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Salubrinal promotes phospho-eIF2a-dependent
activation of UPR leading to autophagy-mediated
attenuation of iron-induced insulin resistance
Khang Nguyen1, Jialing Tang1, Sungji Cho1, Fan Ying1, Hye Kyoung Sung1, James Wonsuk Jahng1,
Kostas Pantopoulos2, Gary Sweeney1,*
ABSTRACT

Identification of new mechanisms mediating insulin sensitivity is important to allow validation of corresponding therapeutic targets. In this study,
we first used a cellular model of skeletal muscle cell iron overload and found that endoplasmic reticulum (ER) stress and insulin resistance
occurred after iron treatment. Insulin sensitivity was assessed using cells engineered to express an Akt biosensor, based on nuclear FoxO
localization, as well as western blotting for insulin signaling proteins. Use of salubrinal to elevate eIF2a phosphorylation and promote the unfolded
protein response (UPR) attenuated iron-induced insulin resistance. Salubrinal induced autophagy flux and its beneficial effects on insulin
sensitivity were not observed in autophagy-deficient cells generated by overexpressing a dominant-negative ATG5 mutant or via knockout of
ATG7. This indicated the beneficial effect of salubrinal-induced UPR activation was autophagy-dependent. We translated these observations to an
animal model of systemic iron overload-induced skeletal muscle insulin resistance where administration of salubrinal as pretreatment promoted
eIF2a phosphorylation, enhanced autophagic flux in skeletal muscle and improved insulin responsiveness. Together, our results show that
salubrinal elicited an eIF2a-autophagy axis leading to improved skeletal muscle insulin sensitivity both in vitro and in mice.

� 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Iron is an essential element that is involved in many biological pro-
cesses and sustaining balanced iron levels are essential for preventing
the onset of a number of diseases [1]. Existing studies on iron defi-
ciency and iron overload have bolstered our understanding of the
importance of iron homeostasis and its regulation [2]. From a clinical
perspective, iron overload is also pathologically important in primary
hemochromatosis and secondary iron-loading anemias including
thalassemia and myelodysplastic syndromes [3e5]. Furthermore, iron
overload is the culprit underlying some forms of cancer, inflammation,
neurodegenerative diseases and, most significantly, cardiometabolic
diseases [6e9].
Insulin resistance remains the most notable and consequential meta-
bolic dysfunction [10]. Under this condition, cells and tissues do not
respond well to insulin [11], with associated consequences of type 2
diabetes and heart failure [12e14]. The molecular mechanisms un-
derlying insulin resistance are widespread, with autophagy and endo-
plasmic reticulum (ER) stress both known to be important [15e17].
Autophagy is a well conserved process of ‘self-eating’ involving
degradation of cellular components such as damaged orgnelles and
protein aggregates, thus playing important roles in maintaining cellular
homeostasis [18]. Previous studies have established the significance of
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autophagy in regulating insulin signaling as well as metabolism in
skeletal muscles [19]. By utilizing skeletal muscle cells, we previously
showed that chronic iron overload leads to a profound autophagy defect
via mTORC1-UVRAG inhibition that led to inhibition of autophagosome-
lysosome reformation (ALR), with consequent insulin resistance [15].
In the endoplasmic reticulum, proteins are synthesized, modified, and
transported to destined compartments. Perturbations in these pro-
cesses can manifest as protein aggregation [20]. To survive a series of
cellular stressors such as nutrient deficiency, Ca2þ imbalance, toxin
and sustained oxidative stress [21e24] the unfolded protein response
(UPR) will be engaged [25]. This can involve the activation of three
transmembrane proteins: inositol-requiring protein 1 (IRE1), protein
kinase RNA-like ER kinase (PERK) and activating transcription factor 6
(ATF6) [26]. These sensors aid in improving cellular homeostasis by
expanding the ER protein-folding capacity, decreasing global mRNA
translation and increasing ER-associated degradation (ERAD), among
others [27]. Upon activation, PERK will phosphorylate the downstream
eukaryotic translation initiation factor (eIF2a) at Ser51, which en-
hances translation of a subset of mRNAs, including that encoding the
activating transcription factor 4 (ATF4) [28e30]. This enhances cellular
homeostasis by inhibiting translation, facilitating amino acid synthesis,
inducing antioxidative stress response genes and increasing expres-
sion of autophagy genes. However, connections between iron, ER
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stress, UPR induction and autophagy in the regulation of insulin
resistance are not clearly understood.
In this study, we hypothesized that iron overload leads to ER stress
with consequent UPR activation; yet simultaneous inhibition of auto-
phagosome lysosome reformation (ALR) and autophagy flux precludes
the ability of endogenous cellular control mechanisms to restore insulin
sensitivity. The functional significance of autophagy was studied by
using autophagy-deficient cell models generated via overexpressing a
dominant-negative ATG5 mutant as well as via autophagy-knockout
ATG7 cell line. The significance of observations in cellular models
were translated to testing in an animal model of systemic iron
overload.

2. MATERIALS AND METHODS

2.1. Cell culture and maintenance of L6 skeletal muscle cells
L6 rat skeletal muscle cell line was grown in alpha-minimum essential
medium (AMEM) (Wisent; 210-010) containing 10% fetal bovine serum
(FBS) (Wisent; 080-150) and 1% antibiotic/antimycotic (Gibco;
15240062) at 37 �C with 95% air and 5% CO2. Cells were maintained
in 75 cm2

flasks and passed at 70% confluency. 3 mL of trypsin was
first added to detach the cells from the flasks following by neutrali-
zation with 7 mL of 10% FBS AMEM. Cells were then centrifuged at
2000 RPM for 5 min. 5 mL of 10% FBS AMEM was added in the cells
for resuspension, with 10% of total cell and media mix being used for
further plating in the new flask. For iron treatment, Iron (II) sulfate
heptahydrate (SigmaeAldrich; 215422) was firstly prepared by dis-
solving in sterile distilled water with the stock concentration of
100 mM. Cells were then treated with iron treatment of FeSO₄ 250 mM
in AMEM 0% FBS.

2.2. Western blotting for insulin signaling
L6 cells were seeded on 6 well plates until having 80e90% con-
fluency. Cells were subjected to treatments of FeSO₄ 250 mM for 24-h
followed by insulin 100 nM (Lilly; Humulin-R U-100) for 10 min. For
salubrinal groups, cells were pretreated with salubrinal (Sigma Aldrich;
SML0951) 30 mM for 30 min prior to iron treatment. For sephin1
(Sigma; SML1356) treatment, the concentration of 10 mM was treated
in cells for 30 min prior to iron treatment. Samples were washed with
PBS (Wisent; 311-010-CL) and prepared using lysis buffer. Cells were
also syringed to ensure further lysis. The cells were then collected and
centrifuged at 10,000 RPM for 5 min at 4 �C followed by denaturation
at 95 �C for 5 min. Cell lysates were run on 8% SDS-PAGE gels
conducted at 90 V for 2 h. The gels were transferred to a polyvinylidene
difluoride (PVDF) membrane at 120 V for 1.5 h. Membranes were
submerged in 3% bovine serum albumin (BSA) blocking buffer for 1 h,
followed by overnight incubation in 1:1000 dilution of primary anti-
bodies: phospho-Akt s473 (Cell Signaling; 9271) and phospho-ERK
(Cell Signaling; 9106L) at 4 �C. Membranes were then washed with
TBS-T three times before 1 h of secondary antibody incubation at room
temperature. The secondary antibodies used was an anti-rabbit
immunoglobulin G horseradish peroxidase-conjugated antibody (Cell
Signaling; 7074) and anti-mouse antibody (Cell Signaling; 7076) at
1:5000 dilution. Membranes were then quickly washed with Clarity
Western ECL Substrate solution and visualized using X-ray film
development techniques. Western blot band intensity was quantified
using ImageJ software, normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Cell Signaling; 2118) or total Akt (Cell
Signaling; 9272).
For assessing the role of iron and salubrinal in activating UPR, L6 cells
were seeded on 6 well plates until having 80e90% confluency. 4
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groups of treatment were performed including control, salubrinal, iron
and salubrinal iron. For control samples, cells were starved in AMEM
media 0% FBS for 24 h. For iron-treated samples, cells were subjected
to treatments of FeSO₄ 250 mM for 24 h. For salubrinal groups, cells
were treated with salubrinal 30 mM for 30 min prior to iron treatment.
Western blot analysis was performed according to protocol afore-
mentioned. 2 primary antibodies were used in this assay including p-
eIF2a (Cell Signaling; 9721) and ATF4 (Cell Signaling; 11815).
To assess the role of autophagy in beneficial effects of salubrinal:
empty vector (EV), WT L6, ATG5K and ATG7 cells were seeded on 6
well plates until having 80e90% confluency. 4 treatment groups were
determined including insulin, iron insulin, salubrinal insulin and salu-
brinal iron insulin. Cells were subjected to treatments of FeSO₄ 250 mM
in AMEM 0% FBS for 24 h. For salubrinal groups, cells were pre-
treated with salubrinal 30 mM for 30 min prior to iron treatment. All
treatments were followed by insulin 100 nM stimulation for 10 min. For
Tat-beclin 1 (Novus Biologicals; NBP249888) treatment, the concen-
tration of 5 mM was treated in cells for 24 h prior to iron treatment.
Western blot analysis was performed according to protocol
aforementioned.

2.3. Transforming Escherichia coli DH5a cells with SB100X and
FoxO1 biosensor plasmids
50 ng circular DNA of FoxO1 (AddGene; 106278) and SB100X
(AddGene; 34879) plasmids were thawed, added to competent E. coli
DH5a cells and gently mixed. The tube with DNA and competent cells
was placed in 42 �C waterbath for 1 min and transferred onto ice for
2 min to reduce damage to cells. 800 mL of LuriaeBertani (LB) broth
(Invitrogen; 12795027) was prepared and added to the tube, then
incubated for 1 h at 37 �C with 250 RPM shaking. Resulting bacterial
cultures were spread on LB agar plates containing ampicillin and
chloramphenicol (Sigma) for FoxO1 and SB100X plasmids, respec-
tively. Plates were incubated inverted overnight at 37 �C. A colony was
then selected after 12 h to be propagated further in LB broth with
antibiotics for overnight shaking at 250 RPM and 37 �C.

2.4. Plasmid purification
125 mL of transformed bacterial culture was centrifuged for 20 min at
4,000� g. Pellets were resuspended using the buffers provided by the
Invitrogen PureLink Fast Low-Endotoxin Midi Plasmid Purification Kit
(Invitrogen; A35892). All purification steps were performed according
to the protocol provided in the kit in order to elute plasmid products.

2.5. Sleeping beauty transfection of FoxO1 and biosensor plasmids
into L6 skeletal muscle cells
Prior to transfection, low passage WT-L6 cells were cultured in a T75
flask to 90% confluency. 2 transfection mixtures were prepared. An
integrase/DNA/OptiMEM mix was first created by adding FoxO1
Biosensor and SB100X plasmids at a 10:1 ratio respectively to Opti-
MEM (ThermoFisher; 31985062) for a total volume of 150 mL. The first
mixture was then combined with the second tube containing 3.6 mL of
Lipofectamine 2000 (Invitrogen; 11668019) and 146.4 mL of OptiMEM.
The mixture was then vortexed for 2 s, spun down on tabletop
centrifuge and incubated for 15 min at room temperature. On the other
hand, L6 cells were trypsinized at room temperature for 15 min in
order for the cells to detach from the bottom. The cells were then
neutralized by adding AMEM media containing 10% FBS and antibi-
otics. 900 mL of cell and media mixture was seeded into 1-3 wells of a
6-well plate per plasmid. 100 mL of DNA and lipofectamine mix was
then added in each well. Plate was gently shook to mix followed by
incubation at 37 �C for 24 h. On day 2 of transfection, cells were split
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e List of Primers used.

Name Kind Sequences (50-30)

ATG5 Forward CCTGAAGACGGAGAGAAGAAGAG
Reverse CGGGAAGCAAGGGTGTCAT

ATG10 Forward CCTGTTTGCTTGGGATAGTGG
Reverse ACTTCCCCATCAATCTCCAC

ATG12 Forward CATTCTTACCTGGCGTTGAG
Reverse CACTTCAAACCCTGTAATCC

ATG16 Forward CACATCTTTACCCAGCATCAC
Reverse CAGGACAGAGGGTGCTTTC

LC3 Forward TGTTAGGCTTGCTCTTTTGG
Reverse GCAGAGGAAATGACCACAGAT

ATF4 Forward GATGCCTTTTCCGGGACAGA
Reverse GGCAGCCTGGTCGACTTTTA

ATG7 Forward CGAAGGTCAGGAGCAGAAC
Reverse AGGCACCCAAAGACATCAAG
into a T25 flask and selected for successful transfection with 2 mg/mL
of puromycin (Thermofisher Scientific; A113803) the next day. After
24 h, AMEM media with 10% FBS was changed to the flask to maintain
cell proliferation. Cells were subjected to a second time of puromycin
selection 7 days later.

2.6. Real-time imaging of insulin signaling using fluorescent
microscopy
L6 cells transfected with FoxO1 biosensor were seeded onto a 96-well
plate for treatment. When cells reached 50e60% confluency, they
were subjected to 6 groups of treatment including control, insulin, iron,
iron insulin, salubrinal iron, salubrinal iron insulin. For the iron treat-
ment wells, cells were treated with FeSO₄ 250 mM overnight. For the
salubrinal iron treatment groups, cells were subjected to salubrinal
30 mM for 30 min prior to overnight iron treatment. After incubation
time, cells in all treatment groups were starved in 0% FBS AMEM for
90 min, then treated with 100 nM insulin and imaged on EVOS FL Auto
2 for green fluorescence over a span of 30 min to observe fluorescent
translocation. Nuclear fluorescence signal was traced from the nucleus
to the cytosol in all treatments with number of cells being 10 for each
treatment. Data quantitation was performed using Celleste software.

2.7. Insulin sensitivity measured by glucose uptake assay
Glucose uptake assay was carried out based on the detection of 2-
deoxyglucose-6-phosphate (2DG6P). L6-GLUT4myc cells (a kind gift
from Dr Amira Klip) were seeded on 96-well plate at 10,000 cells/well
before treatment. Cells were then treated with different conditions
including: with and without insulin 100 nM, iron, iron insulin, salu-
brinal, salubrinal insulin, salubrinal iron and salubrinal iron insulin.
After 24 h treatment, insulin (100 nM) was stimulated for 15 min 2DG
(2-deoxyglucose) was added and incubated for 30 min, followed by
addition of stop buffer and neutralization buffer according to the pro-
tocol from the Glucose Uptake-Glo Assay kit by Promega. Finally,
2DG6P detection reagent was added and luminescence was recorded.

2.8. ThT staining assay
L6 skeletal muscle cells were seeded at 70% confluency on a m-slide
4-well chambered polymer coverslip (Ibidi), and the growth medium
was then replaced with 0% FBS AMEM (Phenol-red free) and iron
treatment (250 mM) for 4 h. After treatment, Tht solution (Sigmae
Aldrich; T3516, 2.5 mM) was prepared in phenol-red free DMEM media
0% FBS and imaging with HCS NuclearMask� Blue Stain (Thermo-
fisher; H10325, 1:2000). Imaging was performed at 20� objective
(Nikon A1 confocal microscope) in a 5% CO2 live-cell chamber.

2.9. GRP-78 mCherry reporter
Cells stably expressing a GRP78 promoter driver mCherry reporter,
which we generated previously [31], were seeded on 4-well chamber
and subjected to iron treatment (250 mM) for 24 h. Imaging was
performed at 20� objective (Nikon A1 confocal microscope) and 1 h
intervals up to 24 h in a 5% CO2 live-cell chamber.

2.10. Gene expression analysis
Total RNA was extracted with RNEasy Mini Kit (Qiagen, Toronto,
Canada) and then converted to cDNA using the RevertAid RT Kit
(Thermo Scientific; K1691). qPCR was performed with Sso Advanced
SYBR Green Master Mix (Bio-Rad; 1725270) starting with an initial
activation at 95 �C for 15 min, followed by 40 cycles of 94 �C for 15 s,
55 �C for 30 s and 70 �C for 30 s on a Bio-Rad CFX384 Touch Real-
Time PCR Detection System. Relative gene expression levels were
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normalized to 18S rRNA. Primers used in this study are summarized in
Table 1.

2.11. Mouse model of iron overload-induced insulin resistance,
glucose tolerance tests (GTT)
Animals were fed ad libitum on regular chow diet and kept in tem-
perature and humidity control rooms with a daily 12:12-h lightedark
cycle. 20 8-weeks-old C57/BL6J male mice were categorized into
four groups including control, iron, salubrinal and salubrinal iron. Iron
dextran (Sigma Aldrich; D8517) was delivered intravenously at 15 mg/
kg for three times at 2 h-interval in iron group mice while PBS was
used as control. Intraperitoneal injection was performed in salubrinal
groups (1 mg/kg) on day 1, day 2 and day 3. For salubrinal iron groups,
salubrinal was also injected at 1 mg/kg on day 1, day 2 and day 3. On
day 3, iron dextran was delivered intravenously at 15 mg/kg after
30 min of salubrinal injection. For phosphorylation of insulin signaling
analysis, all mice were injected via tail vein with insulin (4 units per kg)
5 min before sacrifice. Skeletal muscles were collected and lysed in
tissue lysis buffer. For glucose tolerance test, after 24 h of the last iron
injections, all mice were injected with glucose at 1 g/kg, followed by
blood glucose measurement at different intervals in 2 h 2 primary
antibodies were used to detect iron levels in skeletal muscles include
Anti-ferritin heavy chain (Novus Biologicals; NBP1-31944) and Anti-
transferrin receptor (Tfr1) monoclonal antibody (ThermoFisher; 13-
6800).

2.12. Statistical analysis
One-way and two-way ANOVA test with turkey’s multiple comparisons
was carried out on GraphPad Prism to determine statistical signifi-
cance in which p values < 0.05 were considered significant.

3. RESULTS

3.1. Iron elevates ER stress and UPR induction in L6 skeletal
muscle cells
To investigate the effects of iron on ER stress, we first employed the
Tht assay to detect protein aggregates, an established marker of ER
stress [24]. In this experiment, L6 skeletal muscle cells were treated
with or without 250 mM FeSO4 for 4 h, and Thioflavin T used as a probe
to monitor misfolded protein accumulation. Our results show fluores-
cence was significantly enhanced, indicative of protein aggregates, in
iron-treated L6 skeletal muscle cells (Figure 1A&B). Next, we examined
the effects of iron overload on the unfolded protein response (UPR). To
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: Effect of iron overload and salubrinal on ER stress and UPR activation.
A-B. Representative confocal images and quantification of Tht assay measuring protein aggregates in L6 skeletal muscle cells after iron injections (FeSO₄, 250 mM, 4 h) compared
to control. C-D. Representative confocal images and quantification of L6 GRP78- mCherry reporter and quantification of mean red fluorescence for 24 h iron treatment compared to
control. Scale bar (confocal microscope) ¼ 10 mm. E. Representative Western blot images of phospho-eIF2a and ATF4 over GAPDH after iron treatment (250 mM, 24 h), with and
without salubrinal treatment (30 mM, 30 min). F. Quantification of phospho-eIF2a over GAPDH after iron treatment (250 mM, 24 h), with and without salubrinal treatment (30 mM,
30 min). Values are mean � s.e.m (n ¼ 4) **P < 0.005 ***P < 0.0005 (one-way ANOVA with multiple comparisons). G. Quantification of ATF4 over GAPDH with after iron
treatment (250 mM, 24 h), with and without salubrinal pretreatment (30 mM, 30 min). Values are mean � s.e.m (n ¼ 4) *P < 0.05 #P < 0.0001 (one-way ANOVA with multiple
comparisons).

Original Article
do so we generated L6 skeletal muscle cells stably expressing a
GRP78 promoter-driven mCherry reporter. Time lapse imaging indi-
cated a rapid increase in response to iron compared with control cells,
which was apparent after 4 h and maintained up to 24 h treatment
(Figure 1C&D). To verify the effectiveness of salubrinal we then used
Western blotting (Figure 1EeG) to demonstrate that it induces a sig-
nificant increase in phosphorylation of p-eIF2a and ATF4 level. This
confirms salubrinal caused an increase in UPR activation, specifically
via the eIF2a-ATF4 pathway. There was no significant effect of iron
alone on p-eIF2a and ATF4 level, although an apparent small increase
of p-eIF2a was observed (Figure 1EeG).

3.2. Iron impairs insulin sensitivity in L6 skeletal muscle cells; an
effect prevented upon salubrinal treatment
We analyzed kinetics of insulin sensitivity by generating L6 cell clones
overexpressing an Akt biosensor combined with real-time analysis of
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fluorescence. This biosensor is based upon measure of phosphorylated
FoxO1 translocation from the nucleus to cytosol. Our representative
images (Figure 2A) visually reflected the difference in nuclear fluo-
rescence intensity over a time-span of 20 min. Quantification indicated
that insulin-stimulated Akt activity was significantly reduced in cells
treated with insulin compared to control cells (Figure 2B&C). Both
temporal analysis (Figure 2B) and quantitation after 20 min (Figure 2C)
showed that iron caused insulin-resistance and that salubrinal pre-
treatment attenuated this effect of iron. Insulin sensitivity was also
assessed by Western blot analysis and our results show that there was
a significant decrease in insulin-stimulated phosphorylation of Akt
s473 (Figure 2D) as well as ERK (Figure 2E) upon iron treatment. Upon
salubrinal pretreatment, improved insulin stimulated Akt s473 and ERK
was observed, confirming the ability of salubrinal in rescuing insulin
sensitivity upon iron overload. Insulin resistance in skeletal muscle is
manifested by decreased insulin-stimulated glucose uptake and to test
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Effect of iron and salubrinal on insulin sensitivity.
A. Representative microscope images of biosensor cells recorded at timepoints t ¼ 0 and t ¼ 20 (min) with insulin stimulation (100 nM, 10 min) after iron treatment (250 mM,
24 h) with and without salubrinal pretreatment (30 mM, 30 min) All experiments were repeated three times. Scale bar ¼ 100 mm. B. Percentage change of green nuclear
fluorescent signal in biosensor cells (n ¼ 10) recorded for a timecourse of 20 min with insulin stimulation (100 nM, 10 min) after iron treatment (250 mM, 24 h) with and without
salubrinal pretreatment (30 mM, 30 min). Percentage change was recorded as mean values. C. Percentage response (%) of green fluorescent signal in biosensor cells (n ¼ 10)
recorded for a timecourse of 20 min with insulin stimulation (100 nM) after iron treatment (250 mM, 24 h) with and without salubrinal pretreatment (30 mM, 30 min). Values are
mean � s.e.m *P < 0.05 #P < 0.0001 (one-way ANOVA with multiple comparisons). D. Representative Western blot images and quantification of phospho-Akt (s473) over total
Akt with insulin stimulation (100 nM, 10 min) after iron treatment (250 mM, 24 h) with and without salubrinal pretreatment (30 mM, 30 min). Values are mean � s.e.m (n ¼ 3)
#P < 0.001 (two-way ANOVA with multiple comparisons). E. Representative Western blot images and quantification of phospho-ERK over GAPDH with insulin stimulation (100 nM,
10 min) after iron treatment (250 mM, 24 h) with and without salubrinal pretreatment (30 mM, 30 min). Values are mean � s.e.m (n ¼ 3) #P < 0.001 (two-way ANOVA with
multiple comparisons). F. Glucose uptake of L6 skeletal muscle cells with insulin stimulation (100 nM, 20 min) after iron treatment (250 mM, 24 h) with and without salubrinal
pretreatment (30 mM, 30 min). Values are mean � s.e.m. #P < 0.0001 (two-way ANOVA with multiple comparisons). G. Representative Western blot images and quantification of
phospho-Akt (s473) over total Akt with insulin stimulation (100 nM, 10 min) after iron treatment (250 mM, 24 h) with and without sephin1 pretreatment (10 mM, 30 min). Values are
mean � s.e.m (n ¼ 3) *P < 0.05 #P < 0.0001 (two-way ANOVA with multiple comparisons).
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the functional significance of our previous observations we next
examined glucose uptake. A significant reduction in insulin-stimulated
glucose uptake was found upon iron pretreatment for 24 h (Figure 2F).
Salubrinal pretreatment elicited a significantly elevated insulin
response in the presence of iron. To avoid potential contribution of off-
target inhibitory effects we used sephin1, another distinct eIF2a
phosphatase inhibitor, to further validate the importance of eIF2a
phosphorylation in improving insulin sensitivity upon iron overload
(Figure 2G). Together, these results demonstrate the detrimental
consequence of iron overload on skeletal muscle cell insulin sensitivity
and the beneficial effect of salubrinal in attenuating insulin resistance.

3.3. Autophagy initiation and flux is upregulated in L6 skeletal
muscle cells upon salubrinal treatment
We first used qPCR to examine changes in level of autophagy-related
gene 5 (ATG5), autophagy-related gene 10 (ATG10), autophagy-related
gene 12 (ATG12), autophagy-related gene 16 (ATG16) and unc-51 like
autophagy activating kinase 1 (ULK1). Heat map of scaled data
(Figure 3A) shows that salubrinal alone most strongly increased the
expression of ATG5, ATG12 and ATG10 compared to basal, while iron
plus salubrinal had highest effect on ATG16 and ULK1 mRNA
expression level. The effect of iron and salubrinal on autophagic flux
was also investigated by measuring LC3 and p62 by Western blot
(Figure 3B&C). Data shows that both iron and salubrinal significantly
increased formation of autophagosomes, as indicated by increased
LC3-II detection (Figure 3B). However, we observed a significant in-
crease in p62 only upon iron treatment, indicating a block of auto-
phagic flux (Figure 3C). This iron-induced accumulation of p62 was
significantly downregulated upon pretreatment with salubrinal. To
further investigate autophagic flux, L6 cells stably expressing LC3B-
eGFP-mCherry were assessed. In this assay, eGFP signal was
quenched by the acidic environment upon autophagosome and lyso-
some fusion, while mCherry fluorescence remains stable. Incorpo-
rating this cell line with our cellular treatment model, a significant
increase in number of eGFP and mCherry fluorescence puncta after
24 h iron treatment was observed, validating inhibition of flux. Salu-
brinal pretreatment, however, resulted in a significant elevation of
mCherry fluorescence accompanied by a reduction of fluorescence
puncta upon iron overload (Figure 3DeF). This observation confirmed
the potency of salubrinal in inducing autophagic flux.
To test whether autophagy is critical for the beneficial effect of salu-
brinal in alleviating insulin sensitivity, we used a loss of function
approach by generating two cellular models. Both overexpression of a
dominant-negative ATG5K130R mutant and knockout of ATG7 were
used to generate autophagy-deficiency. Analysis of insulin sensitivity
by Western blotting demonstrated that iron-impaired insulin sensitivity
could be attenuated by salubrinal in cells transfected with empty vector
but not in autophagy-deficient ATG5K130R overexpressing cells
(Figure 3 G&H). Similarly, knockout of ATG7 effectively blocked the
capacity of salubrinal to rescue insulin sensitivity (Figure 3 I&J). To
further validate the significance of autophagy in enhancing insulin
sensitivty, we used a gain of function approach with Tat beclin-1 as an
activator of autophagy, with and without iron treatment. Accordingly, a
reduction in iron-induced insulin resistance was observed when
autophagy was induced by Tat beclin-1 (Figure 3K). Taken together,
our results suggest that induction of autophagy flux by salubrinal is
essential to alleviate IO-induced ER stress and insulin resistance in L6
skeletal muscle cells.
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3.4. Salubrinal promotes UPR activation and autophagy flux thus
alleviating IO-induced insulin resistance in mice
Mice with or without intraperitoneal salubrinal pretreatment and with
or without systemic iron administration were injected with insulin (4
units per kg), 5 min before sacrifice as depicted in Figure 4A. As
expected, a significant elevation in skeletal muscle ferritin levels was
observed while TfR1 expression was significantly downregulated in IO
mice (Figure 4BeD). Glucose tolerance test was used to show that IO
impaired insulin sensitivity in mice. The use of salubrinal preserved
insulin sensitivity following IO (Figure 4E&F). Moreover, Western
blotting showed that iron reduced insulin-stimulated phosphorylation
of Akt s473 and ERK, while salubrinal pretreatment attenuated this
development of insulin resistance, recapitulating the results of studies
in L6 skeletal muscle cells reported above (Figure 4GeI). Results also
showed that there was an increase in both phosphorylation of eIF2a
and ATF4 levels (Figure 4J-L) in the salubrinal and iron-injected mice,
indicative of UPR activation upon salubrinal and iron administration. We
further analyzed autophagic flux by Western blotting of LC3B and p62
expression. In iron-injected mice, an apparent increase in both LC3B-II
and p62 expression was observed, indicating impaired autophagy flux,
compared to control mice. However, with salubrinal administration,
expression of LC3B-II and p62 were significantly downregulated,
suggesting enhancement of autophagy flux, both in the presence and
absence of iron (Figure 4N-P). Our result was also corroborated with
qPCR heatmap depicting a significant upregulation in the UPR and
autophagy-related genes (Figure 4M). Collectively, these data indicate
that salubrinal injection in mice resembled key observations of our L6
cell culture model.

4. DISCUSSION

Iron homeostasis imbalance is still a somewhat underappreciated
contributor to various diseases, including cancer, inflammation,
neurodegenerative diseases, and most notably cardiometabolic
dysfunction [32]. Indeed, a dysmetabolic iron overload syndrome
(DIOS) has been defined since elevated iron levels are observed in 15%
of metabolic syndrome patients and in half of those with non-alcoholic
fatty liver disease (NAFLD) [33,34]. Nevertheless, the precise mech-
anisms linking iron overload with such adverse metabolic outcomes
remain to be fully understood. In this study we present new knowledge
that salubrinal can attenuate iron-induced insulin resistance in skeletal
muscle cells. Translating this to an animal model of iron overload, we
observed that insulin responsiveness was improved by salubrinal.
Of particular relevance for this study is the impact of iron overload on
skeletal muscle. Iron overload can lead to skeletal muscle atrophy,
sarcopenia, reduced power and performance, and has been implicated
in muscular dystrophy [35e38]. It has been proposed that in addition
to direct metabolic effects, iron overload in skeletal muscle may also
impact its endocrine function [39]. Collectively, this means that excess
iron on skeletal muscle can impact a wide array of pathophysiological
outcomes. We have shown that iron overload induced insulin resis-
tance both in mice and cultured skeletal muscle cells [15]. This
involved a decrease in Akt-mediated repression of TSC2, resulting in a
potent repression of RHEB and mTORC1, with consequent loss of
autophagosome lysosome reformation (ALR). This identified mTOR-
UVRAG-dependent lysosomal pool regeneration as a determinant of
skeletal muscle insulin sensitivity, and demonstrated an important role
for autophagic flux in improving insulin sensitivity. Other studies have
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Effect of iron and salubrinal on autophagy.
A. Relative gene expressionsd autophagy-related gene 5 (ATG5), autophagy-relatedgene10 (ATG10), autophagy-related gene 12 (ATG12), autophagy-relatedgene16 (ATG16) and unc-51
like autophagy activating kinase 1 (ULK1)- normalized to 18S rRNA expression with iron treatment (250 mM, 24 h), with and without salubrinal pretreatment (30 mM, 30 min). B.
Representative Western blot images and quantification of LC3B-II over GAPDH in L6 skeletal muscle cells after iron treatment (250 mM, 16 h), with and without salubrinal pre-treatment
(30mM,30min). Values aremean� s.e.m (n¼ 3)*P< 0.05***P< 0.0005 (one-wayANOVAwithmultiple comparisons). C. RepresentativeWestern blot images and quantification of p62
over GAPDH in L6 skeletal muscle cells after iron treatment (250 mM, 16 h), with and without salubrinal pre-treatment (30 mM, 30 min). Values are mean � s.e.m (n ¼ 3) *P < 0.05
**P < 0.005 (one-way ANOVA with multiple comparisons). D. Representative confocal images of L6 cells stably expressing tandem fluorescent-eGFP-mCherry LC3 after iron treatment
(250 mM, 24 h) with and without salubrinal pretreatment (30 mM, 30 min). Scale bar denotes 20 mm. E. Mander’s coefficient (fraction of RFP channel overlapping GFP). Values are
mean � s.e.m (n ¼ 3) ***P < 0.0005 #P < 0.0001 (one-way ANOVA with multiple comparisons). F. Quantification of eGFP-mCherry LC3 puncta. Values are mean � s.e.m (n ¼ 3)
***P< 0.0005 #P< 0.0001 (one-way ANOVA with multiple comparisons). G. Representative Western blot images and quantification of phospho-Akt (S473) over total Akt in EV and ATG5
cells with insulin stimulation (100 nM, 10 min) after iron treatment (250 mM, 24 h) with and without salubrinal pretreatment (30 mM, 30 min). Values are mean� s.e.m (n¼ 3) *P< 0.05
**P < 0.005 (one-way ANOVA with multiple comparisons). H. Representative Western blot images and quantification of phospho-ERK over GAPDH in EV and ATG5 cells with insulin
stimulation (100 nM, 10min) after iron treatment (250mM, 24 h) with and without salubrinal pretreatment (30mM, 30min). Values are mean� s.e.m (n¼ 5) *P< 0.05 **P< 0.005 (one-
way ANOVAwithmultiple comparisons). I. RepresentativeWestern blot images and quantification of phospho-Akt (S473) over total Akt in L6 and ATG7 cells with insulin stimulation (100 nM,
10 min) after iron treatment (250 mM, 24 h) with and without salubrinal pretreatment (30 mM, 30 min). Values are mean � s.e.m (n ¼ 3) *P < 0.05 (one-way ANOVA with multiple
comparisons). J. Representative Western blot images and quantification of phospho-ERK over GAPDH in L6 and ATG7 cells with insulin stimulation (100 nM, 10 min) after iron treatment
(250 mM, 24 h) with and without salubrinal pretreatment (30 mM, 30 min). Values are mean� s.e.m (n¼ 4) *P < 0.05 **P < 0.005 (one-way ANOVA with multiple comparisons). K.
RepresentativeWestern blot images and quantification of phospho-Akt (s473) over total Akt with insulin stimulation (100nM, 10min) after iron treatment (250mM,24 h)with andwithout tat-
beclin 1 pretreatment (5 mM, 24 h). Values are mean� s.e.m (n¼ 3) *P < 0.05 (two-way ANOVA with multiple comparisons).
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Figure 4: In vivo model of mice skeletal muscles with IO.
A. Schematic diagram of salubrinal-iron injections’ experimental plan. B. Representative Western blot images of ferritin and Tfr1 over beta-actin in skeletal muscles after iron injection, with
and without salubrinal administration. C. Quantification of Ferritin over beta-actin in L6 skeletal muscles after iron injection, with and without salubrinal administration. Values are
mean� s.e.m (n¼ 3)*P< 0.05 (one-way ANOVAwithmultiple comparisons). D. Quantification of Tfr1 over beta-actin in L6 skeletal muscles after iron injection, with andwithout salubrinal
administration. Values are mean� s.e.m (n¼ 3) *P< 0.05 (one-way ANOVA withmultiple comparisons). E. Glucose tolerance test (GTT) 24-h after iron injections. F. Quantification of area
under curve for GTT ***P < 0.0005 #P < 0.0001 (one-way ANOVA with multiple comparisons). G. Representative Western blot images of phospho-Akt (S473) and phospho-ERK over
GAPDH in skeletal muscles after iron injection followed by i.p. insulin injection with and without salubrinal injection. H. Quantification of phospho-Akt (S473) over GAPDH in skeletal muscles
after iron injection followed by i.p. insulin injection with and without salubrinal injection. Values are mean� s.e.m (n¼ 5) ***P < 0.0005 #P< 0.0001 (one-way ANOVA with multiple
comparisons). I. Quantification of phospho-ERK over GAPDH in skeletal muscles after iron injection followed by i.p. insulin injection with and without salubrinal injection. Values are
mean� s.e.m (n¼ 5)***P< 0.0005#P< 0.0001 (one-wayANOVAwithmultiple comparisons). J. RepresentativeWestern blot images of phospho-eIF2a andATF4over GAPDH in skeletal
muscles after iron injection followed by i.p. insulin injection with and without salubrinal injection. K. Quantification of phospho-eIF2a over GAPDH in skeletal muscles after iron injection
followed by i.p. insulin injection with and without salubrinal injection. Values are mean � s.e.m (n ¼ 3) **P < 0.005 ***P < 0.0005 (one-way ANOVA with multiple comparisons). L.
Quantification of ATF4 over GAPDH in skeletalmuscles after iron injection followedby i.p. insulin injectionwith andwithout salubrinal injection. Values aremean� s.e.m (n¼ 3)**P< 0.005
#P< 0.0001 (one-way ANOVA with multiple comparisons). M. Relative gene expressionsd activating transcription factor 4 (ATF4), autophagy-related gene 5 (ATG5), autophagy-related
gene 7 (ATG7), autophagy-related gene 12 (ATG12), autophagy-related gene 16 (ATG16) and unc-51 like autophagy activating kinase 1 (ULK1)- normalized to 18S rRNA expression. N.
RepresentativeWestern blot images of LC3B and p62 over GAPDH in skeletal muscles after iron injection, with and without salubrinal administration. O. Quantification of LC3B-II over GAPDH
in L6 skeletal muscles after iron injection, with and without salubrinal administration. Values aremean� s.e.m (n¼ 3). P. Quantification of p62 over GAPDH in L6 skeletal muscles after iron
injection, with andwithout salubrinal administration. Values aremean� s.e.m (n¼ 3)*P< 0.05**P< 0.005 (one-wayANOVAwithmultiple comparisons). O. Relative gene expressionsd
activating transcription factor 4 (ATF4), autophagy-related gene 5 (ATG5), autophagy-related gene 7 (ATG7), autophagy-related gene 12 (ATG12), autophagy-related gene 16 (ATG16) and
unc-51 like autophagy activating kinase 1 (ULK1)- normalized to 18S rRNA expression.
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documented the association of autophagy and insulin sensitivity, with
strategies to promote autophagy flux conferring improved respon-
siveness [31,40e45]. Thus, inhibition of autophagy is an important
means via which iron attenuates insulin sensitivity.
Several previous studies using models from yeast to mammalian cells
and tissues have shown, as we did here, that iron could cause
endoplasmic reticulum stress [46,47]. For example, in mouse hippo-
campal neuronal cells iron induced ER stress leading to mitochondrial
fragmentation and neuronal cell death [48]. Lipocalin-2 mediated iron
accumulation in pulmonary arterial smooth muscle cells and hypoxia-
induced iron accumulation in oligodendrocytes both led to ER stress
[49,50]. Induction of ER stress led to insulin resistance in L6 and
C2C12 skeletal muscle cells [51,52], murine preadipocytes [53], he-
patocytes [54], and was associated with reduced insulin sensitivity in
db/db mice [55]. Upregulation of tribbles 3 (TRB3) and inhibition of the
skeletal muscle-enriched inositol polyphosphate phosphatase (SKIP)
with suppression of insulin receptors’ transportation to the cell surface
are potential mechanistic pathway linking ER stress and insulin
resistance [56e58]. Strategies to counteract cellular ER stress, either
endogenous homeostatic mechanisms or therapeutic interventions,
are clearly of widespread potential benefit.
To alleviate ER stress and restore optimal homeostasis, an endogenous
cellular response is activation of the UPR which can lead to corrective
mechanisms including suppressing protein translation, inducing the
Figure 5: Schematic diagram of ER-stress induced iron overload leading to insulin resist
Iron-overload causes ER stress in L6 skeletal muscle cells and the subsequent UPR activatio
lysosome reformation (ALR), leading to insulin resistance. Salubrinal, an eIF2a phosphatase
improved autophagic flux and insulin sensitivity, both in the presence and absence of iro

MOLECULAR METABOLISM 83 (2024) 101921 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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production of molecular chaperones involved in protein folding and
degrading misfolded proteins via routes such as induction of auto-
phagy. A study in 3T3-L1 adipocytes suggested that induction of
autophagy by UPR was important for maintenance of insulin sensitivity
[44]. One of the three main branches of the UPR involves the eukaryotic
translation initiation factor 2 alpha (eIF2a) [59,60]. In this study we
found that iron induced UPR activation, as observed by an increase in
the expression of the GRP78 promoter-dependent fluorescent reporter.
Our results were corroborated with Western blot analysis showing an
increase in phosphorylation of eIF2a and increased ATF4. However,
although UPR was induced in response to iron, we found that the
normal increase in autophagy flux in response to UPR activation was
prevented by iron. Thus, via ALR attenuation, iron effectively sup-
pressed a critical endogenous corrective cellular response which is
designed to restore insulin sensitivity.
Exercise has been proposed as a potential means of promoting
autophagy to alleviate ER stress and increase insulin sensitivity [61].
Effects of exercise are variable, and we contend a more direct and
controlled route would be advantageous. eIF2a can be activated using
salubrinal, a small molecule protein phosphatase 1C inhibitor which
maintains eIF2a phosphorylation. Via enhancing PERK/eIF2a/ATF4
signaling, salubrinal has been suggested as a potential therapeutic
approach for hypoxia-induced retinal microangiopathy, neuro-
protection and in cerebral ischemia [62e66]. In our study we found in
ance.
n. Iron-overload also causes impaired autophagic flux through impaired autophagosome
inhibitor, induces UPR activation, specifically the eIF2a and ATF4 pathway, resulting in
n.
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the L6 cell model that salubrinal stimulated eIF2a-mediated induction
of autophagy and that this attenuated the extent of insulin resistance
caused by iron. Furthermore, administration of salubrinal to mice
before systemic injection of iron could attenuate development of insulin
resistance in skeletal muscle. These data validate, using a pharma-
cological approach, the potential of therapeutically targeting eIF2a to
promote improved insulin responsiveness. Ideally, precise analysis of
insulin sensitivity using hyperinsulinemic-euglycemic clamp would
provide more sensitive and robust support for this conclusion.
In summary, we have established that skeletal muscle cells treated
with iron or skeletal muscle of mice with iron overload develop ER
stress and insulin resistance. By virtue of also suppressing autophagy,
iron prevents the ability of endogenous UPR to enhance autophagic flux
and restore cellular homeostasis (Figure 5). We found that directly
promoting eIF2a-dependent activation of UPR and autophagy with
salubrinal prior to iron exposure could attenuate development of insulin
resistance. New knowledge from this study identifies the potential use
of salubrinal to improve insulin sensitivity in metabolic syndrome pa-
tients with iron overload.
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