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Belgrade, Belgrade, Serbia
2Department of Cell and Tissue Biology, Faculty of Biology, University of Belgrade, Belgrade, Serbia
3Medical Biology Department, Centre Scientifique de Monaco (CSM), Monaco, Monaco

Correspondence
Vesna Otasevic, Department of Molecular
Biology, Institute for Biological Research
“Sinisa Stankovic,” National Institute of
Republic of Serbia, University of Belgrade,
Belgrade, Serbia.
Email: vesna@ibiss.bg.ac.rs

Funding information
The Ministry of Science, Technological
Development and Innovation of the
Republic of Serbia, Grant/Award Number:
451-03-47/2023-01/200007; Science Fund
of the Republic of Serbia, Grant/Award
Number: 6525651

Abstract

Recently, we characterized the ferroptotic phenotype in the liver of diabetic

mice and revealed nuclear factor (erythroid-derived-2)-related factor 2 (Nrf2)

inactivation as an integral part of hepatic injury. Here, we aim to investigate

whether sulforaphane, an Nrf2 activator and antioxidant, prevents diabetes-

induced hepatic ferroptosis and the mechanisms involved. Male C57BL/6 mice

were divided into four groups: control (vehicle-treated), diabetic (streptozoto-

cin-induced; 40 mg/kg, from Days 1 to 5), diabetic sulforaphane-treated

(2.5 mg/kg from Days 1 to 42) and non-diabetic sulforaphane-treated group

(2.5 mg/kg from Days 1 to 42). Results showed that diabetes-induced inactiva-

tion of Nrf2 and decreased expression of its downstream antiferroptotic mole-

cules critical for antioxidative defense (catalase, superoxide dismutases,

thioredoxin reductase), iron metabolism (ferritin heavy chain (FTH1), ferro-

portin 1), glutathione (GSH) synthesis (cystine-glutamate antiporter system,

cystathionase, glutamate-cysteine ligase catalitic subunit, glutamate-cysteine

ligase modifier subunit, glutathione synthetase), and GSH recycling - glutathi-

one reductase (GR) were reversed/increased by sulforaphane treatment. In

addition, we found that the ferroptotic phenotype in diabetic liver is associated

with increased ferritinophagy and decreased FTH1 immunopositivity. The
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antiferroptotic effect of sulforaphane was further evidenced through the

increased level of GSH, decreased accumulation of labile iron and lipid perox-

ides (4-hydroxy-2-nonenal, lipofuscin), decreased ferritinophagy and liver dam-

age (decreased fibrosis, alanine aminotransferase, and aspartate

aminotransferase). Finally, diabetes-induced increase in serum glucose and tri-

glyceride level was significantly reduced by sulforaphane. Regardless of the fact

that this study is limited by the use of one model of experimentally induced

diabetes, the results obtained demonstrate for the first time that sulforaphane

prevents diabetes-induced hepatic ferroptosis in vivo through the activation of

Nrf2 signaling pathways. This nominates sulforaphane as a promising phyto-

pharmaceutical for the prevention/alleviation of ferroptosis in diabetes-related

pathologies.
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1 | INTRODUCTION

Diabetes is a complex metabolic disorder that leads to the
development of pathological changes in many organs,
including liver.1,2 Today, it is a well-known fact that the
core of diabetic liver pathology is the loss of hepatocytes
resulting from apoptosis, necrosis, autophagy, and
pyroptosis.3–9 In our recent study, a ferroptosis of hepato-
cytes in diabetic liver was discovered for the first time.10

Ferroptosis is a novel, iron-dependent form of regulated
cell death characterized by the accumulation of iron-
induced lipid peroxides to lethal levels, resulting in oxida-
tive damage of cells.11 This type of cell death is triggered
by dysfunction of the cystine-glutamate antiporter system
(xCT), depletion of glutathione (GSH), and inactivation
of glutathione peroxidase 4 (GPX4), a membrane associ-
ated isoform of GPX family specialized for removal of
lipid peroxides. It is important to note that these core fer-
roptosis regulators are under the control of the transcrip-
tion factor nuclear factor (erythroid-derived-2)-related
factor 2 (Nrf2).12 Recently, we discovered that inactiva-
tion of Nrf2, followed by an impaired axis of its down-
stream target proteins related to ferroptosis and involved
in the metabolism of lipids, GSH, and antioxidative
defense, as well as an increase in pro-oxidative,
ferroptosis-related markers, is part of the ferroptotic phe-
notype in the liver.10 Inactivated Nrf2-dependent signal-
ing cascade was also found as an integral part of
ferroptosis in diabetic models of osteoporosis,13

nephropathy,14 cardiomyopathy,15,16 myocardial
ischemia–reperfusion injury,17 and pancreatic beta cells
dysfunction.18 All of the above highlights the critical
importance of ferroptosis in the pathogenesis of diabetes

and its comorbidities, and suggests activation of the
Nrf2-dependent cascade as a potential therapeutic
approach to suppress ferroptosis.

By virtue of its lipophilic nature, sulforaphane (SFN;
1-isothiocyanato-4-[methylsulfinyl] butane), a natural
sulfur-rich compound found in cruciferous vegetables,
has emerged as a powerful Nrf2 activator.19,20 Compared
with widely used phytochemical supplements (such as
curcumin, silymarin, and resveratrol), SFN exhibits sig-
nificantly higher bioavailability and more potent activa-
tion of Nrf2 and its downstream cytoprotective genes.20

SFN exerts a wide range of biological effects, such as anti-
oxidative, anti-inflammatory, anticancer, antimicrobial
activity, and so on.21,22 In diabetic pathology, SFN has
been recognized as an powerful agent for reducing hyper-
glycemia and hyperlipidemia, improving insulin resis-
tance, diabetes-induced oxidative stress and
inflammation,23–26 and preventing the development of
diabetic cardiomyopathy, nephropathy, neuropathy, reti-
nopathy, and liver damage.19,26,27 These antidiabetic
effects and especially the fact that SFN is a very potent
natural Nrf2 activator make it an excellent candidate for
testing antiferroptotic potential in the diabetic liver. Its
antiferroptotic effect on the liver has been found in
models of acute liver injury28 and nonalcoholic fatty liver
disease,29 but beyond that, the protective effects of SFN,
particularly in the context of diabetes, have not been
studied. Therefore, this study aimed to investigate
whether SFN can ameliorate diabetes-induced hepatic
ferroptosis, that is, liver damage by activating the
Nrf2-signaling pathway, with special emphasis to the
antiferroptotic effect of SFN through iron and GSH
metabolism.
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2 | RESULTS

The results obtained here are from an experimental setup
with four experimental groups which include diabetic
untreated mice (DM), diabetic mice treated with SFN
(DM + SFN), a group of non-diabetic mice treated with
SFN only (SFN) to test the effect of the substance itself,
and an untreated control mice (Ctrl). Diabetes was
induced in both groups with five low doses of STZ, from
Days 1 to 5, while SFN was administered on 1–42 days of
the experiment. The applied doses of STZ and SFN are
given in Section 2.1.

2.1 | Sulforaphane treatment activated
Nrf2 in hepatocytes of diabetic mice

Immunohistochemical detection of total Nrf2 (Figure 1A)
showed its decreased presence in the liver of diabetic
(DM) mice, primarily observed in hepatocytes of the cen-
trolobular regions, as well as a reduction in Nrf2 nuclear
translocation (Figure 1B) when compared to the control
group (p < 0.05). Treatment of the diabetic animals with
SFN enhanced Nrf2 nuclear translocation toward the

control level. This was consistent with data obtained by
WB analysis which revealed a significant decrease in
pNrf2, the activated, nuclear form of Nrf2 (Figure 1D)
in the DM group compared to the control group
(p < 0.001), while SFN treatment of DM mice restored
pNrf2 to the control level and significantly increased it
compared to the DM group (p < 0.001). No alternations
of total Nrf2 were found by WB analysis in any of the
examined groups (Figure 1C).

2.2 | Sulforaphane attenuates pro-
oxidative ferroptotic parameters and
improves antioxidative defense in the liver
of diabetic mice

Taking into account the fact that iron-induced lipid per-
oxidation is a central event in the process of ferroptosis,
markers of lipid peroxidation, 4-HNE and lipofuscin were
analyzed. Immunohistochemical detection of 4-HNE is
presented in Figure 2A. Quantification of immunohisto-
chemical detection of 4-HNE in liver tissue (Figure 2C)
revealed a significant increase in immunopositivity of
liver cells in diabetic animals (p < 0.001). The presence

FIGURE 1 Nrf2 Protein content and its activation status in liver tissue of control (Ctrl), diabetic (DM), non-diabetic SFN-treated (SFN)

and diabetic SFN-treated mice (DM + SFN). (A) Representative micrographs of Nrf2 immunohistochemical detection (n = 3 animals per

group); scale bars: 50 μm; and (B) quantification of Nrf2 nuclear immunopositivity expressed as percentage ratio of positive nuclei to total

number of nuclei surrounding central veins. Protein content of (C) total Nrf2 and (D) phosphorylated Nrf2 form (pNrf2)—β-actin serves as

protein loading control for both blots. Values are expressed relative to the non-diabetic control group which was standardized to 100%

(n = 8, each band represents pooled samples). Values are presented as means ± SD. Statistical significance: Comparison to Ctrl group (*),

*p < 0.05 and ***p < 0.001; DM versus DM + SFN comparison (#), ###p < 0.001.
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of 4-HNE adducts significantly declined toward control
levels when diabetic animals were treated with SFN, and
a significant reduction was seen when compared to the
DM group (p < 0.001). No significant alterations in
the hepatic 4-HNE immunopositivity level were noted in
the SFN-treated non-diabetic animals. Microscopic obser-
vation of lipofuscin (Figure 2B) showed its higher accu-
mulation in the hepatocytes of diabetic mice related to
the control. In accordance with lower 4-HNE presence,
SFN treatment of diabetic mice decreased lipofuscin
accumulation.

Next, in order to detect eventual alternations in the
biosynthesis of fatty acids, including PUFAs—the main
substrate for the initiation of lipid peroxidation, expres-
sion of inactivated acetyl-CoA carboxylase form - pACC
was analyzed (Figure 2D). Our results showed significant

decrease of this enzyme in the DM mice compared to the
control (p < 0.05), while SFN treatment of diabetic mice
led to a markedly increased level of pACC in comparison
with both control and diabetic mice (p < 0.001 for both).

Regarding antioxidative defense enzymes, a signifi-
cant decrease in the activity of total SOD (Figure 3A) and
its mitochondrial isoform MnSOD (Figure 3B) (p < 0.05
and p < 0.01, respectively), as well as the protein levels of
CAT (Figure 3C) and TrxR (Figure 3D) were detected in
the liver of DM mice (p < 0.001 and p < 0.05, respec-
tively). SFN treatment of diabetic mice completely
restored MnSOD activity to the control level and signifi-
cantly increased the protein level of CAT when compared
to DM group (p < 0.01). All of the examined parameters
of antioxidative defense remained unaltered in the liver
of SFN-treated non-diabetic mice.

FIGURE 2 Lipid peroxidation-related parameters in liver tissue of control (Ctrl), diabetic (DM), non-diabetic SFN-treated (SFN), and

diabetic SFN-treated mice (DM + SFN). (A) Representative micrographs of immunohistochemical detection of 4-HNE (n = 3 animals per

group); scale bars: 50 μm and (C) quantification of 4-HNE tissue immunopositivity. (B) Representative micrographs of lipofuscin detection

by Sudan Black B staining, arrows point to black-stained lipofuscin particles inside hepatocytes (h); scale bars: 50 μm. (D) Protein content of

phosphorylated ACC form (pACC)—β-actin serves as protein loading control. Values are expressed relative to the non-diabetic control group

which was standardized to 100% (n = 8, each band represents pooled samples). Values are presented as means ± SD. Statistical significance:

Comparison to Ctrl group (*), *p < 0.05, **p < 0.01, and ***p < 0.001; DM versus DM + SFN comparison (#), ###p < 0.001.
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2.3 | Effects of sulforaphane on iron
metabolism and ferritinophagy in
hepatocytes

In order to examine changes in iron metabolism in dia-
betic liver, the tissue iron loading and the expression of
the main proteins that regulate labile iron pool were ana-
lyzed. Histochemical detection of iron (Fe3+) in the liver
revealed its increased accumulation in hepatocytes of dia-
betic animals when compared to control animals in
which rare, individual iron-loaded cells are detectable
(Figure 4A). In addition to many hepatocytes, some endo-
thelial cells of hepatic veins of diabetic animals are also
iron-loaded. SFN reduced intracellular free iron accumu-
lation to the control level in diabetic animals, while in
non-diabetic animals iron level remained unaltered.

Immunohistochemical analysis of DMT1 (Figure 4B)
showed increased immunopositivity of DMT1 in hepato-
cytes and endothelial cells of the diabetic mice, while
SFN treatment slightly attenuated DMT1 hepatic

immunopositivity, restoring it toward the control level.
Additionally, the protein content of FTH1 (Figure 4C)
and FPN1 (Figure 4D), was significantly decreased in the
liver of DM mice, compared to the control group
(p < 0.001, for both). SFN treatment of diabetic animals
resulted in increased expression of FTH1 and FPN1
(p < 0.001, for both) compared to the diabetic group, and
in the case of FPN1, even above the control level
(p < 0.001). Treatment of non-diabetic control animals
with SFN resulted in a significant increase in FPN1 level
compared to control (p < 0.05).

Furthermore, to examine if the decrease of FTH1 pro-
tein level in the liver of DM mice is accompanied by its
autophagy (i.e., ferritinophagy), double immunofluores-
cence detection of FTH1 and autophagosome-related pro-
tein LC3 was performed. As shown in Figure 5A,
homogenous FTH1 immunopositivity is detectable in
liver tissue of control group, including both hepatocytes
and endothelial cells, while LC3 is detectable primarily
in some hepatocytes, mostly surrounding centroportal

FIGURE 3 Parameters of antioxidative defense in liver tissue of control (Ctrl), diabetic (DM), non-diabetic SFN-treated (SFN), and

diabetic SFN-treated mice (DM + SFN). Enzyme activity of (A) total SOD and (B) MnSOD (n = 8 animals per group). Protein content of

(C) CAT and (D) TrxR—β-actin serves as protein-loading control for both blots. Values are expressed relative to the non-diabetic control

group which was standardized to 100% (n = 8, each band represents pooled samples). Values are presented as means ± SD. Statistical

significance: Comparison to Ctrl group (*), *p < 0.05, **p < 0.01, and ***p < 0.001; DM versus DM + SFN comparison (#), #p < 0.05,
##p < 0.01, and ###p < 0.001.
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vein. Although hepatocyte FTH1 immunopositivity
decreases in diabetic liver, remaining high in the endo-
thelial cells of sinusoids, the colocalization rate of FTH1
with LC3 in hepatocytes (Figure 5B) of DM mice was sig-
nificantly higher in comparison to the control values
(p < 0.05). SFN treatment of DM mice returned the colo-
calization rate of these proteins inside hepatocytes to con-
trol level (p < 0.05 compared to DM group).

2.4 | Sulforaphane improved GSH
metabolism in the liver of diabetic mice

Initially, we were interested in investigating whether and
how GSH level changed with the treatments. As
expected, a significantly decreased level of GSH was seen

in the liver of DM mice compared to the control
(p < 0.001) (Figure 6C). SFN treatment of diabetic ani-
mals restored GSH level and significantly increased it
compared to DM mice (p < 0.01). In non-diabetic group
treated with SFN, GSH level stayed unaltered compared
to the control.

Next, we examined the possible changes in protein
expression of key enzymes responsible for GSH synthe-
sis/recycling/consumption in the liver. The changes in
the levels of proteins involved in the de novo synthesis of
cysteine, CBS and CTH, and in cystine import (xCT anti-
porter), which limit GSH synthesis, are shown in
Figure 6A. A markedly decreased level of CTH was found
in the liver of the diabetic mice (p < 0.001), while the
protein content of CBS remained at the control level.
SFN treatment of the diabetic mice significantly

FIGURE 4 Tissue iron load and the content of proteins related to iron metabolism in liver tissue of (Ctrl), diabetic (DM), non-diabetic

SFN-treated (SFN), and diabetic SFN-treated mice (DM + SFN). Representative micrographs of (A) Prussian blue detection of Fe3+,

indicated by black arrows; scale bars: 50 μm, and of (B) immunohistochemical detection of DMT1; scale bars: 50 μm (n = 3 animals per

group); examination of protein content of (C) FTH1 and (D) FPN1—β-actin serves as protein-loading control for both blots. Values are

expressed relative to the non-diabetic control group which was standardized to 100% (n = 8, each band represents pooled samples). Values

are presented as means ± SD. Statistical significance: Comparison to Ctrl group (*), *p < 0.05 and ***p < 0.001; DM versus DM + SFN

comparison (#), ###p < 0.001.
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increased protein level of CTH and CBS compared to the
DM group (p < 0.001 and p < 0.05, respectively), and
increased CBS level even above the control level
(p < 0.01). Similarly, in non-diabetic animals, SFN

increased the level of CTH and CBS above the control
level (p < 0.05 and p < 0.01, respectively). Examination
of xCT protein content revealed a significant decrease in
the liver of DM mice, compared to the control

FIGURE 5 Colocalization of FTH1 and LC3 in liver of control (Ctrl), diabetic (DM), non-diabetic SFN-treated (SFN) and diabetic SFN-

treated mice (DM + SFN). (A) Double immunofluorescence detection of: FTH1 (green signal), LC3 (red signal) and superimposed signals

from FTH1, LC3 and nuclei (blue); cv, central vein; white arrows, hepatocytes with higher rate of colocalization of FTH1 and LC3; insets,

representative hepatocytes (h) with strong colocalization of FTH1 and LC3, surrounded by the FTH1-positive endothelial cells (*) of

sinusoids. Scale bars: 25 μm (n = 3 animals per group). (B) Quantification of FTH1-LC3 colocalization rate presented as mean Pearson

coefficient. Values are presented as means ± SD. Statistical significance: comparison to Ctrl group (*), *p < 0.05; DM versus DM + SFN

comparison (#), #p < 0.05.
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(p < 0.001). SFN significantly increased xCT protein con-
tent above control level in both diabetic and non-diabetic
animals (p < 0.05 for both), as well as in diabetic animals
compared to the diabetic untreated group (p < 0.001).

Furthermore, the levels of proteins involved in GSH
synthesis, that is, both subunits of glutamate-cysteine
ligase —catalytic (GCLC) and regulatory (GCLM), as well
as GSS, were investigated (Figure 6B). Compared to the
control, diabetes significantly decreased protein expres-
sion of GCLC, GCLM, and GSS in the liver of mice
(p < 0.01, p < 0.001, and p < 0.01 respectively), while
SFN treatment of diabetic mice significantly increased
the level of all examined proteins compared to DM
(p < 0.001, p < 0.01, p < 0.01, respectively) and even
above the control value in the case of GCLC (p < 0.01).
Unlike GCLC and GSS, whose level in the SFN-treated
non-diabetic group stayed unaltered compared to the
control, the content of GCLM was significantly lower
(p < 0.001).

In addition, the protein level of GR (Figure 6D),
which is involved in the recycling pathway of reduced
GSH, was significantly decreased in the livers of the dia-
betic animals compared to the control (p < 0.05). How-
ever, SFN treatment of the diabetic animals restored the
control level of GR (p < 0.001, in comparison to the DM
group) and even increase it above control value

(p < 0.01) Finally, the analysis of GPX4 (Figure 6E),
showed that SFN treatment of the DM animals signifi-
cantly increased the protein level of GPX4 compared to
the DM group (p < 0.05), while in the DM group, as well
as in SFN group, the GPX4 level remained unchanged
compared to the control mice.

2.5 | Beneficial effects of sulforaphane
on physical, biochemical, and
histomorphological parameters in diabetic
animals

Our results show that SFN contributes to the overall
improvement of diabetic condition in mice by normaliz-
ing glycemia, insulin level, body mass, and liver function
itself. Namely, serum glucose levels (Figure 7A) increased
significantly in the DM group compared to the control, as
early as Day 14 of the experiment (p < 0.001). From this
point on, glycemia in the DM group remained signifi-
cantly elevated (p < 0.001) until the end of the experi-
ment. Despite the initial increase in glycemia in the DM
+ SFN group (p < 0.001) at Day 14, a decrease in blood
glucose levels toward control levels was observed from
this point onward with SFN treatment, and a significant
decrease compared to the untreated diabetic group was

FIGURE 6 GSH and proteins involved in GSH metabolism in liver tissue of control (Ctrl), diabetic (DM), non-diabetic SFN-treated

(SFN), and diabetic SFN-treated mice (DM + SFN). (C) GSH amount and content of proteins involved in: (A) cysteine synthesis—CBS, CTH,

and cystine transport—xCT, (B) GSH synthesis—GCLC, GCLM and GSS, as well as (D) in recycling of reduced GSH—GR. (E) Protein

content of GPX4. (F) Representative blots with corresponding protein-loading controls (β-actin). Values are expressed relative to the non-

diabetic control which was standardized to 100% (n = 8, each band represents pooled samples). Values are presented as means ± SD.

Statistical significance: Compared to Ctrl group (*), *p < 0.05, **p < 0.01, and ***p < 0.001; DM versus DM + SFN comparison (#), #p < 0.05,
##p < 0.01, and ###p < 0.001.

8 SAVIC ET AL.

 18728081, 0, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.2042 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [05/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



achieved on Days 21, 35, and 42 (p < 0.05, p < 0.05, and
p < 0.001, respectively). In the non-diabetic SFN-treated
group, glycemia remained at the control level throughout
the experiment. The incidence of diabetes (Figure 7B),
calculated as the percentage of hyperglycemic animals,
showed that the incidence in the DM group reached a
value above 50% already on the 10th day of the experi-
ment and gradually increased above this value over time.
In the diabetic mice SFN significantly reduced the inci-
dence of diabetes at Days 10, 14, 28, 35, and
42 (p < 0.001 for all time points), compared with DM

mice. Measurement of serum insulin levels (Figure 7C)
showed that insulin levels had significantly decreased in
DM mice compared with the control group (p < 0.05),
while SFN treatment of DM mice restored insulin levels
to control values (p < 0.05 compared with the DM
group).

As seen in Figure 7D body mass gain was significantly
reduced in the DM mice compared to the control mice
(p < 0.05), while body mass gain remained at the control
level in both diabetic and non-diabetic groups treated
with SFN. In addition, our results indicate that SFN

FIGURE 7 Physical and biochemical characteristics of experimental groups and histopathological analysis of liver tissue from control

(Ctrl), diabetic (DM), non-diabetic SFN-treated (SFN), and diabetic SFN-treated mice (DM + SFN). (A) Serum glucose levels and

(B) diabetes incidence in the DM and DM + SFN groups; both were measured at different time points of the experiment (1, 10, 14, 21, 28, 35,

and 42 days); n = 8. (C) Serum insulin level; n = 8. (D) Body mass gain (difference in body mass between the last and first day of the

experiment) and serum hepatogram parameters (ALT, AST, and TG); n = 8. Microscopic detection of (E) liver fibrosis by AZAN staining of

collagen fibers (*) surrounding blood vessels and of (F) glycogen inside hepatocytes (red) by PAS staining; scale bars for both stainings:

50 μm (n = 3 animals per group). Values are given as means ± SEM. Statistical significance: comparison to Ctrl group (*), *p < 0.05,

**p < 0.01 and ***p < 0.001; DM versus DM + SFN comparison (#), #p < 0.05, ##p < 0.01, ###p < 0.001.
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reduces diabetes-induced liver damage, as evidenced by
the restoration of hepatogram parameters to homeostatic
levels. Namely, ALT and AST levels (Figure 7D) were sig-
nificantly higher in the DM group compared to the con-
trol group (p < 0.05 and p < 0.01, respectively), while
treatment of diabetic animals with SFN restored the con-
trol levels of both AST and ALT and significantly reduced
the level of AST compared to DM (p < 0.01). Serum TG
level (Figure 7D) was slightly elevated in the DM group,
but without significance, while significantly decreased in
the DM + SFN group compared to the DM group
(p < 0.01). There were no significant alterations in ALT,
AST, and TG levels in the non-diabetic SFN-treated
group compared to the control.

To determine histopathological alterations in the
liver, AZAN trichrome and PAS staining were performed.
Masson's AZAN trichrome-staining clearly shows
increased fibrosis in the liver of the diabetic mice, as evi-
denced by increased accumulation of blue-stained colla-
gen fibers around the blood vessels (Figure 7E). In the
diabetic group treated with SFN, fibrosis decreased and
the overall morphological appearance of the liver
improved. Glycogen detection by PAS staining
(Figure 7F) revealed that diabetes resulted in a marked
decrease in red-stained glycogen depots in the liver. On
the other hand, glycogen content was visibly less reduced
in SFN-treated diabetic animals. No histopathological
changes regarding fibrosis induction or glycogen deple-
tion were noted in the liver of SFN-treated non-diabetic
animals.

3 | DISCUSSION

In this study, we showed that SFN exerts a significant
antiferroptotic potential in the liver of diabetic mice. This
beneficial effect of SFN is achieved through the activation
of Nrf2 and its downstream antiferroptotic pathways, par-
ticularly those related to GSH and iron metabolism.

The biological activity of SFN and its protective
effects are realized by stimulating the antioxidative and
anti-inflammatory response, mainly through the activa-
tion of the signaling cascade of Nrf2 transcription fac-
tor.30,31 It is well known that SFN activates Nrf2, directly
via kinase-dependent phosphorylation or indirectly
through inhibiting Nrf2 ubiquitination, thereby enabling
its further phosphorylation.19,32 Since our results have
shown no alternations in total Nrf2 form it can be con-
cluded that here, a beneficial effect of SFN on diabetic
liver is achieved by enhancing Nrf2 activation, indicated
by an increased level of pNrf2 and reinforced nuclear
translocation of this transcription factor. The similar
effect on Nrf2 activation was observed under

physiological conditions in non-diabetic mice treated
with SFN. These results are in agreement with the
numerous data reporting increased Nrf2 activation by
SFN treatment.33–35

In the nucleus, Nrf2 can directly activate the expres-
sion of genes that primarily regulate the antioxidant
defense and detoxification of the cell.31,36 In this context,
we investigated changes in labile iron pool, and the read-
outs of secondary lipid peroxidation products—4-HNE
and lipofuscin, since iron-induced lipid peroxidation is a
specific trigger of ferroptosis.37 The obtained results indi-
cate beneficial effects of SFN-induced Nrf2 activation,
since strong diminishment of the prooxidative phenotype
was seen in the liver of diabetic mice treated with SFN.
Namely, the diabetes-induced increase in iron accumula-
tion, followed by the increased accumulation of 4-HNE
and lipofuscin, was reversed by SFN treatment. Further-
more, our results suggest that SFN may prevent lipid per-
oxidation by reducing the synthesis of fatty acids,
including PUFAs—the main substrate for the initiation
of lipid peroxidation. This is evidenced by the SFN-
induced inactivation of ACC, that is, its increased phos-
phorylation in diabetic liver. Our results are consistent
with the previously described effects of SFN on reducing
lipid peroxidation in the liver of mice with alcohol-
induced hepatic steatosis,38 and in various experimental
models.25,39,40

In addition to the above-mentioned suppression of
pro-oxidative ferroptotic parameters, it was observed that
SFN-induced Nrf2 activation was associated with an
enhancement of the antioxidative defense in the liver of
diabetic mice. As shown here, SFN diminished the
diabetes-induced decrease in the activity of total SOD
and MnSOD, and in the protein content of CAT, that is,
it strengthened the antioxidative capacity of tissue which
eventually led to a decrease in prooxidant markers in dia-
betic liver, as shown above. The antioxidative defense
proteins studied here are regulated by the binding of Nrf2
to the antioxidative response elements (ARE) in the pro-
moter of their genes,12,41–44 and their upregulation has
been repeatedly confirmed by the usage of various Nrf2
activators,45,46 including SFN itself.17,25,31,35,47 Moreover,
the observed effect of SFN on boosting antioxidative
defense, thereby reducing pro-oxidative ferroptotic events
in the liver of diabetic mice is consistent with the effect
of the specific inhibitor of ferroptosis, ferrostatin-1, which
exerted similar reduction of pro-ferroptotic parameters
and liver injury in our previous study on the same dia-
betic model as used here.10 This strongly supports the
antiferroptotic action of SFN.

Furthermore, Nrf2 has been shown to regulate the
majority of proteins involved in iron metabo-
lism.12,15,17,48–50 Therefore, we examined whether
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activation of Nrf2 by SFN is followed by the correspond-
ing changes in expression of the iron-regulating proteins.
Iron content in the cell is controlled at the several levels:
import of ferric ion (Fe3+) by transferrin (TFR)-induced
endosomal internalization; transfer of ferrous ion (Fe2+)
from the endosome to the cytosol by DMT1; storage of
Fe2+ in the cell by binding to FTH1, and finally export
of excess iron, through the transmembrane receptor
FPN1.51 Here, we have demonstrated that along with the
inactivation of Nrf2, expression of FTH1 and FPN1 is
decreased in the diabetic group, clearly indicating that
markedly decreased capacity for iron storage and excre-
tion contribute significantly to the increased accumula-
tion of iron in the liver of diabetic mice. These data
demonstrate impaired Nrf2-regulated iron homeostasis
during diabetes-induced liver ferroptosis and are consis-
tent with the data of Zhao and coworkers,52 who
observed downregulated FTH1 and FPN1, as part of fer-
roptotic phenotype in a model of ethanol-induced liver
injury. In contrast, SFN apparently restored the ability of
the diabetic liver to sequester and export iron by reducing
diabetes-induced decreases in FPN1 and FTH1 protein
levels, that is consistent with the previously described
antiferroptotic effects of SFN observed in a diabetic
models of cardiomyopathy15 and myocardial ischemia–
reperfusion injury.17

Moreover, our results suggest an additional effect of
SFN on iron metabolism, which is achieved through
Nrf2-dependent regulation of selective autophagy, that is,
ferritinophagy in diabetic liver. Numerous key autophagy
proteins have been shown to be regulated by Nrf2 and
various Nrf2 activators have been shown to promote the
expression of autophagy markers, such as LC3.53,54 Our
results show for the first time that SFN ameliorates
diabetes-induced ferritinophagy, which was observed
here by increased colocalization of FTH1 and LC3 in the
liver of diabetic mice. Ferritinophagy leads to the release
of iron from degraded FTH1 into the cytosol and has
recently been shown to be very important for the induc-
tion and execution of ferroptosis.55,56 Thus, inhibition of
ferritinophagy emerged recently as a new potent strategy
for inhibition of ferroptosis, and our present data strongly
contribute to this issue proposing SFN as potent suppres-
sor of ferritinophagy under diabetic conditions. In addi-
tion, SFN has been reported to be involved in various
intracellular signal transductions, independent of the
Nrf2 pathway.57,58 Accordingly, although DMT1 is not
under direct Nrf2 regulation, we have shown here that
SFN decreased its immunoexpression in diabetic liver.
Increased DMT1 expression under diabetic conditions is
in accordance with increased labile iron level that we
observed here, as DMT1 stimulates iron transfer from
endosomes to cytosol. Thus, reducing DMT1 expression

could be one of the mechanisms involved in SFN depen-
dent decrease of ferroptosis in diabetes, by reduction of
labile iron pool in these cells. In view of the above, it can
be concluded that SFN modulates cellular iron homeosta-
sis at different levels: (i) it enhances the binding and
excretion of excess free iron and (ii) it decreases iron
uptake from endosomes, thereby reducing iron accumu-
lation in the diabetic liver, and suppressing iron-induced
lipid peroxidation and ferroptosis.

Furthermore, SFN significantly affects the amount of
GSH in hepatocytes of diabetic liver through
Nrf2-dependent regulation of key proteins responsible for
regulation of GSH metabolism. Maintenance of homeo-
static GSH levels through fine regulation of its metabo-
lism is of vital importance for the cell since GSH acts as a
direct scavenger of electrophiles and oxidative species,
while its important role as a cofactor of GSH-related anti-
oxidative enzymes, especially GPX4, puts it in a ferropto-
tic context.59 Therefore, perturbations of GSH
metabolism leading to GSH depletion are strongly associ-
ated with ferroptotic outcome. The amount of GSH is
determined by the availability of cysteine in the cell,
which is determined by its de novo synthesis and the
uptake of its oxidized form (cystine) via xCT exchanger.60

The xCT system is considered crucial for ferroptosis regu-
lation, as cystine import by xCT represents a rate-limiting
step in GSH biosynthesis.61 Our results suggest that SFN
improves de novo synthesis of cysteine based on increased
expression of CBS and CTH, as well as enhanced capacity
for influx of cystine, evidenced as increased xCT protein
level in diabetic liver treated by SFN. In addition, SFN
increases GSH level in diabetic liver by increasing expres-
sion of the enzymes involved in its synthesis, including
the catalytic and modifier units of the first and limiting
enzyme of GSH synthesis, GCL (GCLC and GCLM), as
well as GSS. Finally, our results suggest that SFN
enhances the recycling pathway of reduced GSH by
increasing the expression of GR and TrxR. Since all of the
aforementioned proteins are under Nrf2 transcriptional
regulation,12,62–64 this suggests that SFN ameliorates the
disturbed synthesis and recycling pathway of GSH in dia-
betes, by activating the Nrf2-dependent axis, thus result-
ing in the overall increase of GSH amount in diabetic
liver. This is consistent with the studies that have already
shown that the beneficial effect of SFN on GSH metabo-
lism is associated with increased expression of the above-
mentioned proteins.25,34,38,65

In addition, we have shown that SFN increases GPX4
protein content in diabetic liver, which, together with
increased GSH level and reduced accumulation of lipid
peroxides, demonstrated above, undoubtedly confirmed
improvement of GPX4-mediated removal of lipid perox-
ides by SFN. However, protein expression of GPX4 in the
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diabetic group remained at the control level. This could
be explained as a defense mechanism of the cells aimed
at overcoming the reduced capacity of GPX4 to remove
lipid peroxides under diabetic conditions, which is obvi-
ously characterized by disturbances in GSH metabolism,
especially by reduced availability of its cofactor, GSH.
Accordingly, a recent paper by Ursini et al.66 points out
to the compensatory increase in protein content of GPX4,
due to the lack of GSH. It is also worth noting that fer-
roptosis phenotype is characterized by an obligatory
accumulation of lipid peroxides, achieved either by deple-
tion of GSH and/or a decrease of GPX4 activity/content.67

All this suggests that impairment of Nrf2-dependent GSH
metabolism in the diabetic liver leads to inadequate
removal of lipid peroxides, proved here by elevated lipid
peroxidation markers, that finally lead to ferroptosis. This
is significantly suppressed by SFN treatment, which
improves GSH metabolism by Nrf2 activation, that is,
increases GSH amount and GPX4 protein expression,
thereby improving the ability to remove lipid peroxides.

Finally, the advantageous effects of SFN-induced Nrf2
activation demonstrated at the molecular level were
reflected in corresponding improvement in tissue mor-
phology and biochemical parameters clearly confirming
amelioration of liver function by SFN. Namely, SFN
improved glucose and lipid metabolism, as shown by the
increase in glycogen deposition in the liver, which is nor-
mally diminished in diabetes, normalization of glycemia
and insulin level, while serum triglycerides level were
decreased, indicating reduced triglyceride production in
the liver of DM mice treated with SFN.68 This is in line
with the described beneficial effects of SFN in diabetes,
which act positively on glucose metabolism by regulating
the production and uptake of glucose. In fact, SFN has
been shown to reduce hepatic glucose production in
patients with T2D,19 as well as in mouse hepatocytes by
controlling Nrf2-signaling axis.19 On the other hand,
by increasing insulin secretion23 and reducing insulin
resistance in diabetic condition, SFN ameliorates glucose
uptake with consequent reduction of hyperglycemia.25

Liver injury is indicated by elevated ALT and AST in the
serum,69 as well as by the appearance of fibrosis in
the liver tissue, which represents a sort of scar tissue at
the site of hepatocyte death.70,71 The observed effect of
SFN on the normalization of ALT and AST, as well as the
protective effect on diabetes-induced liver matrix fibrosis,
both suggest that SFN suppresses diabetic liver damage,
which is in agreement with the previously described pro-
tective effects of SFN on various liver injuries.31,72,73

Taken together, our results demonstrate a potent
effect of SFN in inhibiting ferroptotic death of hepato-
cytes under diabetic conditions in vivo, thereby alleviat-
ing liver injury. To date, the antiferroptotic effect of SFN

has been demonstrated in only a few studies, namely in
the prevention of busulfan-induced oligospermia in
mice,74 in a diabetic model of cardiomyopathy,15 and
in myocardial ischemia–reperfusion injury in diabetic
rats.17 In the liver, the antiferroptotic effect of SFN has
recently been demonstrated in acute liver injury28 and
nonalcoholic fatty liver disease29 models. However, to
our knowledge, this is the first study to demonstrate the
protective role of SFN against ferroptosis in the liver of
diabetic mice.

In conclusion, the hepatoprotective effects of SFN in
diabetes noted here are achieved by inhibiting ferroptosis
via activation of Nrf2 signaling pathways in hepatocytes,
particularly those directed at regulating iron and GSH
metabolism. In addition, the study sheds new light on the
antiferroptotic effect of SFN by attenuating ferritino-
phagy. The data also imply that the antiferroptotic poten-
tial of SFN would be worthy of more extensive
investigation particularly because a single experimental
model was used in the present study, potentially limiting
our results to a broader context. Using spontaneously
developing autoimmune diabetic mice as well as trans-
genic and knockout mouse models that mimic the diver-
sity observed in human diabetic patients, the therapeutic
effects of SFN on the pathological progression of the dis-
ease could be confirmed and translation into clinical
practice would be possible. Our efforts along these lines
are in progress.

4 | MATERIALS AND METHODS

4.1 | Experimental procedure

Male C57BL/6 mice, 8–10 weeks old, were housed in the
animal facility of the Institute for Biological Research
“Sinisa Stankovic” under the standard dark–light cycle
and received commercial food and fresh water ad libitum.
All experimental procedures were approved by the Ethics
Committee of the Institute for Biological Research “Sinisa
Stankovic” (App. No. 323-37-11487/2021-05) according to
Directive 2010/63/EU. The animals were divided into
four groups (n = 8): control (Ctrl), diabetic (DM), dia-
betic treated with SFN (DM + SFN), and non-diabetic
SFN-treated (SFN). Diabetes was induced by multiple
low doses of streptozotocin (STZ, 40 mg/kg body mass;
S0130, Sigma-Aldrich, St. Louis, MI, USA) injected intra-
peritoneally (i.p.) for 5 consecutive days (Days 1–5) as
previously described.10 SFN (2.5 mg/kg; Abcam, Cam-
bridge, UK), was first dissolved in dimethyl sulfoxide
(DMSO, D8418, Sigma-Aldrich, St. Louis, MI, USA)
diluted in phosphate-buffered saline (PBS), and given i.p.,
once daily from Days 1 to 42. To avoid possible
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interference, the injections of STZ and SFN were admin-
istered 3 h apart. The control group received the diluents
in the same amount. Once a week, blood glucose levels
were measured using a drop of blood from the tail vein of
the mice with an Accu-Check glucometer with disposable
strips (Accu-Check Performa, Roche Diabetes Care
GmbH, Mannheim, Germany). Twenty-four hours after
the last SFN administration, the animals were euthanized
by cervical dislocation between 9:00 and 9:30 a.m. Blood
and liver samples were collected and routinely processed
for biochemical, microscopic, immunoblot, and spectro-
photometric analysis.

4.2 | Biochemical serum analysis

After blood isolation, serum was prepared and stored at
�80�C until further analysis. Kinetic assays of alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) activity, as well as colorimetric measurement of tri-
glycerides (TG) level in serum were determined spectro-
photometrically (Shimadzu UV-160 spectrophotometer,
Kyoto, Japan) using Bioanalytica kits (ALT-250, AST-250,
and TRG-210, respectively, Bioanalytica, Belgrade,
Serbia). Serum insulin level was measured by radioim-
munoassay (INEP, Belgrade, Serbia).

4.3 | Microscopic examination of liver

Immediately after isolation, the pieces of liver tissue were
fixed overnight in 10% formaldehyde at +4�C. After 24 h,
the tissue was dehydrated with graded ethanol, and then
routinely processed for embedding in paraffin blocks.
The tissue was cut into 5-μm-thin sections that were
deparaffinized and rehydrated prior to staining. In case
of all histological and histochemical staining, slides from
three animals per group were examined with a DMLB
microscope (Leica Microsystems, Wetzlar, Germany),
while for fluorescence staining, samples were analyzed
with an SP5 confocal microscope (Leica Microsystems).

4.3.1 | Liver fibrosis detection: Heidenhain's
AZAN trichrome staining

Rehydrated sections were incubated in filtrated 1% azo-
carmine B at 56�C for 10 min. After rinsing in distilled
water, staining was shortly differentiated in freshly pre-
pared 1% aniline alcohol, prior to 1 h incubation in 5%
phosphomolybdic acid which was followed by the stain-
ing in the mixture of 0.2% aniline blue and 0.7% orange G
dissolved in 2.7% acetic acid. After thorough washing,

routine dehydration and mounting in dibutyl phthalate
polystyrene xylene (DPX) (Sigma-Aldrich, St. Louis, MI,
USA) were performed. Fibrosis, that is, accumulation of
collagen fibers was stained blue.

4.3.2 | Glycogen detection: Periodic acid
Schiff (PAS) staining

The rehydrated sections were oxidized in 1% periodic acid
for 5 min, washed in distilled water, and then incubated
in Schiff's reagent for 15 min. After thorough washing in
water, counterstaining with Harris hematoxylin was per-
formed, followed by differentiation in acetic alcohol (1%
HCl in 70% ethanol). Sections were washed, dehydrated
and mounted in DPX. Glycogen depots and some base-
ment membranes were stained red/magenta and nuclei
were stained blue.

4.3.3 | Lipofuscin detection: Sudan Black B
staining

To detect the accumulation of lipofuscin in liver tissue, a
drop of filtrated 0.7% Sudan Black B dissolved in 70% eth-
anol was applied to a clean glass slide and covered with a
slide containing rehydrated liver section. After 30 min,
slides were washed in 50% ethanol and distilled water,
counterstained in nuclear fast red (NFR) stain, washed,
and mounted in Biomount Aqua mounting medium
(BioGnost, Croatia). Lipofuscin granules were detected as
black/brown particles within the magenta-stained cyto-
plasm and nuclei.

4.3.4 | Iron detection: Pearl's staining

To detect the presence of intracellular nonheme iron
(Fe3+) accumulation in the liver, rehydrated sections
were incubated in a 2% potassium ferrocyanide solution
for 1 h. After washing in distilled water, sections were
counterstained with NFR for 2 min, washed, dehydrated,
and routinely mounted in DPX. Lung sections were used
as a positive control. The cells with blue particles within
were considered as iron-containing.

4.3.5 | Immunohistochemical staining

Prior to immunohistochemical detection, the step of anti-
gen retrieval was performed by boiling the rehydrated
liver sections in citrate buffer (pH 6.0) for about 2 min in
the microwave oven. After cooling, the activity of
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endogenous peroxidases was inhibited by incubating the
slides in 3% H2O2 dissolved in methanol. To block nonspe-
cific antigen binding, 10% normal goat serum (NGS; 1:10,
X0907, Dako, Carpinteria, CA, USA) was used (1 h at room
temperature). Then, sections were incubated overnight at
+4�C with the following primary rabbit antibodies anti-
Nrf2 (ab31163; 1:100), anti-4-hydroxy-2-nonenal (4-HNE,
ab46545; 1:500) or with the primary mouse antibody anti-
divalent metal transporter 1 (DMT1, ab55735; 4 μg/mL), all
purchased from Abcam (Cambridge, UK). After rinsing in
PBS, incubation with a matching secondary goat anti-rabbit
antibody (ab97051, 1:1000, Abcam) and goat anti-mouse
antibody (ab97019, 1:200, Abcam) for 1 h at room tempera-
ture was performed. DAB chromogen solution (K 3408,
Dako liquid DAB + substrate chromogen substrate system)
was used to visualize the immunohistochemical reaction.
After counterstaining with hematoxylin, the slides were
mounted with DPX. To calculate the percentage of
Nrf2-positive nuclei of centrolobular hepatocytes, 10 micro-
graphs of centrolobular regions per animal were analyzed
at �40 objective magnification using Image J software
(National Institutes of Health, Bethesda, MD, USA). Three
animals per group were examined, and the percentage of
positive nuclei of hepatocytes was calculated as the ratio of
Nrf2-positive nuclei to total nuclei of hepatocytes in the first
three rows surrounding the central veins of lobules. To
quantify 4-HNE tissue immunopositivity, 20 fields from
�40 magnification micrographs were measured using Ima-
geJ Colour Deconvolution plug-in (H-DAB setup), in order
to obtain images with DAB signal only. These were used to
determine mean gray scale value of tissue immunopositivity
per group. Arbitrary values were calculated as 1000/gray
scale level to obtain a direct proportionality between the
signal intensity and the measured values (from 0 to 255).
The negative control for all immunohistochemistry stain-
ings can be found in Figure S1.

4.3.6 | Immunofluorescence staining

Double immunofluorescence detection of ferritin heavy
chain (FTH1) and microtubule-associated protein 1A/1B-
light chain 3 (LC3) was performed on rehydrated samples
after routine antigen retrieval in citrate buffer
(as described in Section 2.3.5) and blocking of nonspecific
binding in 10% NGS in bovine serum albumin (BSA) (1 h
at room temperature). The mixture of primary antibodies
anti-FTH1 (sc-376594; 1:200, Santa Cruz Biotechnology,
Dallas, TX, USA) and anti-LC3 (L7543, 1:200, Sigma-
Aldrich, St. Louis, MI, USA) was diluted in 5% NGS in
0.1% Triton-X in TBS (TBS-Triton) and applied to the sec-
tions overnight at +4�C. After extensive washing in TBS-
Triton, the mixture of the appropriate secondary

antibodies (Alexa Fluor 488, goat anti-rabbit, ab150077
and Alexa Fluor 594, goat anti-mouse, ab150116; both
from Abcam) was applied for 1 h at room temperature, in
the dark. After washing in TBS-Triton and TBS, nuclear
counterstaining with Sytox Orange (1:1000 in TBS;
Thermo Fisher Scientific, Carlsbad, CA, USA) was per-
formed for 5 min, and sections were washed and
mounted in Fluoromount G mounting medium (Thermo
Fisher Scientific). During microscopic examination, in
order to prevent “bleed through” between detection
channels and to better distinguish signals, simultaneous
scanning was performed and contrast pseudo colors were
assigned to detect signals—green for FTH1, red for LC3,
and blue for Sytox Orange. To quantify the intensity of
immunopositivity of both proteins inside hepatocytes,
approximately 20 randomly selected cells per animal
were circled in the software LAS AF (Leica Microsys-
tems) and the mean gray scale values per group were pre-
sented. The same software was used for the analysis of
FTH1 and LC3 signal colocalization inside hepatocytes.
Cells were randomly selected and results were presented
as mean Pearson's coefficient per group.

4.4 | Determination of GSH content and
activity of antioxidative enzymes in
the liver

For determination of the antioxidative enzyme activities, a
piece of dissected liver from each animal (n = 8 per group)
was subjected to mechanical lysis in the sucrose buffer
(0.25 M sucrose, 1 mM EDTA, and 50 mM Tris–HCl
pH 7.4). To determine the GSH content, part of the homog-
enate was deproteinated with 10% sulfosalicylic acid and
centrifuged at 5000 rpm/5 min/+4�C. Total GSH was mea-
sured from the supernatant by the enzyme-recycling assay
of Griffith75 and expressed in nmol GSH min�1 g�1 tissue.
The rest of the homogenates were centrifuged at
37,500 rpm/1.30 h/+4�C. Supernatant was used to deter-
mine the activity of total superoxide dismutase (SOD) and
manganese-superoxide dismutase (MnSOD). The activity of
SOD was determined according to the method described by
Misra and Fridovich76 and expressed in units mg�1 of pro-
teins. SOD units were defined as the amount of enzyme
that inhibits the autoxidation of epinephrine under the
appropriate reaction conditions.

4.5 | SDS-polyacrylamide gel
electrophoresis and Western blot analysis

To examine protein expression in the liver, a tissue
homogenate was prepared in sucrose buffer (0.25 M
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sucrose, 1 mM EDTA, and 50 mM Tris–HCl pH 7.4) con-
taining protease and phosphatase inhibitors (Protease
Inhibitor MixG, #39101, Serva Electrophoresis, Heidelberg,
Germany). The prepared homogenates were centrifuged at
37,500 rpm/1.30 h/+4�C. Subsequently, the supernatant
was used to determine protein concentration according to a
method of Lowry et al.77 Prior to western blotting, eight
homogenates from each group were pooled by three, thus
obtaining three samples per group, where the first and sec-
ond samples were made by coupling homogenates of three
animals each and the third one by pooling the two remain-
ing animals. Five or 10 μg of protein from the total cell
lysate was loaded onto a 10% or 12% gel and then separated
by electrophoresis. The separated proteins were transferred
to polyvinylidene fluoride (PVDF) membranes (10600023,
Amersham Hybond P 0.45 PVDF, GE Healthcare Life Sci-
ences, Sunderland, UK) overnight at +4�C. Prior to immu-
noblotting, all membranes were incubated in 5% BSA
dissolved in TBST (0.2% Tween 20, 50 mM Tris–HCl
pH 7.6, 150 mM NaCl). Primary rabbit antibodies: β-actin
(1:2000; ab8227), anti-catalase (CAT, 1:8000; ab1877), anti-
cystathionine β-synthase (CBS, 1:4000; ab96252), anti-
cystathionase (CTH, 1:1000; ab125210), anti-ferroportin
1 (FPN1, 1:1000; ab78066), anti-glutamate-cysteine ligase
(GCLC, 1:5000; ab190685), anti-glutamate-cysteine ligase
modifier subunit (GCLM, 1:1000; ab81445), anti-GPX4
(1:1000; ab125066), anti-glutathione reductase (GR, 1:8000;
ab16801), anti-Nrf2 (1:1000; ab137550), and
anti-thioredoxin reductase (TrxR, 1:10,000; ab124954) all
purchased from Abcam; anti-FTH1 (1:1000; CST#3998),
anti-phospho-acetyl-CoA carboxylase (pACC, 1:1000;
CST#3661) and anti-xCT (1:1000; CST#12691) from Cell
Signaling Technology (Danvers, MA, USA); as well as anti-
glutathione synthetase (GSS, 1:5000; PA5-37307) and anti-
phospho-Nrf2 (pNrf2, 1:1000; PA5-67520) purchased from
Thermo Fisher Scientific, Carlsbad, CA, USA, and finally,
primary mouse anti-β-actin (1:2000; ab8226) purchased
from Abcam were incubated overnight, at +4�C or 1–2 h at
room temperature, with constant gentle rocking. Then,
membranes were washed six times for 5 min in TBST, after
which HRP-conjugated anti-rabbit IgG appropriate second-
ary antibodies (ab205718 or ab6721, both from Abcam), or
anti-mouse (1:1000; CST#7076) from Cell Signaling Tech-
nology were probed for 1 h at room temperature. A chemi-
luminescence reaction with protein bands was obtained
using Luminol and 30% H2O2, after which the bands were
visualized using an iBright CL1500 Imaging System
(Thermo Fisher Scientific). Membranes were re-probed
according to the stripping protocol which includes fast rock-
ing of membranes in 200 mM NaOH (2 � 5 min), after
which the membranes were incubated in 5% BSA and re-
probed with the appropriate primary antibodies. To quan-
tify protein expression, densitometric analysis of protein

bands was performed using ImageJ software, version
1.8.0_172. The ratio of the pixel number of target protein
band and loading control was averaged from three different
experiments and presented relative to the control group,
which was standardized as 100%.

4.6 | Statistical analyses of data

Data were statistically analyzed in GraphPad Prism soft-
ware, version 8.0.2 (San Diego, CA, USA). To determine
whether the analyzed parameter has a normal
distribution, the Kolmogorov–Smirnov test was applied.
One-way analysis of variance (one-way ANOVA) was per-
formed in case of parametric distribution, and Kruskal–
Wallis test in case of nonparametric distribution. If the
result of the F test indicated a difference between the
groups, a Tukey/Dunn's post hoc test was performed to
determine whether the means of each group is statistically
significant. For statistical analysis of the difference between
the groups in terms of glycemia and incidence of diabetes
through the time, a two-way analysis of variance (two-way
ANOVA) was performed, followed by Tukey post hoc test
for serum glucose level and Sidak post hoc test for diabetes
incidence. Data are presented as the mean ± standard devi-
ation (SD) or standard error of the mean (SEM). If the
p < 0.05, null hypothesis was rejected and changes of vari-
ables were considered as statistically significant.
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