAs, such as
miR-425-5p and miR-142-3p, can reduce the TGF-{1 expression

in dermal fibroblasts to inhibit myofibroblast differentiation

scars al.,

(Duan et al, 2020). Furthermore, EdSC suppressed scar
formation by reducing collagen deposition and regulating
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inflammation (Jiang et al., 2020). The findings of li et al.
indicated that ADSCs-exosomes facilitate scar-free healing by
enhancing the characteristics of fibroblasts (Hu et al., 2016;
2020). EdSC increased collagen | and Il production through
systemic administration at the initial stage of wound healing,
whereas EASC may inhibit collagen expression to reduce scar
formation in the late stage (Hu et al, 2016). Taken together,
EdSC can reduce scar formation by regulating the proportion of
collagen.

Clinical applications of exosomes in
wound healing therapy

The therapeutic potential of stem cells and EdSC for wound
treatment have been conducted in various kinds of animal
studies. It demonstrated that stem cell injection not only
effectively suppresses inflammation but also enhances re-
epithelialization and angiogenesis and reduces scar formation,
which can promote the repair of skin wounds through secretion
of stem cell-like EdSC. However, the structure and physiology of
animal skin are different from those of human skin. Therefore, it
is important to understand the mechanism of EdSC in human
skin wounds.

From clinicaltrials.gov, we retrieved several clinical trials
about wound healing treated with MSCs, but only two have
exosomes. Using stem cells to treat burns as early as 2005, this
study demonstrates that BM-MSC therapy is safe, which
promoted angiogenesis and accelerated granulation tissue

formation (Rasulov et al., 2005). Another completed
clinical ~trial, which began in 2019, wused stem
cell-conditioned medium  containing exosomes or

microbubbles to treat chronic ulcerative wounds and found
that conditioned medium stem cells can improve skin ulcer
healing as an additional growth factor for the first time
(NCT04134676). In addition, we retrieved a clinical trial
initiated by Kumamoto University—the effect of plasma-
derived exosomes on skin wound healing. Participants’
wounds were treated with plasma rich in exosomes for
28 days to evaluate the effect of exosomes on skin wound
healing (NCT0256526). This study found that compared with
normal subjects, patients with chronic wounds such as skin
ulcers had significantly lower levels of serum exosomes. In
conclusion, the results of existing clinical trials show that
exosomes can accelerate skin wound healing.

Similar to wound treatment, we can retrieve 258 clinical trials
when the key word is exosome, such as for periodontitis
(NCT04270006), melanoma (NCT02310451),
back pain (NCT04849429), knee osteoarthritis
(NCT05060107), and COVID-19 (NCT05216562). With the
increasing number of clinical trials on the therapeutic effect of

chronic low

exosomes, it is believed that exosomes will come out as a
therapeutic drug as soon as possible.
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Conclusion

EdSCs are small in size and efficient, have low immune rejection,
and have special physiological and biological functions, which have
significant advantages for the treatment of wounds. With scientific
and technological progress, a deeper understanding of EdSC, and the
treatment of related diseases in the medical field, interdisciplinary
integration will complement and enhance the application of EdSC in
various fields. For example, combining the advantages of exosomes
as carriers with advanced design methods of nano-medicine can
establish a nano-treatment platform based on EdSC. In addition,
understanding the interaction between exosomes and other
organelles is helpful to better understand the process of disease
(Chen Q. et al, 2019; Chen et al, 2020). The most difficult
component of the research of exosomes is the inadequate
number of exosomes meeting the application standards. In the
near future, advances in the scaling-up technology for GMP-
compliant exosome manufacturing will enhance the applications
of exosomes for wound healing.
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Nanomaterials are a central pillar in modern medicine. They are thought to
optimize drug delivery, enhance therapeutic efficacy, and reduce side-effects.
To foster this technology, analytical methods are needed to validate not only
the localization and distribution of these nanomaterials, but also their
compatibility with cells, drugs, and drug release. In the present work, we
assessed nanoparticles based on porous silicon (pSiNPs) loaded with the
clinically used tyrosine kinase inhibitor sunitinib for their effectiveness of
drug delivery, release, and toxicity in colon cancer cells (HCT 116 cells) and
cardiac myoblast cells (H9c2) using Raman micro-spectroscopy, high-
resolution fluorescence microscopy, along with biological methods for
toxicological effects. We produced pSiNPs with a size of about 100 nm by
grinding mesoporous silicon layers. pSiNPs allowed an effective loading of
sunitinib due to their high porosity. Photoluminescence properties of the
nanoparticles within the visible spectrum allowed the visualization of their
uptake in cardiac cells. Raman micro-spectroscopy allowed not only the
detection of the uptake and distribution of pSiNPs within the cells via a
characteristic silicon Raman band at about 518-520cm™, but also the
localization of the drug based on its characteristic molecular fingerprints.
Cytotoxicity studies by Western blot analyses of apoptotic marker proteins
such as caspase-3, and the detection of apoptosis by subGl-positive cell
fractions in HCT 116 and MTT analyses in H9c2 cells, suggest a sustained
release of sunitinib from pSiNPs and delayed cytotoxicity of sunitinib in HCT
116 cells. The analyses in cardiac cells revealed that pSiNPs are well tolerated
and that they may even protect from toxic effects in these cells to some extent.
Analyses of the integrity of mitochondrial networks as an early indicator for
apoptotic cellular effects seem to validate these observations. Our study
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suggests pSiNPs-based nanocontainers for efficient and safe drug delivery and
Raman micro-spectroscopy as a reliable method for their detection and
monitoring. Thus,

the herein presented nanocontainers and analytical
methods have the potential

to allow an efficient advancement of

nanoparticles for targeted and sustained intracellular drug release that is of
need, e.g., in chronic diseases and for the prevention of cardiac toxicity.

KEYWORDS

porous silicon nanoparticles, sunitinib, Raman imaging, micro-spectroscopy imaging,
high-resolution fluorescence microscopy, cardiomyoblast, colon cancer cells

1 Introduction

The application of novel bioimaging techniques and high-
resolution optical modalities supports the understanding of
cellular distribution and the drug’s effects on organelles and
This s
cardiomyocytes as these are non-dividing cells that are

cellular  dynamics. particularly  relevant for

especially vulnerable. Depending on the respective drug,

e.g.,
cardiomyocyte survival, oxidative stress levels, DNA damage,

cardiotoxicity ~impacts, on mitochondrial function,
endothelial cell permeability, or disturbance of the conduction
system, leading to reversible or irreversible damages. Overall,
cardiotoxicity is one of the most significant adverse effects of
drugs in general and of chemotherapeutics in particular and
strongly impacts on morbidity and mortality of the cancer
patients (Pai and Nahata, 2000; Palmer et al., 2020). Hence,
there is an urgent need to understand the cell-type-specific
localization of antitumor drugs on heart cells and to use the
knowledge for the reduction or circumvention of cardiotoxic
side-effects of anticancer therapies.

The search for new and innovative ways to reduce cardiac
side-effects via optimized drug uptake and release is one of the
major challenges in the field of cardio-oncology (Chu et al.,
2007). To prevent chemotherapy from affecting the whole body,
novel drug delivery systems based on nanocontainers for the
transport for the sustained and/or the targeted release of the drug
have been developed (Yao et al., 2020). Especially, sustained drug
release, i.e. delayed release, allows a particular drug to be
delivered at a programmed rate, leading therewith to a longer
and controlled drug impact on the body avoiding toxic peak
concentrations of a drug (Moghimi et al., 2001). Drug delivery
based on nanoparticles has several advantages over the delivery
of free chemotherapeutic agents (Fornaguera and Garcia-Celma,
2017): the small size of the containers (less than 200 nm) enables
efficient intracellular drug delivery and controlled release, a large
surface-to-volume ratio increases drug payload in case of porous
nanocontainers, and a specific surface activation allows targeted
drug delivery. In addition to therapy, the same nanoparticles can
also be used for diagnostics to monitor the distribution of
nanoparticles as contrast agents (Park et al, 2009). Among
the available nanomaterials, porous silicon nanoparticles
(pSiNPs) belong to promising delivery vehicles due to their
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high capacity, and
biodegradability (Fornaguera and Garcia-Celma, 2017; Wan
et al,, 2018). The pSiNPs are degraded to non-toxic and well-
tolerated silicic acid species (Anderson et al., 2003; Park et al.,
2009; Gu et al., 2013; Gongalsky et al., 2020). Moreover, the

morphology and porosity of pSiNPs can easily be adapted by

drug-loading biocompatibility,

modification of certain fabrication parameters (Herino et al.,
1987; Lehmann et al., 2000). The intrinsic photoluminescence
(PL) properties of pSiNPs, which consist of silicon quantum dots
and pores, provide sufficient contrast for fluorescent bio-
visualization both in vitro and in vivo (Osminkina et al., 2012;
Peng et al.,, 2013).

Recently, vibrational spectroscopy like Raman micro-
spectroscopy (Pliss et al., 2010; Bocklitz et al., 2016; Petersen
et al., 2017; Yosef et al.,, 2017; Guo et al., 2018; Kirchberger-
Tolstik et al., 2020; Gongalsky et al., 2021a; Tolstik et al., 2022)
has emerged as a powerful and well-suited tool in bioanalytics.
Raman spectroscopy detects molecular vibrations, which are
activated by laser radiation. Based on Raman spectra,
chemical fingerprints of the molecules can be determined
(Krafft et al., 2009), which allow the localization of substances
within a cell. Raman micro-spectroscopy allows spectroscopic
monitoring of the uptake, intracellular localization, and
dissolution of pSiNPs in living tumor cells through the
detection of a specific Raman band at 520 cm™ based on
crystalline silicon band (Tolstik et al, 2016b; Tolstik et al.,
2016a). Biodegradation of pSiNPs is accompanied by a
decrease in the size of silicon nanocrystals and their oxidation
and, according to the quantum confinement effect, is detected as
a low-frequency shift with a significant decrease in the intensity
and broadening of the Raman signal (Tolstik et al., 2016b;
Gongalsky et al, 2021a). Raman spectroscopy also enables
time-resolved 3D mapping of the distribution of drugs and
nanoparticle drug reservoirs (Chernenko et al., 2009; Gordon
and McGoverin, 2011; Matthius et al., 2011; Choi et al., 2013).
Differences in the chemical composition of certain cellular
compartments allow to localize drugs at subcellular resolution
and thus achieve a sophisticated evaluation of drug uptake and its
subsequent release (Matthaus et al., 2008; Krafft et al., 2009; Peng
et al., 2014; Eberhardt et al., 2015; Tolstik et al., 2016b).

In the present study, we focused on an orally active
compound sunitinib malate (SU), a multi-targeted tyrosine

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.962763

Tolstik et al.

kinase inhibitor, approved by the FDA as therapy for renal cell
carcinoma and gastrointestinal stromal tumors (Chu et al., 2007).
It has also been used for other malignancies, including colon
cancer, breast cancer, neuroendocrine cancer, and lung cancer in
preclinical and clinical trials (Demetri et al., 2006; Motzer et al.,
2007). Along with the fact that cancer patients undergoing
successful chemotherapy with SU often have an improved
overall survival, a wide range of severe cardiac side-effects
have been reported that lead to severe symptomatic heart
failure in about 2% of the patients (Gorini et al., 2018; Silva
etal., 2018; Palmer et al., 2020). SU has a poor solubility in water,
which leads to the instability of its therapeutic effects (Alshehri
and Shakeel, 2020). To increase the solubility and bioavailability
of SU, it was proposed to deliver it in nanoform (Chakravarty
et al,, 2015). Thereby, it is crucial to study the interaction of SU
with the respective nanocontainers to investigate the benefits of
SU delivery using a nanoform compared to pure drug delivery,
along with its impact on cells in vitro.

In the current work, we assessed the use of pSiNPs loaded
with SU to evaluate the effectiveness of drug delivery, release, and
its toxicity on cancer and cardiac cells using several imaging
modalities including confocal fluorescence microscopy with high
spatial resolution and Raman micro-spectroscopy, along with the
biological methods for toxicological and morphological studies.
The choice of pSiNPs as nanocontainers is driven by their proven
unique  physico-chemical  properties:  biocompatibility,
biodegradability, and high loading efficiency for drug delivery.
Moreover, PL properties of pSiNPs enable fast intracellular
imaging and mapping of the SU loaded in nanocontainers
applying standard fluorescence staining techniques. The
presence of characteristic Raman modes of SU (Litti et al.,
2016) and pSiNPs (Tolstik et al., 2016b) can facilitate its
label-free tracking by applying Raman spectroscopy. For
in vitro studies, to evaluate the cardiotoxicity of SU-loaded
pSiNPs, the following two cell lines were chosen: the human
colon carcinoma HCT 116 cell line (Rajput et al., 2008) that is
applied widely as a model to study the cellular effects of SU (Sun
et al,, 2012; Ban et al,, 2017; Elgendy et al.,, 2017) and the rat
cardiomyoblast cell line H9c2 (Korashy et al., 2015; Tomasovic
et al., 2020; Merches et al., 2022). Thereby, the intracellular
delivery, localization, and toxicity of pure SU substance and SU-
loaded pSiNPs were analyzed in vitro using cell viability assays
and linear optical imaging techniques.

2 Materials and methods

2.1 Porous silicon nanoparticles
preparation

Porous silicon (pSi) layers were prepared by anodizing p-type

heavily boron-doped (100)-oriented silicon (SiMat, Germany)
wafers with resistivity of 0.001-0.002 Q cm in a hydrogen
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fluoride (HF, CAS 7664-39-3, 48%, Merck)/ethanol (CAS 64-
17-5, 299.8%, VWR Chemicals) mixture 1:1 v/v and current
density of 50 mA/cm? for 1 h. The obtained porous layers were
separated from the wafer by applying 3 pulses of current density
of 600 mA/cm?® for 3s. After drying at room temperature (RT)
overnight, the layers were ground in agar mortar into millimeter-
sized particles. The obtained particles were then ball milled in
deionized water in the planetary mill (Fritsch Pulverisette
7 premium line, FRITSCH GmbH) for 30 min with zirconium
oxide balls of diameter 2.5 um and then for 30 min with balls of
diameter 0.1 um. Nanoparticles (NPs) were collected from the
sample by centrifugation at 12,500 rpm for 20 min, leaving the
supernatant for further work. The obtained pSiNPs were stored

in deionized water.

2.2 Nanoparticle characterization

Structural analysis of the pSiNPs was carried out by
transmission electron microscopy (TEM, LEO912 AB
OMEGA). The samples of pSiNPs for TEM studies were
prepared by deposition of a drop of the aqueous suspension
of NPs on standard carbon-coated copper TEM-grids followed
by air drying for 10 min. The dynamic light scattering (DLS)
measurements were performed with a Malvern Zetasizer Nano
ZS instrument to determine the size distribution and zeta
potential (ZP) of NPs in aqueous suspensions. Nanoparticles
with a zeta potential between —10 and +10 mV were considered
approximately neutral, while nanoparticles with zeta potential of
greater than +30 mV or less than —30 mV were considered
strongly cationic and strongly anionic, respectively. In
addition, zeta potential of the surface reflects the solubility
and stability of colloidal NPs. The infrared transmission
spectra of pSiNPs were measured on a Bruker IFS 66 v/S
(FTIR) infrared spectrometer with Fourier transformation, for
which a drop of suspension was dried on a silicon high-resistance
substrate with two-sided polishing. Raman micro-spectroscopy
data were acquired using a confocal Raman microscope
Confotec™ MR350 system, with a laser excitation at 633 nm
wavelength and 0.5 mW power.

2.3 Cell culture and experimental
procedures

Cell culture experiments were performed using human
colorectal carcinoma HCT 116 cell line, which was provided
by the Department of Toxicology of the Karolinska Institute
(Stockholm, Sweden), and rat cardiac myoblast H9c2 cells
(ATTC, Manassas, VA, United States). The HCT 116 cells
were grown in 5% CO, at 37°C, in Dulbecco’s Modified Eagle
Medium (DMEM) with high glucose (Gibco, Waltham, MA,
United States), supplemented by 10% fetal bovine serum (Gibco),
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1 mM sodium pyruvate (PanEco, Moscow, Russia), and a
of antimycotics  (penicillin,
streptomycin, and amphotericin B; CAS 15240-062, Gibco).
The rat cardiomyoblast cell line H9¢c2 (CRL-1446™, ATCC,
United States) was cultured at 37°C under a humidified
atmosphere of 5% CO, in DMEM (P04-03596, Pan Biotech,
Germany) supplemented with 10% fetal calf serum (FCS; S0115,
Sigma Aldrich, United Kingdom), 100 U ml™" penicillin G and
100 ug ml™" streptomycin sulfate (P06-07100, Pan Biotech,
Germany), and 2mM L-glutamine (P04-80100, Pan Biotech,
All
maintained in the logarithmic growth phase for experiments.

mixture antibiotics and

Germany). cells were reseeded every 3days and
Before treatment with nanoparticles and/or SU malate (Sigma-
Aldrich, St. Louis, MO, United States, >98% (HPLC)), the culture
medium was replaced with fresh medium. Cells were treated with
nanoparticles at a concentration of 200 pg/mL, SU malate at
5-50 uM, and nanoparticles loaded with SU malate at the same
concentrations. Then, the cells were incubated for 24-120 h with

various concentrations of SU.

2.4 Drug loading and release

An aqueous solution of 0.2 mM sunitinib malate (SU, >98%
(HPLC), Sigma-Aldrich, Germany) was mixed with 1 mg/ml
pSiNPs overnight. Unbound SU was removed by two
of the
resuspension in water. The SU loading percentage was
calculated according to the formula 100%-(1;,~I;—I2)/Tinis
where I;,,; is the absorption intensity of the initial solution and

centrifugation steps: removal supernatant and

I;; and I, are the absorption intensities of the supernatants after
the first and second centrifugations, respectively. SU release from
pSiNPs was analyzed in PBS at 37°C. At pre-defined time
intervals, the samples were centrifuged and the supernatant
with the released SU was taken in Varioscan flash (Thermo
Fisher United  States) at 429nm. The
spectrophotometer Genesys 20 (4001/4, Thermo Fisher
Scientific Inc., Oberhausen, Germany) was used to determine

Scientific,

the concentration of SU in a sample by measuring the absorption
of visible light in the sample.

2.5 Gel electrophoresis and Western blot
analysis

HCT 116 and H9c2 cells were lysed using lysis buffer
containing 1% (v/v) Triton-X-100, 5mM EDTA, 300 mM
NaCl, 50mM Tris (pH 7.4), 20ug/ml soybean trypsin
inhibitor, 0.4 mM benzamidine, 1 mM PMSF, 50 mM NaF,
5mM Na,P;0,, 1 mM Naz;VO,, and 1.5 mM NaNj; on ice for
20 min. Next, cells were centrifuged (1000 rcf, 4 min, +4°C) and
washed twice with ice-cold phosphate-buffered saline (PBS)
solution (PanEco). Then, the pellet in

was lysed
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radioimmunoprecipitation assay (RIPA) buffer, which
contains 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM
EDTA, 0.5% SDS, 0.5% sodium deoxycholate, 1% NP-40,
1 mM phenylmethylsulfonyl fluoride (PMSF), and cOmplete™
Protease Inhibitor Cocktail (Roche, Basel, Switzerland), for
20 min on ice. After centrifugation (15,000 rcf, 15 min, +4°C),
a part of the supernatant was taken for protein concentration
assay, and another part was used for Western blot (WB) analysis,
as previously described (Gongalsky et al., 2021b).

The following primary antibodies were used for WB: anti-
rabbit full and cleaved caspase-3 (#9662) antibodies (Cell
Signaling Technology, Danvers, MA, United States); Gp (1:
5,000; sc-378; Santa Cruz Biotechnology); and anti-poly(ADP
ribose) polymerase (PARP) (#137653 or ab137653) and anti-
mouse tubulin-a (#7291) (both from Abcam, Cambridge,
United Kingdom). Horseradish peroxidase (HRP)-linked goat
anti-mouse and anti-rabbit antibodies (#97046 and #97200,
respectively; Abcam) were used as secondary antibodies. For
detection, Pierce ECL Plus Kit was used (32132, Thermo Fisher
Scientific Inc., United States).

2.6 SubG1 test of HCT 116 cells

After the indicated time of treatment, cells were collected and
fixed in 70% ethanol during 1h at —20°C. Next, ethanol was
washed off and the cells were re-suspended in PBS, supplemented
with 1% RNase A, and stained with 20 pg/ml propidium iodide
(PI) for 15 min at 37°C. After staining, the cells were examined
using the FACSCanto II cell analyzer (BD Biosciences).

2.7 MTT assay of H9c2 cells

The  MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay assesses the cell metabolic activity
as an indicator for cell viability. For the assay, the cell culture
medium was removed and replaced with 0.5mgml™" MTT
(M5655, Sigma-Aldrich, United States) dissolved in the
respective cell culture medium. After 2h at 37°C and 5% CO,,
the staining solution was discarded and the cells were lysed using
0.1 M HCI diluted in isopropanol (CP41.2, Carl Roth, Germany).
For quantification, the cell lysate was transferred to a 96-well plate
and the absorbance measured at 570 nm with reference at 650 nm
using a microplate reader (Spark 20M, Tecan, Switzerland). The
measured values were normalized to untreated control cells.

2.8 Cell staining for fluorescence
microscopy

For fluorescence imaging, the H9¢2 and HCT 116 cells were
grown on the coverslips in standard 10 cm Petri dishes filled with
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DMEM culture medium. When cells reached the
confluency, the medium was replaced with fresh medium. The

desired

cells were treated with nanoparticles at a concentration of 200 pg/
ml, SU malate at 5-50 uM, and nanoparticles loaded with SU
malate at the same concentrations. The cells were treated for
indicated time intervals. The medium was removed from the
dishes, and pre-warmed (37°C) staining solutions containing
MitoTracker” Orange (100 nM) (Thermo Fischer Scientific
Inc., United States) were added for 1h under growth
conditions (at 37°C and 5% CO,); all cells were washed two
times for 3 min with PBS and fixed in 4% paraformaldehyde
(PFA) solution for 10 min. If required, an additional staining of
the cytoskeleton was performed: the cells were incubated in
0.2 vol.% Triton X-100 for 10 min to permeabilize the cell
membrane and thereafter stained with Alexa Fluor
488 Phalloidin (Thermo Fischer Scientific Inc., United States)
for 45 min. At the end, the stained cells were fixed on the
microscope slides (Epredia™ SuperFrost Plus™ Adhesion
slides 75 x 25mm, Lauda Konigshofen, Germany) by
Fluoromount-G” and dried overnight.

2.9 Confocal fluorescence imaging and
mitochondrial analyses

Fluorescence microscopy images were acquired using a
fluorescence microscope (TCS SP8 DLS, Leica Microsystems,
Germany). Lasers with several excitation wavelengths were
applied simultaneously for various staining of the samples: a
488-nm laser was used to activate Alexa Fluor 488 Phalloidin, a
552-nm laser for MitoTracker” Orange CMTMRos, and a 638-
nm laser for the pSiNPs. As was mentioned earlier, PL properties
of pSiNPs in the range of 600-800 nm allow a label-free
activation and determination of the nanocontainers (Tolstik
et al., 2016a). The LAS X software (Leica Application Suite X,
version: 3.5.7.23225) was utilized for the data acquisition. All
cells were measured using a 63x/1.3 NA oil objective (Zeiss,
Germany). The images format was 1024 x 1024 pixels and the
speed of image acquisition was 100 Hz. For the quantitative
analysis of the mitochondrial structures, Fiji program was
to preprocess the
segmentation map of the mitochondria, and to perform a

used measurements, to create a
binary skeleton analysis, following the protocol presented by
Haupt et al. (2022) (Schindelin et al., 2012). Based on this, the
percentage of branched mitochondrial networks was calculated

and compared through the different concentrations.

2.10 Raman micro-spectroscopy imaging,
data preprocessing, and data analyses

Raman micro-spectroscopy imaging of H9c2 cells was
performed using a confocal Raman microscope (alpha300R,
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WITec, The software WITec Control FIVE
(version: 5.3.12.104), a laser source at 785-nm excitation

Germany).

wavelength, 200 mW power, 7-8 s integration time, 300 g/mm
based spectrometer grating, and 63x/1.0 NA water immersion
objective (Zeiss, Germany) were utilized for data acquisition.
Spatial resolution was 0.5 um/pixel for all three dimensions.
Additionally, crystallized SU (Cayman Chemical, Michigan,
United States) was measured as a reference spectrum with
100 mW power, 30 s integration time, 20 accumulations, and
a 50x/0.75 NA dry objective (Zeiss, Germany). Additionally,
Raman spectra of the solutions of pure pSiNPs and pSiNPs
loaded with SU (dissolved in deionized H,O) were measured
on CaF, slides. The WITec software (Control FIVE 5.3.12.104)
was used for data acquisition.

Data preprocessing and reconstruction of all spectral
measurements were implemented and performed in Python 3
(version 3.9.5) programming language, using mainly “numpy,”
“scipy,” and “scikit-learn” for computation and “matplotlib” for
visualization tools. The data were preprocessed by homemade
algorithms, including a cosmic spike correction (Ryabchykov
et al, 2016), baseline correction using sensitive nonlinear
iterative peak (SNIP) clipping (Morha¢ and Matousek, 2008),
Savitzky-Golay filtering, background segmentation in case of cell
images, spectral truncation to Raman fingerprint region, and
vector normalization. After data preprocessing, a combination of
principal component analysis (PCA) and hierarchical cluster
analysis (HCA) was applied, aiming to identify the drug
intracellularly, combining cell spectra in representable groups
(Pearson, 1901; Hierarchical Cluster Analysis - Cecil C. Bridges,
1966; Wold et al., 1987). The clustering was performed on all
selected data at once, where a mix of untreated cells was
compared to cells treated with pure SU or cells treated with
SU loaded in pSiNPs. The resulting mean spectra were evaluated
manually and compared to the measured reference spectra. Also,
the number of clusters for HCA was set manually as low as
possible to still detect a meaningful difference between the
groups. In addition, the spectra were divided with respect to
different spectral meaning and not by different measurement
properties and conditions. Based on this, a reasonable amount of
clusters (e.g., nucleus, cytoplasm, and, in rare cases, clusters with
mitochondrial contribution) was expected to be found in both
groups.

3 Result and discussion
3.1 pSiNPs characterization

For the assessment of the compatibility of pSiNPs in cancer
and cardiac cells, pSiNPs are required to fulfill certain quality
measures, such as nanoparticle diameter of less than 200 nm for

effective internalization into the cells, a porous structure for an
effective drug loading and drug delivery, and the presence of PL
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Characterization of pSiNPs. (A) TEM image of pSiNPs (left) with an electron diffraction pattern (top small picture) and a dark-field image (bottom
small picture). (B) PL and Raman spectra of pSiNPs. Experimental spectrum (blue line) and its deconvolution, i.e., resulted spectrum (dashed black

line) and components: PL (red line), Raman amorphous Si (480 cm™—green line), and nc-Si (518 cm

“'—black line) peaks. Laser excitation wavelength

is 633 nm. (C) FTIR spectrum of pSiNPs, SU, and SU-pSiNPs. (D) Diameter distribution of pSiNPs before (red) and after (blue) loading of SU in
aqueous suspension measured by means of dynamic light scattering. The inset shows zeta potentials of pSiNPs.

properties and nanocrystallinity to be well identified by
luminescence and Raman microscopy methods (Osminkina and
Gongalsky, 2018). To achieve these characteristics, pSiNPs were
prepared by electrochemical etching of crystalline silicon substrate
in HF and ethanol solution, lifting off the obtained porous silicon
layer, ball-milling, and centrifugation. The preparation conditions
were optimized to provide pore size and surface area of the
nanoparticles suitable for efficient loading of chemotherapeutics
while maintaining an acceptable pSiNPs biodegradation rate
(Maximchik et al, 2019). According to TEM micrographs
presented in Figure 1A, nanoparticles of about 100nm in
diameter were achieved, with an irregular shape due to the top-
down fabrication process and consisting of smaller silicon
nanocrystals (nc-Si) and pores. The crystallinity of pSiNPs was
confirmed by the pattern of nc-Si electron diffraction, which
contains both diffraction rings and bright spots, along with
dark-field TEM images, where bright spots from nc-Si were
also observed (Figure 1A, top and bottom images) (Osminkina
and Gongalsky, 2018).

The PL spectrum of the pSiNPs is shown together with their
Raman spectrum in Figure 1B. The experimentally obtained
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spectrum (blue line) was approximated by superposition of
the wide Gaussian PL band (red line) and Raman spectrum
(black line). Deconvolution of the Raman spectrum showed two
maxima corresponding to amorphous Si at 480 cm™" and nc-Si at
518 cm™ (Tolstik et al., 2016b). The RT PL band has a maximum
at 690 nm that is well explained by the radiative recombination of
excitons confined in nc-Si with an average size of about 3.5 nm.
The exact position of the Raman band was determined by the
average diameter of the Si nanocrystals, which represent the size
of about 3.6 nm (Gongalsky et al., 2020; 2021b).

Figure 1C shows FTIR spectra for pSiNPs, SU, and SU-
loaded pSiNPs (SU-pSiNPs). The surface of pSiNPs is oxidized in
either the air atmosphere or the aqueous suspension. That is, nc-
Si core is surrounded by SiOy shell with possible amorphous Si
interface between them. The oxidation of pSiNPs is visible in
Figure 1C by IR absorption bands, which correspond to the
8Si-O-Si deformation vibration mode at 484 cm™, to Si Oy

! and to vSi-O-Si vibration mode

vibration mode at 800 cm™
of the transversal optic modes at 1060 cm™
1200 cm™'.  This
nanoparticles provides a negative charge on their surface and

and longitudinal

optic phonons at oxygen coating of
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B H9c2 cells with SU-pSiNPs

(A) Drug release profile of SU loaded into pSiNPs over time (days). Typical release time (50% of payload) is demonstrated after 4 days. (B) A
representative fluorescence image of H9c2 cell treated with SU-loaded nanoparticles for 24 h; the content of SU in the particles was 20 uM. The
cytoskeleton was labeled with Alexa Fluor 488 Phalloidin and is depicted in green. For the visualization of pSiNPs, the laser at 638-nm excitation
wavelength was used; the pSiNPs are depicted in red. SU could not be detected with the fluorescence microscopy without labeling. The scale

bar represents 20 pm.

their hydrophilic properties (Sailor, 2022). The FTIR spectrum of
SU contains a large number of components responsible for the
absorption of IR radiation by various vibrations of bonds within
the molecule (Tarasi et al.,, 2022). It should be noted that the
spectrum of SU-pSiNPs contains both the absorption bands of
silicon-oxygen bonds described earlier and the absorption bands
of SU. This testifies to the effective adsorption of SU in the pores
of pSiNPs.

Next, we monitored the drug release from SU-loaded pSiNPs
(Figure 2A). The typical release duration (50% of payload) was
4 days, which can be considered as sustained release. SU
retention in pSiNPs is most likely due to the “electrostatic
adsorption” or coulombic forces between negative SiO,
surface of pSiNPs and the positively charged SU molecules
(Anglin et al., 2008), and the moderate solubility of SU malate
in aqueous medium (Alshehri and Shakeel, 2020).

For the loading of the pSiNPs with SU, SU was stirred
together with the pSiNPs in water for 24h at RT. After
loading, the unbound drug was removed by a washing process
using two centrifugation steps. The SU loading efficiency into the
pSiNPs was determined by comparing the optical transmission
intensities of the initial drug solution and the supernatant after
loading and was about 45% of the initial concentration of the
drug solution. The mean hydrodynamic size of pSiNPs,
with the TEM
measurements (Figure 1D). SU loading leads to an increase in
the size of pSiNPs (about 185 nm). This may be explained by the
positive charge of SU, which can partially neutralize the negative

measured by DLS, was consistent

charge of the pSiNPs and thereby increase their van der Waals
interactions. It is clearly visible in Figure 1D; the presented
statistically non-significant change in the value of zeta
potential shows that the particles partially lose their negative
charge when they are loaded with SU.
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To test the uptake and distribution of SU-pSiNPs
intracellularly, the cardiac myoblast cell line H9c2 was
investigated as the heart has been reported to be a target of
the drug’s side-effect by SU therapy. The cells were incubated
with SU-pSiNPs for 24h. To monitor the SU-pSiNPs
localization, the actin filaments of the cytoskeleton were
stained with Alexa Fluor 488 Phalloidin. Due to their strong
PL features, pSiNPs possess well-visible fluorescence properties,
with absorption in the range of 600-800 nm (see Figure 1B). A
representative confocal fluorescence image in Figure 2B
that pSiNPs (depicted red)
penetrated into the cells within 1 day of incubation and
localized mostly inside the cytoplasm. Thus, the uptake of the
nanocontainers seems efficient and can easily be detected by

demonstrates in effectively

fluorescence microscopy. However, no detection of the drug and
its release could be studied by standard confocal fluorescence
imaging. Commonly used methods, e.g., immunofluorescence or
mass spectrometry, do not also allow a longitudinal monitoring
of the drug release. Thus, confocal Raman micro-spectroscopy
can have decisive advantages here, as the drug distribution in the
cells can be traced without labeling (Aljakouch et al., 2018; El-
Mashtoly, 2020). For example, the release of doxorubicin from
pSiNPs in cancer cells was precisely visualized in our previous
studies by applying Raman spectroscopy (Maximchik et al.,
2019).

3.2 Raman micro-spectroscopy studies of
sunitinib, pSiNPs, and SU-pSiNPs in vitro

To localize pSiNPs, SU, and SU-pSiNPs intracellularly,

Raman imaging was utilized. Raman micro-spectroscopy
allows the detection of compounds based on their biochemical
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Raman reference spectra of crystallized SU (C,,H,7,FN4O5; N-[2-(diethylamino)ethyl]-5-[(2) - (5-fluor-1,2-dihydro-2-oxo-3H-indol-3-ylidene)-
methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide), depicted in orange, of solutions of SU loaded in pSiNPs (SU-pSiNPs, depicted in blue) and of pure
Si nanocontainers (pSiNPs, depicted in red) dissolved in deionized water for 24 h. The Raman spectra were preprocessed (see Section 2 for the
details) and the characteristic Raman bands at 518 cm™ for pSiNPs, and 1320 cm™ and 1574 cm™ for SU, respectively, were specified.

differences within biological samples. The advantage of this label-
free method is in the possibility to identify molecules and
based their
i.e., molecular vibrations. To our knowledge, there are no

compounds on molecular  fingerprints,
studies performed on the interaction of pSiNPs and cardiac
cells. Using Raman spectroscopy can prove the uptake of
pSiNPs by the safety of these
nanocontainers of cargo into

cardiomyoblasts. Thus, porous silicon nanoparticles promise

cardiomyocytes and

as  “transporters”
to be a safe and effective delivery system for drugs like SU in
cardiomyoblasts. Thereby, aiming to detect the localization of the
drug and nano-containers intracellularly, we first recorded
Raman reference spectra of crystalline SU, pSiNPs, and SU-
pSiNPs (Figure 3). SU (depicted in orange) contains dominant

!'and 1574 cm™ that are associated

intensity peaks at 1320 cm™
with C-N and amide stretching vibrations, respectively (Litti
et al., 2016). It is known that the amide II band consists of 60%
N-H and 40% C-N stretches and is presented near 1550 cm™
and the amide III band consists of 40% C-N and 30% N-H
stretches and is presented near 1300 cm™ (Horiba, 2021). The
predominant Raman band of pSiNPs (depicted in red) was
slightly shifted from the characteristic wavenumber at
520cm™ to 518cm™’. This
dissolution processes of pSiNPs, as this is associated with a
decrease in the Si crystal size and therewith a Raman band
shift to the lower wavenumbers (Tolstik et al, 2016b). The

reference Raman spectrum of SU-pSiNPs in aqueous solution

shift is explained by the

(depicted in blue) possesses Raman bands of both molecules: SU-
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associated stretching vibrations at 1324 cm™ and 1572 cm™ and
the silicon signal at 518 cm™.

To prove the intracellular uptake of SU with and without
nanocontainers, we incubated the H9¢2 cells with pure SU and
with unloaded pSiNPs for 24-72 h using concentrations of SU in
the first case between 5 and 50 pM. First, Raman spectroscopy
images of H9¢2 cells incubated with pure pSiNPs were recorded
by performing a 3D scan over several XY-layers within the cell
with 1 pm step in all spatial dimensions aiming to detect
of The

representative 3D image for the pSiNPs in a concentration of

intracellular ~ accumulations nanoparticles.
200 pg/ml is demonstrated in Figure 4A. The dominant Raman
band of nc-Si at 518 cm™ enables the separation of clusters
containing pSiNPs (depicted in red) from clusters containing
signals of the cytoplasm (for simplicity, here all spectra of
cytosolic cellular components are depicted in green shades).
This 3D scan of a cytoplasmic part of the cell covering 3 um
shows that pSiNPs have indeed passed the cell membrane and
have entered the cytoplasm. It suggests an efficient uptake of the
nanoparticles into the cytoplasm, which confirmed the results
obtained by fluorescence microscopy (Figure 2B). Moreover, as
the interior part of the cell was measured in z-direction, the
localization of pSiNPs was primarily referred to the cytoplasm
with no Si accumulations at the cell membrane. Comparable
incubation steps followed by Raman imaging were also
performed using HCT 116 cells with similar results.

To localize the anticancer drug SU within the cell interior,
Raman imaging of cells incubated with SU (20 uM) was
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(A) XYZ-Raman micro-spectroscopy image within a H9c2 cell incubated with pSiNPs in a concentration of 200 pg/ml. The spectrum of the
cluster that corresponds to the pSiNPs has a Si-specific peak at 518 cm™ and is depicted in red; the cluster that corresponds to cytoplasm is depicted

in green shades. (B) XY-Raman micro-spectroscopy images of H9c2 cell

incubated with 20 uM of SU for 24 h (upper image, left), control H9c2 cell

(lower image, left) and the corresponding Raman spectra of three dominant clusters with sunitinib, cytoplasmic, and nuleus inputs. Thus, after

data preprocessing, HCA clustering was applied to distinguish the following main components: cytoplasm (multiple green colors), nucleus (multiple
blue colors), and orange containing SU with characteristic Raman bands at 1320 cm™ and 1574 cm™. While the peak at 1320 cm™is only minor ones,
the Raman band at 1574 cm™is more pronounced. Both SU-specific peaks have low intensity compared to the reference spectra, and the orange SU
cluster also has a partial overlap with the cell interior signals (characteristic Raman bands at 1450 cm™ and 1650 cm™).

performed, followed by data preprocessing and hyperspectral
analyses (Figure 4B). Using the clustering algorithms described in
the Methods section, the clusters corresponding to SU,
cytoplasm, and nuclei were identified. Thus, SU enrichments
were detected throughout the cell interior based on the SU-
associated Raman bands as depicted in Figure 4B as orange
cluster, which are in good agreement with the ones in the
reference Raman spectra of SU (see Figure 3). Both Raman
bands at 1320 cm™' and 1571 cm ™" are clearly visible; however,
the intensities are low compared to the cell interior signal

(characteristic stretching vibrations at 1450 cm™ represent
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CH,/CH; groups bending for proteins and CH scissoring for
lipids; and 1650 cm™ stretching vibrations represent random coil
of amide 1 for proteins and C=C stretching for lipids) (Risi et al.,
2012; Tolstik et al., 2016b). The reason is the low abundance of
SU compared to the cell components. It is hardly possible to
unambiguously visualize pure SU molecules intracellularly with
the provided resolution of the microscope and herein used
concentrations. However, we succeeded in visualizing SU-
associated enrichments intracellularly. The spectra of the
nucleus and the cytoplasm are depicted in blue and green,
respectively. The majority of the SU-assigned pixels were
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(A) XY- and (B) XYZ-Raman micro-spectroscopy images of a H9c2 cell incubated with 20 pM of SU loaded in pSiNPs for 24 h [(A), left] and of a
control H9c2 cell [(A), right]. After data preprocessing, HCA clustering was applied to distinguish the following main components: pure cytoplasmic
components (multiple green colors), nucleus (multiple blue colors), and red and orange clusters containing—next to cytoplasmic signal—SU and
nanocontainer-specific peaks at 518 cm™ for pSiNPs, and 1320 cm*and 1571 cm™* for SU, respectively. The clusters were plotted with standard

deviations shown as shadows.

located within the cytoplasm and did not penetrate into the
nucleus. The comparison of these measurements with those in
control H9¢2 cells (Figure 4B, below) validated the detection of
SU-associated Raman bands only in the SU-treated cells. Taken
together, we showed that Raman imaging allowed the detection
of compounds, nanocontainers, or cellular components without
applying
modifications, which may allow the longitudinal and non-

additional ~ staining procedures or chemical
invasive monitoring of the kinetics of the drugs within the cells.

Further, the H9¢2 cells were incubated with SU-loaded
The cells treated with SU-pSiNPs and

untreated cells were then compared by applying multivariate

nanocontainers.

data analyses (HCA clustering; see Methods section) to separate
the spectra in several clusters of interest. Thereby, SU-pSiNPs-
treated cells were clustered with a ground-truth set (a set of
control cells for comparison) of up to eight randomly selected
untreated cells at once to find component-specific clusters in
both groups. The assumption was that components that only
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appear in treated cells will result in unique clusters of treated
cells. Also, we aimed to hold the total number of data points equal
for both groups and balanced the number of control cells based
on the number of data points in the treated cells. Here, the
nucleus (identified by the DNA/RNA-specific band at 785 cm™)
was depicted in different shades of blue, while different shades of
green referred to cytoplasmic clusters and are presented in 2D
scans of both SU-pSiNP-treated and untreated groups
(Figure 5A). For the identification of clusters as potential
SU, the
proportion of all clusters per group was determined and the

candidates for cellular spectra of pSiNPs or
clusters that are represented only in the treated group were taken
for further investigation. Due to low drug concentrations and the
drug’s strong spectral overlap with the Raman bands of Si and cell
organelles, the differentiation of pure SU spectra with the
presented optical resolution was challenging. However, two
different clusters encoding SU or SU-pSiNPs were clearly
separated in the treated group (Figure 5A, left panel) and are
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depicted in orange and red, combining cytoplasmic background
and SU-pSiNPs-characteristic Raman bands. For comparison, an
untreated cell was also analyzed and clustered and is shown in
Figure 5B, right panel. The dominant clusters, depicted in shades
of green, correspond to the cytoplasmic background; however, no
characteristic Raman shifts for SU, SU-pSiNPs, or pSiNPs were
detected. Also, it is visible that both orange and red clusters
cannot be identified in the control group, supporting our
assumption that the cluster is only present in the treated
group, which thus validates our data analysis.

In addition, to confirm the localization of the SU-loaded
nanoparticles within the H9c2 cell, we also performed 3D
In the
representative 3D (XYZ) scan, the same color scheme was
applied as for the 2D (XY) scan above, and the 2D scan
represents the second layer of the 3D scan (Figure 5). Thus,

measurements of H9c2 cells along the z-axis.

the mean spectra of two clusters containing SU-pSiNPs (red and
orange spectra), the mean spectrum of the nucleus (blue), and the
mean spectrum of the cytoplasm (green) were calculated,
and plotted with their

standard deviations (Figure 5B). Both red and orange spectra
1

analyzed, compared, respective

show a band at 518 cm™', which is characteristic for pSiNPs,
although the intensities are significantly weaker with respect to
the remaining signals of the cytoplasmic components, especially
compared to the reference spectra of nc-Si. Besides, the Si-
characteristic Raman band has undergone a slight Raman shift
from 520 to 518 cm™ (compared to the reference spectra of Si in
Figure 3). Two low-intensity Raman bands at 1320 cm™" and
1569 cm™ refer to SU-loaded pSiNPs. The changes in drug-
specific vibrational fingerprints and the decrease in Raman
intensities can be explained by the interaction of the
nanocontainers and the drug with cellular components, pSiNP
dissolution, and subsequent drug release (Tolstik et al., 2016b;
Maximchik et al, 2019). The SU-specific peaks within the
cytoplasm are of low intensity, making a pixel-wise
identification challenging. Slight changes in laser intensity, the
applied drug concentration, the focus plane, and other
parameters can impact on the visibility/identification of their
peaks. Nevertheless, our analyses validated the uptake of SU-
pSiNPs, i.e., SU and pSiNPs, into the cells. Besides, the nuclear
spectrum (in blue) does not contain any Raman band of Si, in
contrast to the cytoplasm, even though the cellular Raman
spectrum of Si has a slightly decreased Raman peak intensity

around 518 cm™

that is obviously due to a low pSiNP
contribution. Of note, the Raman signal was integrated with
500 nm per pixel in spatial dimensions, which significantly
extends the size of pSiNPs. Consequently, the silicon signal in
the cytoplasmic spectrum can be a result of a small amount of
randomly distributed pSiNPs or an agglomeration of pSiNPs.
The high contribution of the orange cluster in the top layers, close
to the cell membrane, validates the uptake of SU-pSiNPs into the
cytoplasm and was found with higher concentrations close to the
cell membrane after 24 h of incubation. Thus, this 3D scan with
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spectral information of both pSiNPs and SU further proves that
the SU-loaded NPs were taken up by the cells and can be well
localized by the application of Raman spectroscopy, and in
principle the cells can be re-used for further analyses, e.g.,
immunofluorescence or MALDI mass spectrometry imaging
(Ryabchykov et al., 2018). The application of Raman imaging
in vivo would be of great benefit for clinical applications (Caspers
et al., 2003; Cordero et al., 2018). Thus, first fiber-optic-based
prototypes for tissue characterization are under development.
However, there are several technical hurdles that need further
sophisticated technical developments to translate Raman
spectroscopy into clinical use.

3.3 Toxicity studies of pSiNPs, SU, and SU-
loaded pSiNPs in cancer and cardiac
muscle cells

For the evaluation of pSiNPs and their impact on the toxicity
of SU, we examined H9c2 cells along with human colon
carcinoma cell line HCT 116 as SU “target” cells, which are
commonly used in the gastrointestinal oncology research (Sun
et al., 2012). To assess whether the SU-loaded nanoparticles are
similarly efficient to reduce cell survival as pure SU, we analyzed
different markers of cell death and studied the toxicity of
unloaded nanoparticles (NP) on H9c2 cells. The cleavage of
the effector caspase-3 and its substrate PARP [poly (ADPribose)
polymerase] was evaluated by WB analyses. These proteins are
well-known apoptotic markers: active caspase-3 is a key effector
enzyme in apoptotic signaling, which cleaves several substrates
including PARP. PARP is engaged in the repair of DNA damage,
and its cleavage by caspase-3 reflects the intensity of apoptosis
(Lazebnik et al., 1994; Crowley et al., 2016). Cells were incubated
with SU-loaded nanoparticles (concentration range from 5 to
50 uM) or SU (in concentrations of 5 and 10 uM) for 24, 48, and
72 h. As was shown previously, the pSiNPs themselves did not
show cell toxic properties up to a concentration of 700 pg/mL in
HCT 116 cells (Maximchik et al., 2019), thus allowing us to
variate the concentration of SU loaded into the nanoparticles for
further cytotoxicity studies to higher content of nanoparticles.

According to the WB analyses, the treatment of HCT
116 with 5 or 10 uM of SU for 24 or 48 h caused an increase
of cleaved caspase-3 (p19/pl7 caspase-3). Also, slight decreases
of procaspase-3 and full PARP were detected after 24 h and more
pronounced decreases after 48 h of treatment. These data suggest
the induction of apoptosis in HCT 116 cells by SU. In contrast, at
least 25 uM of SU loaded in pSiNPs was needed to trigger a
comparable increase of cleaved caspase-3 (p19/pl7 caspase-3)
(Figure 6A). After a 72 h treatment of HCT 116 cells with SU
loaded in pSiNPs, 10 uM of SU appears to induce apoptotic
effects as well, i.e., the signal for cleaved caspase-3 was increased
and the signal for full PARP was decreased, which may suggest a
delayed toxic effect of SU if loaded in pSiNPs.
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(A-D) HCT 116 cells and H9c2 cells were treated with sunitinib-loaded nanoparticles (SU-pSiNP) or pure sunitinib (SU) or unloaded
nanoparticles (NP unloaded, (C), right panel) in the indicated concentrations (uM) and for the indicated time intervals. In (A) and (C), the
representative WB of expression levels of apoptotic marker proteins PARP, caspase-3, and cleaved caspase (p19/17 fragments of caspase-3, p19/
17 caspase-3) are shown. Gp and tubulin were used as loading controls. Blots were reproduced at least three times with similar results. (B) The
histogram of flow cytometric analysis data for HCT 116 cells using subG1 assay; %: percent of SubG1 population. Results are shown as mean values +
standard deviation (SD), n = 3, *p < 0.05 vs. control 1 day, #p < 0.05 vs. control 2 days, §p < 0.05 vs. control 3 days, n.s. not significant. (D) MTT cell
viability assay of H9c2 cells upon treatment with SU-pSiNPs and pure SU in indicated concentrations (uM) for 1 day. Results are presented as mean
values + standard deviation (SD), n = 3, *p < 0.05 vs. untreated control and pSiNPs-treated group. Ordinary one-way ANOVA was applied with

Dunnett test to correct for multiple comparison.

To further validate these results, we performed flow
cytometric analyses assessing the subGl cell population,
which monitors cells with accumulations of small DNA
fragments in late stages of apoptosis due to increased
endonuclease activity. The relative proportion of the
subG1 population reflects the percentage of apoptotic cells
(Plesca et al.,, 2008). Cell death analyses using subGl test
have revealed that the incubation of HCT 116 cells with SU
(5 and 10 uM) for 24, 48, and 72 h significantly increased the
subGl population compared to the untreated controls
(Figure 6B). Similarly as seen for the apoptotic markers in
the WB analyses of HCT 116 cells, a delayed apoptotic response
was induced by SU loaded in pSiNPs compared to SU treatment
without the use of nanocontainers (see Figure 6B). While the
cells treated with SU alone reached the maximum of apoptotic
cells after 48 h, SU loaded in nanocontainers showed a further
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increase of apoptotic cells after 72 h (compare, e.g., the 10 uM
condition after 48 and 72 h for SU alone and SU-pSiNPs).

Further, the toxicity of the chemotherapeutic agent SU was
studied in vitro using the cardiomyoblast cell line H9¢2 as a
model system for cardiomyocyte toxicity (Merches et al., 2022).
WB of cleaved caspase-3 (p19/pl7 caspase-3) and caspase-3
revealed slight changes after a 24 h treatment of SU loaded in
pSiNPs or SU alone (Figure 6C); the effects were more
pronounced when the cells were treated with higher
concentration of SU-pSiNPs (50 uM), similar to that seen in
HCT 116 cells. In line with these results, the MTT test revealed a
significant decrease in the viability of H9¢2 cells, only after a 24 h
treatment with 50 pM of SU-pSiNPs or 20 or 50 uM of SU alone
(Figure 6D).

Taken together, our results show a time shift in the induction
of a comparable level of apoptosis in HCT 116 cells by pure SU
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versus SU loaded in nanoparticles, which is most likely due to the
sustained release of the drug from the nanoparticles that slows
down cellular distribution of the drug. H9¢2 cells seemed to be
relatively resistant to SU treatment since at least 20 uM of pure
SU was needed to induce cell death in H9¢2 cells after 24 h
treatment. Furthermore, the application of SU via pSiNPs or
purely SU hardly affected the outcome on the cell survival. Even
though, the cardiotoxicity of SU was hardly reduced by pSiNPs,
WB analyses showed that pure pSiNPs are very well tolerated by
these cardiomyoblast cells at least up to a concentration of
200 pg/ml 6C, No
accumulation of cleaved caspase-3 (p19/pl7 caspase-3) or

as shown in Figure right panel.
cleavage of caspase-3 was detectable after 24 h of incubation
with nanoparticles. Thus, pSiNPs loaded with SU might be
considered as a promising approach as drug depot with
sustained drug release.

As cardiotoxicity of SU is linked to changes at mitochondrial
level (Bouitbir et al., 2019), we aimed to study the impact of SU in
comparison to SU-pSiNPs on these sensitive organelles. We thus
analyzed the mitochondrial distribution as an early indicator for
apoptotic changes (Karbowski and Youle, 2003). Therefore,
confocal fluorescence microscopy was applied for H9c2 cells
to study SU’s impact on the mitochondrial network. The cells
were stained with MitoTracker” Orange (A, = 552nm) and
incubated with SU or SU-loaded nanoparticles in concentrations
between 5 and 50 uM for 24 h (Supplementary Figure S1). The
images were analyzed as described in Haupt et al. (2022). These
analyses suggest that the mitochondrial network might be
affected by SU. Cells treated with SU or SU-pSiNPs at
concentrations shown to be toxic (20 and 50 uM; Figures
6C,D) were analyzed and they indeed revealed a reduction of
the proportion of mitochondria within “networks” if pure SU was
applied (depicted in red) compared to the incubation with SU
loaded in nanocontainers (depicted in blue). These data indeed
suggest that there may be a slight prevention of cell death if
nanocontainers are used for SU administration; however, these
data cannot exclude that the SU-induced cardiotoxicity is just
delayed by nanoparticles since H9c2 cells were not yet
investigated for longer than 24 h. Representative images are
shown in Supplementary Figure S1B, where the mitochondrial
network seems to have a rather comparable structure for control
and SU-treated cells in concentrations up to 10 uM applied alone
or in nanocontainers. The treatment with pure SU at higher
concentrations (20 and 50 uM) caused a negative impact on the
mitochondrial structures that were approved by quantitative
analysis in Supplementary Figure S1A. A similar effect is
visible for SU-pSiNPs treatment for 50 uM (but not 20 uM) of
SU, validating therewith the quantitative analysis in the
Supplementary Figure S1A.

Summing up the results, flow cytofluorometry and WB
analysis showed that SU induces death of cancer and cardiac
cells. Our experiments hint to apoptosis as a mode of programmed
cell death and are in line with results that show SU-induced
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apoptosis in different cell types (Lin et al, 2011; Guo et al,
2021). However, further studies would be needed to rigorously
assess the mode and time course of cytotoxicity. This cytotoxic
effect in cancer cells was significantly delayed at comparable
concentrations of the drug delivered in nanocontainers. Thus
the that SU delivery via
nanocontainers did not prevent cardiomyocyte death. The

far, experiments  suggest
pSiNPs do not seem to be suitable for the prevention of
cardiotoxicity per se; however, future studies will show whether
functionalization of the nanocontainers for targeted drug delivery
to cancer cells may reduce cardiotoxicity or whether intracellular
drug depots may improve the effects of drugs, e.g., applied for heart
failure. Thus, along with the assessed in vitro cardiosafety of
pSiNPs in this study, new perspectives for their application, e.g.,
for controlled drug delivery with slow and sustained release, will
open new prospects for patients with chronic heart diseases.

4 Conclusion

In this article, we monitored the uptake and distribution of
the anticancer drug sunitinib (SU), delivered in nanocontainers
based on pSiNPs or as a dissolved pure compound, with a set of
biophotonics and analytical techniques. The first results suggest
that pSiNPs are effectively taken up into the cytoplasm of
several cell types and can build an intracellular drug depot
that facilitates continuous drug release. Porous silicon
nanoparticles have great advantages for the delivery of the
drug. Since they exhibit luminescent properties and a
characteristic Raman band that does not overlap with the
Raman bands of cellular organelles, these nanoparticles can
easily be detected in cells and within the cellular compartment
by Raman micro-spectroscopy. 2D and 3D Raman micro-
spectroscopy imaging has the advantage of enabling the
label-free visualization of drug depots and potentially the
drug release as well.

Flow cytofluorometry and WB analysis further showed that
sunitinib triggers apoptotic death of cancer and cardiac cells.
This cytotoxic effect in cancer cells was significantly delayed if
SU was delivered in nanocontainers. The observed slight
differences of cell survival and the integrity of mitochondrial
networks whether SU was applied to H9c2 cells within
nanoparticles or not may also be due to a delayed toxicity.
Even if pSiNPs may not be suitable for the prevention of
cardiotoxicity per se, future studies will show whether
functionalization of the nanocontainers for targeted drug
delivery to cancer cells may reduce cardiotoxicity or whether
intracellular drug depots may improve the effects of drugs, e.g.,
applied for heart failure. Thus, along with the here assessed
in vitro cardiosafety of pSiNPs, new perspectives for their
application, e.g., for controlled drug delivery with slow and
sustained release, will open new prospects for pharmacological
treatment options.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.962763

Tolstik et al.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding

This study was supported by the German Ministry of Research
and Education BMBF: ChinValue (03INT703AB) and ERK-
Casting (16GW0262K), the Deutsche Forschungsgemeinschaft
SFB1525 (453989101) and SFB/TR 296 (424957847), the Drug
Discovery Hub Dortmund (DDHD), and the Russian Science
Foundation (grant 19-72-10131).

Acknowledgments

This work was conducted as a collaboration of ISAS in
Dortmund and Leibniz-IPHT in Jena within the Leibniz
We
appreciate the participation and scientific input of S. Dorr, 1.
Schuler, J. Fender, and S. Rebs and the excellent help of N.
Yurdagiil-Hemmrich, A. Weiss, and E. Hoffmann-Posorske.

Research Network Health Technologies. greatly

This research was performed according to the Development
Program of the Interdisciplinary Scientific and Educational
School of Lomonosov Moscow State University “Photonics
and quantum technologies. Digital medicine.” LAO and
MBG greatly acknowledge the financial support by the
program DAAD “Research Stays for University Academics
and Scientists."

References

Aljakouch, K., Lechtonen, T., Yosef, H. K., Hammoud, M. K., Alsaidi, W,
Kotting, C., et al. (2018). Raman-mikrospektroskopischer Nachweis fiir den
Metabolismus eines Tyrosinkinase-Inhibitors, Neratinib, in Krebszellen. Angew.
Chem. 130, 7370-7374. doi:10.1002/ange.201803394

Alshehri, S., and Shakeel, F. (2020). Solubility determination, various solubility
parameters and solution thermodynamics of sunitinib malate in some cosolvents,
water and various (Transcutol + water) mixtures. J. Mol. Lig. 307, 112970. doi:10.
1016/j.molliq.2020.112970

Anderson, S. H. C,, Elliott, H., Wallis, D. J., Canham, L. T., and Powell, J. J.
(2003). Dissolution of different forms of partially porous silicon wafers under
simulated physiological conditions. Phys. Stat. Sol. 197, 331-335. doi:10.1002/
Pssa.200306519

Anglin, E. ], Cheng, L., Freeman, W. R., and Sailor, M. J. (2008). Porous silicon in
drug delivery devices and materials. Adv. Drug Deliv. Rev. 60, 1266-1277. doi:10.
1016/j.addr.2008.03.017

Frontiers in Pharmacology

180

10.3389/fphar.2022.962763

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.962763/full#supplementary-material

SUPPLEMENTARY FIGURE S1

Analysis and representative images of H9c2 cells treated for 24 h with
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the ways of treatment: SU with pSiNPs depicted in blue and without
pSiNPs depicted in red. Results are presented as mean + standard
deviation (SD) and shown as blocks for each case. For the quantitative
analysis of the mitochondrial structures, Fiji program was used to
preprocess the measurements, to create a segmentation map of the
mitochondria and to perform a binary skeleton analysis, following the
protocol presented by Haupt et al., 2022. Based on this, the percentage
of branched mitochondrial networks was calculated and compared
through the different concentrations. (B) Representative fluorescence
images of H9c2 stained with MitoTracker™ Orange to visualize
mitochondrial network; the scale bar was 20 pm. The H9c2 cells were
treated for 24 h with pure sunitinib (SU, upper row) or with sunitinib
loaded in nanoparticles (SU-pSiNPs, lower row). At least 5 to 10 cells of
each SU concentration and each pSiNPs were analyzed and the
representative images are shown.
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