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Abstract Since the utilization of anthracyclines in cancer therapy, severe cardiotoxicity has become a

major obstacle. The major challenge in treating cancer patients with anthracyclines is minimizing cardi-

otoxicity without compromising antitumor efficacy. Herein, histone deacetylase SIRT6 expression was

reduced in plasma of patients treated with anthracyclines-based chemotherapy regimens. Furthermore,

overexpression of SIRT6 alleviated doxorubicin-induced cytotoxicity in cardiomyocytes, and potentiated

cytotoxicity of doxorubicin in multiple cancer cell lines. Moreover, SIRT6 overexpression ameliorated

doxorubicin-induced cardiotoxicity and potentiated antitumor efficacy of doxorubicin in mice, suggesting

that SIRT6 overexpression could be an adjunctive therapeutic strategy during doxorubicin treatment.

Mechanistically, doxorubicin-impaired mitochondria led to decreased mitochondrial respiration and

ATP production. And SIRT6 enhanced mitochondrial biogenesis and mitophagy by deacetylating and in-

hibiting Sgk1. Thus, SIRT6 overexpression coordinated metabolic remodeling from glycolysis to mito-

chondrial respiration during doxorubicin treatment, which was more conducive to cardiomyocyte

metabolism, thus protecting cardiomyocytes but not cancer cells against doxorubicin-induced energy
cn (Zhao Wang).
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deficiency. In addition, ellagic acid, a natural compound that activates SIRT6, alleviated doxorubicin-

induced cardiotoxicity and enhanced doxorubicin-mediated tumor regression in tumor-bearing mice.

These findings provide a preclinical rationale for preventing cardiotoxicity by activating SIRT6 in cancer

patients undergoing chemotherapy, but also advancing the understanding of the crucial role of SIRT6 in

mitochondrial homeostasis.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Doxorubicin (also known as adriamycin, Dox) and other anthra-
cyclines are widely used as monotherapies or in combination with
additional agents or antibodies to treat various solid and hema-
tologic malignancies1. However, Dox treatment is accompanied
by multiple side effects, and the most severe side effect is
chemotherapy-induced cardiotoxicity (CIC), which is an irre-
versible complication due to the use of some anticancer agents,
including anthracyclines and trastuzumab2. It has been well
established that CIC is cumulative-dose dependent and can be
either in both acute and chronic forms, including aberrant ar-
rhythmias, ventricular dysfunction, and heart failure2,3. Acute
cardiotoxicity has been described as transient arrhythmias and left
ventricular dysfunction that occurs within days of treatment4.
Chronic cardiotoxicity is more common than acute cardiotoxicity
and can occur years after exposure to anthracyclines (median of 7
years after treatment)5. In cancer patients over 65 years of age and
treated with commonly used doses of anthracyclines, the inci-
dence of anthracycline-related heart failure can be as high as
10%6. Indeed, cardiovascular disease is the leading cause of
mortality in older cancer survivors, contributing more than cancer
mortality7. Despite the potent efficacy of anthracyclines as cancer
treatments, severe cardiotoxicity and a narrow therapeutic window
remain problematic and require specific management8.

Nowadays, clinical cardio-oncology programs have been
established to understand the mechanism of CIC8. Although
angiotensin-converting enzyme inhibitors and angiotensin recep-
tor blockers were recommended to treat CIC, the therapeutic ef-
fects remain limited7. Therefore, other interventions that
antagonize cardiotoxicity have intrigued both basic and clinical
researchers for many years. For example, many chemotherapeu-
tics, including Dox, can activate the transcription factor p53 in
both cancer cells and cardiomyocytes, which subsequently leads
to tumor regression and cardiotoxicity, respectively9,10. Since p53
plays a crucial role in cardiac function11, some investigators have
attempted to antagonize Dox-induced cardiotoxicity by inhibiting
p53 activation10. However, this approach does not seem to be
suitable for preventing cardiotoxicity in cancer patients as p53
inhibition also promotes tumor growth9,12. Most notably, a study
reported that p53 inhibition exhibited cardioprotection during Dox
treatment and, paradoxically, enhanced cardiotoxicity long after
the cessation of treatment13. Therefore, designing appropriate
therapies against Dox-induced cardiotoxicity without compro-
mising antitumor efficacy is a major challenge14.

As a non-pharmacological intervention, caloric restriction
(CR) has been confirmed to effectively delay aging and treat
diseases such as diabetes, cancers, heart disease, neuro-
degeneration and hypertension15. Some preclinical evidence sug-
gests that short-term starvation not only protects normal cells
against high-dose chemotherapy but also sensitizes a range of
cancer cell types to chemotherapy16e18. A recent study showed
that short-term fasting protected mice against the toxicity asso-
ciated with chemotherapy and enhanced therapeutic efficacy19.
Notably, a prospective clinical trial in patients with breast cancer
confirmed that a diet that mimicked fasting potentiated the ther-
apeutic efficacy of chemotherapy, including Dox, and curtailed
chemotherapy-induced toxicity in T lymphocytes19. Thus, both
preclinical and clinical studies have confirmed that CR not only
exerts effective anticarcinogenic effects but also significantly
ameliorates chemotherapy-induced toxicity. However, the clinical
application of CR remains limited since the long-term sustain-
ability of CR may be difficult for most patients20.

Current evidence suggests that the histone deacetylase SIRT6
can mimic the effects of CR on lifespan extension and improve
glucose homeostasis21,22. As a major target of CR, SIRT6 cata-
lyzes the deacetylation of lysines 9, 18, and 56 of histone H3
(H3K9ac, H3K18ac and H3K56ac), thus regulating numerous
biological processes, such as DNA repair, glucose/lipid meta-
bolism and inflammation23e27. Our previous study confirmed that
SIRT6 attenuated cisplatin-induced kidney injury by deacetylating
and inhibiting the expression of ERK1/228. Moreover, SIRT6 has
been reported to be a tumor suppressor gene in many cancers, and
cancer patients who express higher levels of SIRT6 have signifi-
cantly lower relapse rates29,30. Thus, we hypothesized that SIRT6
overexpression could alleviate cardiac dysfunction induced by
Dox, while enhancing the antitumor efficacy of Dox, which may
be similar to the phenotype induced by CR16e19. To investigate
this hypothesis, further experiments were conducted to confirm the
implications of concurrent Dox administration and SIRT6 acti-
vation, and to critically evaluate and ensure that the antitumor
efficacy of Dox remained uncompromised. Furthermore, the mo-
lecular mechanism underlying the differential SIRT6-mediated
response to Dox in cardiomyocytes and cancer cells was explored.
2. Materials and methods

2.1. Clinical samples

This study was approved by the Institutional Review Boards of
Cancer Hospital, Chinese Academy of Medical Sciences (No.
NCC201712029), and the protocol has been registered on
ClinicalTrials.gov with the number NCT03537339. Written
informed consent was obtained from all patients, and this study
conformed to the guidelines outlined in the Declaration of Hel-
sinki. Ten breast cancer patients received 8 cycles of postoperative
adjuvant AC-T chemotherapy (epirubicin 90 mg/m2 and cyclo-
phosphamide 600 mg/m2 on Day 1, repeated every 14 (dose-
density) or 21 days for 4 cycles, followed by paclitaxel 175 mg/m2

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://ClinicalTrials.gov
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on Day 1 and repeated every 14 days for 4 cycles). Venous blood
samples were collected prior to chemotherapy administration and
after the first 4 cycles of anthracyclines-based chemotherapy
regimens. SIRT6 expression was measured by ELISA kit (Ther-
moFisher, USA) according to the manufacturer’s instructions.
Lactate concentration was measured by L-lactate Assay Kit
(BioAssay Systems, USA) as described in supplementary
material.

2.2. Animal study

All animal experiments were performed according to the animal
welfare and handling guidelines and were approved by the Insti-
tutional Animal Care and Use Committees of Tsinghua University.
All mice were housed in an environmentally controlled animal
facility (SPF) at Tsinghua University, which was maintained at a
room temperature of 22e23 �C, with a 12 h light/dark cycle, and a
normal diet and purified water ad libitum. The laboratory animal
facility at Tsinghua University was accredited by the Institutional
Animal Care and Use Committee (IACUC) and the Association
for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). All mice were randomly divided into
groups and acclimatized to the laboratory environments for at least
7 days before the experiments.

2.3. Generation of transgenic mice

SIRT6 transgenic mice and SIRT6-knockout mice were generated
in the C57BL/6 mouse strain as previously described28. Briefly,
cDNA was amplified from a plasmid encoding mouse SIRT6 and
was subcloned into the cytomegalovirus promoter vector, and
SIRT6 transgenic mice were generated according to the standard
protocol of Cyagen Transgenic Animal Center (China). Moreover,
SIRT6tm1.1Cxd mice were obtained from Jackson Laboratory
(USA) and mated with cytomegalovirus-cyclization recombina-
tion enzyme mice to obtain homozygotes. SIRT6þ/� male mice
were mated with SIRT6þ/� female mice to obtain knockout
(SIRT6�/�) and wild-type (SIRT6þ/þ) mice. The indicated mice
were used for the isolation of primary cardiomyocytes and gen-
eration of a cardiotoxicity model, and total protein was isolated
from the tails to confirm the levels of SIRT6 overexpression or
knockout by Western blotting.

2.4. In vivo cardiotoxicity model

SIRT6 transgenic mice and wild-type littermates (6 weeks old,
20e25 g) were used to establish chronic (5-week low-dose treat-
ment protocol) and acute (2-week high-dose treatment protocol)
cardiotoxicity models. For the chronic cardiotoxicity model, Dox
(4 mg/kg/week, Selleck, USA) dissolved in saline was adminis-
tered by intravenous injection for 5 weeks, and the total cumulative
dose was 20 mg/kg12,31. After the mice were treated for 5 weeks,
cardiac function was examined by echocardiography. Blood sam-
ples were collected from the orbit to measure biochemical pa-
rameters using an automatic biochemical analyzer. After the mice
were euthanized by sodium pentobarbital (200 mg/kg, intraperi-
toneal injection), the hearts were excised and stored at �80 �C or
fixed in 4% paraformaldehyde buffer for further experiments. For
the acute cardiotoxicity model, Dox (20 mg/kg/week, Selleck)
dissolved in saline was administered by intravenous injection for 2
weeks, and survival was observed daily17.
2.5. Tumor inoculation and treatment

Wild-type C57BL/6 mice (male, 6 weeks old, 25 g) were purchased
from the Experimental Animal Center of Tsinghua University.
LLC-Luc cells (LLC cells stably expressing the luciferase gene)
were harvested and resuspended in phosphate-buffered saline and
Matrigel (Corning, USA) at a 1:1 ratio, and 200 mL of the resus-
pended cells (containing 1.5 � 106 cells) was inoculated subcuta-
neously into the forelimb of each mouse. After tumors became
visible (approximately 7 days), the mice were randomly divided
into different groups and treated with Dox and/or ellagic acid for 14
days. Dox (10 mg/kg/week, Selleck) dissolved in saline was
administered by intravenous injection, and the total cumulative
dose was 20 mg/kg12,31. Ellagic acid (100 mg/kg/2 days, Med-
ChemExpress, USA) was dissolved in 0.5% carboxymethylcellu-
lose (Selleck) and 0.1% Tween 80 (MedChemExpress), and
administered by oral gavage. The mice in the control group were
administered the solvent as a placebo. Tumor growth was moni-
tored at different time points by bioluminescence imaging using the
IVIS Lumina Imaging System (PerkinElmer, USA), and D-Lucif-
erin potassium (PerkinElmer) was administered by intraperitoneal
injection at a concentration of 160 mg/kg. At treatment termination,
cardiac function was examined by echocardiography. After the
mice were euthanized by sodium pentobarbital (200 mg/kg, intra-
peritoneal injection), the hearts and tumors were excised and stored
at �80 �C or fixed in 4% paraformaldehyde buffer for further
experiments.

2.6. Cell culture

Murine HL-1 cardiomyocytes, murine Lewis lung carcinoma
(LLC) cells, 4T1 murine breast cancer cells, and B16-F10 murine
melanoma cells were obtained from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences. All cell lines
were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, USA) containing 10% fetal bovine serum (FBS, Corning)
and 1% penicillinestreptomycin (PS, Gibco) in a CO2 incubator
with saturated humidity, 5% CO2 and 37 �C, except 4T1 cells,
which were cultured in RPMI-1640 medium (Gibco). No cell line
was continuously passaged more than 15 times.

Primary murine cardiomyocytes were isolated from neonatal
mice by a standard procedure with minimal modifications32. In
brief, hearts were excised from 1- to 3-day-old C57BL/6 mice,
washed twice with PBS and digested with 0.06% trypsin (Gibco)
containing 0.1% type II collagenase (Solarbio, China). Digestion
was continued for 8 min in a 37 �C water bath, and after digestion,
the tissues were further digested a total of 6 more times. After
being centrifuged, the cardiomyocytes were cultured in DMEM
containing 10% FBS and 1% PS, and the cells formed a mono-
layer with synchronized beating.

Other detailed methods are provided in the Supporting
Information.

2.7. Measurements of OCR, ECAR and ATP production rates

The oxygen consumption rate (OCR), extracellular acidification
rate (ECAR), and real-time ATP production rate were measured
by a Seahorse XF96 extracellular-flux analyzer (Agilent Tech-
nologies, USA) according to the manufacturer’s instructions33.
In brief, primary cardiomyocytes or LLC cells were seeded into
XFe96 Cell Culture Microplates (Agilent Technologies) at a
density of 5000 or 7000 cells/well and cultured at 37 �C for 24 h.
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After the cells were treated with or without 0.5 mmol/L Dox for
12 h, the culture medium was changed to specialized medium as
described before the cells were analyzed by a Seahorse
extracellular flux analyzer. L-Glutamine (4 mmol/L, Sigma,
USA) was added to Seahorse XF Base Medium (Agilent Tech-
nologies) to obtain the Glycolysis Stress Test Assay Medium.
Glucose (25 mmol/L, Sigma), sodium pyruvate (1 mmol/L,
Sigma) and L-glutamine (4 mmol/L, Sigma) were added to
Seahorse XF Base Medium (Agilent Technologies) to obtain
the Mitochondrial Stress Test Assay Medium. Seahorse XF
DMEM (Agilent Technologies) containing 10 mmol/L glucose,
1 mmol/L sodium pyruvate and 2 mmol/L L-glutamine was used
in the real-time ATP production rate assay. The pH of all assay
media was checked and adjusted to 7.40 � 0.05. The ECAR was
determined by treating cells with glucose (10 mmol/L, Sigma),
oligomycin (2 mmol/L, Sigma) and 2-deoxyglucose (2-DG,
100 mmol/L, Sigma). The OCR was determined by treating the
cells with oligomycin (2 mmol/L, Sigma), carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP, 1.5 mmol/L,
Sigma), rotenone (1 mmol/L, Sigma) and antimycin A (1 mmol/L,
Sigma). The real-time ATP production rate was measured by
treating the cells with oligomycin (2 mmol/L, Sigma), rotenone
(1 mmol/L, Sigma) and antimycin A (1 mmol/L, Sigma). All re-
sults were normalized by a BCA protein assay kit (Solarbio)
according to the manufacturer’s protocol and analyzed by Wave
software (Agilent Technologies).

2.8. Statistical analysis

All data were statistically analyzed using GraphPad Prism soft-
ware. Experimental results containing more than two groups were
analyzed by one-way analysis of variance (ANOVA), and multiple
comparisons between the groups were conducted by the Bonfer-
roni method. Two-tailed t test were performed for two-group
analysis. All experiments were conducted in triplicate, or at
least three parallel experiments were performed. The results are
expressed as the mean � standard deviation (SD) or standard error
of the mean (SEM), and a value of P < 0.05 was considered
statistically significant.
Figure 1 Decreased SIRT6 expression and increased lactate accumulat

tients. (A) Ten breast cancer patients received postoperative adjuvant thera

collected before and after chemotherapy from same patients. SIRT6 expres

patients). (B) Lactate concentration in the plasma of cancer patients

mean � standard deviation. Two-tailed paired t tests were performed to d
3. Results

3.1. Decreased SIRT6 expression were observed in plasma of
anthracyclines-treated cancer patients

SIRT6 has recently been measured in the blood to evaluate health
or disease state34e36. For example, decreased serum SIRT6
expression is observed in patients with stable angina as well as
patients with acute coronary37. To confirm the clinical relevance
of SIRT6 in Dox-induced cardiotoxicity, we examined the
expression levels of SIRT6 and the concentration of lactate in the
plasma of breast cancer patients. The characteristics of patients
were shown in Supporting Information Table S1. After 4 cycles of
anthracyclines-based chemotherapy regimens, decreased levels of
SIRT6 were observed in plasma from patients, compared with the
plasma obtained from those patients before treatment (Fig. 1A),
suggesting that SIRT6 expression was inhibited by chemotherapy
treatment. Moreover, the lactate concentration was significantly
higher in the plasma from patients after treatment than before
treatment (Fig. 1B), which confirmed that the increase in glycol-
ysis was associated with chemotherapy treatment. These results
indicate that the reduction in SIRT6 and increase in glycolysis are
associated with anthracyclines-induced toxicity in humans.

3.2. SIRT6 overexpression ameliorates Dox-induced cytotoxicity
in cardiomyocytes and exacerbates Dox-induced cytotoxicity in
cancer cells

To examine whether SIRT6 overexpression could ameliorate Dox-
induced cardiotoxicity, we isolated primary cardiomyocytes from
SIRT6 transgenic (TG) mice and wild-type (WT) littermates and
treated the cells with different concentrations of Dox. The
viability rates of TG cardiomyocytes were significantly higher
than those of WT cardiomyocytes after Dox treatment (Fig. 2A).
Similar results were observed in cardiac fibroblasts, the cardiac
fibroblasts isolated from SIRT6 TG mice were less sensitive to
Dox than the cardiac fibroblasts isolated from WT littermates
(Fig. 2A). We next generated HL-1 murine cardiomyocytes with
lentivirus-mediated ectopic SIRT6 overexpression and found that
ion were observed in the plasma of anthracyclines-treated cancer pa-

py with anthracyclines-based chemotherapy regimens, and plasma was

sion in the plasma of cancer patients was measured by ELISA (n Z 10

was measured (n Z 10 patients). The data are expressed as the

etermine significant differences. ***P < 0.001.



Figure 2 Ectopic SIRT6 overexpression ameliorates Dox-induced cytotoxicity in cardiomyocytes but exacerbates Dox-induced cytotoxicity in

cancer cells. (A, B) After treatment with different concentrations of doxorubicin (Dox) for 24 h, the viability of primary cardiomyocytes and

cardiac fibroblasts isolated from SIRT6 transgenic (TG) mice and wild-type (WT) littermates, mouse cardiomyocyte HL-1 cells, mouse Lewis

lung carcinoma LLC cells, mouse breast cancer 4T1 cells, and mouse melanoma B16-F10 cells infected with lentivirus containing SIRT6 vector

(Lenti-SIRT6) or control vector (Lenti-Ctrl) was assessed by the CCK-8 method (n Z 3 different experiments). (C, D) The protein expression of

SIRT6 in HL-1 cells, primary cardiomyocytes, cardiac fibroblasts, LLC cells, 4T1 cells, and B16-F10 cells was detected by Western blotting.

b-Actin was used as a loading control. (E) Semiquantitative analyses of bands were performed using ImageJ software (n Z 3 different exper-

iments). The data are expressed as the mean � standard deviation. Two-tailed unpaired t tests were performed to determine significant differences.

***P < 0.001 compared to the control group.
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HL-1 cells with SIRT6 overexpression were less susceptible to
Dox than control HL-1 cells (Fig. 2A). The levels of SIRT6
overexpression were analyzed by Western blotting (Fig. 2C and
E). These findings confirmed that SIRT6 overexpression could
ameliorate Dox-induced cardiotoxicity in vitro.

To explore whether SIRT6 overexpression could affect the
anticancer efficacy of Dox, we generated murine Lewis lung car-
cinoma (LLC) cells, 4T1 murine breast cancer cells, and B16-F10
murine melanoma cells with lentivirus-mediated ectopic SIRT6
overexpression. Conversely, cancer cells overexpressing SIRT6
were more sensitive to Dox than control cells (Fig. 2B), suggesting
that SIRT6 overexpression can exacerbate Dox-induced cytotox-
icity in cancer cells. The levels of SIRT6 overexpression were
analyzed by Western blotting (Fig. 2D and E). Thus, the results in
Fig. 2 demonstrate that SIRT6 overexpression could ameliorate
Dox-induced cytotoxicity in cardiomyocytes and potentiate the
anticancer efficacy of Dox in cancer cells.

3.3. SIRT6 overexpression ameliorates Dox-induced
cardiotoxicity in mice

To explore whether SIRT6 overexpression could ameliorate Dox-
induced cardiotoxicity in vivo, we generated SIRT6 transgenic
mice and established chronic (5-week low-dose treatment proto-
col) and acute (2-week high-dose treatment protocol) Dox-
induced cardiotoxicity mouse models12,17,31.

In the chronic cardiotoxicity model (Fig. 3A), TG mice and
WT littermates were treated with low doses of Dox (4 mg/kg/
week) or saline for 5 weeks, and the total cumulative dose was
20 mg/kg. After treatment, cardiac function was measured using
echocardiography as assessed by ejection fraction (EF), fractional
shortening (FS), diastolic left ventricular anterior wall thickness
(LVAWd) and diastolic left ventricular internal diameter (LVIDd).
After 5 weeks of treatment, WT mice treated with Dox showed
significant decreases in EF, FS, LVAWd and LVIDd compared to
those of saline-treated WT mice (Fig. 3C and D), demonstrating
that Dox could induce cardiac dysfunction in WT mice. In
contrast, defects in cardiac function were not evident in Dox-
treated TG mice compared to saline-treated TG mice (Fig. 3C
and D). Notably, cardiac dysfunction in Dox-treated WT mice was
more severe than that in Dox-treated TG mice, suggesting that
SIRT6 overexpression could ameliorate Dox-induced cardiac
dysfunction. Moreover, biochemical parameters associated with
heart failure, including LDH, LDH1, CK and CK-MB, were used
to assess the cardiotoxicity of Dox. Consistent with the echocar-
diography results, Dox treatment significantly increased the con-
centrations of LDH, LDH1, CK and CK-MB in WT mice (Fig. 3B
and Supporting Information Fig. S1A). The concentrations of
LDH, LDH1, CK and CK-MB in Dox-treated TG mice were
significantly lower than those in Dox-treated WT mice, which
further confirmed the cardioprotective effect of SIRT6 (Fig. 3B
and Fig. S1A). In addition, Dox treatment increased apoptosis and
fibrosis in the myocardium of WT mice, as assessed by TUNEL
and Masson trichrome staining, respectively (Fig. 3E and F). In
contrast to Dox-treated WT mice, Dox-treated TG mice were
relatively resistant to Dox-induced apoptosis and fibrosis (Fig. 3E
and F), suggesting that SIRT6 overexpression could decrease Dox-
induced cardiomyocyte apoptosis and cardiac fibrosis. The
changes in body weight were recorded weekly (Fig. S1B). SIRT6
has been shown to inhibit phosphorylation and nuclear localiza-
tion of Smad signaling, which alleviated liver fibrosis38. We re-
confirmed this result in cardiac fibroblasts, and found that
SIRT6 overexpression increased the phosphorylation levels of
Smad 2 and Smad 3 (Supporting Information Fig. S2), which may
be the mechanisms underlying the improved cardiac fibrosis in the
Dox-treated SIRT6 TG mice.

In the acute cardiotoxicity model (Fig. 3A), after treatment
with high doses of Dox (20 mg/kg/week) or saline for 2 weeks, the
survival of TG mice and WT littermates was observed daily. No
animals died after treatment with saline (data not shown). Among
the Dox-treated animals, TG mice survived much longer than WT
littermates (Fig. 3G). This protective effect against high-dose Dox
was observed in both sexes (Fig. 3G). The changes in body weight
were recorded weekly (Fig. S1C). These findings are consistent
with our in vitro data and suggest that SIRT6 could be an effective
therapeutic target for the treatment of Dox-induced cardiotoxicity.

3.4. SIRT6 overexpression potentiates antitumor efficacy of Dox
in mice

To explore whether SIRT6 overexpression could potentiate anti-
tumor efficacy of Dox in vivo, wild-type C57BL/6 mice were
injected with LLC cells with SIRT6 overexpression or control
LLC cells. The tumor-bearing mice were treated with Dox (10 mg/
kg/week) or saline for 2 weeks, and the total cumulative dose was
20 mg/kg (Fig. 4A). Luminescence analysis of tumors showed that
treatment with Dox suppressed tumor growth compared to saline
treatment (Fig. 4B and C). Notably, SIRT6 overexpression
significantly potentiated Dox-mediated tumor regression (Fig. 4B
and C). Moreover, the results of tumor weight showed that SIRT6
overexpression did not independently decrease tumor weight
compared to saline treatment, but effectively enhanced the anti-
tumor effect of Dox (Fig. 4D and E). These results above sug-
gested that Dox exhibited greater antitumor efficacy in LLC
tumors with SIRT6 overexpression than in control LLC tumors.

In addition, Dox treatment inhibited proliferative activity and
increased apoptosis in control LLC tumors, as measured by Ki67
immunofluorescence staining and TUNEL staining, respectively
(Fig. 4F and G). Notably, SIRT6 overexpression did not inde-
pendently inhibit proliferative activity, but significantly potenti-
ated Dox-mediated anti-proliferative and pro-apoptotic activity in
the tumors (Fig. 4F and G), suggesting that SIRT6 overexpression
could significantly potentiate the antitumor efficacy of Dox. These
results confirm that SIRT6 overexpression could be an adjunctive
therapeutic strategy during treatment of Dox.

3.5. Dox impairs mitochondrial respiration and mtDNA
integrity to induce cytotoxicity in cardiomyocytes and cancer cells

To explore the molecular mechanism underlying Dox-induced
cardiotoxicity, we performed RNA sequencing on primary car-
diomyocytes isolated from WT mice. Dox treatment induced a
large number of differentially expressed genes in cardiomyocytes
compared to untreated cardiomyocytes (Fig. 5A). Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis indi-
cated that these genes were highly enriched in metabolic pathways
(Fig. 5B), including the regulation of carbohydrate metabolism,
lipid metabolism and amino acid metabolism, suggesting that
Dox-induced metabolic changes may be responsible for its
cardiotoxicity.

To confirm these Dox-induced metabolic changes, we exam-
ined mitochondrial respiration and glycolysis in cardiomyocytes
and LLC cells with a Seahorse extracellular-flux analyzer. Dox-
treated cardiomyocytes exhibited marked reductions in basal



Figure 3 SIRT6 overexpression ameliorates Dox-induced cardiotoxicity in mice. (A) The chronic low-dose treatment protocol and acute high-

dose treatment protocol are shown. In the chronic treatment protocol, SIRT6 transgenic mice and wild-type littermates were injected with Dox

(4 mg/kg/week, i.v.) or saline for 5 weeks, and the total cumulative dose was 20 mg/kg. In the acute treatment protocol, wild-type and SIRT6

transgenic mice were injected with Dox (20 mg/kg/week, i.v.) or saline for 2 weeks. (B) In the chronic treatment protocol, biochemical parameters

associated with heart failure were measured in the plasma of the mice. The levels of CK-MB and LDH1 are shown in Fig. S1 (nZ 6 or 10 animals

per group). (C, D) In the chronic treatment protocol, cardiac function was measured using echocardiography and was assessed by ejection fraction,

fractional shortening, diastolic left ventricular anterior wall thickness, and diastolic left ventricular internal diameter (n Z 6 or 10 animals per

group). (E) In the chronic treatment protocol, fibrosis, apoptosis and cell morphology in cardiac tissue were measured by Masson trichrome

staining, TUNEL and H&E staining, respectively. Representative images were shown. Scale barZ 50 mm. (F) Quantitative analyses of the fibrotic

area (blue-stained) and TUNEL-positive cells (brown-stained) in E were performed by ImageJ software (nZ 6 or 10 animals per group). The data
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Figure 4 SIRT6 overexpression potentiates antitumor efficacy of Dox in mice. (A) The treatment protocol is shown. Wild-type C57BL/6 mice

were inoculated subcutaneously with 1.5 � 106 LLC cells with lentivirus-mediated SIRT6 overexpression (Lenti-SIRT6) or control LLC cells

(Lenti-Ctrl). After tumors became visible (approximately 7 days), the tumor-bearing mice were treated with Dox (10 mg/kg/week, i.v.) for 2

weeks, and the total cumulative dose was 20 mg/kg. (B, C) Tumor volume was visualized using the IVIS Imaging System before and after

treatment, and representative bioluminescence images and quantitative analyses of the tumor-bearing mice are shown (n Z 3 or 5 animals per

group). (D, E) At treatment termination, tumors from each mouse were excised and weighed, and photographs of the tumors are shown (n Z 6 or

9 animals per group). (F) Cell morphology, proliferative activity and apoptosis and in the tumors were measured by H&E, Ki67 immunofluo-

rescence and TUNEL staining, respectively. Representative images are shown. Scale bar Z 50 mm. (G) Quantitative analyses of the fluorescence

of Ki67 (red-stained) and TUNEL-positive cells (brown-stained) in F were performed by ImageJ software (n Z 3 or 5 animals per group). The

data are expressed as the mean � standard error of mean. One-way ANOVA followed by Bonferroni multiple comparisons were performed to

determine significant differences. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to saline-treated control mice. #P < 0.05, ##P < 0.01, and
###P < 0.001 compared to Dox-treated control mice.

are expressed as the mean � standard error of mean. One-way ANOVA followed by Bonferroni multiple comparisons were performed to

determine significant differences. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to saline-treated WT mice. #P < 0.05, ##P < 0.01, and
###P < 0.001 compared to Dox-treated WT mice. (G) In the acute treatment protocol, survival of wild-type and SIRT6 transgenic mice was

observed daily (n Z 15 to 20 animals per group). P values were calculated by the log-rank test.
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Figure 5 Dox impairs mitochondrial respiration and mtDNA integrity to induce cytotoxicity in cardiomyocytes and cancer cells. (A) RNA

sequencing was performed on primary cardiomyocytes isolated from WT mice, after treated with Dox (0.5 mmol/L) or solvent for 24 h.

Differentially expressed genes are shown in volcano plots. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of

differentially expressed genes. (C, D) The oxygen consumption rate (OCR) was measured by a Seahorse XF96 extracellular-flux analyzer after

cardiomyocytes and LLC cells were treated with Dox (0.5 mmol/L) for 12 h (n Z 3 different experiments). (E, F) The extracellular acidification

rate (ECAR) was measured by a Seahorse XF96 extracellular-flux analyzer after cardiomyocytes and LLC cells were treated with Dox (0.5 mmol/

L) for 12 h (n Z 3 different experiments). (G, H) Representative electron microscopic images of cardiomyocytes and LLC cells after Dox

treatment (0.5 mmol/L) for 24 h are shown. Scale bar Z 1 mm. The number of abnormal mitochondria was quantified blindly in 5 images from

different fields. (I) Mitochondrial DNA (mtDNA) integrity was determined after cardiomyocytes and LLC cells were treated with Dox (0.5 mmol/

L) for 24 h (n Z 3 different experiments). (J) Cell viability was measured by the CCK-8 assay after cardiomyocytes and LLC cells were treated

with oxyrase and/or Dox (0.5 mmol/L) for 24 h (n Z 3 different experiments). The data are expressed as the mean � standard deviation. Two-

tailed unpaired t tests were performed to determine significant differences in CeI. One-way ANOVA followed by Bonferroni multiple com-

parisons were performed to determine significant differences in J. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the control group. n.s.,

no significance.
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Figure 6 SIRT6 overexpression differentially regulates ATP production in cardiomyocytes and cancer cells during Dox treatment by enhancing

mitochondrial respiration and inhibiting glycolysis. (A, B) Primary cardiomyocytes isolated from SIRT6 TG and WT littermates, LLC cells with

lentivirus-mediated SIRT6 overexpression (Lenti-SIRT6) and control LLC cells (Lenti-Ctrl) were treated with Dox (0.5 mmol/L) for 12 h, and the

oxygen consumption rate (OCR) was measured by a Seahorse XF96 extracellular-flux analyzer, (C, D) the lactate concentration was measured,

(EeH) and the real-time ATP production rate assay was performed by a Seahorse XF96 extracellular-flux analyzer (n Z 3 different experiments).

The data are expressed as the mean � standard deviation. One-way ANOVA followed by Bonferroni multiple comparisons were performed to

determine significant differences. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the control group. #P < 0.05, ##P < 0.01, and
###P < 0.001 compared to the Dox-treated group.
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Figure 7 SIRT6 deacetylates and inhibits Sgk1 to regulate mitochondrial biogenesis and mitophagy. (A) RNA sequencing was performed on

primary cardiomyocytes isolated from SIRT6 TG and WT littermates. The differentially expressed genes were analyzed by Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analysis. (B) The heatmap that was created from the clustering of 14 enriched genes in the PI3K/Akt

signaling pathway, which as the most highly enriched pathway identified by KEGG analysis. (C, D) Western blotting analysis of SGK1 in (C) the

cardiac tissue of SIRT6 TG mice and WT littermates, as well as SIRT6-knockout (KO) mice and WT littermates, (D) LLC cells with lentivirus-

mediated SIRT6 overexpression (Lenti-SIRT6) and control LLC cells (Lenti-Ctrl), and LLC cells transfected with SIRT6 siRNA or control

siRNA. b-Actin was used as a loading control. Semiquantitative analyses of bands were performed using ImageJ software (n Z 3 different

experiments). (E, F) Mitochondrial mass as assessed by mitochondrial DNA (mtDNA) copy number was measured in (E) cells infected with

lentivirus containing the SGK1 vector or control vector and (F) cells transfected with SGK1 siRNA or control siRNA (n Z 3 different exper-

iments). (G, H) After the cells were transfected with a mitophagy reporter (mKeima-Red-IRES-Park2), the mitophagy level was assessed by
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respiration and maximal respiratory capacity compared to vehicle-
treated cells, as assessed by a reduction in the oxygen consump-
tion rate (Fig. 5C), which was consistent with previous reports14.
Similar to the results in cardiomyocytes, Dox treatment signifi-
cantly decreased basal respiration and maximal respiratory ca-
pacity in LLC cells compared to vehicle-treated cells (Fig. 5D).
These results confirm that mitochondrial respiration was signifi-
cantly reduced by Dox treatment in both cardiomyocytes and LLC
cells. In addition, glycolysis and the maximal glycolytic capacity
were significantly increased in both cardiomyocytes and LLC cells
after Dox treatment, as assessed by the increased extracellular
acidification rate (Fig. 5E and F), which suggested that the
adopted increase in glycolysis compensate for the loss of energy
production by mitochondrial respiration.

To elucidate the reason for the reduction in mitochondrial
respiration, we examined the effects of Dox on mitochondrial
morphology by transmission electron microscopy (TEM).
Increased numbers of abnormal mitochondria were observed in
both cardiomyocytes and LLC cells after Dox treatment (Fig. 5G
and H), which were characterized by marked vacuolation and
swollen and disrupted cristae. A previous study indicated that Dox
could intercalate mitochondrial DNA (mtDNA) and destroy
mtDNA integrity31,39. In this study, Dox treatment significantly
decreased mtDNA integrity in both cardiomyocytes and LLC
cells, compared to vehicle-treated cells (Fig. 5I). These results
demonstrate that Dox impaired mitochondrial structure and
mtDNA integrity, thus subsequently leading to impaired mito-
chondrial respiration. Notably, we also found that oxyrase-induced
hypoxia inhibited the viability of cardiomyocytes and LLC cells,
but the inhibitory effects were not further altered in response to
hypoxia and Dox co-treatment compared to Dox treatment alone
(Fig. 5J), which suggested that Dox-mediated mitochondrial
dysfunction may be responsible for its cytotoxic effects on car-
diomyocytes and LLC cells.

Taken together, these results indicate that Dox-induced
mtDNA damage severely impaired mitochondrial respiration,
thus subsequently leading to a glycolytic shift to compensate for
decreased mitochondrial respiration. Impaired mitochondrial
respiration may mediate the cytotoxic effects of Dox in both
cardiomyocytes and LLC cells.

3.6. SIRT6 overexpression differentially regulates ATP
production in cardiomyocytes and cancer cells during Dox
treatment by enhancing mitochondrial respiration and inhibiting
glycolysis

It has been reported that SIRT6-deficient embryonic stem cells
and cancer cells exhibit increased glycolysis and reduced mito-
chondrial respiration29,40, which were similar to the Dox-induced
metabolic phenotype observed in this study. Thus, we hypothe-
sized that SIRT6 overexpression could reverse the glycolytic shift
induced by Dox in cardiomyocytes and LLC cells. To investigate
this hypothesis, we isolated primary cardiomyocytes from SIRT6
determining the fluorescence ratio of 586 nm/440 nm in (G) cells infected

cells transfected with SGK1 siRNA or control siRNA (n Z 3 different exp

H3K9 acetylation at the Sgk1 promoter in the cardiac tissue of SIRT6 KO

siRNA or control siRNA, which were performed with SIRT6, AcH3K9 ant

background IgG antibody (n Z 3 different experiments). The data are exp

were performed to determine significant differences in CeD and IeJ. O

performed to determine significant differences in EeH. *P < 0.05, **P <
TG mice and WT littermates, and incubated LLC cells with SIRT6
overexpression lentiviral vectors. Basal respiration and maximal
respiratory capacity were significantly impaired after car-
diomyocytes and LLC cells were treated with Dox (Fig. 6A and
B). Cardiomyocytes and LLC cells overexpressing SIRT6
exhibited marked increases in basal respiration and maximal
respiratory capacity compared to control cells (Fig. 6A and B).
Interestingly, the Dox-mediated reductions in basal respiration and
maximal respiratory capacity were significantly reversed in car-
diomyocytes and LLC cells overexpressing SIRT6 (Fig. 6A and
B). In addition, SIRT6 overexpression significantly suppressed
Dox-induced lactate accumulation in both cardiomyocytes and
LLC cells (Fig. 6C and D), suggesting the inhibitory effects of
SIRT6 overexpression on glycolysis. These results indicated that
SIRT6 overexpression coordinates a switch from glycolysis to
mitochondrial respiration, which could suppress Dox-induced
glycolysis and reverse the Dox-mediated reduction in mitochon-
drial respiration.

Most cancer cells depend on glycolysis for ATP production,
even in the presence of adequate oxygen, which is also known as
the Warburg effect41. In contrast, mitochondrial respiration is used
as the major energy source of cardiomyocytes under normal
physiological conditions, while glycolysis contributes little to the
ATP requirements of the heart42. Thus, we hypothesized that
SIRT6-mediated metabolic remodeling from glycolysis to mito-
chondrial respiration is more suitable for the viability of car-
diomyocytes than that of cancer cells during Dox treatment. To test
this hypothesis, we analyzed the metabolic phenotype of cells
overexpressing SIRT6 in the presence or absence of Dox. As ex-
pected, glycolysis provided 71.5% of the total energy requirement
in untreated LLC cells but accounted for merely 23.2% of the total
ATP production in untreated cardiomyocytes (Fig. 6E and F). Dox
treatment decreased total ATP production in both cardiomyocytes
and LLC cells (Fig. 6E and F). Most importantly, SIRT6 over-
expression increased total ATP production in cardiomyocytes but
significantly decreased total ATP production in LLC cells (Fig. 6E
and F), which supported our hypothesis that SIRT6-mediated
metabolic remodeling protected cardiomyocytes but not cancer
cells against Dox-induced cytotoxicity. Furthermore, SIRT6 over-
expression reversed the Dox-induced reduction in ATP production
in cardiomyocytes while synergetically enhancing the Dox-induced
reduction in ATP production in LLC cells (Fig. 6E and F), which
may explain how SIRT6 can differentially regulate Dox-induced
cytotoxicity in cardiomyocytes and cancer cells.

To elucidate how SIRT6 differentially regulates ATP produc-
tion, the proportion of ATP produced by these two metabolic
patterns among total ATP production was statistically analyzed.
Dox treatment significantly increased the percentage of ATP
produced by glycolysis and decreased the percentage of ATP
produced by mitochondrial respiration in cardiomyocytes and
LLC cells compared to untreated cells (Fig. 6G and H).
Conversely, cells overexpressing SIRT6 exhibited a lower per-
centage of ATP produced by glycolysis and a higher percentage of
with lentivirus containing the SGK1 vector or control vector and (H)

eriments). (I, J) ChIP analyses were used to detect SIRT6 binding and

mice and WT littermates, as well as LLC cells transfected with SIRT6

ibodies and IgG control antibody. The results are shown relative to the

ressed as the mean � standard deviation. Two-tailed unpaired t tests

ne-way ANOVA followed by Bonferroni multiple comparisons were

0.01, and ***P < 0.001. n.s., no significance.



Figure 8 Ellagic acid-induced SIRT6 overexpression ameliorates Dox-induced cytotoxicity in cardiomyocytes but exacerbates Dox-induced

cytotoxicity in cancer cells. (A) The 2D structure of ellagic acid. (B) The 3D binding model of ellagic acid and SIRT6. The ellagic acid is

colored in cyan. The surrounding residues in the binding pocket are colored in yellow. The backbone of the receptor is depicted as gray cartoon.

The hydrogen bond and PiePi stacking interaction are depicted as green dashed lines. (C, D) After treatment with different concentrations of

ellagic acid for 24 h, the expression of SIRT6, SGK1, H3K9 and H3K56 in primary cardiomyocytes isolated from WT mice and LLC cells was

examined by Western blotting. b-Actin was used as a loading control. Semiquantitative analyses of bands were performed using ImageJ software

(n Z 3 different experiments). (E, F) Primary cardiomyocytes isolated from WT mice and LLC cells were transfected with SIRT6 siRNA or
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ATP produced by mitochondrial respiration than control cells
(Fig. 6G and H). The Dox-induced increase in glycolysis and
decrease in mitochondrial respiration were effectively reversed by
SIRT6 overexpression (Fig. 6G and H), which further confirmed
that SIRT6 mediated a metabolic shift from glycolysis to mito-
chondrial respiration during Dox treatment.

Taken together, these results suggest that SIRT6 over-
expression could coordinate a switch from glycolysis to mito-
chondrial respiration, which was more suitable for the metabolic
pattern of cardiomyocytes, thus differentially regulating Dox-
induced reduction in ATP production in cardiomyocytes and LLC
cells. These results elucidate the mechanism by which SIRT6
overexpression protects cardiomyocytes but not cancer cells
against Dox-induced cytotoxicity.
3.7. SIRT6 regulates mitochondrial biogenesis and mitophagy
by deacetylating and inhibiting Sgk1

Our results showed that SIRT6 regulated metabolic remodeling
from glycolysis to mitochondrial respiration. SIRT6 has been
shown to inhibit glycolysis mainly by regulating the expression of
glycolytic gene HIF1a29,40. We re-confirmed this result by
Western blotting, and the results showed that SIRT6 over-
expression increased the protein level of HIF1a, and SIRT6
knockout/knockdown decreased the protein level of HIF1a
(Supporting Information Fig. S3). However, the role of SIRT6 in
modulating mitochondrial respiration by maintaining mitochon-
drial homeostasis is not yet clear. By monitoring markers of
mitochondrial biogenesis and mitophagy in the myocardium and
LLC cells, we found that SIRT6 overexpression increased the
protein level of PGC1a, a marker of mitochondrial biogenesis, and
SIRT6 knockout/knockdown decreased the protein level of
PGC1a (Supporting Information Fig. S4A and S4B). Moreover,
the protein level of TOMM20, a marker of the mitochondrial outer
membrane, was increased by SIRT6 overexpression and decreased
by SIRT6 knockout/knockdown (Fig. S4A and S4B). Furthermore,
SIRT6 overexpression increased the protein levels of BNIP3,
BNIP3L/Nix and Parkin, which are markers of mitophagy, and
SIRT6 knockout/knockdown decreased the levels of these proteins
(Fig. S4A and S4B). These results suggested that mitochondrial
biogenesis and mitophagy could be activated by SIRT6 over-
expression and inhibited by SIRT6 knockout/knockdown. In
addition, SIRT6 overexpression led to an increase in the number
of mitochondria, as assessed by increased level of MitoTracker
staining and the ratio of mtDNA to nucleic DNA, and SIRT6
knockout/knockdown decreased the number of mitochondria in
cardiomyocytes and LLC cells (Fig. S4CeS4F). Furthermore,
SIRT6 overexpression led to an increase in the mitophagy levels
of cardiomyocytes and LLC cells, as assessed by increased co-
localization of mitochondria and lysosomes (Fig. S4G and S4H).
Collectively, these results demonstrate that SIRT6 could modulate
mitochondrial respiration by regulating mitochondrial biogenesis
and mitophagy.
control siRNA. After pre-treated with ellagic acid (10 mmol/L) for 24 h, Do

apoptosis was analyzed by TUNEL assays. Representative images are sho

blindly in 5 images from different fields. The data are expressed as the mea

determine significant differences in D. One-way ANOVA followed by Bon

differences in E and F. *P < 0.05, **P < 0.01, and ***P < 0.001 comp

compared to the Dox-treated group. n.s., no significance.
Since SIRT6 is localized to the cell nucleus but not to mito-
chondria23, we hypothesized that SIRT6 could indirectly modulate
mitochondrial biogenesis and mitophagy by transcriptionally
regulating other genes. To examine the genes regulated by SIRT6,
we performed RNA sequencing on primary cardiomyocytes iso-
lated from SIRT6 TGmice andWTmice in the presence or absence
of Dox. In the absence of Dox, 215 differentially expressed genes
were found between WT and TG cardiomyocytes. KEGG analysis
indicated that these genes were highly enriched in the PI3K/Akt
signaling pathway (Fig. 7A), and the expression levels of the 14
enriched genes in the PI3K/Akt signaling pathway are shown in the
clustering heatmap (Fig. 7B). In the presence of Dox, 159 differ-
entially expressed genes were found between WT and TG car-
diomyocytes, which were also highly enriched in the PI3K/Akt
signaling pathway (Supporting Information Fig. S5A and S5B).
Moreover, 79 genes were found in the overlap region between the
two gene sets (Fig. S5C), and 16 genes were screened out of the 79
genes by increasing the screening standard (Fig. S5D). Among the
genes that were screened out of the different analyses, we were
most interested in a gene known as Sgk1 (serum/glucocorticoid
regulated kinase-1), which was found in all three clustering heat-
maps (Figs. 7B, S5B and S5D, and Supporting Information Table
S2). The results showed that the transcription of Sgk1 was inhibi-
ted by SIRT6 (Fig. 7B). Moreover, the protein level of SGK1 was
decreased by SIRT6 overexpression and increased by SIRT6
knockout/knockdown (Fig. 7C and D), which further confirmed the
results of the gene expression analysis.

Since SGK1 has been reported to regulate mitochondrial
homeostasis43e45, we explored whether SIRT6 could regulate
mitochondrial biogenesis and mitophagy by inhibiting SGK1
expression. In cardiomyocytes and LLC cells, SGK1 over-
expression decreased the number of mitochondria, whereas
SGK1 knockdown increased the number of mitochondria, as
assessed by the ratios of mtDNA to nucleic DNA (Fig. 7E and
F). Notably, the increase in mitochondrial number induced by
SIRT6 overexpression was completely inhibited by SGK1
overexpression, and the decrease in mitochondrial number
induced by SIRT6 knockout/knockdown was completely
abrogated by SGK1 knockdown (Fig. 7E and F), suggesting
that SIRT6 regulated mitochondrial biogenesis by modulating
SGK1. Similar to these results, SGK1 overexpression slightly
decreased mitophagy levels but significantly inhibited the ef-
fects of SIRT6 overexpression on mitophagy levels, as
measured by a mitophagy reporter (Fig. 7G and H).
Conversely, SGK1 knockdown increased mitophagy levels and
abrogated the inhibitory effects of SIRT6 knockout/knockdown
on mitophagy (Fig. 7G and H). Taken together, these results
confirm that SIRT6-inhibited SGK1 expression was responsible
for the effects on mitochondrial biogenesis and mitophagy. In
addition, as an important product of mitochondrial damage,
mitochondrial ROS (mitoROS) was also detected by a Mito-
SOX mitochondrial superoxide indicator. SIRT6 over-
expression significantly decreased Dox-induced mitoROS
accumulation (Supporting Information Fig. S6). Notably, the
x (0.5 mmol/L) was added to culture medium for subsequent 24 h, and

wn (scale bar Z 100 mm). The TUNEL-positive rates were quantified

n � standard deviation. Two-tailed unpaired t tests were performed to

ferroni multiple comparisons were performed to determine significant

ared to the control group. #P < 0.05, ##P < 0.01, and ###P < 0.001



Figure 9 Ellagic acid alleviates Dox-induced cardiotoxicity and potentiates Dox-mediated tumor regression in mice. (A) The treatment

protocol is shown. Wild-type C57BL/6 mice were inoculated subcutaneously with 1.5 � 106 LLC-Luc cells (LLC cells stably expressing the

luciferase gene). After tumors became visible (approximately 7 days), the tumor-bearing mice were treated with Dox (10 mg/kg/week, i.v.) or/and

ellagic acid (100 mg/kg/2 days, i.g.) for 2 weeks. (B) Cardiac function was measured using echocardiography as assessed by ejection fraction and

fractional shortening in the mice. The diastolic left ventricular anterior wall thickness and diastolic left ventricular internal diameter are shown in

Supporting Information Fig. S8 (nZ 6 or 10 animals per group). (C, D) Tumor volume was visualized using the IVIS Imaging System before and

after treatment, and representative bioluminescence images and quantitative analyses of the tumor-bearing mice are shown (n Z 3 or 5 animals
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decrease in mitoROS induced by SIRT6 overexpression was
significantly abrogated by SGK1 overexpression (Fig. S6),
which further confirmed that SGK1 could function as a major
downstream coordinator to mediate the effects of SIRT6 on
mitochondrial homeostasis.

However, the mechanism by which SIRT6 regulates the tran-
scription of Sgk1 is still unknown. Because SIRT6 can function as
a chromatin-associated deacetylase to regulate gene expression24,
we tested whether SIRT6 could directly regulate the transcription
of Sgk1 by modifying chromatin. According to the chromatin
immunoprecipitation (ChIP) results, SIRT6 binding at the pro-
moter of Sgk1 was decreased in SIRT6-knockout myocardium
compared with WT myocardium (Fig. 7I). The acetylation levels
of H3K9 in the promoter of Sgk1 were increased in SIRT6-
knockout myocardium compared to WT myocardium (Fig. 7I).
Similar results were observed in LLC cells, and there was
decreased binding of SIRT6 and increased acetylation levels of
H3K9 at the promoter of Sgk1 in LLC cells with SIRT6 knock-
down compared to control cells (Fig. 7J). These results indicate
that SIRT6 directly inhibited the expression of Sgk1 by deacety-
lating H3K9 at the Sgk1 promoter.

3.8. Ellagic acid alleviates Dox-induced cardiotoxicity and
potentiates Dox-mediated tumor regression

It has been confirmed that ellagic acid (EA) can function as a
SIRT6 activator to increase SIRT6 expression in cancer cells46.
Thus, we investigated whether ellagic acid could alleviate cardiac
dysfunction induced by Dox while simultaneously enhancing the
antitumor efficacy of Dox by activating SIRT6.

To explore binding affinity of the ellagic acid with SIRT6,
MOE-Dock simulation study was carried out. The 2D structure of
ellagic acid is shown in Fig. 8A, the binding model of ellagic acid
and SIRT6 is depicted in Fig. 8B, and the docking score is
�5.0383 kcal/mol. Ellagic acid has formed a suitable steric
complementarity with the binding site of SIRT6. Otherwise,
hydrogen bond and PiePi stacking interaction were formed
among ellagic acid and SIRT6. The oxygen atom in the OH group
of ellagic acid, regarded as hydrogen bond receptor, formed a
hydrogen bond with the nitrogen atom in the backbone of Phe86
in SIRT6. And the benzene ring of Phe86 formed PiePi stacking
interaction with the oxygen heterocyclic of ellagic acid. VDW
interactions were also formed among ellagic acid and SIRT6.
These interactions mainly contributed to the binding energy be-
tween ellagic acid and SIRT6. To further validate the binding sites
of the ellagic acid, we mutated the residues that involved in the
binding of ellagic acid at the SIRT6 allosteric site, and the
deacetylase activity of SIRT6 after treated with ellagic acid was
evaluated by Fluor de Lys (FDL) assay47. The mutation of Phe86
to alanine (F86A) decreased the half-maximal effective
per group). (E) At treatment termination, tumors from each mouse were exc

(n Z 6 or 10 animals per group). (F) Cell morphology, fibrosis and apopto

H&E, Masson and TUNEL staining, respectively. Cell morphology, prolife

immunofluorescence and TUNEL staining, respectively. Representative im

the fibrotic area (blue-stained), TUNEL-positive cells (brown-stained) an

software (n Z 3 or 5 animals per group). (I) ATP concentrations in cardiac

The lactate concentration in the plasma of tumor-bearing mice was meas

mean � standard error of mean. One-way ANOVA followed by Bonferro

ferences. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to saline-tre

treated mice.
concentration (EC50) value (Supporting Information Fig. S7),
which confirmed ellagic acid activates SIRT6 deacetylation by
binding to the allosteric site.

To confirm whether ellagic acid-activated SIRT6 could
differentially regulate Dox-induced apoptosis in cardiomyocytes
and cancer cells, we isolated primary cardiomyocytes from WT
mice, and treated cardiomyocytes and LLC cells with Dox in the
presence or absence of ellagic acid. Treatment with ellagic acid
increased the expression of SIRT6 and decreased the acetylation
of lysines 9 and 56 of histone H3 (H3K9 and H3K56) in a dose-
dependent manner (Fig. 8C and D), which further confirmed the
activation of SIRT6 by ellagic acid. In addition, treatment with
ellagic acid increased SGK1expression in a dose-dependent
manner (Fig. 8C and D). Moreover, ellagic acid treatment
decreased Dox-induced cardiomyocyte apoptosis, as assessed by
TUNEL staining (Fig. 8E). Notably, the prevention of Dox-
mediated apoptosis by ellagic acid was completely abrogated in
SIRT6-deficient cardiomyocytes (Fig. 8E). Conversely, ellagic
acid treatment enhanced Dox-induced apoptosis in LLC cells
(Fig. 8F). Similar to the results in cardiomyocytes, the enhance-
ment of Dox-mediated apoptosis by ellagic acid was completely
abrogated in SIRT6-deficient LLC cells (Fig. 8F). These results
suggest that ellagic acid could limit Dox-induced apoptosis in
cardiomyocytes and enhance Dox-induced apoptosis in cancer
cells, and these effects were mainly dependent on ellagic acid-
mediated SIRT6 activation.

To investigate whether ellagic acid could alleviate Dox-
induced cardiac dysfunction and potentiate the antitumor effi-
cacy of Dox in vivo, wild-type C57BL/6 mice bearing tumors
derived from LLC cells were treated with ellagic acid and Dox
individually or in combination. Cardiotoxicity and antitumor ef-
ficacy were examined in the same animals (Fig. 9A).

First, cardiotoxicity was assessed at the time of treatment
termination. Dox treatment induced cardiac dysfunction, as
assessed by decreases in EF, FS, LVAWd and LVIDd, compared to
that in saline-treated mice (Fig. 9B and Supporting Information
Fig. S8A and S8B). Treatment with ellagic acid did not inde-
pendently alter cardiac function compared to saline treatment, but
effectively ameliorated Dox-induced cardiac dysfunction (Figs.
9B and S8A and S9B). Moreover, co-treatment with ellagic acid
significantly reversed the Dox-mediated increase in biochemical
parameters associated with heart failure, including LDH, LDH1,
CK and CK-MB (Fig. S8C). In addition, ellagic acid significantly
decreased Dox-induced apoptosis and fibrosis in the myocardium,
as measured by TUNEL and Masson trichrome staining, respec-
tively (Fig. 9F and G). These results confirm that ellagic acid
could significantly alleviate Dox-induced cardiotoxicity.

Second, the effects of ellagic acid on the antitumor efficacy of
Dox were examined in same animal models. Luminescence
analysis of tumors showed that treatment with ellagic acid or Dox
ised and weighed, and photographs of the tumors are shown in Fig. S8

sis in the cardiac tissue of the tumor-bearing mice were examined by

ration and apoptosis and in the tumors were measured by H&E, Ki67

ages are shown (scale bar Z 50 mm). (G, H) Quantitative analyses of

d fluorescence of Ki67 (red-stained) in F were performed by ImageJ

tissue and tumors were measured (n Z 3 or 5 animals per group). (J)

ured (n Z 3 or 5 animals per group). The data are expressed as the

ni multiple comparisons were performed to determine significant dif-
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2696 Kezheng Peng et al.
alone suppressed tumor growth compared to saline treatment
(Fig. 9C and D). Notably, ellagic acid significantly potentiated
Dox-mediated tumor regression (Fig. 9C and D). Moreover,
ellagic acid did not independently decrease tumor weight
compared to saline treatment but effectively enhanced the anti-
tumor effect of Dox (Fig. 9E and Fig. S8D). And there were
significant differences in tumor weight between the combined
treatment group and the two single-drug treatment groups (Fig. 9E
and Fig. S8D), suggesting that the combination of ellagic acid
and Dox exhibited greater antitumor efficacy than either agent
alone. In addition, ellagic acid significantly potentiated Dox-
mediated pro-apoptotic and anti-proliferative activity in the
tumor, as measured by TUNEL and Ki67 immunofluorescence
staining, respectively (Fig. 9F and H). These results confirm that
ellagic acid could significantly potentiate the antitumor efficacy of
Dox.

Third, since SIRT6 differentially regulates Dox-mediated en-
ergy deficiency in cardiomyocytes and cancer cells in vitro, the
concentration of ATP in both the myocardium and the tumor was
examined. Compared to saline treatment, Dox treatment alone
significantly decreased ATP concentrations in both the myocar-
dium and the tumor, which may explain the cardiotoxicity and
antitumor effect of Dox (Fig. 9I). Notably, treatment with ellagic
acid did not independently alter ATP concentration in the
myocardium compared to saline treatment, but effectively
ameliorated the Dox-induced loss of energy production in the
myocardium (Fig. 9I). Conversely, treatment with ellagic acid
decreased ATP concentrations in tumors compared to those in the
saline-treated group. Combination treatment with ellagic acid and
Dox had a synergetic effect and decreased ATP concentrations in
the tumor (Fig. 9I). These results indicate that ellagic acid could
limit Dox-induced energy deficiency in the myocardium and
enhance Dox-mediated energy deficiency in the tumor, which was
consistent with our in vitro data. In addition, the combination
treatment diminished Dox-induced lactate accumulation in plasma
(Fig. 9J), suggesting that ellagic acid could suppress the Dox-
induced increase in glycolysis in vivo. Furthermore, treatment
with ellagic acid increased the expression of SIRT6 in both the
myocardium and tumors (Fig. S8F and S8G), indicating that
ellagic acid could be used as an effective SIRT6 activator in vivo.

Collectively, these results suggested that ellagic acid alleviated
Dox-induced cardiotoxicity while simultaneously enhancing Dox-
mediated tumor regression, and these effects may be related to its
effects on metabolic regulation and SIRT6 activation.

4. Discussion

Despite the noteworthy cardiotoxicity, Dox and related anthracy-
clines have been widely used in the clinic to treat various cancers.
A previous study reported that the cardiotoxicity of Dox was
cumulative-dose dependent, and the incidence of left ventricular
systolic dysfunction sharply increased when the cumulative dose
of Dox reached 400 mg/m2 6. It has been reported that up to 7% of
cancer patients develop left ventricular systolic dysfunction after
receiving a cumulative dose of 150 mg/m2 Dox6. A cohort study
also reported that the incidence of left ventricular systolic
dysfunction was 9%, and most cases of cardiomyopathy occurred
within the first year of treatment48. Considering the large number
of cancer patients undergoing Dox treatment, even a low incidence
of cardiomyopathy development represents a significant number
of individuals31, which makes it imperative to explore the mech-
anism underlying the cardiotoxicity of Dox.
In recent years, several theories have been proposed to explain
the mechanism of cardiotoxicity, including the accumulation of
reactive oxygen species (ROS) and defects in iron handling49,50. It
has been reported that ROS accumulation induced by Dox could
suppress mitochondrial function by impairing DNA integrity and
decreasing mitochondrial membrane potential. Moreover, Dox
could also directly hinder mitochondrial function by inhibiting
electron transport chain protein expression and promoting mPTP
opening51. Since mitochondrial respiration provides the majority
of the energy required for cardiomyocyte pulsation and the
pumping activity of the heart42, we could speculate that Dox-
induced impairments in mitochondrial function lead to cardiac
energy starvation. In addition, mitochondria are also considered as
the regulators of apoptosis and necrosis, so defective mitochondria
would lead to cardiomyocyte death. Hence, the evidence above
suggested that mitochondria may be a convergence point for Dox-
induced cardiotoxicity14,39.

However, the mechanisms underlying Dox-induced car-
diotoxicity are incompletely understood. In this study, we found
that Dox-mediated mtDNA damage severely impaired mitochon-
drial respiration, which subsequently led to increased glycolysis to
compensate for the loss of energy production. Moreover, oxyrase-
induced hypoxia saturated the cytotoxic effects of Dox in car-
diomyocytes, which confirmed the above hypothesis. Hence, our
results indicate that defective mitochondrial function and
increased glycolysis are responsible for Dox-induced cardiotox-
icity, as abnormal metabolic remodeling is an integral process
associated with heart failure52,53. A recent study confirmed that
Dox-induced loss of mtDNA contributes to cardiomyopathy
pathogenesis31, which supported our results. These findings sug-
gested that antagonizing the abnormal metabolic pattern induced
by Dox may prove beneficial in ameliorating Dox-induced
cardiotoxicity.

A previous study confirmed that SIRT6-deficient embryonic
stem cells and cancer cells exhibit increased glycolysis and
diminished mitochondrial respiration, which were similar to the
Dox-induced metabolic phenotype observed in this study29,40. In
this work, we found that SIRT6 overexpression induced metabolic
remodeling from glycolysis to mitochondrial respiration in both
cardiomyocytes and cancer cells, which suppressed Dox-activated
glycolysis and reversed the Dox-mediated reduction in mito-
chondrial respiration. These results confirmed that SIRT6 over-
expression could reverse the abnormal metabolic pattern induced
by Dox.

Generally, most cancer cells exhibit a metabolic signature that
consumes large amounts of glucose and primarily use glycolysis
to produce ATP, even in the presence of adequate oxygen, which
provides sufficient energy for their rapid growth and prolifera-
tion41. Conversely, fatty acids are the primary energy source of the
heart, and glucose provides 20%e30% of the total cardiac energy
requirement42. Notably, mitochondrial respiration contributes 95%
of the ATP requirements of the myocardium, and glycolysis pro-
vides the remaining 5%. Under pathological conditions, increased
glycolysis and impaired clearance of pyruvate lead to lactate
accumulation in the myocardium, which is a feature of heart
failure52,53. Therefore, we hypothesized that SIRT6-mediated
metabolic remodeling from glycolysis to mitochondrial respira-
tion during Dox treatment was more suitable for the survival of
cardiomyocytes than cancer cells. As expected, our results showed
that SIRT6 overexpression increased total ATP production in
cardiomyocytes by increasing mitochondrial respiration, which
reversed the Dox-induced reduction in ATP production of



Figure 10 Schematic framework of the SIRT6-mediated differential responses to Dox between cardiomyocytes and cancer cells. Dox-impaired

mitochondrial DNA led to metabolic remodeling of decreased mitochondrial respiration and increased glycolysis, thus inhibiting cellular ATP

production, which were responsible for Dox-induced cytotoxicity. SIRT6 has been reported to function as a histone H3K9 deacetylase and inhibits

the transcription of multiple glycolytic genes. Meanwhile, SIRT6 regulated mitochondrial biogenesis and mitophagy to maintain mitochondrial

homeostasis by deacetylating and inhibiting SGK1, thus improving mitochondrial respiration when mitochondrial function is impaired by Dox.

Thus, the differences in metabolic patterns between cardiomyocytes and cancer cells are responsible for the differential regulation of SIRT6 on

energy production. In cardiomyocytes that depend on mitochondrial respiration for energy production, SIRT6 overexpression reversed the Dox-

induced reduction in ATP production and improved cellular energy supply by increasing mitochondrial respiration. In cancer cells that depend on

glycolysis for energy production, SIRT6 overexpression enhanced the Dox-induced reduction in ATP production and aggravated cellular energy

deficiency by inhibiting glycolysis. Therefore, SIRT6 overexpression effectively reversed Dox-induced metabolic remodeling by increasing

mitochondrial respiration and inhibiting glycolysis, which differentially regulated ATP production in cardiomyocytes and cancer cells.
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cardiomyocytes. However, in LLC cells that depend on glycolysis
for energy production, SIRT6 overexpression significantly
decreased total ATP production by inhibiting glycolysis, which
synergistically enhanced the Dox-induced reduction in ATP pro-
duction. These results highlighted that SIRT6-mediated metabolic
remodeling protects cardiomyocytes but not cancer cells against
Dox-induced energy deficiency.

Mechanistically, SIRT6 has been reported to function as a
histone H3K9 deacetylase and regulates the transcription of
glycolytic genes29,40. However, the molecular mechanism under-
lying SIRT6-increased mitochondrial respiration is not yet clear.
In this study, we found that SIRT6 could enhance mitochondrial
biogenesis and mitophagy by inhibiting SGK1 expression in both
cardiomyocytes and LLC cells, which was responsible for the
increase in mitochondrial respiration. Moreover, we also
confirmed that SIRT6 directly inhibited the expression of Sgk1 by
deacetylating H3K9 at the Sgk1 promoter. As a member of the
AGC family of serine/threonine kinases, SGK1 has been reported
to regulate mitophagy and mitochondrial homeostasis through
multiple pathways43e45. A previous study suggested that
mTORC2/SGK1 knockdown increased the mitochondrial respi-
ration rate in mammalian cells54, and a recent study showed an
increase in oxygen consumption in Sgk-1 mutant worms45, which
supported our results that SIRT6-enhanced mitochondrial
respiration depended on the effects on SGK1-mediated mito-
chondrial biogenesis and the clearance of abnormal mitochondria.
In addition, cardiac-specific inhibition of SGK1 was reported to
protect mice against cardiac fibrosis and heart failure, which
further confirmed that SIRT6-mediated SGK1 inhibition could be
beneficial in the treatment of cardiac disease55. Overall, SIRT6
could act as a histone H3K9 deacetylase to inhibit glycolysis and
enhance mitochondrial respiration, thus leading to metabolic
remodeling, which is suitable for the metabolic pattern of car-
diomyocytes (Fig. 10).

By abrogating the abnormal metabolic pattern induced by Dox,
SIRT6 overexpression demonstrated promising effects against
Dox-induced cardiotoxicity, and significantly potentiated the
antitumor efficacy of Dox. Our in vitro results show that SIRT6
overexpression decreased Dox-induced cytotoxicity in car-
diomyocytes and potentiated the anticancer efficacy of Dox
against cancer cells. Moreover, SIRT6 overexpression effectively
ameliorated Dox-induced cardiac dysfunction, fibrosis and
apoptosis in mice. In an acute cardiotoxicity model treated with
high-dose Dox, overall survival of mice was prolonged by SIRT6
overexpression. Moreover, a recent study had confirmed that miR-
330-5p could ameliorate doxorubicin-induced cardiotoxicity
through up-regulating SIRT6, which also suggested SIRT6 could
be a potential target for the cardiotoxicity56. In addition, our
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in vivo results also showed that Dox exhibited greater antitumor
efficacy in LLC tumors with SIRT6 overexpression than in control
LLC tumors, suggesting that SIRT6 overexpression could signif-
icantly potentiate the antitumor efficacy of Dox. In addition, we
observed that reduced SIRT6 expression was relevant to
anthracyclines-induced cardiotoxicity in humans. These results
confirmed that SIRT6 overexpression could be an effective
adjunctive strategy during treatment of Dox.

In addition, other mechanisms may be also related to the
protective effects of SIRT6 on Dox-induced cardiotoxicity, be-
sides the energy metabolism. For example, a recent study found
that SIRT6 deficiency enhances the expression of fatty acid
transporters, leading to enhanced fatty acid uptake and lipid
accumulation57. Generally, excessive accumulation of lipids
compromises cardiac function58. These works suggest that tar-
geting SIRT6 may be beneficial in reducing cardiac lipotoxicity,
and implied that the decreased accumulation of lipid may mediate
the protective effects of SIRT6 on Dox-induced cardiotoxicity.
However, the hypothesis still needs further study to confirm.

To date, some novel compounds that activate SIRT6 have been
designed in preclinical works47,59,60, but there are still no SIRT6
activator has been used in clinical trials for the treatment of human
diseases. Given the challenges of pharmacologically activating
SIRT6, ellagic acid, a natural compound that is present in many
fruits, such as raspberry, cloudberry, blackberry and pomegranate,
was used in this study61. Notably, a previous work confirmed that
ellagic acid increased the deacetylase activity of SIRT6 by up to 50-
fold in colorectal cancer cells46. In this study, ellagic acid limited
Dox-induced apoptosis in cardiomyocytes and enhanced Dox-
induced apoptosis in cancer cells, and these effects were mainly
dependent on ellagic acid-mediated SIRT6 activation. Moreover,
ellagic acid could alleviate Dox-induced heart failure and enhance
Dox-mediated tumor regression in tumor-bearing mice, which is
similar to the therapeutic effects of CR16e19. A previous study also
confirmed the cardio-protective effects of ellagic acid62, which
confirmed our results. These results suggested that SIRT6 activation
by ellagic acid could be a novel preventive and therapeutic agent for
chemotherapy-induced cardiotoxicity.

Given the vital role of mitochondrial homeostasis in cardiac
function, our findings suggested that interventions designed to
activate SIRT6 could be beneficial for other types of heart failure
beyond anthracyclines-induced cardiotoxicity. A previous study
found that SIRT6 knockout worsened cardiac damage, which
further confirmed the protective effects of SIRT6 on cardiovascular
disease63. Similarly, our findings also indicated that targeting SIRT6
could also be effective in enhancing the therapeutic response to
chemotherapy in other cancer types that depend on glycolysis.

5. Conclusions

Collectively, our findings highlight the crucial role of SIRT6 in
mitochondrial homeostasis and suggest targeting SIRT6 activation
as a feasible and promising strategy for the prevention or treat-
ment of anthracycline-induced cardiotoxicity. Our work also
provides a preclinical rationale for using ellagic acid as a potential
adjunctive therapy in cancer patients undergoing chemotherapy.
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