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Abstract
Background: Ferroptosis, an autophagy-dependent cell death, is characterized by lipid peroxidation and
iron accumulation, closely associated with pathogenesis of gestational diabetes mellitus (GDM). Sirtuin 3
(SIRT3) has positive regulation on phosphorylation of AMPK, related to maintainance of cellular redox
homeostasis. However, whether SIRT3 can confer autophagy by activating the AMPK-mTOR pathway and
consequently promote induction of ferroptosis is unknown.

Methods: We used human trophoblastic cell line HTR-8/SVneo and porcine trophoblastic cell line pTr2 to
deterimine the mechanism of SIRT3 on autophagy and ferroptosis.

Results: The expression of SIRT3 protein was signi�cantly elevated in trophoblastic cells exposed to high
concentrations of glucose and ferroptosis-inducing compounds. Increased SIRT3 expression contributed
to classical ferroptotic events and autophagy activation, whereas SIRT3 silencing led to resistance
against both ferroptosis and autophagy. In addition, autophagy inhibition impaired SIRT3-enhanced
ferroptosis. On the contrary, autophagy induction had a synergistic effect with SIRT3. Based on
mechanistic investigations, SIRT3 depletion inhibited activation of the AMPK-mTOR pathway and
enhanced glutathione peroxidase 4 (GPX4) level, thereby suppressing autophagy and ferroptosis.
Furthermore, depletion of AMPK blocked induction of ferroptosis in trophoblasts.

Conclusions: We concluded that upregulated SIRT3 enhanced autophagy activation by promoting AMPK-
mTOR pathway and decreasing GPX4 level to induce ferroptosis in trophoblastic cells. SIRT3 de�ciency
was resistant to high glucose- and erastin-induced autophagy-dependent ferroptosis and is therefore a
potential therapeutic approach for treating GDM.

Background
Gestational diabetes mellitus (GDM), one of the most common metabolic complications of pregnancy, is
characterized by aberrant placental functions, resulting in a signi�cantly increased risk of developing type
2 diabetes mellitus (T2DM) in both mother and child [1–3]. There are indications that induction of anti-
angiogenic factors and a proin�ammatory milieu, including impaired trophoblast migration and invasion,
are closely associated with abnormal placental function in development of GDM [4, 5]. Moreover,
appropriate proliferation, migration and differentiation of trophoblasts dominate progression of steroids,
hormones and cytokines secretion, vascularizationa and the immunological interface required for normal
pregnancy [6–8]. Multiple studies veri�ed that diabetic placenta was usually accompanied by abnormal
trophoblast proliferation, autophagy and cell cycle control; thereby, development and progression of GDM
was dramatically induced [4, 9, 10]. In addition, overproduction of reactive oxygen species (ROS) occurs
in trophoblastic cells after stimulation with high glucose concentrations and superabundant
accumulation of ROS can result; eventually, this continuous oxidative stress initiates induction and
pathogenesis of GDM [11, 12]. Elucidating preventive mechanisms against oxidative stress-triggered lipid
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metabolism disorder is expected to facilitate development of evidence-based treatment strategies for
GDM.

Autophagy is programmed cell death, with an important role in a degradative pathway for eliminating
excessive misfolded protein and damaged organelle aggregates [13]. Accumulation of ROS promotes
autophagy-dependent cell death of trophoblasts by increasing lipid peroxidation and reducing activities
of antioxidant enzymes [14, 15]. As a homeostatic dysfunction of autophagy is believed to be a cause of
GDM, it is critical to explore how trophoblastic autophagy is physiologically regulated. Ferroptosis is a
regulated cell death-exhibiting production of ROS, from iron-dependent formation of lipid peroxidation,
rupture of mitochondrial outer membrane and collapse of cellular redox homeostasis [16, 17]. However,
crosstalk between autophagy and ferroptosis, as well as underlying mechanisms responsible for these
two types of cell death, have not been fully elucidated.

Sirtuin 3 (SIRT3), a prototypical NAD+-dependent mitochondrial protein deacetylase, is responsible for
bulk mitochondrial protein deacetylation that regulates metabolism and oxidative stress [18]. SIRT3 is
involved in maintenance of mitochondrial function, including ATP generation, nutrient oxidation, ROS
production, and even cell death [18, 19] A novel role of SIRT3 in regulating phosphorylation of activated
protein kinase (AMPK) to promote autophagy was recently reported [20]. However, plausible crosstalk
between AMPK and SIRT3 during oxidative stress-mediated cell death has apparently not been studied.
Based on capability of AMPK to promote autophagy via mTOR and SIRT3 to inhibit oxidative stress-
induced ferroptosis [20, 21], we speculated that protective effects of SIRT3 on autophagy and ferroptosis
would be associated with AMPK. Therefore, the objective was to investigate underlying mechanisms in
SIRT3-mediated protection of trophoblasts against autophagy and ferroptosis, with a special focus on
the AMPK-mTOR pathway.

Materials And Methods

Reagents and antibodies
DME/F12 medium, Opti-MEM medium and fetal bovine serum (FBS) were obtained from Gibco (Grand
island, NY, USA). Dimethyl sulfoxide (DMSO, cat #D2650), buthionine sulfoximine (BSO, cat #19176),
compound C (cat #171260) and Z-VAD-FMK (cat #V116) were purchased from Sigma-Aldrich Chemical
(Sigma, St. Louis, MO, USA). Erastin (cat #S7242), sorafenib (cat #S7397), ferrostatin-1 (cat #S7243),
liproxstatin-1 (cat #S7699), necrosulfonamide (cat #S8251), RSL3 (cat #S8155), rapamycin (Rapa, cat
#S1039), chloroquine (CQ, cat #S4157) and ba�lomycin A1 (Baf-A1, cat #S1413) were acquired from
Selleck Chemicals (Shanghai, China). Primary antibody to SIRT3 (cat #10099-1-AP, 1:1000) was obtained
from Proteintech Group (Chicago, IL, USA). Antibody for beclin1 (cat #NB110-87318, 1:10000) was
purchased from NOVUS (CA, USA). Primary antibody to LC3B (cat #ab229327, 1:1000) and GPX4 (cat
#ab125066, 1:2000) was purchased from Abcam (Abcam, Cambridge, MA, USA). Antibodies against β-
actin (cat #4970, 1:1000), AMPK (cat #4178, 1:1000), p-mTOR (cat #5536, 1:1000), mTOR (cat #2983,
1:1000) and anti-rabbit IgG (cat #7074, 1:1500) were obtained from Cell Signaling Technology (Danvers,
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MA, USA). Anti-phospho-AMPKα1/2 (Thr183/172) polyclonal antibody (cat #YP0575, 1:2000) was
acquired from ImmunoWay (Plano, TX, USA).

Cell culture and treatment
Human trophoblastic cell line HTR-8/SVneo was acquired from BeNa culture collection (Beijing, China).
Porcine trophectoderm (pTr) cell line was kindly provided by Prof. Zhenlong Wu (China Agricultural
University, Beijing, China). These two cell lines were cultured in DME/F12 medium supplemented with
10% (v/v) heat-inactivated FBS at 37℃, 95% humidity, and 5% CO2. For drug stimulation, cells were
treated with erastin, sorafenib and BSO, with or without ZVAD-FMK, necrosulfonamide, and ferrostatin-1
for 24 h in the presence of high glucose concentrations, as indicated. For RNA interfence, cells were
transfected with SIRT3 siRNA. Subsequently, the indicated SIRT3-silenced trophoblastic cells were
exposed to erastin with or without ZVAD-FMK, necrosulfonamide, ferrostatin-1, rapamycin, chloroquine
and compound C for 24 h, in the presence of high glucose concentrations.

Gene knockdown of SIRT3 by siRNA and transfection of
cells
Speci�c small interfering RNA (siRNA) duplexes against human and porcine SIRT3 gene were synthesized
and transfected into human and porcine trophoblastic cells, respectively. Cells were incubated with the
siRNA directed against SIRT3 using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA),
according to manufacturer’s instructions. After transection, cells were harvested and subjected to Western
blot assay.

Cell viability assay
HTR-8/SVneo and pTr-2 cells were cultured in 96-well slides. After treatments, 100 µL fresh medium
containing 10% Cell Counting Kit-8 (CCK-8) solutions (cat #CK04; Dojingdo Laboratories, Kumamoto,
Japan) was added and cells were incubated for 2 h at 37℃. Absorbance was recorded at 450 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA). Cell viability (%) was calculated using control cells as
positive control (100% cell viability), whereas cell culture medium were used as blank control (0% cell
viability), according to the following:

Iron assay
Intracellular iron concentration was measured with an Iron Assay kit (cat #ab83366; Abcam, Cambridge,
MA, USA). Brie�y, cells were lysed on ice, and then supernatants were collected after centrifugation at
13000 x g for 10 min. Supernatants were co-incubated with 5 µL Iron Reducer solution at 37℃ for
30 min. Subsequently, 100 µL Iron Probe were added and incubated for 1 h at 37℃ in dark; thereafter,
absorbance was detected at 593 nm using a microplate reader.

Glutathione (GSH) assay
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Relative GSH concentration in cell lysates was assessed using a Total Glutathione Quanti�cation Kit (cat
#T419; Dojingdo Laboratories, Kumamoto, Japan). Cells were lysed using 5% 5-sulfosalicylic acid
solution. After centrifugation at 8,000 x g for 10 min, supernatants were collected and incubated with the
substrate 5,5’-dithiobis (2-nitrobenzoic acid) at 37℃ for 10 min, which produced yellow 5-thio-2-
nitrobenzoic acid. Subsequently, 20 µL substrate working solution was added and incubated for 10 min
at room temperature. Absorbance was measured with a microplate reader at 412 nm.

Malondialdehyde (MDA) assay
Analysis of lipid peroxidation was performed by quanti�cation of MDA with a speci�c colorimatria kit (cat
#ab118970; Abcam, Cambridge, MA, USA) following manufacturer’s instructions. Absorbance was
measured with a microplate reader at 532 nm, with MDA concentration calculated based on a standard
curve.

Reactive oxygen species (ROS) quanti�cation
Cells were incubated with 5 µM 2', 7’-dichloro�uorescein diacetate (DCFH-DA) probe for 30 min at 37℃.
Fluorescence assays were evaluated and quanti�ed using a �uorescence microplate reader (Tecan,
Sunrise, Männedorf, Switzerland) at excitation/emission of 525/610 nm.

Western blot analyses
HTR8/SVeno and pTr2 cells were lysed using Total Protein Extraction Kit (cat #KGP2100; KeyGEN,
Nanjing, China). Protein concentration was quanti�ed using a BCA Protein Assay kit (cat 323227; Thermo
Fisher Scienti�c, Waltham, MA, USA). Equal amounts of protein were subjected to sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) prior to electro-transfer to a poly-vinylidine
di�uoride membrane (PVDF, cat #ISEQ00010; Millipore, MA, USA). After blocking with 5% skimmed milk,
membranes were probed overnight at 4oC with speci�c primary antibodies, prior to incubation with
corresponding secondary antibodies and protein was detected with an enhanced chemiluminescence
method (ECL, Solarbio, Beijing, China).

Statistical analyses
Results were expressed as mean ± standard deviation (SD). Statistical signi�cance was assessed by
Student’s t-test or one-way analysis of variance (ANOVA), followed by post hoc Tukey’s test. For all
statistical analyses, P < 0.05 was considered signi�cant.

Results

SIRT3 is increased during trophoblast ferroptosis
High glucose-induced trophoblast cell death contributes to pathogenesis of GDM [12]. High glucose
concentrations induced ferroptotic events, including signi�cant growth inhibition, intracellular iron
accumulation, GSH depletion and lipid peroxidation in both human and porcine trophoblast cells
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(Supporting Fig. S1). To investigate whether erastin (a classical inducer of ferroptosis), sorafenib,
buthionine sulfoximine (BSO, a GSH synthase inhibitor) could induce trophoblast ferroptosis,
HTR8/SVeno and pTr2 cells were treated with erastin, sorafenib and BSO in high glucose condition,
respectively. Erastin-, sorafenib- and BSO-mediated cell viability inhibition (Fig. 1a), redox-active iron
accumulation (Fig. 1b), GSH depletion (Fig. 1c) and MDA production (Fig. 1d) were partly blocked by
ferrostain-1 (a potent ferroptosis inhibitor), but not by necrosulfonamide (necroptosis inhibitor) nor Z-
VAD-FMK (apoptosis inhibitor).

As SIRT3 has critical roles in regulating oxidative stress and mitochondrial protein acetylation [18], we
explored effects of various ferroptosis-inducing compounds on SIRT3 protein expression to determine
whether SIRT3 has a pivotal regulatory role during ferroptosis. Cultivated trophoblasts exposed to erastin,
sorafenib and BSO in the presence of high glucose had upregulation of SIRT3 protein in both human
(HTR8/SVeno) and porcine (pTr2) trophoblast cells (Fig. 1e).

Increased SIRT3 expression contributes to trophoblast
ferroptosis
To determine if increased SIRT3 is associated with induction of ferroptosis, siRNA of SIRT3 was
introduced to HTR8/SVeno and pTr2 cells stimulated with erastin in high glucose condition. SIRT3 siRNA
signi�cantly decreased SIRT3 protein level in both HTR8/SVeno and pTr2 cells (Supporting Fig. S2). As
expected, SIRT3 knockdown abolished high glucose and erastin-induced growth inhibition (Fig. 2a),
redox-active iron overload (Fig. 2b), GSH depletion (Fig. 2c), MDA production (Fig. 2d) and intracellular
ROS generation (Fig. 2e) in trophoblasts. Furthermore, ferrostatin-1 and liproxstatin-1 (two ferroptosis
inhibitors) signi�cantly enhanced survival rates of HTR8/SVeno cells after exposure to erastin in
presence of high glucose (Supporting Fig. S3). Furthermore, erastin-mediated growth inhibition was
markedly restored by ferrostatin-1 and liproxstatin-1 in SIRT3 depletion trophoblastic cells. However, Z-
VAD-FMK or necrosulfonamide failed to in�uence cell viability under these circumstances (Fig. 2f).

Increased SIRT3 expression promotes autophagy activation
To test whether high glucose exerts any in�uence on autophagy in cultivated trophoblastic cells, Western
blot analysis was employed to determine conversion of LC3B-I to LC3B-II and protein level of beclin1.
When trophoblastic cells were exposed to high glucose alone, there were signi�cant increases in LC3B-II
accumulation and beclin1 protein; furthermore, chloroquine (a lysosomal inhibitor that prevents
autophagic degradation in lysosomes) and ba�lomycin (a lysosomal inhibitor that prevents
autophagosomes from fusion with lysosomes to form autophagosomes) dramatically elevated this
increase. Conversely, rapamycin promoted high glucose-induced autophagy activation, evidenced by
enhanced LC3B-II conversion and increased beclin1 protein expression (Supporting Fig. S4). To further
clarify in�uence of autophagy activation on ferroptosis, markers of autophagy were examined by western
blot analysis in both control siRNA and SIRT3 siRNA-treated cells. As expected, SIRT3 sliencing
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signi�cantly blocked erastin-induced accumulation of LC3B-II (Fig. 3a) and remarkably decreased
expression of beclin1 (Fig. 3b).

Enhanced ferroptosis by SIRT3 is associated with
autophagy activation
Several lines of evidence reinforced the notion that ferroptosis is an autophagic cell death process.22−25

To evaluate whether autophagy is involved in SIRT3-mediated ferroptosis, rapamycin and chloroquine
were exploited to activate or inhibit autophagy, respectively. There were superimposed effects on erastin-
induced growth inhibition (Fig. 4a), redox-active iron overload (Fig. 4b), GSH depletion (Fig. 4c), and MDA
production (Fig. 4d) in trophoblasts stably transfected with SIRT3 siRNA followed by rapamycin
exposure, compared to cells treated with SIRT3 siRNA alone. Conversely, chloroquine blunted ferroptotic
events induced by erastin, evidenced by decreased growth inhibition (Fig. 4a), iron accumulation (Fig. 4b),
GSH depletion (Fig. 4c), and lipid peroxidation (Fig. 4d).

SIRT3 upregulates autophagy by promoting AMPK
AMPK is a positive regulator of autophagy via suppressing mammalian target of rapamycin C1
(mTORC1) [26]. To study the role of AMPK in SIRT3-mediated autophagy activation, we initially detected
AMPK activation after SIRT3 depletion using western blot. SIRT3 knockdown was associated with
suppressed AMPK activation, evidenced by decreased protein phosphorylation of AMPK (Fig. 5a), as well
as increased mTORC1 activation (Fig. 5b). The AMPK inhibitor, compound C, was used to further
determine if AMPK is mechanistically implicated in effect of SIRT3 on autophagy. Protein expression of
p-AMPK was decreased to < 30% in compound C-treated cells (Supporting Fig. S5).Furthermore,
compound C abolished LC3-II conversion (Fig. 5c) and decreased expression of beclin1 (Fig. 5d) resulting
from SIRT3 activation.

Suppression of AMPK impairs SIRT3-enhanced ferroptpsis
To explore whether AMPK activation triggers SIRT3-enhanced ferroptosis, compound C was used to
inhibit phosphorylation of AMPK. Compound C not only inhibited phosphorylation of AMPK, it also
reduced erastin-induced growth inhibition in human trophoblastic HTR8/SVeno cells (Fig. 6a). Similarly,
pretreatment with compound C signi�cantly abolished high glucose and erastin-induced redox-active iron
accumulation (Fig. 6b), GSH depletion (Fig. 6c), and MDA production (Fig. 6d), in the absence or presence
of SIRT3 siRNA.

Depletion of SIRT3 inhibits ferroptosis by increasing GPX4
level
To assess the involvement of GPX4 in SIRT3-enhanced ferroptosis, cells were treated with RSL3, a GPX4
inhibitor. The results demonstrated that RSL3 signi�cantly enhanced high glucose and erastin-induced
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growth inhibition (Fig. 7a), redox-active iron accumulation (Fig. 7b), GSH depletion (Fig. 7c), and MDA
production (Fig. 7d), in the absence or presence of SIRT3 siRNA of human trophoblastic HTR8/SVeno
cells. Compared to cells treated with control siRNA, trophoblasts stably transfection with SIRT3 siRNA
rescued RSL3-induced growth inhibition (Fig. 7a), redox-active iron overload (Fig. 7b), GSH depletion
(Fig. 7c), and MDA production (Fig. 7d).

Discussion
Oxidative stress disrupts placental tissue homeostasis and lipid metabolism [13, 15]. There is increasing
evidence iron-related oxidative stress may contribute to lipid oxidation and consequently produce distinct
types of cell death, e.g. apoptosis, necrosis, ferroptosis and autophagy [16, 27, 28]. Mounting evidence
has con�rmed that ferroptosis, an iron- and lipotoxicity-dependent regulated cell death, is driven by an
iron-catalyzed lipid peroxidation accumulation initiated via a Fenton reactions-triggered production of
hydroxyl radicals and enzymatic lipoxygenase mechanisms [22, 29]. Lipophagy, intracellular lipid droplets
degradation by autophagy, promotes ferroptotic cell death through induction of lipid peroxidation in
hepatocytes, both in vivo and in vitro [30]. However, potential mechanistic consequences of how
uncontrolled lipid peroxidation involving in autophagy-dependent ferroptosis are still under debate. In the
present study, exposure to high glucose dramatically reduced cell viability and increased production of
oxidants in trophoblasts, resulting in ferroptosis in both human and porcine trophoblast cells. We also
reported that erastin, sorafenib and BSO can trigger accumulation of ferroptotic trophoblast in vitro.

Activation of SIRT3 is a major mechanism accounting for many lipid metabolic restriction-derived
bene�ts to control mitochondrial function and mROS homeostasis [19, 31–33]. Overexpression of SIRT3
modulated protein acetylation and bolstered cellular resistance to mitochondrial stress and ferroptosis
[21, 31, 34]. Therefore, effects and underlying mechanisms of SIRT3 on trophoblastic ferroptosis were
explored in the current study. SIRT3 protein level was remarkedly upregulated after cultivated
trophoblasts were exposed to ferroptosis-inducing agents in high glucose condition. Moreover, depletion
of SIRT3 blocked oxidative stress and ferroptotic effects of high glucose and erastin. Therefore, we
inferred that SIRT3 was involved in ferroptosis of trophoblastic cells.

Interestingly, there is a complex crosstalk between ferroptosis and autophagy through complex feedback
loops [23, 35]. Ferroptosis induction is coupled to an increase in turnover of MAP1LC3 and
autophagosome formation, consistent with the notion that lipid peroxidation as well as oxidized lipids
can promote autophagy activation [16, 36]. Recent study indicates that clockophagy, a novel mode of
selective autophagic degradation, facilitates ferroptosis through induction of oxidative injury [37]. In the
present study, SIRT3 silencing signi�cantly decreased LC3B-II accumulation and beclin1 protein
expression, implicating SIRT3 as having a critical role as a positive regulator of autophagy. These
observations were in direct contrast with a previous report that reduced SIRT3 expression enhanced
autophagy �ux [33]. Evidence supported the notion that excessive activation of autophagy promoted
ferroptosis activator-induced induction of ferroptotic cell death [16, 23, 24, 36]. Furthermore, a
pharmacological approach or genetic inhibition of the autophagic pathway blocked ferroptotic cell death,
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at least in some instances. However, functional contributions of SIRT3 to ferroptosis have not been fully
understood. We inferred that SIRT3-mediated autophagy, identi�ed as an upstream mechanism, is
required to regulate cellular iron homeostasis and cellular oxidative stress during ferroptosis, which was
also apparent based on the aggravated effect of rapamycin and reversed effects of chloroquine,
respectively.

It has been reported that SIRT3 can confer protection by regulating phosphorylation of AMPK, thereby
inhibiting mTOR activity, which was paralleled by autophagy induction [38]. AMPK, with a critical role in
lipophagy by initiation of chaperone-mediated autophagy and in governing cellular defenses against
hypoxia, ischemia and oxidative stress [25, 39–41], serves as a regulator of cell survival or death. Given
the well-documented positive role of AMPK activity in regulation of autophagy, we hypothesized that
SIRT3 activates that AMPK-mTOR pathway and consequently induces autophagy. As expected, the
present study clari�ed that increased SIRT3 expression upregulated the phosphorylation level of AMPK,
whereas inhibited mTOR activity. AMPK is mechanistically implicated in the effect of SIRT3 on
autophagy and the same effect was also con�rmed in this study [20, 33, 38]. Compound C was partially
blocked the protein level of p-AMPK in SIRT3-induced circumstance, which was accompanied by
decreases in LC3-II conversion as well as beclin1 protein level. Thus, it indicates that SIRT3 promotes
induction of autophagy via activating the AMPK-mTOR pathway. Autophagy is activated, leading to lipid
peroxidation and iron accumulation, in response to induction of ferroptosis [17, 22, 23]. Importantly,
lysosomal dysfunction and uncontrolled or inappropriate autophagic �ux are involved in iron dysbolism
in ferroptosis [16, 23]. The function of AMPK in mediation of ferroptosis is required for beclin1
phosphorylation, with inhibition of system Xc

− activity being reported [25]. Perhaps AMPK represents a
mechanistic link between ferroptosis and autophagy; this was supported by our data that
pharmacological inhibition of AMPK partially abolished SIRT3-induced ferroptotic events in our in vitro
model.

Emerging studies have revealed that downregulation of GPX4 could promote induction of ferroptosis, it
depletion in cells and mice results in the accumulation of lipid peroxides and lipid ROS [42–44]. Our data
suggest that inhibition of GPX4 induces ferroptosis by increasing lipid ROS level in trophoblastic cells.
Moreover, we also found that depletion of SIRT3 blocked RSL3-induced ferroptosis, indicating that
decreased SIRT3 prevented ferroptosis by increasing GPX4 level. In the present study, we elucidated a
novel role of SIRT3 in autophagy and ferroptosis via regulating AMPK-mTOR pathway and GPX4 level.
Taken together, our �ndings demonstrated a scenario where ferroptotic-inducing agents not only induced
ferroptotic events, but also promoted autophagy activation, paralleled by increased SIRT3 expression.
Thus, depletion of SIRT3 decreased the phosphorylation level of AMPK, whereas increased mTOR activity,
eventually inhibiting autophagy activation as well as blocking induction of ferroptosis. Therefore, we
inferred that mediation of SIRT3 on the p-AMPK-mTOR pathway partially contributed to regulated cell
death, including autophagy and ferroptosis. In paraller, depletion of SIRT3 inhibited ferroptosis by
increasing GPX4 level (Fig. 8). However, further investigations are needed to con�rm whether the same
mechanisms are responsible in vivo. Additionally, whether SIRT3 can regulate AMPK-mediated beclin1
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phosphorylation to promote ferroptosis by directly blocking system Xc
− activity, and the crosstalk

between AMPK and GPX4, also requires further study.

Conclusions
High glucose exposure of trophoblasts lead to upregulation of SIRT3 protein level, which in turn
exacerbated ferroptotic-inducing compounds-triggered ferroptosis by positively regulating autophagy
induction. We inferred that increased SIRT3 expression contributed to autophagy activation by activating
AMPK-mTOR pathway, promoting iron accumulation and lipid peroxidation, and in turn, inducing
ferroptosis. Whereas, decreased SIRT3 inhibits ferroptosis through regulating GPX4 level. Finally, SIRT3
de�ciency was resistant to erastin-induced autophagy-dependent ferroptosis by inhibiting the
AMPK/mTOR pathway and increasing GPX4 level in trophoblastic cells.
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SIRT3 is increased during trophoblast ferroptosis. HTR8/SVeno and pTr2 cells were treated with erastin
(20 μM for HTR8/SVeno cells; 10 μM for pTr2 cells), sorafenib (10 μM) and BSO (200 μM for
HTR8/SVeno cells; 100 μM for pTr2 cells) with or without indicated inhibitors (ZVAD-FMK, 10 μM;
necrosulfonamide, 1 μM; and ferrostatin-1, 2 μM) for 24 h in the presence of high glucose. a Cell viability
was determined by CCK8 assay. b Iron concentration was measured with an Iron Assay kit. c GSH content
in cell lysates was assayed by Total Glutathione Quanti�cation Kit. d MDA was detected with colorimatria
MDA Assay Kit. HTR8/SVeno and pTr2 cells were treated with erastin (20 μM for HTR8/SVeno cells; 10
μM for pTr2 cells), sorafenib (10 μM), and BSO (200 μM for HTR8/SVeno cells; 100 μM for pTr2 cells) for
24 h in the presence or absence of high glucose. e SIRT3 protein expression was determined by western
blot analysis. GSH: glutathione, MDA: malondialdehyde, HG: high glucose, BSO: buthionine sulfoximine.
Data are presented as means ± SD. * P < 0.05; **P < 0.01

Figure 4

Increased SIRT3 expression contributes to trophoblast ferroptosis. HTR8/SVeno and pTr2 cells were
transfected with control siRNA or SIRT3 siRNA. Subsequently, transfected cells were treated with erastin
(20 μM for HTR8/SVeno cells; 10 μM for pTr2 cells) for 24 h in the presence of high glucose. a Cell
viability was determined by CCK8 assay. b Iron concentration was measured by Iron Assay kit. c GSH
content in cell lysates was assayed by Total Glutathione Quanti�cation Kit. d MDA was detected by
colorimatria MDA Assay Kit. e Intracellular ROS generation was detected with DCFH-DA probe. The
indicated SIRT3 knockdown trophpblastic cells were treated with erastin (20 μM for HTR8/SVeno cells; 10
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μM for pTr2 cells), with or without the indicated inhibitors (ZVAD-FMK, 10 μM; necrosulfonamide, 1 μM;
ferrostatin-1, 2 μM) for 24 h in the presence of high glucose. f Cell viability was determined by CCK8
assay. Data are presented as means ± SD. *P < 0.05; **P < 0.01.

Figure 5

Increased SIRT3 expression promotes autophagy activation. HTR8/SVeno and pTr2 cells were
transfected with control siRNA or SIRT3 siRNA. Subsequently, transfected cells were treated with erastin
(20 μM for HTR8/SVeno cells; 10 μM for pTr2 cells) for 24 h in the presence of high glucose. Protein
levels of LC3-I/II (a) and beclin1 (b) were determined by western blot analysis. Data are presented as
means ± SD. *P < 0.05; **P < 0.01
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Figure 7

Enhanced ferroptosis by SIRT3 is associated with autophagy activation. HTR8/SVeno and pTr2 cells
were transfected with control siRNA or SIRT3 siRNA. Subsequently, transfected cells were treated with
erastin (20 μM for HTR8/SVeno cells; 10 μM for pTr2 cells), with or without the rapamycin (500 nM),
chloroquine (200 nM), and ba�lomycin (50 nM) for 24 h in the presence of high glucose. a Cell viability
was determined by CCK8 assay. b Iron concentration was measured by Iron Assay kit. c GSH content in
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cell lysates was assayed by Total Glutathione Quanti�cation Kit. d MDA level was detedted by
colorimatria MDA Assay Kit. Rapa: rapamycin, CQ: chloroquine. Data are presented as means ± SD. *, P <
0.05; **, P < 0.01.

Figure 10

SIRT3 upregulates autophagy by promoting AMPK. HTR8/SVeno cells were transfected with control
siRNA or SIRT3 siRNA. Subsequently, transfected cells were treated with erastin (20 μM) for 24 h in the
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presence of high glucose. (a,b) Protein levels of AMPK, p-AMPK, mTOR and p-mTORwere determined by
western blot analysis. The indicated SIRT3 knockdown trophpblastic cells were treated with erastin (20
μM) with or without compound C (5 μM) for 24 h in the presence of high glucose. (c,d) Protein levels of
LC3-I/II and beclin1 were determined by western blot analysis. Data are presented as means ± SD. *P <
0.05; **P < 0.01

Figure 12

Suppression of AMPK impairs SIRT3-enhanced ferroptpsis. HTR8/SVeno cells were transfected with
control siRNA or SIRT3 siRNA. Subsequently, transfected cells were treated with erastin (20 μM) with or
without compound C (5 μM) for 24 h in the presence of high glucose. a Cell viability was determined by
CCK8 assay. b Iron concentration was measured by Iron Assay kit. c GSH content in cell lysates was
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assayed by Total Glutathione Quanti�cation Kit. d MDA level was detected by colorimatria MDA Assay
Kit. Data are presented as means ± SD. *P < 0.05; **P < 0.01

Figure 13

Depletion of SIRT3 inhibits ferroptosis by increasing GPX4 level. HTR8/SVeno cells were transfected with
control siRNA or SIRT3 siRNA. Subsequently, transfected cells were treated with erastin (20 μM) with or
without RSL3 (3 μM) for 24 h in the presence of high glucose. a Cell viability was determined by CCK8
assay. b Iron concentration was measured by Iron Assay kit. c GSH content in cell lysates was assayed by
Total Glutathione Quanti�cation Kit. d MDA level was detected by colorimatria MDA Assay Kit. Data are
presented as means ± SD. *P < 0.05; **P < 0.01
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Figure 16

A proposed signaling pathway of SIRT3 involves in autophagy-dependent ferroptosis. Increased SIRT3
expression during mitochondrial dysfunction promotes autophagy through activating AMPK-mTOR
pathway and eventually leads to ferroptosis in trophoblastic cells. Red arrow indicates activation whereas
blue symbol indicates inhibition.
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