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ABSTRACT: Renal ischemia reperfusion (IR) injury is a
prevalent inflammatory nephropathy in surgeries such as renal
transplantation or partial nephrectomy, damaging renal function
through inducing inflammation and cell death in renal tubules.
Mesenchymal stromal/stem cell (MSC)-based therapies, common
treatments to attenuate inflammation in IR diseases, fail to exhibit
satisfying effects on cell death in renal IR. In this study, we
prepared MSC-derived exosome mimetics (EMs) carrying the
mammalian target of the rapamycin (mTOR) agonist to protect
kidneys in proinflammatory environments under IR conditions.
The thioketal-modified EMs carried the mTOR agonist and
bioactive molecules in MSCs and responsively released them in
kidney IR areas. MSC-derived EMs and mTOR agonists protected kidneys synergistically from IR through alleviating inflammation,
apoptosis, and ferroptosis. The current study indicates that MSC-TK-MHY1485 EMs (MTM-EM) are promising therapeutic
biomaterials for renal IR injury.

1. INTRODUCTION
Renal IR injury is a common kidney injury that acts as a result
of a transient reduction of blood flow to the kidney, followed
by blood reperfusion.1 It occurs commonly in renal surgery,
cardiac surgery, and kidney transplantation.2 For renal and
cardiac surgery, renal IR injury may cause acute kidney injury,
chronic kidney disease, and renal fibrosis.3 For renal
transplantation, renal IR injury is inevitable and associated
with rejection, delayed graft function, and transplanted kidney
failure.3,4 In recent years, an increasing number of studies have
shown that both ischemia and reperfusion induce renal injury
through several mechanisms, such as the generation of reactive
oxygen species (ROS), renal inflammation, and the induction
of renal cell death.5 IR-induced kidney injury involves multiple
death modalities of various cell types, among which apoptosis
and ferroptosis of renal tubular cells are predominant.5−7

Therefore, inhibiting inflammation, apoptosis, and ferroptosis
in renal tubular cells is a potential target in renal IR treatment.
The activation of the mammalian target of rapamycin under

IR conditions can mitigate IR injury through attenuating
ferroptosis and apoptosis via the downregulation of autoph-
agy.8−11 mTOR is an evolutionarily conserved serine/
threonine protein kinase that regulates multiple cellular
processes. mTORC1, one of the functional complexes formed
by activated mTOR, plays essential roles in the regulation of

cell metabolism, mitochondrial biogenesis, and autophagy.12

However, mTORC1 can be suppressed by hypoxia and energy
stress, both of which are frequently observed under conditions
of IR. Under such conditions, suppressed mTORC1 is known
to activate autophagy, apoptosis, and ferroptosis while
inhibiting protein biosynthesis, cell growth, and cell cycle
progression.13,14 4,6-dimorpholino-N-(4-nitrophenyl)-1,3,5-tri-
azin-2-amine (MHY1485), an mTOR agonist, alleviates the
pathophysiological changes induced by downregulated
mTORC1, but few studies have been conducted to explore
its role in IR diseases.15 Thus, we focused on the attenuating
effects of MHY1485 on renal IR injury.
To improve the therapeutic effects and minimize the side

effects of MHY1485 in the treatment of renal IR injury, MSC-
derived exosome mimetics were adopted to deliver MHY1485
to IR kidneys. Mesenchymal stromal/stem cells have been the
hotspot of organ repair research, considering their potential to
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differentiate into a variety of mesenchymal tissue lineages.16,17

MSCs themselves and their exosomes, two common therapies
in organ protection and regeneration, are able to alleviate
inflammation and organ injury in IR-related diseases through
stimulating tissue regeneration, inhibiting immunological
responses, and blocking ROS production.17 However, the
side effects of intravenously injection of MSCs18,19 and low
yields of MSC exosomes20,21 hampered their clinical practice.
Herein, we adopted a novel approach to producing MSC-
derived EMs through performing gradient extrusion on MSCs
with polycarbonate membranes. The MSC-derived EMs
retained the capabilities mentioned above with the exclusive
advantages of fewer side effects than intravenous injection of
MSCs and better productivity and purity than exosomes.22−24

Furthermore, to enable the EMs to release contents in IR
kidneys, we embedded ROS-sensitive lipids thioketal (TK)
into the MSC membrane, considering the high ROS level in IR
kidneys.25

Therefore, we established MTM-EM to mitigate renal IR
injury. The MSC membrane and the TK, respectively, enabled
the EM to target IR kidneys and release drugs ROS-
responsively. The bioactive molecules in MSCs and the
mTOR agonist improved renal function and attenuated cell
death in kidneys, especially for renal tubular cells. This study
explored the potential of mTOR agonists in IR-related diseases
and confirmed their synergism with MSC-derived EMs to
mitigate IR injury and improve the function of organs through
the inhibition of inflammation, apoptosis, and ferroptosis.

2. RESULTS
2.1. Preparation and Characterization of MTM-EM. To

determine the optimal concentration of MHY1485 and MSC
protein for TCMK-1 cells, we tested the effects of coincubation
with different concentrations of MHY1485 and MSC protein
for 24 h on TCMK-1 cell viability. The results showed that 5
μg/mL MHY1485 or 0.5 mg/mL MSC protein did not exhibit
toxicity on TCMK-1 cells (Figure 1A,B). Therefore, we chose
MHY1485 at 5 μg/mL concentration and MSC protein at 0.5
mg/mL concentration as the components of MTM-EM.
A UV spectrophotometer was used to determine the

encapsulation efficiency of MHY1485 in MTM-EM. Based
on the significant absorption of MHY1485 at 250 nm (Figure
1C), we established a standard curve for the concentration-OD
value of MHY1485 at this wavelength (Figure 1D), and the
encapsulation efficiency of MHY1485 in MTM-EM was 11.768
± 0.252%. Considering the encapsulation efficiency and the
optimal concentration of MHY1485 and MSC protein for
TCMK-1, we adjusted the concentration of MSC protein and
MHY1485 to ensure the optimal benefits of MTM-EM for
TCMK-1 cells.
Transmission electron microscope (TEM) images revealed

that MTM-EM and MSC-TK EMs (MT-EM) were of vacuolar
shape with a membrane structure. MTM-EM exhibited a size
of approximately 271.73 ± 19.12 nm with a uniform
distribution (Figure 1E), while the size of MT-EM was
250.23 ± 6.41 nm. Additionally, the drug release rate of MTM-
EM in high ROS-level environments was significantly higher
than that under normal conditions (Figure 1F), confirming the
effect of TK on ROS-responsive drug release.

2.2. Uptake and Therapeutic Effects of MTM-EM.
Next, we examined the uptake of MTM-EM by TCMK-1. To
visualize the uptake, we labeled MTM-EM with DiD red
fluorescent dye. The uptake of MTM-EM exhibited a time-

dependent pattern (Figure 2A), reaching its maximal
fluorescence intensity after 4 h of coincubation, with no
subsequent increase observed. Thus, we determined 4 h as the
optimal duration for TCMK-1 cells to internalize MTM-EM.
A confocal microscope was also used to observe the cellular

uptake. MTM-EM@DiD emitted red fluorescence, while
lysosomes dyed with LysoTracker Green emitted green
fluorescence (Figure 2B). The red fluorescence around the
nucleus suggested that MTM-EM had been internalized by
cells, confirming the successful uptake. Notably, some of the
red fluorescence did not overlap with green lysosomes,
indicating that MTM-EM partially escaped the degradation
of lysosomes,26 further confirming the effective utilization of
MTM-EM by TCMK-1.27

To investigate the efficacy of MTM-EM on the cell viability
of renal tubular cells under IR, we established the IR TCMK-1
model based on previous studies.2,61 The CCK-8 result showed
that IR decreased the cell viability of TCMK-1 cells to 44.59 ±
3.45% (Figure 2C). Treatment with MT-EM or MHY1485
mitigated the loss of IR-induced cell viability significantly, and
MTM-EM (81.08 ± 3.15%) showed better pharmaceutic

Figure 1. Characterization of MTM-EM. (A) Cell viability of TCMK-
1 treated with different concentrations of MHY1485. (B) Cell viability
of TCMK-1 treated with different concentrations of MT-EM. (C)
Ultraviolet−visible absorption spectra of the MHY1485. (D)
Standard curve detecting MHY1485 in MTM-EM using a ultraviolet
spectrophotometer. (E) Size distribution, PDI, and TEM images of
MTM-EM and MT-EM. Scale bar: 200 nm. (F) Release rate of
MHY1485 from MTM-EM (0.5 mg/mL) under normal and high
ROS conditions. All data are shown as the mean ± SD (n = 3). ***P
< 0.001; t-test.
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efficacy than MT-EM or MHY1485. Compared with the
control group, the MTM-EM group showed no significant
difference in cell viability, confirming the low toxicity of MTM-
EM. These results demonstrated that MT-EM and MHY1485
had a synergistic effect on protecting renal tubular cells from
IR injury, suggesting that they might prevent IR injury in
different mechanisms.
Taken together, these results confirmed the uptake of MTM-

EM by TCMK-1 cells, and the optimal uptake was reached at 4
h. Additionally, the nanodelivery drug system exhibited
biocompatibility and the capability to protect renal tubular
cells from IR injury.

2.3. MTM-EM Alleviated In Vitro Renal IR Injury
through the Inhibition of Inflammation, Apoptosis, and
Ferroptosis. Next, we tried to investigate the underlying
mechanism by which MTM-EM alleviated renal IR injury. IR-
induced kidney injury is characterized by enhanced inflamma-
tory responses and tubular cell death, including apoptosis and
ferroptosis majorly.28 Therefore, we focused on the effects of
MTM-EM on inflammation, apoptosis, and ferroptosis.
Changes in the production of cytokines, such as TNF-α, IL-

1β, and IL-6, are important features of the IR-induced renal
inflammation.29 TNF-α exhibits immune-regulatory and pro-
inflammatory effects in diverse tissues, including the kidney;30

IL-1β-dependent signaling drives renal damage and fibrosis by
activating inflammation and proliferation; IL-6 is a key
regulator of inflammation, regeneration, and repair in kidney.31

The contents of TNF-α, IL-1β, and IL-6 were significantly
elevated in TCMK-1 after IR (Figure 3A−C). MHY1485 did
not affect the cytokine levels, whereas MT-EM and MTM-EM
significantly decreased their content in TCMK-1, suggesting
that MT-EM and MTM-EM had a significant inhibitory effect

on the production of pro-inflammatory cytokines induced by
IR, and the effect is attributed to MT-EM but not MHY1485.
The apoptosis of renal tubular cells was detected through

flow cytometry. Apoptotic cells (including early apoptosis and
late apoptosis) were increased after IR, which is alleviated by
coincubation with MT-EM or MHY1485 (Figure 3D).
Remarkably, cells treated with MTM-EM exhibited a lower
apoptotic rate. Furthermore, we detected mTORC1 activity to
confirm the function of MHY1485. The phosphorylation of
mTOR is necessary for mTORC1 activation, which is found to
regulate apoptosis and ferroptosis under IR conditions,32 and
the phosphorylation of S6 ribosomal protein reflects mTORC1
activation.33 The immunoblotting result demonstrated that
mTORC1 was inhibited during IR, while MHY1485
remarkably restored mTORC1 activity, which is further
enhanced by the EM. These results indicated that
MHY1485-induced mTORC1 activation and MT-EM synerg-
istically alleviated IR-induced apoptosis of renal tubular cells.
The ferroptosis of renal tubular cells was measured by

glutathione peroxidase-4 (GPx4) expression, oxidative stress,
and lipid peroxide. GPx4, an important protein resisting lipid
peroxidation,34 is a crucial inhibitor and indicator for
ferroptosis.35 Compared with the cells of the control group,
the expression of GPx4 was decreased in the IR model group,
confirming that ferroptosis was induced under IR conditions
(Figure 3E). MT-EM did not affect the GPx4 expression, while
MHY1485 elevated the GPx4 expression. Additionally, cells
coincubated with MTM-EM expressed more GPx4 than those
coincubated with MHY1485, demonstrating the stronger
inhibitory effect of MTM-EM on ferroptosis than MHY1485.
Since ferroptosis is also characterized by oxidative stress,

biochemical tests of superoxide dismutase (SOD), gluta-
thione/glutathione disulfide (GSH/GSSG), and malondialde-

Figure 2. Uptake of MTM-EM by TCMK-1 and its effect on cell viability. (A) Cellular uptake of MTM-EM detected by flow cytometry and its
statistical analysis. (B) Confocal microscope images of MTM-EM@DiD after coincubation with TCMK-1. Scale bar: 25 μm. (C) Cell viability of
TCMK-1 under corresponding treatments measured by the CCK-8 assay. All data are shown as the mean ± SD (n = 3). ns: not significant, *P <
0.05, **P < 0.01, ***P < 0.001; t-test.
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hyde (MDA) were performed. SOD plays a primary role in the
cellular defense against an oxidative insult by ROS;36 GSH is
necessary for the activation of GPx4, and GSH/GSSG reflects
the GSH activity;37,38 MDA is one of the prominent
byproducts of lipid peroxidation.39 The biochemical results
demonstrated that MHY1485 could relieve the IR-induced
increase of ROS production and impairment of ROS defense
system, and MTM-EM exhibited stronger efficacy (Figure 3F−
H).
“Liperfluo” is a fluorescence dye detecting lipid peroxides,

which is a characteristic substance in ferroptosis.40 Compared
with the control group, cells contained much more lipid
peroxides after IR treatment, with or without coincubation
with MT-EM (Figure 3I). MHY1485 significantly decreased
the fluorescence, and MTM-EM further alleviated the
production of lipid peroxides. These results demonstrated
that MHY1485-induced mTOR activation alleviated IR-
induced ferroptosis in renal tubular cells, and the EM drug
delivery system could augment the efficacy.
Altogether, MTM-EM alleviated cell death and promoted

cell viability through the mitigation of inflammation, apoptosis,
and ferroptosis.

2.4. MTM-EM Alleviated Kidney Injury of uIRIx Mice.
Before testing the therapeutic efficacy of MTM-EM on IR
kidneys, we first detected the safety of MTM-EM in vivo.
MTM-EM did not affect the structure of major organs, as
shown by the H&E staining of the heart, liver, lung, spleen, and
kidney (Figure 4A). Compared with mice in the control group,
mice administered with MT-EM, MHY1485, or MTM-EM had
similar serum AST, ALT, creatinine, and urea nitrogen (Figure
4B,C), confirming that MTM-EM did not damage the main
organs morphologically or functionally, indicating the in vivo
safety of MTM-EM.
Then, we examined the in vivo distribution of MTM-EM.

We established MTM-EM/DiR through dyeing MTM-EM
with DiR, a common near-infrared dye for cell membranes.
Then, MTM-EM@DiR were intravenously injected into sham
mice or IR mice, and their distribution in the kidneys was
detected at 1, 12, and 24 h after injection. The MTM-EM@
DiR did not accumulate in sham kidneys at any time point.
Comparatively, the amount of MTM-EM@DiR was apparently
increased at 12 h, and the accumulation further increased at 24
h (Figure 4D), demonstrating that MTM-EM targeted the IR-
treated kidney. Their excellent targeting effect ensured their
effect on kidney protection. The targeting of MTM-EM might
be attributed to the chemotaxis of MSCs to inflammatory and
high ROS-level areas.41

To examine the effect of nanoparticles on renal IR injury in
vivo, we then established the unilateral IR injury with
contralateral nephrectomy (uIRIx) in mice based on previous
studies.2,62 The Scr and BUN levels elevated to 167.70 ± 11.77
μmol/L and 77.93 ± 5.63 mmol/L in the IR mouse kidneys
(Figure 4E). After treatment with MT-EM or MHY1485, the
Scr was 87.95 ± 6.35 and 91.37 ± 9.59 μmol/L, respectively,
and the BUN level was 29.60 ± 6.30 and 29.51 ± 5.04 mmol/
L, respectively, indicating that MT-EM and MHY1485
mitigated the IR injury of kidneys. Importantly, mice treated
with MTM-EM exhibited lower Scr (47.66 ± 6.10 μmol/L)
and BUN (17.51 ± 3.45 mmol/L) levels.
PAS staining is widely used to observe the morphology of

renal tubules.42 The PAS staining image of uIRIx kidneys
treated with Phosphate buffer solution (PBS) showed necrotic
renal tubules, tubular distension, and a loss of brush border

Figure 3. Mechanisms by which MTM-EM alleviated IR-induced cell
death. (A−C) Levels of TNF-α (A), IL-1β (B), and IL-6 (C) in
TCMK-1 cells with corresponding treatment detected by enzyme-
linked immunosorbent assay (ELISA). (D) Apoptosis assay of
TCMK-1 cells with corresponding treatment detected using flow
cytometry. (E) GPx4 protein levels and phosphorylation of mTOR
and S6 ribosomal proteins in TCMK-1 cells, as detected by Western
blot. (F−H) GSH/GSSG (F), SOD (G), and MDA (H) levels in
TCMK-1 cells detected by biochemical tests. (I) Cellular lipid
peroxides of TCMK-1 cells detected by liperfluo and its statistical
analysis. Scale bar: 50 μm. All data are shown as the mean ± SD (n =
3). ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001; t-test.
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membranes (Figure 4F). In the MT-EM or MHY1485 group,
renal tubular necrosis was completely inhibited, and the change
of brush border membranes and tubular distension was
alleviated compared with that in the PBS IR group. After
treatment with MTM-EM, renal tubular dilation and the loss of
brush border membranes were further alleviated.
Altogether, these results demonstrated that MTM-EM could

improve renal IR injury and kidney function with satisfying
safety and targeting.

2.5. MTM-EM Inhibited Inflammation, Apoptosis, and
Ferroptosis in uIRIx Mouse Kidneys. After confirming the
protecting efficacy of MTM-EM on IR kidneys in vivo, we tried
to determine the underlying mechanisms. First, we detected
the IR-related inflammatory cytokines. The contents of TNF-

α, IL-1β, and IL-6 in uIRIx kidneys were significantly higher
than those in sham kidneys, indicating that the inflammatory
response was highly activated in uIRIx kidneys (Figure 5A−C).
Administering MT-EM or MTM-EM decreased TNF-α, IL-1β,
and IL-6 level in uIRIx kidneys, while MHY1485 did not
exhibit the inhibitory effect. These findings demonstrated the
effect of MTM-EM on the mitigation of inflammation in uIRIx
kidneys.
Then, we examined the apoptosis in uIRIx kidneys harvested

from mice by immunohistochemistry (IHC) staining of
cleaved caspase 3(Figure 5D), a vital protein and indicator
in the process of apoptosis.43 The uIRIx kidneys in the PBS
group showed a significant increase in cleaved caspase 3
positive areas, confirming the IR-induced apoptosis. MT-EM

Figure 4. In vivo safety, targeting, and efficacy of MTM-EM on IR kidneys. (A) H&E staining of the heart, liver, spleen, lung, and kidney in mice
treated by indicated drugs. Scale bar: 50 μm. (B,C) Liver function (B) and kidney function (C) of mice treated by indicated drugs. (D) Relative
accumulation of MTM-EM@DiR at 1, 12, or 24 h after injection in mouse kidneys with or without ischemia reperfusion. (E) Effects of MTM-EM
on IR-induced renal dysfunction detected using biochemical tests. (F) Effects of MTM-EM on IR-induced renal morphological abnormalities
detected by PAS staining. Scale bar: 50 μm. All data are shown as the mean ± SD (n = 5). ns: not significant, **P < 0.01, ***P < 0.001; t-test.
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or MHY1485 reduced the number of positive cells
significantly, whereas the fewest cleaved caspase 3 positive
areas were observed in the MTM-EM group. The immuno-
blotting result also demonstrated that MHY1485 alleviated the
IR-induced mTORC1 dysfunction, which could be further
promoted by MTM-EM. These findings suggested that both
MT-EM and MHY1485-induced mTORC1 activation were
effective in attenuating renal cell apoptosis induced by IR
injury, and they synergized on protecting renal cells from IR-
induced apoptosis.
Next, we examined the inhibitory effects of MTM-EM on

IR-induced ferroptosis. The GPx4 expression was much lower
after IR (Figure 5E). MT-EM did not affect GPx4 expression,
but MHY1485 increased the GPx4 level, and mice with MTM-
EM treatment expressed more GPx4 in kidneys than those
with MHY1485 treatment, indicating that MHY1485 inhibited
ferroptosis in uIRIx kidneys, which could be enhanced by the
EMs. The biochemical tests (Figure 5F−H) and IHC of 4-
HNE (Figure 5I) were used to detect the oxidative stress status
and lipid peroxides, respectively. Mouse uIRIx kidneys treated
by PBS or MT-EM showed significant oxidative stress and lipid
peroxide production, which was mitigated by MHY1485.
MTM-EM further improved the protective effect. These results
suggested that MHY1485 alleviated ferroptosis effectively.
Although MT-EM alone did not influence ferroptosis, the drug
delivery system could improve the efficacy of MHY1485,
which might be attributed to the accurate delivery and release
of drugs in kidneys.
Taken together, these results suggested that MTM-EM

mitigated renal IR injury and preserved renal function through
attenuating inflammation, apoptosis, and ferroptosis in IR
mouse kidneys.

3. DISCUSSION
Kidney IR injury is common in renal surgery and results in
acute kidney injury, chronic kidney disease, and kidney fibrosis,
eventually inducing kidney dysfunction. Recent studies have
revealed that the renal IR injury was mediated by activated
inflammation, apoptosis, and ferroptosis.44 MSC therapy is
widely studied due to its ability to reduce inflammation in IR
areas. However, the efficacy of MSC therapy on IR-related
diseases in clinical research is unsatisfactory, partially because it
cannot effectively inhibit cell death such as ferroptosis and
apoptosis.45 To address these clinical challenges, we prepared
the therapeutic biomaterial MTM-EM to protect kidneys from
IR injury. MHY1485 in MTM-EM targeted the mTOR
pathway and alleviated apoptosis and ferroptosis. Meanwhile,
the MSC-derived EMs improved the biocompatibility and
efficacy of MHY1485 and maintained the functions of MSCs,
including targeting IR kidneys and inhibiting inflammation.
Additionally, the MTM-EM were reasonably designed to be
ROS-responsive, which promoted accurate drug release in the
IR kidneys. In this study, the MTM-EM exhibited attenuating
effects on IR-induced kidney injury.
MSCs and their exosomes were widely used to treat kidney

diseases and showed inhibitory effects on apoptosis and
inflammation. However, the MSC-based cell therapy exhibited
potential side effects such as tumor formation, immune
response, and embolism. Meanwhile, the majority of MSCs
injected into bodies would be trapped in the lungs, limiting
their function in injured kidneys. Traditional extraction
methods of MSC exosomes resulted in their low yields and
reduced purity.46 In the current study, the gradient extrusion

Figure 5. Mechanisms by which MTM-EM alleviated IR-induced
mouse renal injury. (A−C) Levels of TNF-α (A), IL-1β (B), and IL-6
(C) in mouse kidneys detected by ELISA. (D) Relative cleaved
caspase 3 levels in mouse kidneys detected by IHC and its statistical
analysis. Scale bar: 50 μm. (E) GPx4 protein levels and
phosphorylation of mTOR and S6 ribosomal protein in mouse
kidneys, as detected by Western blot. (F−H) GSH/GSSG (F), SOD
(G), and MDA (H) levels in mouse kidneys detected by biochemical
tests. (I) Lipid peroxides in mouse kidneys detected by IHC staining
of 4-HNE and the statistical analysis. Scale bar: 50 μm. All data are
shown as the mean ± SD (n = 5). ns: not significant, *P < 0.05, **P <
0.01, ***P < 0.001; t-test.
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was performed to produce MSC-derived EMs to overcome
such disadvantages of cell therapy or exosomes. Since targeting
IR tissues is one of the advantages of MSC therapy, our study
confirmed that MTM-EM accumulated in IR kidneys but not
in sham kidneys, demonstrating that EM maintained the
excellent targeting ability of MSCs. This is possibly because
MTM-EM retain the lipid composition and surface molecules
of MSCs, which allow MTM-EM to localize automaticlly to IR
kidney tissues.47,48 Additionally, TK was embedded in the
membrane to enhance the therapeutic effects through
improving the release of mTOR agonists and bioactive
molecules in the IR environment.
IR injury is an inflammation-related disease. The sterile

inflammation induced by IR is characterized by the production
of cytokines, chemokines, and other pro-inflammatory stimuli.
TNF-α, a major contributor to the pathogenesis of IR in most
tissues produced by a variety of cell types, induces the
expression of chemokines and the production of ROS,
promoting the recruitment and activation of immune cells in
IR kidneys.49 IR-induced damage-associated molecular pat-
terns and TNF-α enhance the expression of IL-1β and IL-6,
upregulating adhesion molecules and promoting lymphocyte
recruitment in IR areas.50 The miRNAs in MTM-EM, such as
miR-1184 and miR-146b, are found to decrease the secretion
of pro-inflammatory cytokines through regulation on NF-κB,
Sirtuin-1, or IL-1 receptor-associated kinase signaling path-
ways, eventually mitigating immune responses in IR
kidneys.51−53

Apoptosis is a prevalent and important regulated cell death
mode in IR.48 The activation of Fas, TNF-α, and TNF-related
apoptosis-inducing ligand receptors induced by IR recruits a
number of death domain-containing proteins, ultimately
cleaving and activating caspase-3.54 This study demonstrated
that MT-EM and MHY1485 synergistically inhibited apopto-
sis. The MT-EM can also protect kidneys from apoptosis
through specific miRNAs. For example, miR-199a-3p and miR-
199a-5p in MSCs can activate pathways, including the AKT or
ERK pathway, promoting tubular cell proliferation and limiting
apoptosis during kidney IR, eventually leading to the
amelioration of the loss of kidney function.55,56

mTOR is a sensor for energy and metabolism status and
plays an integral role in regulating apoptosis. Phosphatidyli-
nositol-3-kinase/Akt/mTOR is a classic apoptosis regulatory
pathway which downregulates apoptosis in an autophagy-
dependent mechanism.57 However, under IR conditions,
mTORC1 is strongly inhibited, leading to subsequent
activation of apoptosis, which resembles the phenomenon
under treatment with mTOR inhibitors. MHY1485 could
reverse the IR-induced downregulation of mTOR activity,
inhibiting autophagy and alleviating apoptosis. MT-EM and
MHY1485 inhibited apoptosis through different pathways,
enabling MTM-EM to exhibit synergistic effects on mitigating
apoptosis.
Ferroptosis is characterized by the iron-dependent accumu-

lation of reactive lipid peroxides58 and is one of the most
prominent forms of cell death under IR conditions. In the
ischemic phase, nuclear receptor coactivator 4-mediated
ferritinophagy, one of the most closely related types of
autophagy to ferroptosis, is activated, leading to ferroptosis by
degrading ferritin and inducing iron overload.59 During
reperfusion, the rapid restoration of nutrients induces a burst
of ROS production and ferroptosis.60 In this current study,
MHY1485 directly activated mTORC1, and the activated

mTORC1 could inhibit autophagy, including ferritinophagy.
As a result, ferritin was restored, iron overload and ferroptosis
were alleviated, and renal function was improved.
The current MSC-derived drug delivery system maintains

the therapeutic effects of MSCs on renal IR while improving
the biocompatibility and effects of MHY1485. The drug
delivery system and MHY1485 synergistically alleviated renal
IR injury. This current study provides a novel approach, other
than cell therapy and exosome-based therapy, for the
application of MSC-based therapies to kidney IR. Furthermore,
this MSC-derived drug delivery system has the potential to be
pretreated or modified to express specific proteins or carry
other small molecule drugs for different pathophysiological
situations.

4. CONCLUSIONS
In this current study, we developed TK-modified MSC-derived
EMs carrying MHY1485 to protect kidneys from IR injury.
MTM-EM maintained the function of MSCs and improved the
biocompatibility of MHY1485. The MSC-derived EMs and
MHY1485 exhibited synergistic protective effects on renal
morphology and function, and the underlying mechanisms
include the downregulation of inflammation, apoptosis, and
ferroptosis.

5. MATERIALS AND METHODS
5.1. Cell Culture and the In Vitro IR Model. Trans-

formed C3H mouse kidney-1 (TCMK-1) cells (mouse renal
tubular epithelial cells) and placenta mesenchymal stromal/
stem cells were purchased from FuHeng Biology (Shanghai,
China) and Procell Life Technology (Wuhan, China). The
cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) (Biosharp, BL301A) supplemented with 10% fetal
bovine serum (LONSA; S711-001S).
The in vitro IR model was established based on previous

studies.2,61 Briefly, TCMK-1 cells were washed, cultured in
glucose-free DMEM (Biosharp, BL1125A) without fetal
bovine serum, and exposed to hypoxia. Hypoxia was
introduced by using a hypoxia chamber along with a compact
gas controller that controls oxygen concentration at 1%,
achieved by administering 95% nitrogen and 5% carbon
dioxide. The ischemia period lasts 12 h, following a reperfusion
period of 6 h. During the reperfusion period, TCMK-1 cells
were cultured under normal conditions.

5.2. Animal Models and Animal Experiment State-
ment. All animal experiments were approved by the animal
ethics committee of Fudan University (Ethical approval
number: 2019-HSYY-JS-240) and conformed to the guidelines
of the National Research Council for Laboratory Animal Care
in Research.
Six-week-old male BALB/c mice were purchased from

Shanghai JieSiJie Laboratory Animal (Shanghai, China). Mice
were housed under specific pathogen-free conditions with
standardized food and water and controlled temperature (21−
25 °C) and humidity (40−70%).
To induce ischemia-reperfusion injury of the kidneys, we

performed uIRIx models on BALB/c mice, as described in
previous studies.2,62 For sham groups, we performed unilateral
nephrectomy only. PBS, drugs, or EMs were intravenously
injected 4 h before surgery. 48 h after surgery, mice were
sacrificed by CO2 asphyxia, and blood samples and tissues were
collected.
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5.3. Preparation and Characterization MTM-EM.
MSCs were cocultured with 50 μg/mL MHY1485 for 4 h.
Then, the MHY1485-loaded MSCs were trypsinized and
dispersed in PBS containing 50 μg/mL MHY1485 and 5 mg/
mL 2-distearoyl-sn-glycero-3-phosphoethanolamine−thioke-
tal−polyethylene glycol (DSPE−TK−PEG) (Ruixi Biotech-
nology, Xi’an, China). The cell suspension was extruded
through a pneumatic extruder (PhD Technology LLC, St. Paul,
MN, USA) prepared with 1.2 μm (RAWP04700, Merck, NJ,
USA), 0.45 μm (TJMF0446, JinTeng, Tianjin, China), and
0.22 μm (TJMF0445, JinTeng) polycarbonate filters. The
obtained product was centrifuged at 100,000g for 2.5 h and
washed with PBS twice. MHY1485 was internalized by MSCs
during coincubation and encapsulated in MTM-EM through
the extruding process.
The MT-EM were obtained in a similar way. Briefly, MSCs

were collected and dispersed in PBS containing 5 mg of
DSPE−TK−PEG; then, the cell suspension was extruded with
the same method described above.
The protein concentration of MTM-EM was detected by the

bicinchoninic acid (BCA) Protein Assay Kit according to the
manufacture’s protocols. Specifically, the sample (20 μL) was
added to a 96-well plate, then the wells were filled with BCA
working solution (200 μL) and incubated at 37 °C for 0.5 h.
The optical density (OD) of each well was detected at 562 nm
by a microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA).
The cell lysis solution was added to the MTM-EM, and the

loading of MHY1485 in the MTM-EM cell lysate was analyzed
using a SpectraMax M5 microplate reader under 250 nm
(Molecular Devices, Sunnyvale, CA, USA). MHY1485 was
dissolved in DMSO to dilute to an appropriate concentration,
which was measured by SpectraMax M5 microplate reader to
detect the highest absorbance and create a standard curve at
the highest absorbance.
The polymer dispersity index (PDI) and size of MTM-EM

were measured by a Nano Zetasizer (Microtrac, York, PA,
USA). MTM-EM was observed using a transmission electron
microscope (Hitachi, Tokyo, Japan).

5.4. Cell Viability Assay and Release Assay of MTM-
EM. The cell viability profiles of MHY1485 and MT-EM in
TCMK-1 were assessed using established protocols. TCMK-1
cells were seeded at a density of 6 × 103 cells per well in 96-
well cell culture plates and cultured overnight. Then, the cells
were treated with corresponding drugs at concentrations
ranging from 0.2 to 20 μg/mL (concentration of MHY1485)
or 0.05 to 1.3 mg/mL (concentration of MT-EM proteins).
Then, we added CCK-8 solution (10 μL) to each well and

incubated for another 1 h. The microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA) was used to read
absorbance at 450 nm.
To determine the release of MTM-EM in different

physiological environments, we added MTM-EM to DMEM
medium, with or without 20 μM H2O2. 24 h later, the
MHY1485 content in the supernatant was detected.

5.5. Uptake Assay. MTM-EM were dyed with DiD (5
μM) for 0.5 h; then, the MTM-EM@DiD were incubated with
TCMK-1 cells for 0−5 h. The obtained cells were washed and
detected by flow cytometry using FACSCalibur (BD
Biosciences, Franklin Lakes, NJ, USA).
To observe cells more vividly, TCMK-1 cells were seeded on

a Millicell EZ SLIDE 8-well glass (PEZGS0816, Merck)
overnight. Then, the medium containing MTM-EM@DiD was

added to wells and incubated for 4 h. The cells were
subsequently stained with LysoTracker Green (Thermo Fisher
Scientific). After washing, fixing, staining with 4,6-diamidino-2-
phenylindole (DAPI), the obtained sample was imaged using a
confocal microscope (Leica, Wetzlar, Germany).

5.6. Enzyme-Linked Immunosorbent Assay. TCMK-1
cells were lysed with 0.25% trypsin and collected, and renal
tissues were ground into a homogenate using 150 mM tris
buffer. Mouse tumor necrosis factor (TNF)-α, interleukin
(IL)-1β, and IL-6 were detected using the Mouse IL-6 ELISA
Kit (Beyotime, PI326), Mouse IL-1β ELISA Kit (Beyotime,
PI301), and Mouse TNF-α ELISA Kit (Beyotime, PT512),
according to standard protocols of the manufacturer.

5.7. In Vitro Apoptosis Assay. Apoptotic cells were
quantified with an Annexin V-FITC Apoptosis detection kit
(Beyotime, C1062S) according to manufacturer’s protocols.
Briefly, cells were incubated under normal or IR conditions
with or without the treatment of MT-EM, MHY1485, or
MTM-EM at 37 °C. Cells were harvested, resuspended in the
binding buffer, and then stained with Annexin V-FITC and
propidium iodide for 15 min at room temperature. The
apoptotic index was immediately determined by FACSCalibur
(BD Biosciences, Franklin Lakes, NJ, USA).

5.8. Western Blotting. Cells and minced tissue were
extracted in cold radioimmunoprecipitation assay buffer and
detected using a BCA protein assay kit (Beyotime, P0012).
Equal amounts of protein were loaded in each lane, separated
by SDS-polyacrylamide gel electrophoresis, and then blotted
onto a polyvinylidene difluoride membrane. After blocking for
1 h, the membrane was incubated overnight with primary
antibodies at 4 °C and with secondary antibodies for 1 h at
room temperature. Proteins were detected using a chem-
iluminescence kit (NCM Biotech, P10200) with the
ChemiDoc MP Imaging System (BioRad, CA, USA).
The following primary antibodies were used in Western

blotting:
GAPDH (Proteintech, 10494; 1:50000), GPx4 (Proteintech,

67763; 1:1000), Phospho-mTOR (Cell Signaling Technology,
5536S; 1:1000), mTOR (Cell Signaling Technology, 2983S;
1:1000), Phospho-S6 Ribosomal protein (Proteintech, 29223-
1-AP; 1:1000), and S6 Ribosomal protein (Proteintech, 80208-
1-RR; 1:5000).
The following secondary antibodies were used in Western

blotting:
Antirabbit IgG (Cell Signaling Technology, 7074S; 1:1000)

and antimouse IgG (Cell Signaling Technology, 7076S;
1:1000).

5.9. Biochemical Assay. The levels of serum alanine
amiotransferase (ALT) (Rayto, S03030), serum aspartate
transaminase (AST) (Rayto, S03040), serum creatinine (Scr)
(Rayto, S03076), and blood urea nitrogen (BUN) (Rayto,
S03036) were tested with corresponding testing kits using an
automated biochemical analyzer (Rayto, Chemray 800)
according to the manufacturer’s protocols. Oxidative stress
status was detected using GSH/GSSG (Beyotime, S0053),
MDA (Jiancheng Bioengineering, A003-1-2), and SOD
(Jiancheng Bioengineering, A001-1-2) assay kits according to
manufacturer’s protocols.

5.10. In Vitro Lipid Peroxidation Assay. Cells were
seeded into 4-well chambers and incubated with the indicated
treatments in 5% CO2 at 37 °C. During the last 30 min of
incubation, 1 μg/mL Hoechst 33342 and 1 μM Liperfluo
(Dojindo, L248) dyes were added. After washing with PBS
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twice, cells were imaged using a fluorescence microscope. The
relative lipid peroxidation level was quantified by the green
fluorescence intensity.

5.11. IHC and Historical Staining. Kidneys and other
organs were removed, fixed in 10% formalin, and embedded in
paraffin. Sections were stained with hematoxylin−eosin (HE)
or periodic acid-Schiff (PAS) to evaluate the histological
changes. Immunohistochemical analysis was performed by
using specific antibodies. After the color reaction, the images of
staining were captured using a microscope (Nikon, H550S,
Tokyo, Japan). The relative protein levels were quantified by
the proportion of the positive area.
The following antibodies were used in IHC:
Cleaved caspase 3 (Beyotime, AC033; 1:100) and 4-HNE

(Bioss, bs-6313R; 1:500).
5.12. In Vivo Distribution Assay. MTM-EM@DiR was

established through dyeing MTM-EM with DiR. Then, MTM-
EM@DiR was intravenously injected into sham mice or IR
mice, and its contents in the kidneys were detected by IVIS
Lumina K at 1, 12, and 24 h after injection.

5.13. Statistical Analysis. Data are presented as (mean ±
SD), except where otherwise indicated. GraphPad Prism 9.0
(San Diego, CA, USA) was used to collect and analyze the
data. An unpaired Student’s t-test was used to compare the
values of two groups. A two-tailed P value of <0.05 was
considered statistically significant and was marked as “*”, a P
value of <0.01 was marked as “**”, and a P value of <0.001 was
marked as “***”, except where otherwise indicated. No
samples or animals were excluded. We did not predetermine
sample sizes, but our sample sizes are similar to those generally
employed in the field.
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