
PNAS  2023  Vol. 120  No. 46  e2301120120� https://doi.org/10.1073/pnas.2301120120   1 of 11

RESEARCH ARTICLE | 

Significance

Reactive oxygen species (ROS) 
are normally produced by cells, 
but they must be constantly 
neutralized to prevent their 
supraphysiological levels from 
causing oxidative damage to 
cellular components. The study 
found that the transcription 
factors ZEB1 and ZEB2 activated 
and repressed, respectively, the 
adaptive antioxidant response  
to fasting in skeletal muscle. 
These findings suggest that ZEB 
factors could serve as potential 
therapeutic targets to modulate 
the antioxidant response in 
pathophysiological conditions.
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Reactive oxygen species (ROS) serve important homeostatic functions but must be con-
stantly neutralized by an adaptive antioxidant response to prevent supraphysiological 
levels of ROS from causing oxidative damage to cellular components. Here, we report 
that the cellular plasticity transcription factors ZEB1 and ZEB2 modulate in opposing 
directions the adaptive antioxidant response to fasting in skeletal muscle. Using trans-
genic mice in which Zeb1 or Zeb2 were specifically deleted in skeletal myofibers, we 
show that in fasted mice, the deletion of Zeb1, but not Zeb2, increased ROS production 
and that the adaptive antioxidant response to fasting essentially requires ZEB1 and is 
inhibited by ZEB2. ZEB1 expression increased in fasted muscles and protected them 
from atrophy; conversely, ZEB2 expression in muscles decreased during fasting and 
exacerbated muscle atrophy. In fasted muscles, ZEB1 reduces mitochondrial damage 
and increases mitochondrial respiratory activity; meanwhile, ZEB2 did the opposite. 
Treatment of fasting mice with Zeb1-deficient myofibers with the antioxidant triterpenoid 
1[2-cyano-3,12-dioxool-eana-1,9(11)-dien-28-oyl] trifluoro-ethylamide (CDDO-TFEA) 
completely reversed their altered phenotype to that observed in fasted control mice. These 
results set ZEB factors as potential therapeutic targets to modulate the adaptive antioxi-
dant response in physiopathological conditions and diseases caused by redox imbalance.

antioxidant response | NRF2 | muscle atrophy | reactive oxygen species | ZEB1 and ZEB2

Cells generate reactive oxygen species (ROS) as a byproduct of aerobic respiration. ROS 
play important homeostatic roles (e.g., proliferation, differentiation, migration, angio-
genesis) and are also constantly neutralized by an adaptive antioxidant response of enzymes 
and small molecules (1). Alteration of this balance in the direction of supraphysiological 
levels of ROS leads to oxidative stress, characterized by the unspecific oxidation of bio-
molecules and alteration of normal cellular functions. Thus, oxidative stress has been 
linked, inter alia, to neurodegenerative disorders, cardiovascular diseases, diabetes, and 
cancer as well as to physiopathological and clinical conditions associated with muscle 
atrophy (1–4). Muscle atrophy occurs when protein degradation surpasses protein syn-
thesis in a process involving the activation of two key protein degradation pathways: the 
ubiquitin–proteasome system and the autophagy–lysosome system (3, 5). In skeletal 
muscle, ROS are continually produced in response to myofiber contraction, and oxidative 
stress can both contribute to and be a consequence of muscle atrophy. On the one hand, 
oxidative stress triggers muscle atrophy through the upregulation of the two aforemen-
tioned protein degradation pathways; on the other hand, muscle atrophy increases ROS 
production (3, 5, 6).

The transcription factor NRF2 (encoded by NFE2L2) orchestrates an antioxidant 
response both in homeostasis and disease (reviewed in refs. 7 and 8). Under basal nonox-
idative stress conditions, NRF2 cytoplasmic levels are maintained low through binding 
to KEAP1, an E3 ubiquitin ligase that targets NRF2 for degradation (9). The binding of 
ROS to reactive cysteine residues in KEAP1 induces a conformational change that inhibits 
the ubiquitination of NRF2, without affecting its binding to NRF2. This enables the 
accumulation of newly synthesized NRF2, facilitating its translocation to the nucleus 
where it transcriptionally activates genes involved in multiple pathways, including redox 
balance, proteostasis, metabolism, and autophagy (8, 10).

In the context of cancer, oxidative stress induces DNA mutagenesis and cell transfor-
mation, but malignant cells also exhibit enhanced NRF2-mediated antioxidant activity 
that allows them to overcome ROS-induced cell arrest and apoptosis thus favoring tumor 
growth (11, 12). In most scenarios, ROS activates an epithelial-to-mesenchymal transition 
(EMT) in cancer cells (12, 13), a cell dedifferentiation and plasticity reprogramming that 
promotes tumor progression. However, the interplay between oxidative stress and EMT 
is cell-specific and context-dependent, and ROS can also inhibit EMT in certain types of 
cancer cells. The EMT is orchestrated by a small set of transcription factors, including the 
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two members of the ZEB family, ZEB1 and ZEB2 (14–17). The 
above evidence prompted us to study the potential role of ZEB1 
and ZEB2 in the regulation of ROS and the adaptive antioxidant 
response in the context of muscle atrophy.

Using transgenic mice where Zeb1 or Zeb2 have been specifi-
cally deleted in skeletal myofibers, we found that the adaptive 
NRF2-dependent antioxidant response during fasting requires 
ZEB1 and is inhibited by ZEB2. Altogether, the results presented 
here establish ZEB factors as potential therapeutic targets for dis-
eases triggered by oxidative stress.

Results

Zeb1 Deletion in Skeletal Myofibers, but Not Zeb2, Increases ROS 
Production in Response to Fasting. We first examined whether 
fasting modulates ZEB1 and ZEB2 expression in skeletal muscle. 
Two-to-three-month-old wild-type mice were either allowed to eat 
ad libitum (hereinafter referred to as “fed” condition) or subjected 
to fasting for 36 h (referred to as “fasted”). Interestingly, fasting 
resulted in an upregulation of both ZEB1 mRNA and protein 
expression, while ZEB2 mRNA and protein expression were 
downregulated in the gastrocnemius muscle (Fig. 1 A and B and 
SI Appendix, Fig. S1A).

To investigate the possible involvement of ZEB1 and ZEB2 
in the regulation of fasting-induced ROS, we selectively deleted 
either ZEB factor specifically in skeletal myofibers. To that effect, 
we first generated Zeb1fl/fl and Zeb2fl/fl mice (hereafter referred 
to as Zeb1WT and Zeb2WT, respectively) by introducing LoxP 
sites in each gene. Zeb1WT and Zeb2WT were subsequently bred 
with the ACTA1-Cre-ERT2 (tg/0) mouse (18)—which harbors the 
Cre recombinase fused to ERT2 at the start of the ACTA1 gene, 
allowing for Cre recombinase expression in fully differentiated 
myotubes and adult differentiated myofibers—to generate 
Zeb1ΔSKM and Zeb2ΔSKM mice, respectively (SI Appendix, Fig. S1 
B–D). To trigger the ACTA1-Cre-mediated recombination of 
exon 6 in Zeb1 or exons 5 and 6 in Zeb2, Zeb1ΔSKM and Zeb2ΔSKM 
mice (as well as Zeb1WT and Zeb2WT mice as controls) were 
treated for 5 d with tamoxifen (Fig. 1C). Zeb1 and Zeb2 mRNA 
expression was only partially reduced in Zeb1ΔSKM and Zeb2ΔSKM 
muscles (SI Appendix, Fig. S1D) because, in addition to myofib-
ers, ZEB1 and ZEB2 are also expressed—even at higher levels—
in other cell types within skeletal muscles (e.g., satellite cells, 
fibroblasts, endothelial cells, immune cells) that are not subjected 
to Cre recombination under ACTA1 (19, SI Appendix, Fig. S1E). 
Therefore, and to confirm Zeb1 and Zeb2 downregulation in 
Zeb1ΔSKM and Zeb2ΔSKM myofibers, respectively, primary myo-
blasts (that do not express ACTA1) isolated from the gastrocne-
mius of the four genotypes as well as myotubes (that do express 
ACTA1) obtained from the in vitro differentiation of the myo-
blasts were treated with 4-hydroxy-tamoxifen. As expected, the 
undifferentiated myoblasts from the four genotypes express sim-
ilar levels of Zeb1 or Zeb2; however, compared to Zeb1WT or 
Zeb2WT counterparts, Zeb1 and Zeb2 were reduced in Zeb1ΔSKM 
and Zeb2ΔSKM myotubes (SI Appendix, Fig. S1 F and G). In par-
allel with Fig. 1A, in the gastrocnemius (total muscle) of control 
Zeb1WT and Zeb2WT mice, fasting increased ZEB1 protein and 
mRNA levels and downregulated those of ZEB2 (SI Appendix, 
Fig. S1 D and H). Interestingly, and compared to the correspond-
ing Zeb1WT muscles, the knockdown of Zeb1 in fasted Zeb1ΔSKM 
muscles, but not under fed conditions, induced an increase of 
Zeb2 expression (SI Appendix, Fig. S1I). Conversely, under fed 
conditions, Zeb2ΔSKM muscles showed increased Zeb1 expression 
compared to corresponding Zeb2WT muscles, while no difference 
was observed during fasting.

The production of ROS in response to fasting were assessed in 
the muscles of mice of the four genotypes through five different 
methodological approaches. First, ROS levels were assessed by 
staining for dihydroethidium (DHE), a cytoplasmic blue fluores-
cent probe whose oxidation yields red nuclear staining. Fasting 
increased DHE staining in Zeb1WT and Zeb2WT mice compared 
to their fed counterparts (Fig. 1D and SI Appendix, Fig. S1J). 
Compared to muscles in fasted Zeb1WT mice, fasted Zeb1ΔSKM 
muscles exhibited a two-fold increase in DHE staining (Fig. 1D). 
In contrast, Zeb2ΔSKM myofibers did not show a similar increase 
in DHE staining compared to their control counterparts (Fig. 1D). 
Of note, Zeb1ΔSKM muscles exhibited higher levels of ROS pro-
duction during fasting compared to Zeb1WT muscles, while also 
displaying lower levels of ROS production under fed conditions, 
thus resulting in a greater overall increase in ROS levels 
(SI Appendix, Fig. S1J). Second, compared to fasted Zeb1WT mus-
cles, both basally and after succinate treatment, that increases the 
metabolic activity of mitochondria, fasted Zeb1ΔSKM muscles also 
exhibited higher H2O2 levels as measured using the Amplex™ 
Ultra-Red reagent (Fig. 1 E and F). In contrast, when compared 
to fasted Zeb2WT muscles, fasted Zeb2ΔSKM muscles showed either 
similar or slightly lower H2O2 levels assessed by this method. 
Third, fasted Zeb1ΔSKM muscles also exhibited a lower ratio of 
reduced glutathione (GSH) to oxidized glutathione (GSSG) than 
fasted Zeb1WT mice (Fig. 1G). Fourth, we examined ROS pro-
duction levels by staining for 2′,7′-dichlorodihydrofluoresce in 
diacetate (CH2-DCFDA), which becomes fluorescent upon oxi-
dation (SI Appendix, Fig. S1K). Consistent with expectations, 
CH2-DCFDA staining in fasted Zeb1WT and Zeb2WT muscles was 
slightly higher than in their fed counterparts. In comparison to 
muscles in fasted Zeb1WT mice, muscles in fasted Zeb1ΔSKM mice 
exhibited increased staining intensity for CH2-DCFDA, which 
becomes fluorescent upon oxidation. Conversely, fasted Zeb2ΔSKM 
muscles displayed either similar or lower CH2-DCFDA staining 
compared to their Zeb2WT counterparts (SI Appendix, Fig. S1K). 
Finally, considering that ROS can oxidize various cellular compo-
nents (e.g., lipids, proteins, and nucleic acids), we utilized DNA 
oxidation as an indicator of oxidative stress. Fasted mice of the four 
genotypes were assessed for 8-hydroxydeoxyguanosine (8-OHdG) 
staining, the most frequently detected form of oxidized DNA. 
Once again, compared to fasted Zeb1WT muscles, fasted Zeb1ΔSKM 
muscles showed increased staining for 8-OHdG, while 8-OHdG 
staining decreased in fasted Zeb2ΔSKM muscles in comparison to 
fasted Zeb2WT muscles (SI Appendix, Fig. S1L). Altogether, these 
results suggest that Zeb1 deletion, but not Zeb2, increases myofiber 
ROS production in response to fasting. These results suggest the 
existence of two divergent regulatory feedbacks between ROS and 
either ZEB1 or ZEB2. On the one hand, in parallel with the 
increase of ROS during fasting, ZEB1 expression also increases, 
while ZEB2 expression declines. On the other hand, Zeb1 dele-
tion, but not Zeb2, enhances myofiber ROS production in 
response to fasting.

Fasting-Induced Mitochondrial Damage and Muscle Atrophy 
Are Inhibited by ZEB1 but Potentiated by ZEB2. Mitochondria 
are the main source of ROS in skeletal muscle in conditions 
associated with muscle mass loss (6, 20). Mitochondria undergo 
continuous changes in size and morphology, a process known 
as mitochondrial dynamics, which mutually influences and is 
influenced by mitochondrial metabolic activity (21–23), and that 
regulates muscle mass and function (24).

We examined the mitochondrial morphology of fed and 
fasted muscles of the four genotypes by transmission electron 
microscopy (TEM). Intermyofibrillar mitochondria exhibited 
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Fig. 1. ZEB1 and ZEB2 have different roles in the regulation of ROS production, mitochondrial damage, and muscle atrophy in response to fasting. (A) Zeb1 and 
Zeb2 mRNA levels were assessed by qRT-PCR in the gastrocnemius of 3 to 5 wild-type mice under fed and fasting conditions. Zeb1 and Zeb2 mRNA levels were 
normalized for the efficiency of their DNA primers. Zeb1 expression under fed conditions was arbitrarily set to 100. (B) Lysates from the gastrocnemius of fed and 
fasted wild-type mice were blotted for ZEB1 (Proteintech, dilution 1/500) and ZEB2 (Abnova, M02, 1/600) along with GAPDH (14C10, 1/5,000) as a loading control. 
Left: Blots are representatives from at least 3 mice per condition. Right: Quantification of ZEB1 and ZEB2 protein levels relative to GAPDH levels. (C) Diagram 
of the experimental design. (D) ROS levels in the gastrocnemius of Zeb1WT and Zeb2WT mice under fed and fasting conditions were assessed by DHE staining. 
Left: Representative captures from at least six mice for each genotype and condition. (Scale bar 50 µm.) Right: Quantification of DHE staining using ImageJ. DHE 
intensity in fasted Zeb1WT and Zeb2WT muscles was arbitrarily set to 100. (E) H2O2 levels were measured in muscles of fasted Zeb1WT and Zeb1ΔSKM mice using the 
Amplex™ Ultra-Red reagent, both under basal conditions and after the addition of succinate. (F) As in (E), but for the fasted Zeb2WT and Zeb2ΔSKM muscles. (G) 
The GSH/GSSG ratio is represented as a fold change in fasted Zeb1ΔSKM muscles relative to Zeb1WT muscles, with data from at least six mice per genotype. (H) 
Ultrastructure of mitochondria in the gastrocnemius muscles of fed and fasted mice. Left: Representative TEM images. Green arrows indicate signs of a dilated 
sarcoplasmic reticulum, yellow asterisks highlight damaged mitochondria, and yellow arrows indicate endolysosomes. Dashed line squares are shown at a higher 
magnification in SI Appendix, Fig. S1M. Right: The percentage of "damaged mitochondria" was calculated from at least 100 mitochondria counted per mouse. (I) 
The gastrocnemius of fed and fasted mice were stained for H&E. Representative captures of at least four mice for each genotype and condition. (Scale bar: 40 
μm.) (J) As (I), but sections were stained for laminin (48H-2, 1/80). (Scale bar: 100 μm.) (K) Mean CSA of myofibers in gastrocnemius of fed and fasted Zeb1WT and 
Zeb1ΔSKM mice. At least 100 myofibers were counted for each mouse. (L) As in (K), but for Zeb2WT versus Zeb2ΔSKM.
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a normal morphology in fed mice of the four genotypes 
(Fig. 1H). Compared to the muscles of fasted Zeb1WT mice, 
fasted Zeb1ΔSKM muscles exhibited a twofold increase in the 
number of mitochondria that can be categorized as “damaged 
mitochondria”, characterized by a less electron-dense matrix, 
vacuolization, and/or loss of mitochondrial cristae. In contrast, 
fasted Zeb2ΔSKM muscles showed nearly a 50% reduction in the 
number of damaged mitochondria (Fig. 1H and SI Appendix, 
Fig. S1M). Furthermore, Zeb1ΔSKM muscles exhibited a dilata-
tion of the sarcoplasmic reticulum (green arrows in Fig. 1H), 
along with the presence of swollen and abnormally shaped mito-
chondria as well as lysosome-like structures (multilamellar) that 
occasionally appeared partially or completely engulfed by mito-
chondria (yellow arrows in Fig. 1H and SI Appendix, Fig. S1M).

Altered mitochondrial dynamics and function can trigger muscle 
atrophy (3, 22–25), which is characterized by a reduction in the 
mean cross-sectional area (CSA) of myofibers. We explored whether 
the effects of ZEB1 and ZEB2 on muscle ROS production and 
mitochondrial integrity during fasting have an impact on muscle 
atrophy. The mean CSA of myofibers in the gastrocnemius muscle, 
a mixed muscle comprising both slow- and fast-twitch myofibers, 
was evaluated in fed and fasted mice of the four genotypes using 
hematoxylin and eosin (H&E) staining, as well as immunostaining 
for laminin (Fig. 1 I and J). Compared to fasted Zeb1WT myofibers, 
myofibers in fasted Zeb1ΔSKM muscles exhibited a more significant 
decrease in their mean CSA. However, in contrast to fasted Zeb2WT 
myofibers, fasted Zeb2ΔSKM myofibers did not experience atrophy 
during fasting, as evidenced by the absence of a decrease in their 
average CSA following fasting (Fig. 1 K and L).

Similar results were observed in the tibialis anterior muscle, 
which consists mainly of fast-twitch myofibers. Comparing the 
tibialis anterior myofibers of fasted Zeb1WT mice to those of fasted 
Zeb1ΔSKM mice, a decrease in the mean CSA was observed; in 
contrast, tibialis anterior myofibers of fasted Zeb2ΔSKM mice 
showed an increase in their mean CSA compared to those in fasted 
Zeb2WT mice (SI Appendix, Fig. S1 N and O).

In muscle atrophy, protein degradation takes place through the 
induction of a set of atrophy-related genes (referred to as atrogenes) 
of the ubiquitin–proteasome and the autophagy–lysosome systems 
(3–5). The former primarily involves the upregulation of the ubiq-
uitin ligases Atrogin1/MAFbx (encoded by Fbxo32) and MuRF1 
(encoded by Trim63) (3, 26–29). While fasting resulted in a signifi-
cant upregulation of Fbxo32 and Trim63 mRNA expression in all 
four genotypes, the deletion of Zeb1 or Zeb2 had contrasting effects 
on the expression of these ubiquitin ligases. Fasted Zeb1ΔSKM mus-
cles showed higher mRNA levels of Fbxo32 and Trim63 compared 
to fasted Zeb1WT muscles, whereas the fasting-induced increase in 
both genes was attenuated in fasted Zeb2ΔSKM muscles compared 
to Zeb2WT muscles (SI Appendix, Fig. S1P).

Collectively, these results indicate that ZEB1 and ZEB2 play 
opposing roles during fasting-induced muscle atrophy; while 
ZEB1 protected muscle from otherwise excessive atrophy in 
response to fasting, ZEB2 enhanced the atrophic process.

ZEB1 and ZEB2 Regulate Different Metabolic Gene Signatures 
in Fasted Muscles. To elucidate the mechanisms underlying 
the opposing phenotype of Zeb1ΔSKM and Zeb2ΔSKM muscles 
during fasting, we conducted a bulk RNA sequencing (RNAseq) 
of the gastrocnemius of fasted mice from the four genotypes 
(Fig. 2A). Consistent with the above results, the analysis of the 
RNAseq indicated that, compared to fasted Zeb2ΔSKM muscles, 
fasted Zeb1ΔSKM muscles displayed increased expression of gene 
signatures associated to glycolysis and muscle atrophy, and lower 
of genes related to oxidative phosphorylation (OxPhos) (Fig. 2B).

These results prompted us to study whether ZEB1 and ZEB2 
play different roles in the atrophy of fibers based on their metabolic 
profile. Skeletal myofibers display heterogeneity in terms of their 
contraction speed and endurance, which corresponds to distinct 
metabolic profiles. Slow-twitch fibers (type I) predominantly rely 
on OxPhos, possess a higher mitochondrial content, and exhibit 
elongated mitochondria (30). In contrast, fast-twitch fibers (type 
IIb/x) are more glycolytic, have lower mitochondrial content, and 
have shorter mitochondria. Type IIa fast fibers exhibit an inter-
mediate metabolic profile, combining aspects of both OxPhos and 
glycolysis. The different metabolic profiles of muscle fibers shape 
their responses to atrophic signals. Type IIb fibers, which are more 
sensitive, undergo greater protein degradation than type I and IIa 
fibers. As a result, during muscle atrophy, there is a relative increase 
in the proportion of the latter (30). Myofiber subtypes can be 
distinguished based on histochemical staining for myosin ATPase, 
with type I myofibers displaying the darkest staining, type IIa 
myofibers showing the lightest staining, and type IIb myofibers 
exhibiting an intermediate staining intensity.

We analyzed whether ZEB1 or ZEB2 expression differentially 
regulates the CSA and share of glycolytic and oxidative myofibers. 
The gastrocnemius of mice of the four genotypes under fed and 
fasting conditions was stained for ATPase (SI Appendix, Fig. S2A). 
Fasting reduced the CSA of type IIb/x myofibers in fasted Zeb1WT 
and Zeb2WT mice. However, the CSA of type I and IIa myofibers 
remained relatively stable during fasting (SI Appendix, Fig. S2 B 
and C). Compared to Zeb1WT mice, fasting reduced the CSA of 
all types of fibers in Zeb1ΔSKM mice but particularly of type I and 
IIa fibers as well as the relative share of type I fibers (SI Appendix, 
Fig. S2 B and D). However, fasting did not alter the size and share 
of any type of fiber in fasted Zeb2ΔSKM mice (SI Appendix, Fig. S2 C 
and E). These findings suggest that Zeb1 ablation renders type I and 
IIa fibers more susceptible to atrophy during fasting, while the 
absence of Zeb2 confers resistance to fasting-induced atrophy in all 
fiber types, including the more sensitive glycolytic fibers.

Differential Regulation of Mitochondrial Dynamics and 
Autophagy Genes by ZEB1 and ZEB2. Nutrient availability alters 
mitochondrial dynamics (21, 22); nutrient excess and impaired 
OxPhos induce mitochondrial fragmentation whereas fasting and 
enhanced OxPhos triggers mitochondrial fusion. We investigated 
whether ZEB factors modulate the expression of the key components 
of the molecular machinery involved in mitochondrial fusion 
(e.g., Mfn1, Mfn2) and fission (e.g., Drp1, Fis1). No significant 
alterations were observed in the expression of these genes among 
the four genotypes under fed conditions (SI Appendix, Fig. S2F). 
However, compared to fasted Zeb1WT muscles, fasted Zeb1ΔSKM 
muscles exhibited upregulated mRNA and protein levels of both 
fusion- and fission-related genes (Fig. 2 C and D and SI Appendix, 
Fig. S2G). In contrast, although Fis1 mRNA was higher in fasted 
Zeb2ΔSKM muscles than in fasted Zeb2WT muscles, the mRNA and 
protein expression of other fusion and fission genes was similar in 
fasted Zeb2WT and Zeb2ΔSKM muscles.

In addition to the ubiquitin-proteasome system, a second cata-
bolic mechanism involved in protein degradation during muscle 
atrophy is the autophagy–lysosome system (5, 29, reviewed in refs. 
3 and 31). Elimination through autophagy of damaged organelles, 
including mitochondria, and ubiquitinated proteins plays a crucial 
role in maintaining muscle homeostasis and its inhibition enhances 
muscle loss in response to atrophic signals (3, 31). The analysis of 
RNAseq data showed that fasted Zeb1ΔSKM muscles exhibited lower 
expression of autophagy gene signatures compared to Zeb2ΔSKM 
counterparts (Fig. 2E). The eventual fusion of autophagosomes 
with lysosomes involves components of the ATG8 family (LC3 
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and GABARAP) (3, 31). We found that the ratio between the 
lipidated form of LC3 (LC3-II, an autophagosomal marker) and 
its nonlipidated form (LC3-I) was lower in fasted Zeb1ΔSKM mus-
cles than in fasted Zeb1WT counterparts; in contrast, fasted 
Zeb2ΔSKM muscles exhibited a higher LC3-II/LC3-I ratio than 
fasted Zeb2WT muscles (Fig. 2F and SI Appendix, Fig. S2H). Fasted 
Zeb1ΔSKM muscles also exhibited reduced levels of autophagic bod-
ies compared to fasted Zeb1WT muscles, while fasted Zeb2ΔSKM 
muscles showed a significant increase, more than doubling the 
levels of autophagic bodies in fasted Zeb2WT muscles (Fig. 2G and 
SI Appendix, Fig. S2I), results that can contribute to explain their 
respective enhanced and reduced muscle atrophy upon fasting.

ZEB1 Activates Mitochondrial ETC Complexes III and IV, while 
ZEB2 Inhibits ETC Complex IV. We then examined the impact of 
ZEB1 and ZEB2 on mitochondrial function using high-resolution 
mitochondrial respirometry. Isolated muscles from the four 
genotypes were analyzed under both fed and fasting conditions 
using a two-chamber Oxygraph-2k system. Oxygen consumption by 
mitochondrial ETC complexes I to IV (CI to CIV) was determined 
by titration with their respective inhibitors (32). Under fed 
conditions, except for a lower activity of CIV in Zeb1ΔSKM muscles, 
no significant differences were observed in the oxygen flux of all 
ETC complexes among the four genotypes (SI Appendix, Fig. S3 
A and B). Under fasting conditions, oxygen consumption by CIII 

Fig. 2. ZEB1 and ZEB2 differentially regulate genes involved in muscle atrophy, mitochondrial dynamics, and autophagy. (A) Heatmap of the top 200 DEGs in 
the gastrocnemius of fasted Zeb1ΔSKM muscles versus fasted Zeb1WT muscles and fasted Zeb2ΔSKM muscles versus fasted Zeb2WT muscles. (B) GSEA plots for gene 
signatures of glycolysis, OxPhos, and muscle atrophy in fasted Zeb1ΔSKM mice versus fasted Zeb2ΔSKM mice. (C) Relative mRNA expression of Mfn1, Mfn2, Drp1, 
and Fis1 in the gastrocnemius of fasted mice of the four genotypes. (D) Gastrocnemius lysates from fasted mice of the four genotypes were blotted for MFN2 
(F5, 1/500), FIS1 (B5, 1/500), and GAPDH (14C10, 1/5000). Left: Blots are representative from at least five independent experiments. Right: Quantification of the 
MFN2 or FIS1 protein levels relative to GAPDH. (E) GSEA plot for an autophagy gene signature in fasted Zeb1ΔSKM mice compared to fasted Zeb2ΔSKM mice. (F) 
Gastrocnemius lysates from fed and fasted mice of the four genotypes were blotted for LC3 (14600-1-AP, 1/1,000) and GAPDH. Left: Representative blots of at 
least five independent experiments. Right: Ratio between LC3-II and LC3-I. (G) Ultrastructure captures of gastrocnemius from fasted mice of the four genotypes. 
Left: Representative TEM pictures highlighting damaged mitochondria (yellow arrows), signs of autophagy (blue asterisks), and double membranes (blue arrows). 
(Scale bar: 500 nm.) Right: Quantification of the number of mitochondria with signs of autophagy relative to the total number of damaged mitochondria.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301120120#supplementary-materials
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and CIV in muscles from fasted Zeb1ΔSKM mice was approximately 
halved compared to fasted Zeb1WT muscles, while fasted Zeb2ΔSKM 
mice showed an elevated oxygen flux specifically in CIV relative to 
Zeb2WT muscles (Fig. 3 A and B).

We subsequently measured the activity of citrate synthase (CS), 
which is the first enzyme of the tricarboxylic acid cycle and a 
mitochondrial matrix protein. Compared to fasted Zeb1WT 

muscles, Zeb1ΔSKM muscles did not show a significant change in 
CS activity. However, fasted Zeb2ΔSKM muscles exhibited higher CS 
activity than their Zeb2WT counterparts (SI Appendix, Fig. S3C). 
Next, we measured the joint enzymatic activity of CII and CIII 
relative to CS activity to account for tissue variability. In fasted 
Zeb1ΔSKM muscles, the intrinsic CII+CIII activity was lower than 
in fasted Zeb1WT muscles (Fig. 3C).

A B C

D E F

G

H

Fig. 3. ZEB1 activates mitochondrial ETC complexes III and IV, while ZEB2 inhibits ETC complex IV. (A) High-resolution respirometry of permeabilized gastrocnemius 
muscles from fasted Zeb1ΔSKM mice compared to those of fasted Zeb1WT mice. (B) As in (A), but for fasted Zeb2ΔSKM and Zeb2WT mice. (C) The enzymatic activity 
of CII+CIII in the gastrocnemius of fasted Zeb1ΔSKM mice compared to fasted Zeb1WT mice. Mitochondrial complex activity was normalized to CS activity. The 
absorbance of fasted Zeb1WT muscles was arbitrarily set to 100. (D) Relative mRNA expression of Uqcr11, Uqcrfs1, Uqcrc2, and Uqcrq in the gastrocnemius muscles 
of fasted Zeb1WT and Zeb1ΔSKM mice. mRNA levels in fasted Zeb1WT muscles were arbitrarily set to 100. (E) CIV activity in fasted Zeb1ΔSKM and Zeb2ΔSKM mice is 
presented relative to that in fasted Zeb1WT and Zeb2WT mice, which were arbitrarily set to 100. (F) Relative mRNA expression of Cox5a, Cox5b, and Cox4i1 in the 
gastrocnemius of fasted mice of the four genotypes. (G) Relative mRNA expression of Ppargc1a, Ppargc1b, Ppara, Ppard, Pparg, and Tfeb in the gastrocnemius of 
fasted mice of the four genotypes. (H) SDH staining in the gastrocnemius muscles of fasted mice of the four genotypes. Left: Representative pictures. (Scale bar: 
100 μm.) Right: Mean relative intensity of total SDH. At least five images at 20× magnification per mouse were quantified.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301120120#supplementary-materials
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Proteins in the mitochondrial ETC are encoded by genes in 
both the nuclear (nDNA) and mitochondrial (mtDNA) DNA. 
As ZEB1 and ZEB2 are nuclear transcription factors, we focused 
our analysis on selected nDNA-encoded CIII genes. Under fed 
conditions, we observed similar expression levels of Uqcr11, 
Uqcrc2, Uqcrq, and Uqcrfs1 in both Zeb1WT and Zeb1ΔSKM mus-
cles (SI Appendix, Fig. S3D). However, in fasting, the expression 
of Uqcr11, Uqcrc2, and Uqcrq was upregulated, while Uqcrfs1 was 
downregulated in Zeb1ΔSKM muscles compared to Zeb1WT coun-
terparts (Fig. 3D).

We found no significant difference in CIV activity relative to CS 
activity among the fasted muscles of the four genotypes (Fig. 3E). 
We also analyzed the expression of several nDNA-encoded CIV 
enzymes, namely Cox5a, Cox5b, and Cox4i1. While there were no 
differences in the expression of these CIV genes in the muscles of fed 
mice across the four genotypes (SI Appendix, Fig. S3E), consistent 
with Fig. 3B, fasted Zeb2ΔSKM muscles showed higher levels of Cox5b 
and Cox4i1 compared to fasted Zeb2WT mice (Fig. 3F). Altogether, 
these data suggest that during fasting, ZEB1 increases the activity of 
CIII and CIV, while ZEB2 inhibits the activity of CIV.

Mitochondrial homeostasis relies on a delicate equilibrium 
between the regulation of mitochondrial dynamics and biogenesis 
and the clearance of damaged mitochondria through mitophagy 
to maintain mitochondrial number, size, and integrity (22). 
Analysis of TOMM20 protein expression, a component of the 
outer mitochondrial membrane, in the four genotypes under fed 
and fasting conditions, indicated that TOMM20 levels were 
higher in fasted Zeb1ΔSKM muscles compared to fasted Zeb1WT 
mice. However, no significant change in TOMM20 expression 
was observed in fasted Zeb2ΔSKM muscles compared to their cor-
responding fasted Zeb2WT mice (SI Appendix, Fig. S3 F and G). 
We also investigated the expression of a panel of genes associated 
with mitochondrial biogenesis (including Ppargc1a, Ppargc1b, 
Ppara, Ppard, Pparg, and Tfeb) in the gastrocnemius muscles of 
fed and fasted mice from the four genotypes. We observed no 
significant differences in the expression of these genes among the 
four genotypes under fed conditions (SI Appendix, Fig. S3H). In 
fasting, the expression of these genes was not significantly affected 
by the deletion of Zeb1. However, fasted Zeb2ΔSKM muscles 
showed increased levels of Ppara, Ppard, Pparg, and Tfeb compared 
to fasted Zeb2WT muscles (Fig. 3G).

Complex II, which consists of the two largest subunits of succi-
nate dehydrogenase (SDH), is the only ETC complex entirely 
encoded by nDNA. Thus, SDH staining can be used to evaluate 
myofiber type and mitochondrial content without being influenced 
by changes in mtDNA. The average staining intensity of SDH was 
similar in the fed muscles of all four genotypes (SI Appendix, 
Fig. S3I). However, fasting led to increased SDH staining in 
Zeb1ΔSKM muscles compared to fasted Zeb1WT muscles, while it 
was halved in Zeb2ΔSKM mice compared to Zeb2WT mice (Fig. 3H).

NRF2 Expression and Its Downstream Antioxidant Response 
Depend on ZEB1 and Is Inhibited by ZEB2. We investigated 
whether the diverging levels of ROS in fasted Zeb1ΔSKM and 
Zeb2ΔSKM mice were due to differential regulation of the cellular 
antioxidant response. Central to this antioxidant response is 
the transcription factor NRF2 (encoded by Nfe2l2) (8, 10). 
Under fed conditions, no significant differences were detected 
in Nfe2l2 mRNA levels between fed Zeb1WT and Zeb1ΔSKM mice, 
whereas Zeb2ΔSKM muscles express higher Nfe2l2 mRNA levels 
than Zeb2WT mice (Fig. 4A). However, in a reverse pattern with 
their respective ROS levels, the gastrocnemius muscles of fasted 
Zeb1ΔSKM mice showed lower expression of both NRF2 mRNA 
and protein compared to fasted Zeb1WT, while the gastrocnemius 

muscles of fasted Zeb2ΔSKM mice exhibited higher levels of NRF2 
mRNA and protein compared to fasted Zeb2WT mice (Fig. 4 A 
and B and SI Appendix, Fig. S4A). Similar results were found 
in the tibialis anterior of fasted mice of the four genotypes 
(SI Appendix, Fig. S4B). As for Nfe2l2, Zeb1ΔSKM mice showed 
lower mRNA expression of the related Nrf1 factor (SI Appendix, 
Fig. S4C).

The reverse regulation of NRF2 expression in fasted Zeb1ΔSKM 
and Zeb2ΔSKM muscles was not associated with differential expres-
sion of KEAP1 (SI Appendix, Fig. S4 D and E). Despite an increase 
in both mRNA and protein levels of KEAP1 during fasting in all 
genotypes compared to fed muscles, no differences were observed 
between the fasted muscles of the four genotypes. Zeb2ΔSKM mus-
cles exhibited increased nuclear localization of NRF2 compared 
to fasted Zeb2WT muscles, while fasted Zeb1ΔSKM muscles showed 
decreased NRF2-positive nuclei compared to fasted Zeb1WT coun-
terparts (Fig. 4 C and D and SI Appendix, Fig. S4F).

Analysis of our RNAseq data indicated that direct target genes 
of NRF2 were expressed at higher levels in the muscles of fasted 
Zeb2ΔSKM mice compared to fasted Zeb1ΔSKM mice (Fig. 4E). The 
regulation of NRF2 downstream genes by ZEB1 and ZEB2 was 
investigated using qRT-PCR for Nqo1, Hmox1, Gclm, Txn1, and 
Gsr. Albeit to a different extent among genes, gene expression 
decreased in fasted Zeb1ΔSKM mice and increased in fasted 
Zeb2ΔSKM mice compared to Zeb1WT and Zeb2WT muscles, respec-
tively (Fig. 4F). A similar result was observed for Hmox1 in the 
tibialis anterior muscle of fasted Zeb1ΔSKM mice compared to 
fasted Zeb2ΔSKM mice (SI Appendix, Fig. S4G).

These results prompted us to explore whether ZEB factors reg-
ulate NRF2 expression at the transcriptional level. ZEB1 and 
ZEB2 bind to similar sequences in the regulatory regions of their 
target genes whose expression they activate or repress depending 
on the cofactors they recruit (34 to 38). Analysis of the mouse 
Nfe2l2 promoter identified six consensus binding sites for ZEB1/
ZEB2 within its first 1.2 kb (SI Appendix, Fig. S4H). The ability 
of ZEB1 and ZEB2 to regulate the transcriptional activity of the 
Nfe2l2 promoter was examined upon their knockdown or over-
expression. Compared to a control nontargeting siRNA, siRNAs 
targeting Zeb1 (siZeb1-A and siZeb1-B) downregulated Nfe2l2 
promoter activity, while siRNAs against Zeb2 (siZeb2-A and 
siZeb2-B) upregulated it (Fig. 4G and SI Appendix, Fig. S4I). 
Conversely, Zeb1 overexpression led to the activation of Nfe2l2 
promoter transcription, whereas the overexpression of Zeb2 
repressed it (Fig. 4H). These results indicate that both ZEB factors 
can regulate Nfe2l2 transcription and led us to explore the in vivo 
binding of ZEB1 and/or ZEB2 to the Nfe2l2 promoter through 
chromatin immunoprecipitation (ChIP) assays. Antibodies against 
either ZEB1 or ZEB2, but not their corresponding control 
matched species IgG, immunoprecipitated a region of the Nfe2l2 
promoter containing a ZEB-binding site in atrophic C2C12 
myotubes (Fig. 4I). The binding of both ZEB1 and ZEB2 to the 
same sites in the Nfe2l2 promoter suggests that they may be play-
ing their opposing roles at different times during the atrophic 
process (see below in Discussion).

Exogenous NRF2 Induction Rescues the Phenotype of Zeb1-
Deficient Muscles. To determine whether the phenotype of 
fasted Zeb1ΔSKM mice is due to their reduced NRF2 expression, 
we rescued NRF2 levels in these mice in a ZEB1-independent 
manner using the synthetic triterpenoid 1[2-cyano-3,12-dioxool-
eana-1,9(11)-dien-28-oyl] trifluoro-ethylamide (CDDO-TFEA) 
(7, 33) (Fig. 5A). CDDO-TFEA treatment did not affect ZEB1 
levels but effectively restored the expression of NRF2 and selected 
NRF2 downstream genes in fasted Zeb1ΔSKM muscles, bringing 

http://www.pnas.org/lookup/doi/10.1073/pnas.2301120120#supplementary-materials
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Fig. 4. NRF2 expression and the adaptive NRF2-driven antioxidant response to fasting depend on ZEB1 and is inhibited by ZEB2. (A) Relative Nfe2l2 mRNA 
expression in the gastrocnemius of fed and fasted mice from the four genotypes. In each treatment, Zeb1WT and Zeb2WT mRNA levels were arbitrarily set to 100. 
(B) Gastrocnemius lysates from fed and fasted muscles of the four genotypes were blotted for NRF2 (1F2, 1/500) and GAPDH (14C10, 1/5,000). Left: Representative 
blots are shown. Right: Quantification of NRF2 protein levels relative to GAPDH in at least four independent experiments. (C) NRF2 (1F2, 1/700) immunostaining 
along with DAPI in fed and fasted gastrocnemius of the four genotypes. Representative captures from at least five mice per genotype and condition. Insets 
with higher magnification for the fasting condition. (Scale bar: 50 μm.) (D) Quantification of NRF2-positive nuclei in the four genotypes under fed and fasted 
conditions, presented as the percentage of NRF2-positive nuclei versus the total number of nuclei per field. Mean values are based on at least three mice, with 
at least 100 nuclei counted per mouse. (E) Expression of NRF2 target genes in fasted muscles of the four genotypes. Left: Heatmap of NRF2 target genes in fasted 
muscles of the four genotypes. Right: GSEA plots for NRF2 target genes in fasted Zeb1ΔSKM gastrocnemius relative to fasted Zeb2ΔSKM counterparts. (F) Relative 
mRNA expression of Nqo1, Hmox1, Gclm, Txn1, and Gsr in fasted gastrocnemius of the four genotypes. mRNA levels in fasted Zeb1ΔSKM and Zeb2ΔSKM mice are 
represented relative to those of fasted Zeb1WT and Zeb2WT muscles, respectively, set to 100. (G) Transcriptional activity of the mouse Nfe2l2 promoter following 
knockdown of either Zeb1 or Zeb2. A total of 0.43 μg of a 1.2-kb mouse luciferase reporter of the Nfe2l2 promoter were transfected in C2C12 myoblasts along 
with 50 nM of either a siRNA control (siCtrl) or specific siRNAs against Zeb1 (siZeb1-A, siZeb1-B) or Zeb2 (siZeb2-A, siZeb2-B). The activity of the luciferase reporter 
with siCtrl was arbitrarily set to 100. Data represent the average of at least three independent experiments. (H) As in (G), but the Nfe2l2 luciferase reporter was 
cotransfected in atrophic C2C12 myotubes with either 0.06 μg of the empty expression vector or 0.10 μg of an expression vector for Zeb1 (Left) or, alternatively, 
with 0.17 μg of the empty expression vector or 0.30 μg of an expression vector for Zeb2 (Right). The condition with the Nfe2l2 luciferase reporter plus the empty 
vector was set to 100. Data are the average of at least three independent experiments. (I) ZEB1 and ZEB2 binding to the Nfe2l2 promoter in atrophic C2C12 
myotubes was determined by ChIP.
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Fig. 5. Exogenous induction of NRF2 rescues the phenotype in Zeb1-deficient muscles. (A) Experimental design of fasted Zeb1WT and Zeb1ΔSKM mice either 
untreated or treated with CDDO-TFEA. (B) Immunostaining for NRF2 (1F2, 1/700) along with DAPI in the gastrocnemius of fasted Zeb1WT and Zeb1ΔSKM mice either 
untreated or treated with CDDO-TFEA. Captures are representative of at least four mice per genotype and condition. (Scale bar: 50 μm.) (C) NRF2-positive nuclei 
per field were quantified in fasted Zeb1WT and Zeb1ΔSKM mice, with or without CDDO-TFEA treatment. Mean values are based on at least three mice, with at least 
100 nuclei counted per mouse. (D) Gastrocnemius lysates from fasted Zeb1WT and Zeb1ΔSKM mice, either untreated and treated with CDDO-TFEA, were blotted 
for NRF2 (1F2, 1/500) and GAPDH (14C10, 1/5,000). Left: Representative blots. Right: Quantification of NRF2 protein levels relative to GAPDH protein levels in at 
least five independent experiments. (E) mRNA expression of Nqo1, Hmox1, Gclm, Txn1, and Gsr in the gastrocnemius of fasted Zeb1WT and Zeb1ΔSKM mice, either 
with or without CDDO-TFEA treatment. (F) As in (B), ultrastructure evaluation of mitochondria. Damaged mitochondria (yellow asterisks), endolysosomes (yellow 
arrows), signs of autophagy (blue asterisks), and the presence of double-membrane (blue arrows) are highlighted. Left: Representative TEM captures. Right: The 
percentage of damaged mitochondria was calculated from at least three mice per genotype and treatment group, with at least 100 mitochondria counted for each 
mouse. (G) As in the Right panel of (F), the percentage of mitochondria undergoing autophagy was calculated from the total number of damaged mitochondria. 
(H) CII+CIII and CIV enzymatic activities in the gastrocnemius of fasted Zeb1WT and Zeb1ΔSKM mice, either untreated or treated with CDDO-TFEA. CII+CIII and 
CIV activities were normalized to CS activity. The relative absorbance of CDDO-TFEA-treated Zeb1WT mice was set to 100. At least three mice per genotype and 
condition were assessed. (I) The oxygen consumption rate (OCR) of the gastrocnemius fibers of fasted Zeb1WT and Zeb1ΔSKM mice, either untreated or treated 
with CDDO-TFEA, was assessed by high-resolution respirometry. At least four mice per genotype and treatment group were assessed. (J) As in (I), but CIII and 
CIV activities were compared in fasted Zeb1WT versus Zeb1ΔSKM fibers from mice with and without CDDO-TFEA treatment. (K) SDH staining of the gastrocnemius 
of fasted Zeb1WT and Zeb1ΔSKM mice, either untreated or treated with CDDO-TFEA. Left: Representative captures. (Scale bar 100 μm.) Right: quantification of SDH 
staining using ImageJ software. At least five images at 20× magnification per mouse were assessed. SDH mean intensity in untreated Zeb1WT mice was set to 100. 
(L) As in (K), but for DHE staining. (Scale bar 100 μm.) (M) Gastrocnemius myofiber CSA analysis in fasted mice of the four genotypes, either untreated or treated 
with CDDO-TFEA. Left: Representative muscle sections stained for laminin (48H-2, 1/80). (Scale bar 100 μm.) Right: Quantification of the mean CSA.
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them to similar or higher levels compared to Zeb1WT muscles 
(Fig. 5 B–E and SI Appendix, Fig. S5 A–C).

Administration of CDDO-TFEA reduced the number of dam-
aged mitochondria and mitochondria undergoing autophagy in 
fasted Zeb1ΔSKM mice to values comparable to those in fasted Zeb1WT 
mice (Fig. 5 F and G and SI Appendix, Fig. S5D). CDDO-TFEA 
restored the lower activity of CII+CIII and CIV in fasted Zeb1ΔSKM 
muscles to similar levels—and in some instances even surpassed 
them— than in fasted Zeb1WT muscles (Fig. 5 H–J). Similarly, 
CDDO-TFEA treatment of fasted Zeb1ΔSKM mice reverted their 
more intense SDH staining compared to Zeb1WT (Fig. 5K). These 
effects were independent of changes in mitochondrial content, as 
evidenced by comparable TOMM20 expression and CS activity in 
both untreated and CDDO-TFEA-treated mice (SI Appendix, 
Fig. S5 E and F).

The observed increase in ROS levels in the muscles of fasted 
Zeb1ΔSKM mice was linked to their lower NRF2 expression as 
CDDO-TFEA reduced ROS levels in these mice to levels similar 
to those in fasted Zeb1WT mice (Fig. 5L). Finally, CDDO-TFEA 
also reversed the increased muscle atrophy in fasted Zeb1ΔSKM 
mice (Fig. 5M).

Taken together, these findings suggest that the altered pheno-
type exhibited by fasted Zeb1ΔSKM muscles was due, at least to a 
significant extent, to a reduced expression of the adaptive antiox-
idant response regulated by NRF2.

Discussion

ROS performs important homeostatic roles, but oxidative stress 
is both a cause and a consequence of multiple diseases (7, 10). 
Consequently, ROS and NRF2 levels must be tightly and con-
stantly modulated. Here, we found that ZEB1 and ZEB2 regulate 
the adaptive antioxidant response to fasting in skeletal muscle in 
opposite directions (see SI Appendix, Supplementary Discussion and 
graphical summary in Fig. 6).

Although approximately half of the atrogenes upregulated dur-
ing muscle atrophy are induced by FOXO3, many genes involved 
in the adaptive antioxidant response, including NRF2 itself, are 
induced through a FOXO3-independent mechanism (29). Apart 
from inhibiting atrogene expression by antagonizing FOXO3 
transcriptional activity (34), the findings here indicate that ZEB1 
protects myofibers from mitochondrial damage and otherwise 
excessive ROS levels and muscle atrophy by transcriptionally acti-
vating the Nfe2l2 promoter and upregulating NRF2 target genes. 
Conversely, ZEB2 enhances muscle atrophy by transcriptionally 
repressing Nfe2l2 and downregulating its downstream antioxidant 
program (SI Appendix, Supplementary Discussion).

ZEB1 and ZEB2 bind to similar DNA sequences in their target 
genes (35, 36) and we found that both ZEB factors bind to the 
Nfe2l2 promoter in atrophic C2C12 myotubes in ChIP assays. It 
is safe to assume that among atrophic C2C12 myotubes in culture 
or fasted myofibers in vivo, not all cells are in the same stage of the 
atrophic process. The inverse expression of ZEB1 and ZEB2 in fed 
and fasted muscles, as well as the repression of ZEB2 by ZEB1 in 
fasted muscles, leads us to hypothesize that the results in the ChIP 
assay are due to ZEB2 and ZEB1 binding to the Nfe2l2 promoter 
at earlier and later stages of the atrophic process, respectively. At 
later stages, ZEB1 upregulation and repression of ZEB2 expression 
would allow ZEB1 to induce NRF2 and its antioxidant pathway 
to counter ROS levels (SI Appendix, Supplementary Discussion).

In summary, the study identified a mechanism that modulates 
the NRF2-driven adaptive antioxidant response. Therapeutic 
approaches aimed at upregulating the expression or function of 

ZEB1 and/or downregulating that of ZEB2 can be used in patho-
logical conditions in which supraphysiological levels of ROS are 
an underlying factor.

Materials and Methods

Detailed methods are described in SI Appendix, Materials and Methods.

Mouse Models. To generate Zeb1ΔSKM and Zeb2ΔSKM mice, Zeb1WT and Zeb2WT 
mice were crossed with ACTA1-Cre-ERT2 (tg/0) mouse. Two-to-three months-old mice 
of the four genotypes and both sexes were injected intraperitoneally daily for 5 d 
with tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) and then divided in two cohorts; 
one was deprived of food but free access to water (fasting protocol) for 36 additional 
hours, and the other was allowed to feed and drink water ad libitum (fed protocol).

Determination of ROS and Oxidative Stress. ROS production and the oxi-
dation of macromolecules was assessed by staining for DHE, CH2-DCFDA and 
8-OHdG, Amplex® Ultra-Red, and the determination of GSH/GSSG ratio.

Histochemistry, Immunostaining, and Assessment of Myofiber CSA. 
First, 8-μm cryosections were fixed and stained with H&E or incubated with the 
corresponding primary and HRP-conjugated secondary antibodies as described 
elsewhere (19, 34). Histochemistry visualization of SDH and ATPase activity was 
conducted by incubation of muscle cryosections with their respective staining 
solutions. Then, myofiber CSA and SDH and ATPase staining were assessed using 
ImageJ software (NIH, Bethesda, MD) as described elsewhere (19, 32, 34) and in 
SI Appendix, Materials and Methods.

Mitochondria Ultrastructure and Determination of Mitochondrial 
Complexes Activity. Ultrastructure analysis of muscle mitochondria was con-
ducted by TEM, while high-resolution respirometry and the activity of individual 
mitochondrial complexes were determined as described in ref. 32.
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Fig. 6. Graphical summary. The NRF2-driven antioxidant response to fasting 
depends on ZEB1 and is inhibited by ZEB2.
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Transcriptomics Analysis. In RNAseq, libraries were sequenced on HiSeq 2000 
(Illumina, Inc., San Diego, CA, USA). mRNA levels were determined by qRT-PCR. 
ChIP assays and transcriptional assays were conducted as described elsewhere 
(19, 34).

Statistical Analysis. Statistical analysis of the data shown in this study was 
performed using Prism for Mac 8.3 (GraphPad Software, Boston, MA, USA). Bar 
graphs throughout the manuscript are the mean with SEM. Statistical significance 
was assessed with a nonparametric Mann–Whitney U test. Where appropriate, 
relevant comparisons were labeled as either significant at the P ≤ 0.001 (***), 
P ≤ 0.01 (**), or P ≤ 0.05 (*) levels, or nonsignificant for values of P > 0.05.

Data, Materials, and Software Availability. RNAseq data have been depos-
ited at National Center for Biotechnology Information Gene Expression Omnibus 
under accession GSE179619 (37).
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