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Abstract
Thymosin β4 (Tβ4) was extracted forty years ago 1 from calf thymus. Since then, it has been identi�ed as a G-actin binding protein involved in blood clothing,
tissue regeneration, angiogenesis, and anti-in�ammatory processes. Tβ4 has also been implicated in tumor metastasis and neurodegeneration. However, the
precise roles and mechanism(s) of action of Tβ4 in these processes remain largely unknown, with the binding of the G-actin protein being insu�cient to
explain these multi-actions. Here we identify for the �rst time the important part of Tβ4 mechanism in ferroptosis, an iron-dependent form of cell death, which
leads to neurodegeneration and somehow protects cancer cells against cell death. Speci�cally, we demonstrate four iron2+and iron3+ binding regions along
the peptide and show that the presence of Tβ4 in cell growing medium inhibits erastin and glutamate-induced ferroptosis in macrophage cell line. Moreover,
Tβ4 increases the expression of oxidative stress-related genes, namely BAX, hem oxygenase-1, Heat shock protein 70 and Thioredoxin reductase 1, which are
downregulated during ferroptosis. We state the hypothesis that Tβ4 is an endogenous iron chelator and take part of iron homeostasis in ferroptosis process.
We discuss the literature data of parallel involvement of Tβ4 and ferroptosis in different human pathologies, mainly cancer and neurodegeneration. Our
�ndings confronted with literature data shows that controlled Tβ4 release could command on/off switching of ferroptosis, and may provide novel therapeutic
opportunities in pathologies of cancer and tissue degeneration.

Introduction
Ferroptosis is an iron-dependent oxidative form of cell death that is morphologically, biochemically, and genetically distinct from other non-apoptotic cell
death processes 2. The latest de�nition of ferroptosis was presented in 2018 by the Nomenclature Committee on Cell Death (NCCD)3 as ‘a form of regulated
cell death (RCD) initiated by oxidative perturbations of the intracellular microenvironment that is under constitutive control by GPX4 and can be inhibited by
iron chelators and lipophilic antioxidants. Ferroptosis initiates with lipid peroxidation due to ROS generation and iron availability’. Ferroptosis lead to
morphological changes with a necrotic morphotype (i.g. predominant mitochondrial shrinking, an electron-dense ultrastructure, reduced/disappeared cristae,
and ruptured outer mitochondrial membrane)3. Ferroptotic cell death is thought to require mutation of the oncogenes HRAS, KRAS, or BRAF, and is caused by
lethal iron-dependent lipid peroxidation 4,5. To provoke cell death, ferroptosis likely requires continuous iron-dependent ROS production over a prolonged period
of time, which can be observed in neuronal, cardiac, and hepatic cells, when exposed to high iron concentrations in neurodegeneration pathology 6, ischemic
conditions 7 and hepatic chromatosis 8, respectively.

Iron, a highly redox-reactive element, is required in a variety of biological processes. Cancer cells develop different mechanisms both to uptake high quantities
of iron, and to protect themselves against iron toxicity 9. Activation of the ferroptosis supresseses tumor cell growth and successively leads to cell death. The
controlled on/off switching of ferroptosis may provide novel therapeutic opportunities in pathologies of cancer and tissue degeneration, respectively.

Thymosin β4 (Tβ4) is a G-actin binding protein with different functions in the human body, including blood clotting 10, tissue regeneration 11, angiogenesis 12,
prenatal and early childhood development 13 and tumor metastasis 14. Tβ4 is also involved in anti-in�ammatory and neurodegenerative processes 15. At the
subcellular level, Tβ4 is localized in the cytoplasm 16 and/or nucleus 17, and can be translocated between compartments after induction 17,18. Thymosin β4-
overexpression is correlated with different human cancer types e.g., pancreatic 19 and colorectal cancer 20 and Tβ4 is considered a potential molecular target
for anticancer therapy. Indeed, Tβ4 gene silencing decreases stemness and invasiveness in glioblastoma 21, and suppresses proliferation and invasion of non-
small cell lung cancer cells 22.

The exact mechanisms of Tβ4 action are still unknown. Recently, we hypothesized that the regulatory function of Tβ4 in numerous physiological processes is
correlated with its potential essential metal – binding ability 23. Here, we discuss for the �rst time the formation of metal complex with Tβ4 and its biological
importance in ferroptosis. We observed that an increased concentration of Tβ4 can effectively inhibit the ferroptosis process, a mechanism which is used by
cancer cells with enhanced Tβ4 expression. The inhibition of ferroptosis by augmenting extracellular concentrations of Tβ4 can stop cell degeneration, and
such a strategy could be used in therapy.

Results
Thymosin β4 metal coordination.

Thymosin β4 is a 43 amino acid peptide with acetylated N-terminus. It is an acidic peptide (pI 5.1) due to the presence of 11 amino acids with carboxylic
groups in the side chain, which are the potential metal binding sites 24. Moreover, nine lysine residues in the primary sequence have high a�nity to transition
metal ions 24. Thymosin β4 has no secondary structure in water, while in hydrophilic environment two alpha-helixes are formed in the 5–17 and 30–39 regions
25.

To our knowledge, no experimental or molecular dynamics study of the formation of essential metal complexes has been performed with Tβ4, despite there
being numerous potential metal- binding sites. In order to investigate the metal binding sites in the Tβ4 peptide, we chose nuclear magnetic resonance (NMR)
techniques, which deliver valuable structural data of metal complexes 26.

The interaction of iron ions with Tβ4 in water was investigated in a residue-speci�c manner by monitoring of 2D 13C-1H HSQC (heteronuclear single quantum
coherence) NMR (Figure S1, S2, S3, S5, S6), focused on the aliphatic region. The overlay of the HSQC data (Figure S2, S3, S5 and S6) showed that
metal/peptide interactions are nonspeci�c, and there is no structural change upon interaction with iron2+ nor iron3+ ions.

The presence of metal ions in the peptide solution leads to the lowering of the peptide signals. The comparative analysis of the peptide signal pattern with
and without metal ion permits the isolation of amino acids affected by the interactions with the metal ions (Figure S4 and S7). In the thymosin solution
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containing iron2+ and iron3+ ions, eighteen and �fteen residues respectively (Table 1) showed a major drop in intensity. Since iron3+ is paramagnetic, we
observed greater overall signal broadening of the residues, with the aforementioned residues showing major drops in intensity.

Circular dichroism (CD) structural analysis of free Tβ4 in water showed that the secondary structure is mainly unorganized, and only 20% could be associated
to the helical form. The addition of iron ions to the peptide solution did not signi�cantly change the secondary structure (Figure S9).

Table 1
Amino acid residues affected by metal/peptide interactions.

Binding
region

I II III IV

Fe (II) S1 K3 P4   M6     K11 F12 D13 S15 L17 T22 P27 L28 P29 S30 T33 I34    

Fe (III) S1 K3 P4   M6 I9     F12 D13 S15   T22   L28     T33 I34 Q35 E36

Al (III)     P4 D5 M6 I9 E10   F12 D13         L28       I34 Q35 E36

In general, NMR data precision is limited by the presence of paramagnetic species and does not permit detailed coordination analysis with iron ions. For this
purpose, Al3+ ions, which form similar stoichiometry and geometry complexes as Fe3+, were used to model Fe3+/ Tβ4 complexes.

The analysis of the overlay HSQC data (Fig. 1) showed that metal/peptide interactions are nonspeci�c, and there were no structural changes in thymosin upon
interaction with Al3+ ions.

The chemical shift perturbation (CSP) was calculated considering the free peptide form and 1:5 (peptide:metal) as the maximum stoichiometry leading to the
reduction of the peptide’s peak intensities and no further chemical shift changes. Only 48 isolated peaks were considered for calculating the CSP and intensity
analysis. Analysis of the CSP plot (Fig. 2) showed that Al (III) ions interact with N-terminal residues of Tβ4. The residues that most likely interact with the
metal ion are listed in Table 1.

Figure 2 shows that residues Ile9 and Gln35 presented noticeable changes upon interaction with Al3+, however the CSP value is too small to de�ne the
metal/peptide interaction as strong and with high a�nity. The plot of signal intensities as a function of the Tβ4:metal ratio showed a consistent decrease for
most of the residues in 1D (Fig S12) and in 2D (Figure S13). However, it is important to note that the intensity of 1D spectra is directly proportional only to the
population, while the 2D spectra intensity is modulated by many different factors.

The diffusion NMR data at the different metallopeptide ratios showed the presence of only one species with a diffusion constant 1.25e10 m2/sec.

The NMR data analysis showed that metal ions interact with numerous amino acid residues, and four metal binding sites could be distinguished within the
Tβ4 structure (namely I-IV, Table 1). The binding modes within four metal binding sites were modelled with the density functional theory (DFT) calculation.

Tβ4 contains 11 acidic residues: eight glutamate and three aspartate residues 1. According to Pearson’s hard and soft acids and bases (HSAB) principle, hard
metal ions (Fe3+ and Al3+) show preference for binding hard bases, such as the negatively charged carboxylate side chains of glutamate and aspartate amino
acids. Although there can be other donors to hard metal ions, such as backbone carbonyl and amide groups of proteins, by virtue of the partial covalent nature
of the coordination bond, these donors are less competitive. Indeed, we recently demonstrated, from a thermodynamic perspective, that the preferred binding
sites of Al3+ in proteins are the negatively charged side chains of amino acids rather than the backbone carbonyl and amide groups 28.

The chemical shift perturbation of the NMR data showed that the main changes in chemical shifts upon Al3+ addition arise in two different areas of the
protein: within the N-terminal segment (metal binding sites I and II) and the C-terminal segment (metal binding sites III and IV).

The conformational analyses were prepared in order to build 3D models of the Al3+-Tβ4 complex and obtain some reliable initial con�gurations of this hard
metal ion bound to Tβ4. According to the literature, Tβ4 in water solution exists mainly in a disordered state and it is unclear whether secondary structure
elements such as extended helices in the N- and C-terminus of the protein arise upon interaction with other partners such as actin 23. Thus, in the starting
structure, the Tβ4 sequence was consider “unfolded”, without main secondary structure elements (helices and sheets).

Three major binding modes for the Al3+-Tβ4 system were obtained (Table 2): �rst the metal interacting with both the N- and C-terminus of the protein (Tβ4N − 

C); second with the metal bound to the N-terminal and in the middle of the protein (Tβ4N − mid); third with the metal bound only in the N-terminus of the protein
(whereas the rest of the sequence remains highly disordered; Tβ4N − N). Interestingly, all the three binding modes featured four negatively charged residues
(side chains of either ASP or GLU) with a net charge of -4 surrounding the metal center, a situation that is coherent with the one proposed by Dudev and Lim 29,
who stated that the optimal number of acetate-type donors in a metal binding site is equal to q + 1, where q is the charge of the metal, when �rst coordination
shell residues are taken into account.

In Tβ4N − C binding mode, the metal is bound to GLU8 and GLU21 in a bidentate fashion, and to ASP5 and GLU35 by a single oxygen donor (Fig. 3A). The six
oxygen donors coordinate Al3+ through an octahedral geometry, with O-Al-O angles ≥ 150 degrees. During the simulation, after 3µs the carboxylate side chain
of GLU35 coordinates the metal with both oxygen donors whereas the side chain of GLU21 switches to a monodentate binding mode. The original state is then
restored after 4 µs up to the end of the simulation. Overall, the TB4N − N protein-metal complex remains stable for the entire course of the simulation, and no
other residues nor water molecules enter the �rst coordination shell of the metal.
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The Tβ4N − mid binding mode is characterized by Al3+ ions coordinated to the side chains of ASP2 and ASP5 in a monodentate fashion, and to the side chains
of GLU10 and GLU24 in a bidentate fashion (Fig. 3B). Also in this case there is no change in the coordination pattern of Tβ4N − mid during the entire simulation
time of 5µs.

Finally, the Tβ4N − N binding mode displayed an octahedral geometry, in which the �rst coordination shell of the metal is �lled by one oxygen donor from the
side chains of ASP5 and GLU8 and two oxygen donors from the side chains of ASP2 and GLU10 (Fig. 3C). The metal center maintains this binding mode for
the whole simulation.

Structural characterization revealed that Tβ4N − N displays the highest degree of disorder less compaction rate with the average root mean square deviation
(RMSD) and radius of gyration (Rg) of 1.07 and 1.29, respectively, compared to Tβ4N − mid (0.89 and 1.11, respectively) and Tβ4N − C (0.92 and 1.15,
respectively) as reported in Table S1. This is coherent with the fact that, in the case of Tβ4N − mid and Tβ4N − C, the N- and C- termini are closer due to their
respective metal binding modes that involve residues either in the medial or distal region of the protein, as also highlighted by their shorter end to end distance
compared to TB4N − C (Table S1). The average amount of intramolecular hydrogen bonds is similar for Tβ4N − C and Tβ4N − N and slightly higher for Tβ4N − mid

(Table S1); most populated H-bonds and salt bridges for each binding mode are reported in Table 2.

As can be deduced from Table S2, all three metal-Tβ4 complexes exist mainly as random coil structures; the prevalent structural motifs are bends and turns,
consistent with the disordered nature of Tβ4. Interestingly, Tβ4N − C and Tβ4N − mid display a similar β-sheet content (16.8 and 17.6 %, respectively), whereas
Tβ4N − N shows a much lower content of this structural motif (2.5 %). On the other hand, the latter binding mode displays a higher helicity propensity compared
with the other two, in particular it features 94.1 % of the 310-helix motif. Such a situation could be due to the fact that the metal binding activity of Tβ4N − N is
con�ned to the N-terminal segment of the protein, while the remaining sequence is highly disordered and may increase the propensity to form helical patterns
in its C-terminal regions.

Table 2
Percentage of hydrogen bond and salt bridge occupancies during the simulations. bb: backbone, sc: side chain.

TB4N − C TB4N − mid TB4N − N

Donor Acceptor Occ. (%) Donor Acceptor Occ. (%) Donor Acceptor Occ. (%)

GLU35-Nbb THR33-Osc
27.6 LYS38-Nbb GLU35-Obb

26.0 THR22-Nbb LYS19-Obb
23.8

LEU17-Nbb LYS14-Obb
25.8 LEU28-Nbb ASN26-Osc

28.2 GLN23-Nbb LYS18-Obb
22.2

LEU28-Nbb ASN26-Osc
36.6 ILE34-Nbb LYS31-Obb

26.7 GLU21-Nbb LEU17-Obb
23.4

THR33-Nbb GLN36-Obb
32.0 LYS31-Nbb LEU28-Obb

21.1 ILE9-Nbb MET6-Obb
53.0

LYS31-Nbb LEU28-Obb
22.5       GLU8-Nbb ASP5-Obb

51.5

            LYS38-Nbb GLU35-Obb
20.0

All three binding modes are quite stable across the 5 µs time scale. We also observed that Tβ4 binding to aluminium could affect the overall secondary
structure pattern of the thymosin. Since both glutamate and aspartate residues are the preferred acidic groups of hard metals, the three binding modes
characterized herein could �t either Al (III) or Fe (III) metal ions.

Thymosin β4 and ferroptosis
Iron is an essential metal ion with a fundamental role in diverse cellular processes, such as DNA synthesis, proliferation, cell cycle regulation, and the function
of proteins containing iron–sulphur clusters 30. Iron–sulphur cluster-containing proteins include enzymes that contribute to maintaining genomic stability, as
well as respiratory function 30. Indeed, rapidly reproducing cancer cells re-programme iron metabolism in ways that result in net iron in�ux 9,30. Iron is a highly
reactive metal due to its redox potential, and when present in a free ion form, it contributes to the production of reactive oxygen species (ROS) in the Fenton
reaction (Scheme 2). Oxidative and iron-dependent cell death with neurodegenerative consequences was previously described in epilepsy, stroke, and other
trauma situations 31–33. Importantly, increased levels of iron were found in the central nervous system of patients with neurodegeneration 6. Surprisingly,
elevated iron concentrations in cancer cells do not lead to cell disruption, but the exact mechanism of cell defense remains unknown.

Macrophages, together with hepatocytes, play key roles in iron metabolism by mediating iron storage and recycling 34. In hereditary haemochromatosis (HH),
a representative disease that causes iron overload, hepatocytes are the �rst site of iron accumulation 35,36. Recent studies 37,38, showed that pathological iron
overload in mouse macrophage cell line J774 induces ferroptosis and subsequent cell destruction. Therefore, we used J774 cells as a model to study the
importance of macrophages in iron metabolism 39, and their consequent susceptibility to ferroptosis.

Ferroptosis can be induced in vivo in rat hippocampal slices and primary oligodendrocyte models as well as in ischemia-reperfusion injury models, by high
concentrations of extracellular iron or glutamate, or by depletion of extracellular cysteine. In vitro, ferroptosis can be induced by physiological conditions (e.g.,
high extracellular iron or glutamate) or small molecules (e.g., Erastin), which blocks system Xc

− - mediated Cys2 import 2 (heterodimer composed of solute

carrier family 7, member 11 (SLC7A11) and SLC3A2; Scheme 2), while glutamate receptors are not involved in ferroptosis 40. Erastin and glutamate are termed



Page 6/21

type I ferroptosis inducers that inhibit cysteine uptake by the cysteine/glutamate antiporter (system xc
−), enabling glutathione synthesis (Scheme 2), and

thereby lowering antioxidant defenses 4.

Glutamate-induced oxidative stress leads to lipid peroxidation-mediated ferroptosis (Scheme 2) and is a major contributor to neurodegenerative pathologies
41. In recent studies, L-Glutamate (3h, 5mM) mimicked in vitro the consequences of stroke and neurodegenerative pathologies in cell cultures 42,43. The
addition of iron enhances glutamate induced cell death 41, while inhibition of ferroptosis prevents glutamate-induced cell death in organotypic hippocampal
slice cultures 4. Importantly, glutamate activity can be inhibited by iron chelators (e.g., Desferal) 4.

We induced ferroptosis in J774 cells in separate experiments by the addition of Erastin or glutamate and monitored the increase of free radicals with the
BODIPY-C11 �uorescence marker (Fig. 4). 4,4-Di�uoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid (C11-BODIPY581/591) is a
�uorescent probe (λex = 510 nm; λem = 595 nm) used for evaluating lipid peroxidation and antioxidant e�cacy in model membranes, lipoproteins, biological

�uids, and living cells 44, and has been used in ferroptosis studies 4.

After 24 h treatment with type I ferroptosis inducers (i.e., glutamate and Erastin), we observed a decrease in the green �uorescence light, while there was no
change in �uorescence intensity in either the control nor the Tβ4 sample (Fig. 4). Notably, samples supplemented with glutamate (or Erastin), and successively
with Tβ4 after 4h, showed the same �uorescence intensity after 24 h as the control sample.

Ferroptosis was primarily characterized by condensed mitochondrial membrane densities and smaller mitochondria, as well as diminished or absent
mitochondria crista, and ruptured outer membrane 46. Recent studies divided mitochondrial morphological alterations into three categories according to the
whether the mitochondria were fragmented or not, and whether they accumulated around the nucleus. Cells with a network of elongated mitochondria were
assigned to category І, uniform-distributed fragmented mitochondria in cells were classi�ed as category , and cells with fragmented mitochondria mainly
accumulating around the nucleus were classi�ed as category  46–49. Mitochondrial morphological changes and metabolic regulation, especially the energetic,
iron and aliphatic acid metabolism involved in ferroptosis, were extensively described in a recent review 50.

For a more detailed characterization of glutamate-induced ferroptosis in J774 cells, including Tβ4 inhibition, we evaluated the morphological changes by TEM
microscopy. The results obtained from this ultrastructural analysis are summarized in Fig. 5 (and Figure S19), 6 and 7, showing cells from different
experimental groups. In the control group (Figs. 5A and 5B), the J774 cells appeared normal at the ultrastructural level. They were mainly characterized by a
well-developed Golgi apparatus, rough endoplasmic reticulum, and the presence of numerous mitochondria. The nuclear compartment was separated from
the cytoplasm by the double membrane of the nuclear envelope, and the cells appeared to be in interphase due to the presence of both heterochromatin and
euchromatin. The presence of condensely packed chromatin and the absence of the nuclear envelope represented the main features of mitotic cells, which
were often observed in control samples (Figure S19).

Administration of Tβ4 (Fig. 5C, D) did not appear to alter cell morphology: samples displayed structural integrity of all their cellular compartments and
organelles including mitochondria.

Following glutamate (Fig. 6A and 6B) and Erastin (Fig. 7A and 7B) treatments, the cellular morphology of the J774 cells was dramatically altered. Speci�c
ultrastructural alterations were mainly observed in the cytoplasmic compartment, where numerous mitochondria were found accumulating around the
nucleus. These cellular organelles appeared drastically altered, showing mitochondrial membrane rupture and evident cristae disorganization. Moreover, the
presence of lysosomal activity and disruption of the Golgi apparatus and rough endoplasmic reticulum indicated a poor cellular condition. However, none of
these morphological alterations were related to an apoptotic form of cell death. Indeed, during our TEM investigation, no nuclear alterations were detected, and
the nucleus appeared surrounded by a continuous nuclear envelope, displayed an evident nucleolus and well-organized chromatin, and no chromatin
condensation or margination were detected in the J774 cells after either glutamate or Erastin treatments. Moreover, both Erastin and glutamate treatment
seemed to induce cell detaching and a rounded cellular shape (Fig. 6A). Their cell surface appeared continuous without any signs of plasma membrane
rupture or disorganization, although we did observe thin protrusions. Most of these appeared to be continuous tunnelling nanotubes connecting neighboring
cells (Fig. 6A, asterisk) previously described as structures involved in intercellular communication 51,52.

Administration of Tβ4 in glutamate (Fig. 6C and 6D) and Erastin (Fig. 7C and 7D) treated samples seemed to gradually reverse the alterations described
above. The cytoplasmic compartment showed reorganization of its cellular structures associated with an evident diminishing of lysosomal activity.
Mitochondria showed partially reconstituted cristae and a continuous mitochondrial membrane. The rounded cell shape transitioned to a more �attened type.

Interestingly, in the glutamate and Erastin-treated cells we frequently detected the presence of tunnelling nanotubes (TNT) connecting neighboring cells
(Fig. 7A, asterisk). TNT are considered dynamic structures whose formation and organization can be affected by different pathological conditions. It has been
reported that oxidative stress may induce TNT formation in astrocytes and hippocampal neurons 53. In�ammation and even viral infections have been
observed to spread via tunnelling nanotubes. And they may also be involved in the cell-to-cell transfer of signal transduction molecules. Fas ligand (FasL)
involved in programmed cell death has been demonstrated to stimulate TNT formation, promoting propagation of cell death signals to neighboring cells 54.
Our results suggest a possible involvement of the ferroptotic process in the cell surface reorganization and TNT formation, which may facilitate diffusion of
the ferroptosis process between connected cells. Considering that tunnelling nanotubes are F-actin containing protrusions of the cell surface, Tβ4 could
modulate ferroptosis not only by its metal binding sites, as described above, but also through its G-actin binding properties. Tβ4, as a major G-actin
sequestering protein, could prevent tunnelling nanotube formation in Erastin and glutamate treated J774 cells inhibiting propagation of ferroptotic cell death
signals to the connected cells.
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These morphological results clearly show that glutamate and Erastin induce ferroptosis in J774 cells, while Tβ4 administration after 4 h can inhibit the
process and reverse the critical cellular condition. The biochemical pathways involved in these processes were investigated by gene expression pro�ling.

According to Dixon2, ferroptosis could be de�ned as a sabotage mechanism, where the cell inhibits own-normal processes. However, ferroptosis is related to
oxidative stress, and consequently the involvement of oxidative stress proteins is expected. Indeed, among thirty different genes studied in relation to
ferroptosis55, many are involved in oxidative stress. In our study, we chose four genes, namely BAX (Bcl-2 associated X-protein), HSP-70 (Heat shock protein
07), which are involved in the oxidation process, but are poorly described in connection with ferroptosis; and HO-1 (hem oxygenase) and TXNRD-1
(Thioredoxin reductase 1) which were recently linked to ferroptosis.

Bax is a cytosol protein, which translocates into mitochondria when apoptosis occurs56 (Scheme 2). Jungas et al. 57 studied glutamate toxicity and regulation
in neuronal development. Their studies showed BAX-activation mechanism dependent on glutathione, with downstream effect of glutathione depletion leading
to the direct activation of BAX. Moreover, Bax and its transcript increase signi�cantly in cerebral ischemia-injured neurons58,59 suggesting that glutamate
could be involved the mechanism of BAX expression control.

Heat shock protein 70 (Hsp70) is a stress-responsive protein increasing under stress conditions, namely heat, hypoxia, and glucose deprivation. Increased
Hsp70 concentration leads to higher stress tolerance and cytoprotection 60. Hsp70–mediated cytoprotective effects were studied in vitro in numerous
cell/tissue types under changing environmental conditions of stress. Noteworthily, Hsp70 have signi�cant cytoprotective effects under ischemic conditions.
For instance, induction of Hsp70 (i.g. by enforced overexpression with viral vectors or drugs) protects brain cells against ischemic injuries 61–64. Oxidative
stress and antioxidants can in�uence Hsp70 expression 65,66; while reduction in Hsp70 expression leads to higher ROS generation and mitochondrial protein
oxidation67. Guo et al. 60 showed that Hsp70 regulates cellular redox status by changing the activities of the GSH-related enzymes, glutathione peroxidase and
glutathione reductase, in response to hypoxic and ischemic stress. The switching of antioxidant enzyme activities could be critical mechanism mediating the
enhanced cytoprotection afforded by enhanced expression of Hsp70. Despite numerous studies and different theories, the exact molecular mechanisms of
Hsp70 action in ischemic conditions remains unde�ned

Heme oxygenase (HO)-1 metabolizes heme into biliverdin/bilirubin, carbon monoxide, and ferrous iron, and has been suggested to demonstrate cytoprotective
effects under various stress-related conditions. HO-1 is commonly regarded as a survival molecule, exerting an important role in cancer progression, and its
inhibition is considered bene�cial in several cancers 68. HO-1 is often upregulated in tumor tissues, and its expression is further increased in response to
therapies 69. The role of HO-1 in ferroptosis is extensively described in the recent review 68. Depletion of cellular glutathione has been shown to increase HO-1
gene transcription in the mouse motor neuron-like hybrid cells, NSC34 cells 70. The correlation between HO-1 expression and ferroptosis is unclear. In HT-1080
�brosarcoma cells, Erastin induces a time- and dose-dependent increase of HO-1 expression 71. However, HO-1 also functions as a negative regulator in
Erastin- and Sorafenib-induced hepatocellular carcinoma, since knockdown of HO-1 expression enhanced cell growth inhibition by Erastin and sorafenib 72.

The selenoprotein thioredoxin reductase 1 (TXNRD1 gene) is a cytoplasmic protein that decreases thioredoxin levels and protects against oxidative stress 73.
Recently, it was shown that TXNRD1 is a strong negative modulator of ferroptosis susceptibility in pancreatic cancer cells 74. Moreover, a high-dose (25
mg/kg) of the anti-rheumatoid arthritis drug aurano�n (AUR) upregulates hepcidin expression and induces ferroptosis and causes lipid peroxidation through
inhibition of thioredoxin reductase (TXNRD) activity, in C57BL/6J mice and a mouse model of hemochromatosis (Hfe−/− mice) 75.

Here, we evaluated the levels of BAX, HO-1, Hsp70 and TRNRD-1 mRNAs (Fig. 8) under normal and ferroptosis conditions, which was induced by the
extracellular overload of glutamate. In addition, we evaluated mRNA expression levels of these proteins in the presence of high extracellular concentrations of
thymosin. Finally, we examined their mRNA levels in the cells treated with thymosin after 4 h of ferroptosis induction. We observed that glutamate overload led
to the downregulation of all studied genes; conversely the presence of Tβ4 upregulated mRNA expression, particularly of HO-1. Notably, the downregulation of
glutamate could be inverted by the successive treatment with Tβ4.

Discussion
Thymosin β4 is highly conserved across the animal kingdom, from amphibians to mammals, and its amino acid sequence is well conserved 16. Among
mammalian species, the amino acid sequences of human, rat, murine, bovine, porcine, and ovine Tβ4, are identical 76. Thymosin β4 is encoded by the
TMSB4X gene. Mouse, rat, zebra�sh, frog, and pig display differential mRNA expression of TMSB4X in organs, while in humans it is widely distributed in
tissues with high concentrations of different essential metal ions 77 (Scheme 3).

Iron is an essential metal ion involved in many cellular processes. In a free ion form, iron is a redox active metal, which leads to the formation of ROS in the
Fenton reaction. Cancer cells have developed many different iron-regulating mechanisms, which permit them to bene�t from high iron concentration without
suffering from the harmful effects of free radicals. Many iron-regulating processes in tumor pathology have already been discovered 78, while others are
unknown. Considering the iron-dependent etiology of ferroptosis, it is likely that some of the unknown iron-defense processes in tumor cells can inhibit
ferroptosis-induced cell death.

The involvement of Tβ4 in different cancer types has been widely described in recent years (Table 3). It is noteworthy that among the 13 most common cancer
types (https://www.healthline.com/health/most-common-cancers), the nine tissues with the highest cancer incidence also have high thymosin mRNA
expression (Scheme 3, Table 3), which is further enhanced in tumors (Table 3). Recently, it was shown that ferroptosis is fundamental in anti-cancer therapy,
and e�cient anti-cancer drugs can induce ferroptosis-cell death (Table 3).
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Table 3
List of some independent research data and reviews describing Tβ4 and ferroptosis involvement in human pathologies.

Pathology Tβ4 involvement Ferroptosis involvement

Cancer

Pancreatic In pancreatic cancer cell lines and in intraductal pancreatic
mucinous neoplasms with high grade dysplasia,
overexpression of Tβ4 mRNA was found with increased
secretion of proin�ammatory cytokines 79

Ferroptosis controls the growth of pancreatic cancer, and the
regulatory mechanisms associated with ferroptosis in
pancreatic cancer are summarized in a recent review 80.

Hepatocellular
carcinoma (HCC)

Immunoreactivity for Tβ4 was detected in 30% of HCC samples.
Immunostaining was homogeneous and diffusely distributed
over the entire cytoplasm. In the tumor mass, no zonation
pattern was observed 81.

Ferroptosis showed tremendous promise as a therapy,
especially in HCC. The role of ferroptosis in HCC, and in the
diagnosis and treatment of HCC are summarized in a recent
review 82.

Gastric Increased expression of Tβ4 was observed in 43.3% of
gastrointestinal stromal tumors, and signi�cantly associated
with tumor size and increased mitosis 83.

The role of ferroptosis in gastric cancers, and the proteins
involved in ferroptosis regulation, were recently reviewed 84.

Colorectal Tβ4 is overexpressed in a side population of cancer stem cells
and CD133-positive colorectal cancer stem cells 85

Ferroptosis inducer RSL3 initiated cell death and ROS
accumulation in HCT116, LoVo, and HT29 CRC cells over a 24
h time course. This effect was reversed by overexpression of
GPX4 86.

Breast The cellular distribution of Tβ4 in breast cancer is
heterogenous; multiple cell types within the tumor
microenvironment produce Tβ4 and expression varies between
tumors 87. In addition, hypoxia-induced Tß4 is strongly
associated with expression of hypoxia inducible factors (HIF-1
and HIF-2) and is also clinicopathologically involved in the
lymph node metastatic potential of breast cancer 88.

Siramesine and Lapatinib treatment induce ferroptosis in
breast cancer cells. The ferroptotic process could be used as a
new therapeutic strategy to overcome apoptotic resistance in
breast cancer 89.

Lung Tissue microarray analysis showed that Tβ4 was highly
expressed in lung cancer 79, and Tβ4 gene silencing in A549
and H1299 cells inhibited cell proliferation, migration, and
invasion in vitro, and decreased tumor growth in vivo 19.

Suppression of NFS1 cooperates with inhibition of cysteine
transport to trigger ferroptosis in vitro and slow tumor growth.
Therefore, lung adenocarcinomas upregulate pathways that
confer resistance to high oxygen tension and protect cells
from undergoing ferroptosis in response to oxidative damage
90.

Ovarian Tβ4 is overexpressed in primary ovarian cancers when
compared with normal controls. Tβ4 expression was also co-
localized with CD133 expression in primary ovarian
carcinomas, metastatic ovarian cancers from stomach cancers,

and primary stomach cancers 85.

Ferroptosis as a new promising anti-tumor strategy in
Epithelial ovarian cancer (OVCA), together with various genetic
determinants of ferroptosis and their underlying mechanisms
in OVCA are described in a recent review 91.

Melanoma Suppression of Tβ4 expression leads to decreased metastatic
potential in murine B16 melanoma cells 92. Moreover, Tβ4 is
crucial for melanoma adhesion and invasion 93.

Ferroptosis has been described as an e�cient strategy in
melanoma therapy 94.

Head and neck Higher TMSB4X expression is found in head and neck
squamous cell carcinoma both at the RNA and protein levels.
Overexpression of TMSB4X was signi�cantly associated with
poor prognosis of overall survival and recurrence-free survival.
Silencing of TMSB4X expression in a HNSCC cell line reduced
proliferation and invasion ability in vitro, as well as inhibited
cervical lymph node metastasis in vivo 95.

Induction of ferroptosis in head and neck cancer cells
overcomes cisplatin resistance 96.

Neurodegenerative disorders

Alzheimer’s Disease In human Huntington’s and Alzheimer’s disease brains, Tβ4 was
found markedly elevated in the cell bodies and processes of
reactive microglia distributed to regions of neurodegeneration
97.

Inhibitors of ferroptosis, such as ferrostatins and liproxstatins,
protect from ischemic injury in mouse models in the liver,
kidney, brain, and heart 4,46,98−101. These inhibitors are also
protective in models of degenerative brain disorders, including
Parkinson’s, Huntington’s, and Alzheimer’s diseases, as well as
in other forms of neurodegeneration and traumatic and
hemorrhagic brain injury 100,102−108.

Huntington’s Disease The detailed analysis of Huntington’s brains revealed that Tβ4
immunoreactivity in reactive microglia was particularly
increased during the early stages of pathology 97.

Other pathologies

Stroke After injury, Tβ4 is released by platelets, macrophages, and
many other cell types to protect cells and tissues from further
damage and reduce apoptosis, in�ammation, and microbial
growth 109. Tβ4 promotes remodeling of the CNS/PNS post-
neural injury and thereby improves neurological recovery 110–

113

The role of ferroptosis in stroke has been recently reviewed
114–116.
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Pathology Tβ4 involvement Ferroptosis involvement

Traumatic brain
injury (TBI)

Tβ4 may have a role in the repair and remodeling of injured
tissues following a hypoxic insult as indicated by a study of
focal brain ischemia following occlusion of the middle cerebral
artery in rats 117. Tβ4 may also have a role in neuronal
development and remodeling, and

transcription of the gene that encodes Tβ4 is upregulated
during hypoxia 118

The role of ferroptosis in TBI is described in recent reviews
119–121.

Myocardial infarction Administered immediately following a myocardial infarction in
mice, Tβ4 protects heart tissue from cell death and enables
heart myocytes to survive after hypoxia 122

GPX4 downregulation during myocardial infarction
contributes to ferroptosis in cardiomyocytes 123. Moreover,
ferroptosis is involved in diabetes myocardial
ischemia/reperfusion injury through endoplasmic reticulum
stress 124

Ischemia/reperfusion
(I/R)

Intervention with Tβ4 after ischemia can reduce the
neurological de�cits in rats 125. Tβ4 reduced damage after
ischemic heart injury, protected post hypoxic cardiac tissue,
decreased infarct size, reduced scar volume, decreased
in�ammation, promoted angiogenesis, and improved
ventricular function, and survival 122,126,127.

Inhibitors of ferroptosis, e.g., Galangin 128 and Carvacrol 129)
mitigate ferroptosis and have a neuroprotective effect in I/R.

Liver injury and
�brosis

Patients with liver diseases have serum Tβ4 levels negatively
correlated with liver function 130. Exogenous Tβ4
administration ameliorated ischemia reperfusion-induced
hepatic injury in mice 131, and prevented in vitro acute liver
injury and subsequent �brosis through alleviating oxidative
stress and in�ammation 132

Ferroptosis plays a crucial role in chronic intermittent hypoxia
-induced liver injury 133. The connection between ferroptosis
and non-cancer liver diseases are intricate and compelling 134

Neurodegeneration is characterized by neuronal cell death. Detailed biochemical and morphological studies of neuronal tissues have linked
neurodegeneration with increased iron concentrations in the tissue and successive production of free radicals 135,136. Since ferroptosis was �rst described in
2012 4, numerous research data have correlated neurodegenerative processes with iron-ROS induced cell death (Table 3), and glutamate induced cell injury
137. Up to now, Tβ4 has never been linked to ferroptosis, but different experimental studies have shown the bene�cial effects of Tβ4 in neurodegeneration
(Table 3).

Ferroptosis, in contrast to other RCDs processes can be inhibited, thus inhibiting molecules- namely iron chelators and lipophilic antioxidants, could be used
as a molecular switcher of the entire process. Our metal coordination studies showed that Tβ4 can bind both Fe2+ and Fe3+ metal ions in vitro in four different
metal binging regions (Fig. 3). Iron chelating ability of Tβ4 takes a part of iron cellular homeostasis, and increased concentration of Tβ4 leads to upregulation
of HO-1 protein expression (Fig. 8B), which metabolizes heme into ferrous iron.

Tβ4 as endogenous iron chelator in�uences anti-oxidative processes related to free iron ions and ROS production in Fenton reaction. Increased concentration
of Tβ4 enhances expression of oxidative stress-related genes: BAX, HSP70 and TRNRD-1, which are downregulated during ferroptosis. Noteworthily, the
expression of these genes is even higher when Tβ4 concentration increases during the ferroptosis process (Fig. 8A and 8D). Such observation suggests that
Tβ4 expression and/or supplementation could be used to enhance anti-oxidative processes, and further inhibits ferroptosis.

In our experimental conditions, erastin- and glutamate-induced ferroptosis leads to different ultrastructural alternations of cell morphology (Fig. 6A and 6B,
Fig. 7A and 7B). Some of them, i.g. those involving mitochondria, were previously described in ferroptosis processes, while the others- disruption of Golgi
apparatus and rough endoplasmic reticulum, continuous tunnelling nanotubes connecting neighboring cells- are less investigated in this context and need
further studies. Importantly, Tβ4 administration during ferroptosis can gradually reverse the morphological alternations (Fig. 6C and 6D, Fig. 7C and 7D).

Conclusions
Thymosin β4 is an iron chelator, which takes part of iron homeostasis mechanism and iron-related oxidative stress. Administration of Tβ4 enhances
expression of oxidative stress genes (HO-1, BAX, HSP70 and TRNRD-1), which are supressed by glutamate-induced ferroptosis. The characteristic
morphological alternations of ferroptosis process (i.g. predominant mitochondrial shrinking, an electron-dense ultrastructure, reduced/disappeared cristae,
and ruptured outer mitochondrial membrane) can be reversed by the administration of Tβ4, which restores normal cytoplasmic compartment organization. In
this context, Tβ4 can be considered a ferroptosis switcher. A better understanding of Tβ4 pathological functioning in cancer cells, and its bene�cial effects in
neurodegeneration, will enable us to switch different pathological states into physiological processes.

Experimental Procedures

Reagents
Erastin, L-Glutamate, BODIPY-C11, formaldehyde, glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4, osmium tetroxide, uranyl acetate, ethanol and
xylene were Sigma Aldrich products; purity 99% and were used without further puri�cation.
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EPR experimental details
All EPR spectra were recorded using a continuous wave Bruker ELEXSYS E500 electron paramagnetic resonance (EPR) spectrometer operating at the X band
equipped with a superhigh Q (ER 4122 SHQ) resonator. To create comparable data, the spectra were measured using the same conditions with instrumental
parameters as describes previously 138,139. Bruker Xenon software (Bruker BioSpin, Rheinstetten, Germany) was used for both data collection and spectral
processing.

NMR
NMR samples were prepared by dissolving 1.0 mg of Tβ4 in 500 µL of D2O. The pD was adjusted by adding DCl or NaOD and calculated as pD = pH[pHmeter

reading] + 0.4 140. All NMR experiments were performed on 800 MHz spectrometers equipped with a triple resonance TCI probe and Z gradients coils. The
temperature was kept at 25oC and it was calibrated with an external standard mixture of ethylene glycol and DMSO-D6 by monitoring the chemical shift

difference between the hydroxyl and methylene proton. The chemical shifts were calibrated with respect to standard DSS for proton, and 13C chemical shifts
were calibrated indirectly. D2O was used for locking.

Apart from the one-dimensional spectrum with water suppression using excitation sculpting, two-dimensional homonuclear TOCSY, NOESY, hetero-nuclear
HSQC and HSQC-TOCSY (with mixing 16 ms) experiments were recorded. For the heteronuclear experiments, 2048 and 360 data points were collected in
proton and carbon dimensions, respectively, which corresponds to 125 ms and 17ms acquisition time in the respective dimension. The data were apodized
with sine function and zero �lled with 4096 and 1024 points in proton and carbon dimensions, respectively. The recycle delay was kept for 1 and 1.5 seconds
respectively for HSQC and TOCSY-HSQC. The total measurement time was 300 and 240 minutes for HSQC and TOCSY-HSQC, respectively. The sample was
stable during measurement.

Five different samples were prepared with the addition of individually FeCl2 and FeCl3 with Thymosin: metal ion ratios 1:0.05, 1:0.1, 1:0.2, 1:0.5, and 1:1; and
�ve different samples were prepared with the addition of AlCl3 with Tβ4: metal ion ratios 1:0, 1:1, 1:2, 1:5 and 1:10. For the sample with some AlCl3, slightly
visible precipitation was noticed.

All NMR data were processed using Topspin 4.0.7 and analyzed with Sparky software. Nearly complete assignments of the 1H and 13C resonances for all the
residues were done by application of a standard and well-established procedure using HSQC and TOCSY-HSQC 141. We also used the PROSECCO (PROtein
SEquences and Chemical shift Correlations) server, which predicts the chemical shift of both folded and unfolded proteins, which is sequence-based. Since
Tβ4 is intrinsically disordered in D2O, we used the server accordingly. The earlier assignment of the apo form of Tβ4 was transferable.

DFT

System setup and conformational analysis
Conformational analyses were carried out on the full length N-acetylated Thymosin β-4. The protein sequence was built with Maestro v. 12.5 as a random coil
(no secondary structure elements) aminoacid sequence, as this is the most likely Tβ4 structure in solution 23. An acetyl group is added to the N-terminal serine
residue, whereas the C-terminal serine residue is taken in its charged COO- state, in agreement with the physiological form of Tβ4 23. Therefore, the initial
system is composed of the random coil protein and one Fe3+ metal ion, placed nearby the protein. The system was modeled with the OPLS-AA force �eld 142

as implemented in the MacroModel v12.4 package. Choice of the metal ion is dictated by the absence of Al3+ parameters in this force �eld. the MacroModel
v12.4 143 module was used along with the MonteCarlo Multiple Minimum (MCMM) algorithm 144. Three different conformational analyses were performed; in
the �rst one, the number of search iterations was set to 50000 steps and the Polak-Ribiere Conjugate Gradient (PRCG) minimization algorithm was used 145

set to 10000 minimization steps and the gradient of �rst derivatives convergence threshold set to 0.005. The second and third conformational analyses were
run for a total of 10000 search steps using Truncated-Newton Conjugate Gradient minimization algorithm (TNCG) 146, with 20000 minimization steps and the
gradient of second derivatives convergence threshold set to 0.05. All torsional variables were turned on during the conformational search, with a maximum
atom deviation cutoff of 0.8 Å to discriminate between redundant conformers. The energy window for saving structures was set to 20.0 kcal/mol.

Through visual inspection of all the conformers produced by the three conformational runs, we selected 11 structures whose metal binding mode lies in one of
the four metal anchoring areas predicted by NMR and CSP measurements (Fig. 1). Three binding modes have been identi�ed: Tβ4N-N, in which the metal is
bound to the N-terminal of the protein (ASP2, ASP5, GLU8 and GLU10 residues) ; Tβ4N-mid in which the metal is bound to the N-terminal and the middle of the
protein (ASP2, ASP5, GLU10 and GLU24 residues); Tβ4N-C in which the metal is bound to the N-terminal and the C-terminal regions of the protein (ASP5, GLU8,
GLU21 and GLU35 residues).

Five conformers for the Tβ4N-C and Tβ4N-mid binding modes were chosen, and one for the Tβ4N-N binding mode, for a total of eleven initial structures.

Molecular Dynamics simulations
The eleven Fe3+-Tβ4 structures selected from the previous conformational analyses were immersed in a dodecahedron box with the solute kept to a distance
of 20 Å from the box and solvated with ≃ 8000 TIP4P-ew 147 water molecules along with a salt concentration of 150 mM NaCl. The protein was modeled with
the AMBER99SB*-ILDN-Q force �eld 148,149 suitable for intrinsically disordered proteins. Although conformational analyses have been performed with Fe3+ ion,
MD simulations were performed using the Al3+ metal ion. This choice is due to the fact iron is a paramagnetic element, therefore NMR and CSP data for Al(III)
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(Table 1) are more reliable. Parameters for the Al3+ ion were taken from Pengfei Li et al. 150 as they have been developed for the AMBER family of force �elds
and the TIP4P-ew water model.

Long range electrostatic interactions were evaluated using particle-mesh Ewald (PME) approach 151 and Lennard-Jones interactions were truncated at 12Å
with an atom based force switching function which is effective at 10 Å. After 5000 steps of steepest descent minimization, the system was equilibrated in a
multistep manner with decreasing force constants according to the scheme illustrated in Table S3. Production run was conducted in the NPT ensemble for
1µs for each run. All atoms were constrained with the LINCS algorithm 152; hydrogen atoms were treated as virtual interaction sites so that to allow a time step
of 4.0 fs while maintaining energy conservation 153. Simulations were performed at the temperature of 310 K and 1.0 atm pressure. The V-rescale thermostat
(JCP 126, 014101) with a time constant of 0.1 ps was used to control the temperature. The isotropic Berendsen barostat was used for the equilibration stage,
whereas the Parrinello-Rahman one 154 was used for production runs; the reference pressure was set to 1.0 atm, the time constant to 2.0 ps and the isothermal
compressibility to 4.5 x 10− 5 in order to maintain the pressure of the system. Dispersion correction was used to correct long range dispersion of energy and
pressure.

Cell cultures
Commercial cell line J774 (ICLC ATL98011) was obtained from the Istituto Nazionale per la Ricerca sul Cancro c/o CBA (ICLC, Genova). The culture medium
used for this purpose was a mixture of MEM (EBSS), 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 mg/ml streptomycin, 2 mM L-Glutamine, 1%
non-essential amino acids. To perform different experimental conditions, con�uent cells were isolated using trypsin/EDTA and, for the experimental procedure,
samples of 2–3 x 104 cells/cm2 J774 cells were plated on different glass coverslips at 37°C, 5% CO2.

TEM Microscopy
Samples of J774 cells used in this study were �xed for 2 hours in a solution of 1% (para)formaldehyde and 1.25% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.4. They were post-�xed in 1% osmium tetroxide for 1hr and stained in aqueous uranyl acetate 0.25% overnight at 4°C. Cell cultures underwent a
dehydration process in an ascending graded series of ethanol and xylene, followed by in�ltration and embedding in Embed 812 resin. The specimens were
transferred to �at embedding molds and polymerized in the oven at 60°C for 24 hours. 60–90 nm thin sections were cut with an LKB ultratome 8800
ultramicrotome, post-stained with uranyl acetate and bismuth subnitrate, observed and photographed using a transmission electron microscope (JEOL 1400
plus model, Tokyo, Japan) operating at 80 kV.

Gene expression
The expression of the following genes at the mRNA level was evaluated by real time PCR: BAX; HSP70; HO-1 and TXNRD-1. The cells were immediately frozen
after treatment and stored at -80°C until RNA extraction. The RNA was extracted with NorDiag ARROW RNA kit using the automated tool of the same company.
Actin was used as a reference gene 155. The Real-time reverse-transcriptase PCR was performed using the Roche Light Cycler system and SYBR Green I kit
ampli�cation kit (Roche Diagnostics). The following primers (b- actF ¹⁄� 50 -GCATGGGTCAGAAGG-30, b-actR ¹⁄� 50 -AGGCGTA- CAGGGATAG-30) were
designed using the sequences of the human beta-actin mRNA (Gen- Bank accession no. NM_001101).

Real time was performed in 20 µl of �nal volume contained: 3 mM MgCl2, 0.25 mM of each primer, and 2 µl of RNA extract. Cycling was performed using the
following ampli�cation conditions: an initial reverse transcription at 55°C for 10 min, denaturation at 95°C for 30 s followed by 35 cycles at 95°C for 10s, 53°C
for 10 s and 72°C for 8 s with subsequent melting analysis: heating to 95°C for 20 s, cooling to 5°C for 10 s and re-heating to 95°C° per second.

Fluorescence was detected at the end of the 81°C segment in PCR step (single mode) and at 45°C segment in the melting step (continuous mode) in the F1
channel. The relative gene expression was analyzed by using the 2-DDCT method 156. For each of three analysis, three distinct biological replicas were done,
and quantitative data were expressed as a mean. Folding change values in genes expression relative to the beta-actin have been represented as mean + 
standard error. Statistical comparison of the genes expression in different experimental conditions was performed, with 5.0 GraphPad Prism software, by the
unpaired t-test with Welch's correction being the samples size equal, small and the variance unequal. The data were analysed also with one-way ANOVA as
well as the multicomparison Tukey's test. P values < 0.05 was considered signi�cant.
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Figure 1

(a) The overlay of the two-dimensional 13C-1H HSQC spectra in free form (red) and with Thymosin: Al3+ ratio 1:5 (green). The alpha and beta proton regions
are highlighted in the red and blue dotted rectangles in (a) and are presented in (b) and (c) respectively. Noticeable chemical shift changes were observed for
F12, I9 as indicated by red circles in (b). Otherwise, the chemical shifts remain the same, with only some decrease in the intensities, as highlighted by the red
circles in (c).
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Figure 2

The chemical shift perturbation (CSP) plot for the 48 distinct residues from the overlay of the two-dimensional 13C-1H HSQC spectra in free form and with
Thymosin:Al3+ ratio 1:5 as indicated in Figure 4.The formula used for CSP is Sqrt[1/2(δH2 +α*δ13C2)] as suggested by Willamson 27. The α was kept 0.3.

Figure 3

Representative structures of A) Tβ4N-C; B) Tβ4N-mid and C) Tβ4N-N.
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Figure 4

Bright �eld (upper) and green �eld (lower) images of the J774 culture cells placed under different experimental conditions for 24h: Erastin 0.5 [μM], glutamate
(L-Glu) 5.5 [mM], and Thymosin (Tβ4) 10 [μM]. C11-BODIPY581/591 was used as a �uorescent probe (λex=510 nm; λem=595 nm) according to published
procedure 45.

Figure 5

Electron micrographs of J774cells. (A, B) Control group displays a well-preserved ultrastructure. (C, D) Administration of Tβ4 (10 μM, 24 h) does not appear to
alter cell morphology. Note in both control and Tβ4 treated samples the presence of several mitochondria showing a continuous mitochondria membrane and
well-organized cristae. M= mitochondria, N= nucleus.
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Figure 6

(A, B) Glutamate treatment (5.5 mM, 24 h) induces numerous cellular alterations that affect especially the mitochondria (arrows). Initially it appears that the
membranes of the mitochondria open up, letting the contents pour out (arrowhead). Note the presence of tunnelling nanotubes connecting adjacent cells
(asterisk). (C, D) After Tβ4 administration (10 μM, 20 h), the cytoplasmic compartment displays more preserved cell structures. Mitochondria show a
continuous mitochondrial membrane and partially reorganized cristae. N= nucleus

Figure 7
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(A, B) Erastin treatment (0.5 μM; 24 h) induces numerous cellular alterations that affect especially the mitochondria (arrows). Mitochondria are frequently
observed with ruptured mitochondrial membrane and altered cristae (arrowheads). (C, D) After Tβ4 administration (10 μM, 20 h), the cytoplasmic
compartment displays more preserved cell structures associated with an evident decrease in lysosomal activity. N= nucleus.

Figure 8

mRNA expression levels (mean and standard error) of A) BAX and HSP70 B) HO-1 and C) TRNRD-1, which are related to stress conditions, in J774 cells. The
amount of mRNA of each gene for each experiment was normalized with the respective value of the beta actin housekeeping gene mRNA (X-fold of beta actin
expression).
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