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Mitochondria-Modulating Liposomes Reverse
Radio-Resistance for Colorectal Cancer

Junmei Li, Yuhong Wang, Wenhao Shen, Ziyu Zhang, Zhiyue Su, Xia Guo, Pei Pei, Lin Hu,
Teng Liu,* Kai Yang,* and Lingchuan Guo*

Complete remission of colorectal cancer (CRC) is still unachievable in the
majority of patients by common fractionated radiotherapy, leaving risks of
tumor metastasis and recurrence. Herein, clinical CRC samples demonstrated
a difference in the phosphorylation of translation initiation factor eIF2𝜶
(p-eIF2𝜶) and the activating transcription factor 4 (ATF4), whose increased
expression by initial X-ray irradiation led to the resistance to subsequent
radiotherapy. The underlying mechanism is studied in radio-resistant CT26
cells, revealing that the incomplete mitochondrial outer membrane
permeabilization (iMOMP) triggered by X-ray irradiation is key for the elevated
expression of p-eIF2𝜶 and ATF4, and therefore radio-resistance. This finding
guided to discover that metformin and 2-DG are synergistic in reversing radio
resistance by inhibiting p-eIF2𝜶 and ATF4. Liposomes loaded with metformin
and 2-DG (M/D-Lipo) are thus prepared for enhancing fractionated
radiotherapy of CRC, which achieved satisfactory therapeutic efficacy in both
local and metastatic CRC tumors by reversing radio-resistance and preventing
T lymphocyte exhaustion.
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1. Introduction

Colorectal cancer (CRC) is one of the most
common and deadly malignancies in hu-
mans, with incidence rising every year.[1,2]

Endoscopic resection and extensive surgical
excision as the first-line treatments could ef-
fectively inhibit superficial CRC in the early
stage.[3,4] However, due to the lack of early
screening diagnosis, CRC with a rapid pro-
liferation nature is always detected at an ad-
vanced stage, which is either not amenable
to surgery or results in a postoperative re-
currence rate as high as 30–50%.[5,6] Ra-
diotherapy could downsize CRC to be pre-
pared for surgery and meanwhile preserve
the circumvent sphincter muscle.[7] More-
over, clinical evidence has suggested that
the addition of radiotherapy, either before
or after surgery, could enhance the local
control of CRC and patients’ prognosis.[8]

However, the prognosis and overall survival
(OS) rate of CRC patients have not been

substantially improved.[9] The hindrance for the radical elimina-
tion of cancer cells as well as the inducement for tumor relapse
and metastasis are still enigmas to be clarified to advance the clin-
ical management of CRC.

Studies have demonstrated that the cancer cells that survived
treatment would establish therapy resistance and even elevate
invasiveness.[10,11] Considering the oxygenation efficiency and
side effects, clinical radiotherapy is commonly conducted by mul-
tiple X-ray irradiations at a determined dosage, i.e., fractionated
radiotherapy.[12,13] In this circumstance, the initial X-ray irradia-
tion may lead to resistance of cancer cells to the subsequent radio-
therapy and thus challenge the satisfactory therapeutic outcome
and long-term survival of cancer patients.[14,15] Therefore, to ful-
fill the thorough elimination of CRC by radiotherapy, it is pivotal
to study the mechanism underlying the radio-resistance of cancer
cells developed during fractionated radiotherapy and accordingly
address radio-resistance.

Mitochondria not only dominate systemic energy metabolism
in live cells but also orchestrate cellular apoptosis and necro-
sis, which play a crucial role in tumorigenesis.[16,17] Conven-
tionally, external stimuli augmenting mitochondrial outer mem-
brane permeability (MOMP) would trigger the release of pro-
apoptotic substances such as cytochrome c (Cyt c) to the cy-
toplasm, leading to the apoptosis of cancer cells.[18–20] One of
these treatments involves perturbing the homeostasis of calcium
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ions within and outside mitochondria.[21,22] However, recent re-
search discovered that MOMP is adaptively controlled by the Bcl-
2 family effector protein on mitochondria.[23] Incomplete MOMP
(iMOMP) and insufficient release of Cyt c would induce inte-
grated stress response (ISR), leading to the phosphorylation of
the translation initiation factor eIF2𝛼 (p-eIF2𝛼) and overexpres-
sion of activating transcription factor 4 (ATF4).[23] This adaptive
response commits cancer cells to bypass apoptosis, and conse-
quently therapy resistance and cancer invasion. These results
suggested that the modulation of MOMP would circumvent ra-
dioresistance and achieve potent radiotherapy of cancer.

Metabolic reprogramming has been well-recognized as a hall-
mark of cancer cells and the preference for aerobic glycoly-
sis has been recently developed as a therapy target.[24,25] Mean-
while, the oxidative respiratory chain has also been aimed to
disrupt the mitochondrial function of cancer cells.[26] However,
to the best of our knowledge, few have clarified the variation
of MOMP during metabolism inhibition and the results in cell
fate. Herein, we evaluated the mechanism underlying radiore-
sistance that emerged during fractionated radiotherapy to guide
the development of MOMP-modulating liposomes for enhancing
CRC radiotherapy. To evaluate the occurrence of radio-resistance
during fractionated radiotherapy of CRC, the downstream pro-
teins of ISR in tumor biopsies from 40 patients were analyzed
by immunohistochemistry (IHC). The radioresistance was then
simulated in CRC cells to preliminarily confirm the relation-
ship between iMOMP and radioresistance, as well as to screen
metabolism-tailoring drugs for MOMP modulation during radio-
therapy. The drug-loaded liposomes were then developed to cir-
cumvent radioresistance and enhance apoptosis of cancer cells
under X-ray irradiations. After confirming the biocompatibility
and tumoral accumulation, the liposomes were systematically in-
jected into CRC-bearing mice to evaluate the enhancement in
fractionated radiotherapy and consequential anti-tumor immune
response.

2. Results and Discussion

2.1. p-eIF2𝜶 and ATF4 Expression Varied in CRC Patients

It has been reported that p-eIF2𝛼 and ATF4 are the downstream
protons of ISR, an intracellular signaling network activated by
internal and external stresses, which contribute to cellular es-
cape from apoptosis, therapy tolerance, and tumor invasion and
metastasis.[27,28] To evaluate the relationship of radiotherapy re-
sponse with the ISR pathway, we first tested the expression of p-
eIF2𝛼 and ATF4 in the biopsies of 40 CRC patients by IHC, which
encompasses 20 patients treated by fractionated radiotherapy and
20 patients without radiotherapy (Figure 1a). The IHC analysis
demonstrated statistically significant higher scores of p-eIF2𝛼
and generally higher expression of ATF4 in the treated group of
CRC tumor slices than the untreated group (Figure 1b). Addi-
tionally, the positive correlation between the expression score of
p-eIF2𝛼 and ATF4 suggested the activation of the ISR pathway in
CRC (Figure 1c).

Moreover, depending on the cut-off of 50% pathological regres-
sion in IHC images, the gold standard for therapeutic efficacy,
the treated patients were further classified into radio-effective and
radio-resistant cohorts. Both p-eIF2𝛼 and ATF4 in radio-resistant

cohorts demonstrated higher expression than those in radio-
effective cohorts (Figure 1d,e), among which ATF4 expression
showed statistical difference (Figure 1f). Additionally, the expres-
sion ratio of serum carcinoembryonic antigen (CEA) post and
preradiotherapy was employed as another standard for the classi-
fication of treated patients into radio-effective and radio-resistant
cohorts, with a cut-off ratio of 50%. Similarly, the radio-resistant
cohorts demonstrated higher scores of p-eIF2𝛼 and ATF4 than
the radio-sensitive cohorts (Figure 1g). These data collectively
confirmed the participation of p-eIF2𝛼 and ATF4 in inducing ra-
dioresistance, indicating that the ISR pathway could be targeted
to reverse radio resistance in CRC.

2.2. Cellular Radio-Resistance was Mediated by ISR with
Upregulated p-eIF2𝜶 and ATF4

The radioresistance that emerged during fractionated radiother-
apy of clinical CRC was then preliminarily investigated by eval-
uating how the initial X-ray irradiation influenced the efficacy of
radiotherapy in the laboratory. To this end, a simplified simula-
tion of fractionated radiotherapy in vitro was established by treat-
ing CT26 cells with consecutive X-ray irradiations. The flow cy-
tometry results demonstrated less apoptosis ratio in cells exposed
to 2 Gy + 8 Gy irradiations than those to 8 Gy (Figure 2a,b), de-
spite the higher total dosage of ionizing radiation. The underlying
mechanism contributing to the decrease in apoptosis following
repeated X-ray irradiations was then analyzed. Western blot (WB)
experiments were conducted to test the expression of the down-
stream proteins of ISR in cells after radiotherapy. After a single
X-ray irradiation at 2 Gy, the expression of p-eIF2𝛼 and ATF4 was
progressively elevated in CT26 cells until 24 h (Figure 2c). More-
over, the pretreatment of cells by X-ray irradiation at 2 Gy aggra-
vated the expression of p-eIF2𝛼 and ATF4 (Figure 2d), suggesting
the activation of ISR pathway by initial X-ray exposure in CT26
cancer cells. These results indicated that the initial X-ray irradia-
tion would activate ISR pathway to upregulate p-eIF2𝛼 and ATF4,
preventing cancer cells from apoptosis during the subsequent ra-
diotherapy.

Next, we researched how ISR was activated by X-ray ir-
radiation. Reports have shown that the extent of MOMP is
crucial to cellular fate under mitochondria-damaging stimuli.
MOMP beyond the definitive threshold commits cells to ir-
reversible apoptosis, while iMOMP activates ISR pathway to
bypass cell death and even potentiate invasiveness.[23] In order
to test whether MOMP would be triggered by radiotherapy, a
split-superfold GFP (sfGFP) system was developed to visualize
mitochondrial permeability (Figure 2e). In this system, GFP1-10
was fused to mCherry and targeted to the tail sequence where
the fusion intermembrane space (IMS) was located, while the
double GFP11𝛽 strand was directed to the cytoplasm. Only when
MOMP occurs, GFP11 would translocate into the IMS through
passive diffusion and subsequently bind to GFP1-10, resulting in
the emission of green fluorescence. CT26 cells with sfGFP sys-
tem were then monitored by confocal laser scanning microscopy
(CLSM). The confocal images of untreated CT26 cells demon-
strated the fluorescence of mCherry and no sfGFP (Figure 2f),
confirming the success in the transduction of the sfGFP system.
In contrast, after the treatment with X-ray irradiation at 2 Gy, a
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Figure 1. p-eIF2𝛼 and ATF4 expression were significantly upregulated in CRC radio-resistance patients. a) IHC staining using an antibody against p-
eIF2𝛼 and ATF4 and representative photographs of p-eIF2𝛼 and ATF4 in treated and untreated groups of CRC tissues. Scale bar: 100 μm. b) IHC staining
score of p-eIF2𝛼 and ATF4 in the 20 pairs of CRC patients. Data were presented as the mean ± SD; statistical significance was assessed by t-test.
(***p < 0.001, **p < 0.01, *p < 0.05, n = 40.) c) Correlation analysis between immunohistochemical staining scores of p-eIF2𝛼 and ATF4 between treated
and untreated patients. d) Immunohistochemical staining using antibodies against p-eIF2𝛼 and ATF4, and representative photographs of p-eIF2𝛼 and
ATF4 in radiotherapy effective cohort CRC tissues (Scale: 100 μm). e) Immunohistochemical staining using antibodies against p-eIF2𝛼 and ATF4, and
representative photographs of p-eIF2𝛼 and ATF4 in radio-resistance cohort CRC tissues. Scale:100 μm. f ) Statistical analysis p-eIF2𝛼 and ATF4 IHC
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few CT26 cells demonstrated obvious fluorescence of sfGFP co-
localized with mCherry in mitochondria (Figure 2f), suggesting
the induction MOMP of these special cells by a sublethal X-ray
exposure. On the other hand, WB results illustrated that the
expression of Bcl-2 proteins of the cells that survive radiation,
which inhibit apoptosis by hampering the mitochondrial mem-
brane permeability to Cyt c,[23] was elevated in irradiated cancer
cells as compared to the untreated ones (Figure 2g). Especially,
CT26 treated with 2 Gy + 8 Gy irradiations demonstrated higher
expression of Bcl-2 proteins than those with 8 Gy (Figure 2g).
Therefore, it could be inferred that multiple X-ray irradiations
would upregulate Bcl-2 proteins in cells, leading to mitochon-
drial iMOMP and insufficient cytoplasmic Cyt c, resulting in
ISR-mediated radio-resistance and thus lower apoptosis ratio.

In addition to this, the cells that survive by resisting apoptosis
may also possess other malignant characteristics. It has been re-
ported that cancer cells surviving from treatment would not only
develop therapy resistance but also raise the tendency toward pro-
liferation and metastasis.[10] The clonogenic assay demonstrated
that although radiotherapy significantly decreased the number of
cell clones, more cells retained the proliferating capability after
2 Gy + 8 Gy irradiations than a single 8 Gy irradiation (FigureS1,
Supporting Information). To evaluate the impact of radiotherapy
on cellular invasiveness, a transwell migration assay was con-
ducted in CT26 cells after X-ray irradiations. As compared to cells
treated with a single 8 Gy irradiation, 2 Gy + 8 Gy irradiations
resulted in a larger amount of CT26 migration (Figure 2h). The
number of invasive cells was counted. Compared to cells treated
with a single 8 Gy irradiation, 2 Gy + 8 Gy irradiations resulted
in larger amount of CT26 migration (Figure S5a, Supporting In-
formation). Moreover, WB results illustrated that the cellular ex-
pression of invasiveness-related proteins including N-cadherin
and vimentin was significantly elevated after 2 Gy + 8 Gy irradia-
tions (Figure 2i). These in vitro results altogether suggested that
the mitochondrial iMOMP and ISR-mediated radio-resistance
should be targeted for addressing the insufficient therapeutic ef-
fect and metastasis risk after fractionated radiotherapy.

2.3. Drug-Loaded Liposomes Reversed Radio-Resistance by
Downregulating p-eIF2𝜶 and ATF4

Considering that p-eIF2𝛼 and ATF4 play vital roles in ISR-
mediated radio-resistance, we then screened drugs that could in-
hibit the expression of these proteins to address radio-resistance.
Among commercial drugs that are related to mitochondrial
functions, Western blots demonstrated that the upregulated p-
eIF2𝛼 expression in CT26 cells after 2 Gy irradiation could be
partially reversed by metformin, while ATF4 by 2-DG (Figure
S2a, Supporting Information). Interestingly, metformin has been
reported to disrupt the function of mitochondria by inhibit-
ing their oxidative respiratory chain.[29] Meanwhile, 2-DG has
been demonstrated to inhibit hexokinase 2 (HK-2), which is
a key enzyme in aerobic glycolysis and protects mitochondrial

membranes.[30,31] Afterward, the toxicity of metformin and 2-DG
to CT26 cells at different concentrations was evaluated by Cell
Counting Kit-8 (CCK8), which demonstrated that 500 μm of each
drug is safe in vitro (Figure 3a). Our experimental results, to-
gether with earlier reports, indicated that the combination of met-
formin and 2-DG may address radio-resistance in a synergistic
manner.

To achieve the simultaneous function, liposomes composed
of dipalmitoylphosphatidylcholine (DPPC), cholesterol, and 1,
2-distearyl phosphatidyleethanolamine-polyethylene glycol 5000
(DSPE-PEG 5000) were prepared as a delivery system to load both
of metformin and 2-DG (M/D-Lipo) (Figure S2b, Supporting In-
formation). It was found that the cell inhibition rate of M/D-
Lipo was equal to the free 2-DG and metformin (Figure S3a,b,
Supporting Information). High-performance liquid chromatog-
raphy (HPLC) characterization confirmed the successful loading
of the drugs, with a final concentration of 35 mg mL−1 metformin
and the same concentration of 2-DG in M/D-Lipo. Transmission
electron microscopy (TEM) imaging showed the spherical mor-
phology of M/D-Lipo with an average size of 80 nm (Figure 3b).
Dynamic light scattering (DLS) demonstrated that the loading
of drugs induced negligible variation in the average hydrody-
namic diameters (100 nm) and negative potentials (−18.7 mV)
(Figure 3c; Figure S4a, Supporting Information). For the conve-
nience of monitoring the cellular uptake of M/D-Lipo by confocal
laser scanning microscopy (CLSM), DiD was then labeled onto
the liposomes with stable fluorescence (Figure S4b, Supporting
Information). After the incubation with CT26 cells for 24 h, con-
focal imaging demonstrated that the DiD-Lipo was endocytosed
into the cytoplasm of the tumor cells (Figure 3d), which guaran-
teed the drug delivery capacity.

The mechanism was further analyzed by WB detection of p-
eIF2𝛼 and ATF4 expression. The WB assays revealed that while
2 Gy + 8 Gy irradiations induced the upregulation of p-eIF2𝛼
and ATF4 in CT26 cells, M/D-Lipo reversed this progress and
inhibited the expression of proteins concerning radio-resistance
(Figure 3e). The influence of M/D-Lipo on radiotherapy was then
evaluated by exposing CT26 cells to X-ray irradiation with or
without M/D-Lipo. Flow cytometry analysis of cells after differ-
ent treatments showed that the addition of M/D-Lipo during
multiple irradiations could elevate the apoptosis ratio of cells
(Figure 3f,g). Altogether, M/D-Lipo reversed radio-resistance and
promoted cellular apoptosis by modulating the downstream and
upstream proteins in the resistant pathway initiated by nonlethal
mitochondria damage. These results inspired us to further evalu-
ate the morphology and functions of mitochondria in cells treated
with X-ray irradiations and M/D-Lipo.

2.4. M/D-Lipo Decreased MMP, Reprogram Metabolism, and
Inhibit Invasiveness of Cancer Cells

Normal mitochondrial membrane potential (MMP) is a prerequi-
site for maintaining mitochondrial functions, while the decline

expression in the resistance cohort and effective cohort by cut-off of 50% pathological regression or not. Data were presented as the mean ± SD;
statistical significance was assessed by t-test. (***p < 0.001, **p < 0.01, *p < 0.05, n = 12). g) Statistical analysis p-eIF2𝛼 and ATF4 IHC expression in
the resistance cohort and effective cohort by post/pre-treatment serum CEA expression ratio up to 50% or not. Data were presented as the mean ± SD;
statistical significance was assessed by t-test. (***p < 0.001, **p < 0.01, *p < 0.05, n = 12).
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Figure 2. Radio-resistance induced by X-ray irradiation. a,b) Flow cytometric analysis of apoptosis in CT26 cells following either 8 Gy or 2+8 Gy irra-
diations a) and the corresponding statistical apoptosis percentage. Error bars represent mean ± s.d. (n = 6). P values were calculated by Student’s
t-tests (**p < 0.01). b). c,d) Western blot analysis of p-eIF2𝛼, eIF2𝛼, and ATF4 expression in CT26 cells after different treatments (Control, 2–24 h after
exposure to 2 Gy irradiation) c) and exposed to 8 Gy or 2 Gy +8 Gy irradiations at equivalent time points d). e) Schematic and functional mechanisms of
MOMP sensors in mitochondrial and cytoplasmic expression systems. f) Confocal microscopy imaging of CT26 cells overexpressing the MOMP sensor
expression system in 0 Gy control group and 2 Gy irradiation group (scale = 20 μm). g) Western blot characterized Bcl-2 expression in CT26 cells after
different treatments (Control, 8 Gy, 2 Gy +8 Gy). h) Transwell Migration Assay experiment to verify the invasiveness of the cells after different treatments
(Control, 8 Gy, 2 Gy +8 Gy). i) Western blot analysis of N-cadherin and Vimentin expression in CT26 cells after different treatments (Control, 2 Gy, 2
Gy+M/D-Lipo, M/D-Lipo).
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Figure 3. Synthesis and characterization of dual-drug loaded liposomes. a) The relative cell viability of CT26 cells incubated with metformin or 2-DG at
different concentrations for 24 h. Error bars represent mean ± s.d. (n = 6). b) Characterization of M/D-Lipo by transmission electron microscopy (TEM).
c) Hydrodynamic diameters of Lipo and M/D-Lipo measured by dynamic light scattering (DLS). d) Confocal images of CT26 cells showing the cellular
uptake of DIR-labeled liposomes at 24 h. Red color represents DID signals in liposomes and blue color indicates 4,6-diamidino-2-phenylindole (DAPI)
stained cellular nuclei, respectively (scale bar:30 μm). e) Western blot measured p-eIF2𝛼, eIF2𝛼, ATF4 protein expression in CT26 cells after treated with
PBS, 2 Gy +8 Gy, 2 Gy+M/D-Lipo+8 Gy, M/D-Lipo. f,g) Flow cytometric analysis of apoptosis f) and statistics g) in CT26 cells after different treatments
(n = 6). P values in g were calculated by Student’s t-tests (*p < 0.01).

of MMP is an early event of apoptosis.[32] JC-1 probe was then
applied to monitor the influence of M/D-Lipo on MMP in CT26
cells. The confocal images demonstrated that, as compared to the
control group, the cells treated with M/D-Lipo showed weaker
red fluorescence for JC-1 aggregates and stronger green fluores-
cence for JC-1 monomer (Figure 4a), indicating the decline of
MMP by M/D-Lipo. Next, the metabolism status of cells after dif-
ferent treatments was evaluated by testing the levels of adeno-

sine triphosphate (ATP) and lactic acid. The data demonstrated
that either single or double X-ray irradiations slightly decreased
the production of ATP in cells (Figure 4b), while the inhibition
of ATP production was further enhanced by M/D-Lipo which
contained metformin suppressing oxidative phosphorylation.[33]

On the other hand, double X-ray irradiations induced more lac-
tic acid in cells than single exposure (Figure 4c), indicating
the more severe hypoxia by multiple radiotherapy treatments.
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Figure 4. M/D-Lipo reversal of radio-resistance. a) Confocal laser scanning microscope (CLSM) images of CT26 cells treated with PBS and M/D-Lipo
for 24 h after staining with JC-1 probe for 30 min. (scale bar: 30 μm) b) ATP production experiment showed the production of ATP in the cytoplasm
of CT26 cells after different treatments. Error bars represent mean ± s.d. (n = 6). c) Lactate production experiments showed that CT26 cells produced
lactate after different treatments. Error bars represent mean ± s.d. (n = 6). d) Transwell migration assay demonstrated the invasiveness of CT26 cells
after different treatments. (scale bar: 200 μm.) e) The invasion-associated protein N-Cadherin detected by Western blot was consistent with the results
verified by the transwell migration assay. f) Immunofluorescent images showing the expression of 𝛾H2AX protein in CT26 cells with different treatments.
(scale bar:20 μm). g) Schematic representation of the mechanisms by which M/D-Lipo altered tumor radio-sensitivity, radio-resistance, and metabolic
reprogramming. Treatments: PBS (G1), 8 Gy (G2), 2 Gy+8 Gy (G3), 2 Gy+M/D-Lipo+8 Gy (G4), M/D-Lipo+8 Gy (G5), M/D-Lipo (G6). P values in b and
c were calculated by Student’s t-tests (****p < 0.0001,***p < 0.001, **p < 0.01).
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Meanwhile, the treatment of cells with M/D-Lipo in all circum-
stances induced a substantial decrease in the lactic acid level
(Figure 4c), which could be ascribed to 2-DG inhibiting the piv-
otal enzyme (HK2) in the glycolysis pathway producing lactic
acid.[34] These results confirmed the function of M/D-Lipo on
the mitochondria of cancer cells, resulting in MMP decline and
metabolic reprogramming with decreased ATP and lactic acid,
which would facilitate cellular apoptosis by radiotherapy.

Moreover, the invasiveness of CT26 cells treated with M/D-
Lipo and X-ray irradiations was evaluated by a transwell migra-
tion assay and WB analysis. In accordance with previous results,
double irradiations by X-ray increased the invasiveness of CT26
cells (Figure 4d). Compared to 8 Gy or 2 Gy + 8 Gy irradia-
tions, the 2 Gy+M/D-Lipo+8 Gy and M/D-Lipo+8 Gy resulted
in less migration (Figure 4d; Figure S5b, Supporting Informa-
tion). The same results were confirmed by the cell scratch assay
(Figure S6a–c, Supporting Information). Moreover, WB analysis
of N-cadherin, which is attributed to cell separation and motil-
ity, demonstrated that the increase of N-cadherin by X-ray irra-
diation was mitigated by M/D-Lipo (Figure 4e), which was con-
sistent with the changes in cell invasion ability revealed by the
transwell experiments. These results suggested that M/D-Lipo
with the capability of modulating mitochondria could not only re-
verse radio-resistance to enhance apoptosis but also hamper the
invasion tendency of residual cancer cells. The immunofluores-
cent imaging also demonstrated the most obvious gH2AX foci
in cells treated with the combination of radiotherapy and M/D-
Lipo (Figure 4f). These results confirmed that the nuclear damage
was reduced during radio-resistance. However, when the radio
resistance was reversed by M/D-Lipo, the nuclear damage and
apoptosis were increased. Therefore, we illustrated the mecha-
nisms of radiotherapy resistance and drug resistance in cancer
cells through schematic diagrams (Figure 4g).

2.5. Radiotherapy of CRC in Vivo was Enhanced by M/D-Lipo

Before evaluating the effect of M/D-Lipo on radiotherapy of CT26
tumor-bearing mice, the biosafety was assessed by hematoxylin
and eosin (H&E) staining major organs and tissues collected
from mice at 7 days after the intravenous (i.v.) injection of M/D-
Lipo (Figure S7, Supporting Information). The histopathological
analysis preliminarily demonstrated that M/D-Lipo had no ob-
servable toxicity to mice. Next, the biodistribution and tumor ac-
cumulation behavior of M/D-Lipo were monitored by an in vivo
imaging system (IVIS) at different time points after i.v. injection
of DiR-labeled M/D-Lipo into the mice. The tumors showed ob-
vious fluorescence at 2 h postinjection, which signals intensity
increased along with time until 12 h and remained strong even
after 48 h (Figure 5a). Meanwhile, the fluorescence of DiR-labeled
M/D-Lipo gradually faded in the abdomen (Figure 5a). Afterward,
mice were sacrificed to collect the major organs and tumors for
ex vivo imaging. Consistent to the IVIS imaging of mice, the
fluorescence imaging showed high accumulation of M/D-Lipo
in tumors and less in the liver and spleen (Figure 5b) and flu-
orescence statistics showed high accumulation of M/D-Lipo in
tumors and less in liver and spleen (Figure S8, Supporting In-
formation). These results confirmed the biosafety and tumor ac-

cumulation capability of M/D-Lipo, suggesting its potential for
tumor therapy.

The subcutaneous CRC model was established by injecting
CT26 cells in Balb/c mice. After the tumor volume achieved
50 mm3, the tumor-bearing mice were randomly categorized
into six groups and monitored every 2 days. The tumor vol-
ume curves demonstrated the X-ray exposure at 8 Gy slowed
down the growth of tumors during the 24-day observation period
(Figure 5c). Meanwhile, 2 Gy + 8 Gy X-ray irradiations inhibited
the tumors in the first 8 days while growing rapidly afterward
(Figure 5c). Additionally, none of the mice in these two radio-
therapy groups survived 24 days after the treatments (Figure 5c).
These data confirmed the incapability of radiotherapy alone to
eradicate tumors and the risk of fractionated radiotherapy in
elevating cancer proliferation. The administration of M/D-Lipo
retarded the tumor growth rate but did not eliminate tumors
or prolong survival sufficiently compared to the control group
(Figure 5c). Encouragingly, the combination of M/D-Lipo with
radiotherapy either at the dosage of 8 Gy or 2 Gy + 8 Gy could
completely eliminate the tumors and prolong the survival time
of mice to longer than 40 days (Figure 5c,d). Immunofluores-
cence staining of p-eIF2𝛼 and ATF4 in tumor tissues of mice af-
ter 5 days of treatment showed that the expression of p-eIF2𝛼 and
ATF4 was increased after 2 Gy + 8 Gy radiotherapy, while M/D-
Lipo could down-regulate the expression (Figure S9, Supporting
Information). There was no significant difference in body weight
between the groups. (Figure S10, Supporting Information).

The satisfactory therapeutic efficacy of the combination of
M/D-Lipo and radiotherapy encouraged us to further research
the immune environment of tumors after each treatment. The
treatment with M/D-Lipo has been demonstrated to augment the
distribution of CD3+ T cells within the tumor site (Figure 5e),
aligning with reported findings on the potential of metformin
to enhance anti-tumor immune effects.[31] Additionally, flow cy-
tometric analysis of Tim-3+ PD-1+ T cells in tumors 1-week
post-treatment revealed proportions in the control group were
46.85 ± 3.25%, 8 Gy group was 52.52 ± 2.87%, 2 Gy+8 Gy
group was 73.80 ± 11.71%, 2 Gy+M/D-Lipo+8 Gy group was
37.02 ± 6.75%, 8 Gy+M/D-Lipo group was 31.95 ± 3.97%, and
M/D-Lipo group was 17.44 ± 4.17% (Figure 5f,g). Importantly,
M/D-Lipo demonstrated the ability to decrease the proportion of
Tim-3+ PD-1+ T cells, thereby further reducing T cell exhaustion
and depletion within the tumor tissue following radiation. This
suggested that metformin can activate endogenous immunity by
suppressing T-cell exhaustion.

Moreover, the tumor in situ model has a greater resemblance
to the actual in vivo scenario, thus rendering it a more realistic
tool for assessing the efficacy of anti-tumor medications. In order
to better illustrate the problem, we next constructed a low rectal
cancer model in BALB/C mice using CT26 cell line (Figure S11,
Supporting Information). Tumor growth and treatment could
be observed on the 7th day after tumor implantation, and the
therapeutic effect was observed by IVIS on the 3rd, 5th, and 10th
day after treatment. The results showed that the combination
therapy had a better therapeutic effect than radiotherapy alone
(Figure 5h). At the end of treatment, the mice were dissected,
and the colorectal tumors were taken out for photographs
(Figure 5i) and weighed (Figure S12a, Supporting Information).
In 2 Gy+M/D-Lipo+8 Gy group (G3), the tumor was basically
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Figure 5. M/D-Lipo combined with RT could enrich T cells at the tumor site. a) The fluorescence imaging of mice by IVIS at different time points after
intravenous injection of DIR-labelled M/D-Lipo. b) The ex vivo fluorescence imaging of organs and tumors collected at 48 h post systemic administration.
c) The tumor volume curves of mice post different treatments (PBS, 2 Gy+8 Gy, 8 Gy, M/D-Lipo, 2 Gy+M/D-Lipo+8 Gy, M/D-Lipo+8 Gy) (n = 6 in each
group). d) Survival curves of mice post different treatments. (e) Immunofluorescence staining showed CD3+ T lymphocytes (green) in the subcutaneous
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reduced or cured. In addition, H&E sections from the small
intestine to the anus showed significant shrinkage of tumor
tissue after combined treatment with 2 Gy+M/D-Lipo+8 Gy
(G3), while in the control group, the tumors continued to grow
with necrosis in the center (Figure S12b, Supporting Informa-
tion). Staining for PD-L1 in tissue-frozen sections on day 3 after
radiotherapy showed that radiotherapy significantly increased
PD-L1 expression, which was effectively inhibited by M/D-Lipo
treatment, reducing PD-L1 levels in tumor tissue (Figure S13,
Supporting Information).

2.6. M/D-Lipo Increased Immune Effect of Radiotherapy by
Reducing T Cell Depletion

Subsequently, we established a bilateral tumor model and admin-
istered local radiotherapy 1 day before (2 Gy) and after (8 Gy) tail
intravenous injection of M/D-Lipo (Figure 6a). Monitoring the tu-
mor growth curve showed partial suppression of tumors in the 2
Gy+M/D-Lipo+8 Gy group (survival rate at endpoint, 66.7%) and
entire suppression of tumors in the M/D-Lipo+8 Gy (survival rate
at endpoint, 83.3%) groups (Figure 6b). In contrast to the control
group (median survival, 19 days), simple 8 Gy treatment exhib-
ited a little increase in tumor growth rate and a decrease in overall
survival (median survival, 20 days). In the 2 Gy + 8 Gy group, the
inhibitory effect on distant tumors was not obvious, with a me-
dian survival time of 17 days, while in the M/D-Lipo group, the
inhibitory effect on distant tumors was obvious, with a median
survival time of 22 days (Figure 6c). Besides, there was no signif-
icant difference in body weight between the groups (Figure S14,
Supporting Information).

In order to ascertain the underlying mechanism of this phe-
nomenon, we focused on the infiltration of immune cells orig-
inating from the distant tumor site. In the mice, distal tumor
model, comparison to PBS, immune cell analysis conducted af-
ter 5 days of different treatments revealed that radiotherapy pro-
moted the maturation of DC cells in tumor-associated lymph
nodes, while M/D-Lipo further increased the effect of this en-
hancement (Figure 6d,e). This might be the key point to increase
the distant effects of radiotherapy. The combination of M/D-Lipo
and radiation resulted in an increase in the overall fraction of
CD3+ CD8+ T cells within the distant tumor (Figure 6f). What’s
more, the introduction of M/D-Lipo led to a notable reduction in
the percentage of exhausted T cells. Specifically, the percentage
of exhausted T cells in the control group was 37.11% ± 1.52%,
whereas the percentage of exhausted T cells in the M/D-Lipo
group was 17.08% ± 4.76%. Similarly, the percentage in the 8 Gy
group was 45.00% ± 3.42% compared to 24.12% ± 2.74% in the
M/D-Lipo+8 Gy group. In the case of the 2 Gy + 8 Gy group, a
proportion of 57.51% ± 8.56% was observed, and the correspond-
ing 2 Gy+M/D-Lipo+8 Gy group displayed a statistically signifi-
cant decrease 31.97% ± 3.73% (Figure 6g,h). This may be due
to the ability of metformin to protect CD8-positive T cells from

hypoxia-induced apoptosis and immunosuppression.[35] Notably,
even in the absence of direct irradiation, there was a significant
up-regulation of exhausted T cells in the 2 Gy +8 Gy group com-
pared to the control group, which highlights an intriguing phe-
nomenon whose underlying mechanism is unclear and warrants
further investigation.

3. Conclusion

In summary, we obtained a total of 40 samples of colorectal can-
cer, consisting of 20 samples from patients who received fraction-
ated radiotherapy and 20 samples from patients who did not re-
ceive radiotherapy. Our observation revealed that the expression
levels of p-eIF2𝛼 and ATF4 were consistently elevated and posi-
tively correlated in colorectal cancer samples after radiotherapy.
Cellular investigations confirmed that a single dose of radiation-
induced an elevation in iMOMP in cancer cells, resulting in a
significant upregulation of p-eIF2𝛼 and ATF4. This process fa-
cilitated the development of resistance to later radiation, hence
diminishing its efficacy and potentially augmenting the invasive
properties of certain tumor cells. To address this issue, we devel-
oped a delivery method utilizing the FDA-approved drugs met-
formin and 2-DG encapsulated in PEGylated liposomes. This sys-
tem efficiently delivered sufficient concentrations of drugs to the
tumor. Animal studies exhibited that these drug-containing li-
posomes not only reversed the resistance generated by a single
dose of radiotherapy but also altered the state of T-cell exhaustion
in the tumor microenvironment. This modification improved
the radiotherapy-induced immune response, resulting in a long-
term anti-tumor effect. In summary, we proposed a hypotheti-
cal mechanism for the development of radiotherapy resistance
in specific tumor cells during fractionated radiotherapy. This re-
sistance was believed to be caused by the activation of intrinsic
mitochondrial outer membrane permeabilization (iMOMP) after
a single radiotherapy session. Therefore, we have designed and
validated the efficacy of liposomal drug formulations targeting
this mechanism, providing a viable strategy to address the poor
efficacy of fractionated radiotherapy in the clinic.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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