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Abstract
Background  Recent studies have proved the role of autophagy in mesenchymal stem cell (MSCs) function and 
regenerative properties. How and by which mechanism autophagy modulation can affect the juxtacrine interaction 
of MSCs should be addressed. Here, the role of autophagy was investigated in the formation of tunneling nanotubes 
(TNTs) and homotypic mitochondrial donation.

Methods  MSCs were incubated with 15 µM Metformin (Met) and/or 3 µM 3-methyladenine (3-MA) for 48 h. The 
formation of TNTs was assessed using bright-field and SEM images. The mitochondria density and ΔΨ values were 
monitored using flow cytometry analysis. Using RT-PCR and protein array, the close interaction and shared mediators 
between autophagy, apoptosis, and Wnt signaling pathways were also monitored. The total fatty acid profile was 
assessed using gas chromatography.

Result  Data indicated the increase of TNT length and number, along with other cell projections after the induction 
of autophagy while these features were blunted in 3-MA-treated MSCs (p < 0.05). Western blotting revealed the 
significant reduction of Rab8 and p-FAK in 3-MA-treated MSCs (p < 0.05), indicating the inhibition of TNT assembly and 
vesicle transport. Likewise, the stimulation of autophagy increased autophagic flux and mitochondrial membrane 
integrity compared to 3-MA-treated MSCs. Despite these findings, protein levels of mitochondrial membrane Miro1 
and 2 were unchanged after autophagy inhibition/stimulation (p > 0.05). We found that the inhibition/stimulation of 
autophagy can affect the protein, and transcription levels of several mediators related to Wnt and apoptosis signaling 
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Introduction
During the last decades, the discovery and application 
of various progenitors and stem cell types have revolu-
tionized human medicine [1, 2]. Mesenchymal stem cells 
(MSCs) are the most commonly used stem cells in sev-
eral experiments and human clinical trials [3–7]. These 
cells can use a multitude of mechanisms to exert their 
regenerative properties in the injured sites. Secretion of 
chemokines, cytokines, growth factors, metabolic prod-
ucts, and extracellular matrix, commonly referred to as 
the paracrine effect, is the main underlying mechanism 
for reparative outcomes [8]. In stem cell secretome, vari-
ous extracellular vesicle (EVs) types, including exosomes 
and microvesicles, can transfer signaling molecules and 
maintain reciprocal communication between cells [9, 10].

Tunneling nanotubes (TNTs) are cytoskeletal protru-
sions and maintain juxtacrine cell-to-cell communication 
[11]. TNTs enable the transmission of intracellular organ-
elles in bi- and uni-directional manners, exhibiting dis-
tinct structural and functional characteristics in various 
cell types [12]. These nano-sized structures are supported 
by the actin polymer backbone and can generated via the 
elongation of cellular protrusion and dislodgement [13]. 
Of note, TNTs can facilitate the transfer of diverse cel-
lular cargo such as mitochondria and Golgi vesicles, as 
well as vesicles, genetic molecules like microRNA and 
siRNA, proteins, and ions between the cells [14]. It has 
been found that TNTs can also distribute various micro-
bial pathogens and factors associated with several path-
ological conditions such as neurological disorders and 
cancers [15]. MSCs can generate TNTs as intercellular 
bridges to transport cargo, i.e. mitochondria, for regen-
erative purposes [16, 17]. Along with cytoskeletal remod-
eling, several enzymes and mediators such as Miro1 and 
2 (mitochondrial Rho-GTPases), Rab8, TRAK1, TRAK2, 
and Myo19 are required for organelle donation. It has 
been found that knockdown of Miro1 inhibits TNT pro-
duction and blunt regenerative potential of MSCs [17, 
18].

Autophagy serves as a crucial intracellular degrada-
tion system and is regulated by various autophagy-related 
(ATG) proteins. By the activation of autophagy, the host 
cells can recycle abnormal cytoplasmic components, 
damaged and senescent organelles, and misfolded protein 

aggregates [19]. Emerging data have proved that differ-
ent cells bioactivate after the activation of autophagy. 
For instance, paracrine activity, cytoskeletal remodel-
ing, migration capacity, etc. are modulated by autophagy 
response [20–24].

Here, we aimed to assess the possible role of autoph-
agy response on TNT formation in MSCs and organelle 
donation. It is thought that the data from the present 
study can help us in the elucidation of the relationship 
between autophagy status, TNT formation, and organelle 
donation in MSCs.

Materials and methods
MSC culture and expansion protocol
MSC line (Cat no: IBRC-C10680) was obtained from the 
Iranian Biological Resource Center (Iran) and expanded 
in culture plates with low-glucose content Dulbecco’s 
modified Eagle’s Medium (DMEM/LG; Gibco) at stan-
dard conditions (37  °C, 95% relative humidity, and 5% 
CO2). The culture medium was supplemented with 
10% fetal bovine serum (FBS, Gibco) and 1% Penicillin/
Streptomycin (Biosera) solutions, and renewed at regu-
lar intervals of 3–4 days. Cells with a confluence level of 
70–80% were subcultured using 0.25% Trypsin-EDTA 
solution. Cells of passages 3–6 were utilized for different 
analyses.

MTT assay
To evaluate the effect of autophagy modulation on sur-
vival rate, MSCs were exposed to Metformin (Met; Cat 
no:1115-70-4) and 3-Methyl Adenine (3-MA; Cat no: 
CS-5207) respectively for 48  h. Thereafter, the conven-
tional MTT colorimetric method was performed to 
find the maximum chemical content with the least toxic 
effect. In this regard, MSCs (~ 1 × 104) were placed in 
each well of 96-well plates (SPL, Korea), cultured at stan-
dard conditions, and allowed to reach 70–80% conflu-
ence. Then, cells were exposed to different concentrations 
of Met (1, 5, 15, 20, 50, 75 µM) for 48  h. After incuba-
tion time, supernatants were removed 200 µl of 5 mg/ml 
MTT solution (Sigma-Aldrich; Cat no: M5655) was over-
laid on each well, and plates were maintained at 37 °C for 
the next 4 hours. Then, supernatants were removed and 
replaced with 100 µl dimethyl sulfoxide (DMSO; Merck). 

pathways involved in different cell bioactivities. Data confirmed the profound increase of mono and polyunsaturated/
saturated fatty acid ratio in MSCs exposed to autophagy stimulator.

Conclusions  In summary, autophagy modulation could affect TNT formation which is required for homotypic 
mitochondrial donation. Thus, the modulation of autophagy creates a promising perspective to increase the efficiency 
of cell-based therapies.

Keywords  Mesenchymal stem cells, Autophagy, Tunneling nanotubes, Mitochondrial donation, Apoptosis, Wnt 
signaling pathway
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The OD of different groups was read using a microplate 
reader (BioTek, USA) and the viability of cells was calcu-
lated related to the non-treated control group. The inhi-
bition of autophagy was performed using 3 µM 3-MA 
according to previously published data.

Monitoring of TNT compartments
The formation of TNTs was evaluated using an inverted 
microscope and scanning electron microscopy (SEM). 
To this end, MSCs treated with 15 µM Met and 3 µM 
3-MA for 48 h, and were fixed using a 1% paraformalde-
hyde (PFA) solution. Serial high-power fields were moni-
tored using an inverted microscope, and the number and 
length of TNTs were measured using AxioVision 4.8.2 
software. For SEM analysis, MSCs from different groups 
were dehydrated using an ascending EtOH series, gold-
sputtered, and imaged using an SEM instrument (Model: 
MIRA3 TESCAN; Czech Republic).

Immunofluorescence imaging
LysoTracker and MitoTracker staining were performed to 
assess the stimulatory and inhibitory effects of Met and 
3-MA on later stages of autophagy and mitochondrial 
membrane integrity, respectively. To this end, MSCs were 
seeded in 4-well Chambered Cell Culture Slides (SPL) 
at a density of 104 cells per well and kept under stan-
dard conditions. After 24 h, MSCs were treated with 15 
µM Met and 3 µM 3-MA for 48 h, washed with pre-cold 
PBS, and stained with 200 µM LysoTracker Green (cat 
no: L7526, Sigma-Aldrich) and/or 20 nM Green Mito 
Tracker solution (Cat no: M7514) for 1  h. After three 
times washing with PBS, cell nuclei were stained with a 
1 µg/ml DAPI (Sigma-Aldrich) solution for 30 s. The cells 
were imaged using the BX41 Olympus immunofluores-
cence microscope.

Monitoring mitochondrial uptake
Non-treated MSC mitochondria were extracted upon 
reaching the 70–80% confluence. Cells were detached 
using Trypsin-EDTA solution and were centrifuged at 
400  g for 15  min. Cell pellets were incubated with 1X, 
2.5X, and hypo-osmotic lysis buffers. The solutions were 
centrifuged at 17,000 g for 20 min at 4  °C to collect the 
mitochondrial pellets and stained with 20 nM Green 
Mito Tracker solution for 1 h. MSCs pre-treated with 15 
µM Met and 3 µM 3-MA were incubated with labeled 
mitochondria for 48 h. After three PBS washes, the cells 
were detached and re-suspended in 500 µl PBS solution 
and analyzed using the BD® FACSCalibur system and 
FlowJo software (Ver.7.6.1).

Western blotting analysis
Western blotting was used to measure protein associated 
with autophagy (BCLN-1, LC3, and P62), mitochondrial 

donation (Miro-1, Miro-2, and Rab8), and cytoskeletal 
remodeling [focal adhesion kinase (FAK)]. MSCs were 
lysed using protein lysis buffer (NP40, Tris-HCl, EDTA, 
NaCl, Sodium Deoxycholate, and sodium dodecyl sul-
fate), and centrifuged at 12,000  g for 30  min at 4  °C. 
Using 10% SDS-PAGE gel electrophoresis, proteins 
were separated and then transferred onto PVDF mem-
branes. Membranes were blocked using 2% skim milk 
solution at RT for 1 h, and incubated with primary anti-
bodies overnight at 4  °C as follows; BECLN-1 (Cat no: 
sc-48,341; Santa Cruz Biotechnology, Inc), LC3 (Cat no: 
2775; Cell Signaling Technology, Inc), and P62 (Cat no: 
sc-10,117; Santa Cruz Biotechnology, Inc), Miro1 (Cat 
no: sc-398,520; Santa Cruz Biotechnology, Inc), Miro 
2 (Cat no: sc-135,387; Santa Cruz Biotechnology, Inc), 
Rab8 (Cat no: sc-81,909; Santa Cruz Biotechnology, Inc), 
(Cat no: sc-81,493; Santa Cruz Biotechnology, Inc). After 
that, membranes were washed with PBTS and incubated 
with the secondary HRP-conjugated secondary antibod-
ies (Cat no: sc-2357; Santa Cruz Biotechnology, Inc). 
Using an ECL solution, immunoreactive bands were 
detected on the X-ray films. The band density of each 
immunoblot was measured using ImageJ software (NIH; 
Ver 1.4.) related to an internal housekeeping β-actin (Cat 
no: sc-47,778 Santa Cruz Biotechnology, Inc). This exper-
iment was performed in triplicate.

PCR array
The expression of different mediators related to autoph-
agy and Wnt signaling pathways was monitored using 
PCR array analysis. To this end, treated MSCs were lysed 
using the RNA extraction kit Trizol Reagent (Cat no: 
302-001; RiboExLs), and sample purity was measured by 
the Picodrop system. The isolated RNAs were reverse-
transcribed into cDNA using a SMOBIO cDNA Synthe-
sis Kit [RP1400] ExcelRT™ Reverse Transcription Kit II, 
100 Rxn]. After cDNA synthesis, the expression of all 
genes was determined by using Human Autophagy RT2 
Profiler PCR Array (Cat no: PAHS-084Z; Qiagen Gene-
Globe), Human Wnt RT2 Profiler PCR Array (Cat no: 
PAHS-043ZF; Qiagen GeneGlobe), and Light Cycler 480 
Instrument II (Roche). Raw data were processed using 
the 2−ΔΔCT formula to calculate fold changes of each 
gene. Transcription rates more than 2-fold were consid-
ered as the cut-off value with three sets of experiments.

Protein array
To assess whether autophagy modulation can alter pro-
tein levels of the apoptosis signaling pathway, 43 pro- 
and anti-apoptosis proteins were monitored using a 
human apoptosis antibody array (Cat no: ab134001; 
Abcam) according to the manufacturer’s instructions. In 
brief, protein levels were measured using a BCA Protein 
Quantification Kit (Cat no: A101251; Parstous). Then, 
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recommended protein concentrations were added to 
membranes with capturing antibodies spotted in arrays 
and kept at 4  °C overnight. After that, samples were 
washed several times with a washing buffer and blocked 
using a blocking buffer. The procedure was continued 
with the addition of biotin-conjugated anti-cytokines 
and HRP-streptavidin. The membranes were carefully 
washed and immunoreactive spots were detected using 
the ECL solution Western Blot Imaging System (Model: 
SB-14,007; Sabz Biomedicals). The density of each spot 
was measured using ImageJ software (NIH; ver. 1.4). In 
this study, protein levels more than 2-fold were consid-
ered as the cut-off values.

Total fatty acid profile assays
The fatty acid profile was monitored using gas chroma-
tography via direct trans-esterification method as previ-
ously elucidated [25]. The pooled cells (~ 1 × 106 cells) 
were subjected to transesterification to convert their 
methyl esters by introducing 200  µl of acetyl chloride 
reagent in 2 mL methanol-hexane (4:1, v/v), and meth-
anolysed at 100  °C for 1  h. After the addition of a 6% 
solution of K2CO3, the upper phase of hexane was col-
lected and used for analysis. The methyl ester pattern 
was identified through Teknokroma TR CN100 column 
(60 × 0.25  mm) using a Buck Scientific gas chromato-
graph (Model 610, SRI Instruments, Torrance, USA), and 
PeakSimple, version 3.59 (SRI Inc) relative to Trideca-
noic acid (13:0) as an internal standard. The percentage 
of specific fatty acids, such as saturated fatty acids (SFAs; 
Myristate, Palmitate, Stearate, and Pentadecanoate), 
monounsaturated fatty acids (MUFAs; Oleate), and poly-
unsaturated fatty acids (PUFAs; Linoleate) were analyzed 

and expressed as a percentage of the total extracted fatty 
acids.

Statistical analysis
Analysis of data was performed using the GraphPad 
PRISM (Ver. 8.4.3) and data (mean ± SD) were monitored 
using One-Way ANOVA with Tukey post hoc analysis. 
p < 0.05 was considered statistically significant.

Results
Met dose selection
In this study, an MTT assay was used to select the maxi-
mum Met concentration with the minimum cytotoxic-
ity (Fig.  1). Data indicated that the incubation of MSCs 
with different concentrations of Met, 1, 5, 15, 25, 50, 
and 75 µM for 48 h led to enhanced viability compared 
to the non-treated control (p < 0.01; Fig.  1). No statisti-
cally significant differences were obtained in terms of 
MSC survival between the Met-treated groups (p > 0.05). 
According to data from current experiments and previ-
ous studies, 15 µM Met was used for subsequent analy-
ses. To inhibit autophagy, 3 µM 3-MA was used in 
different assays according to previous data.

Autophagy stimulation promoted TNT formation in MSCs
To investigate the relationship between autophagy 
response, cell morphology and TNT formation, MSCs 
were treated with 15 µM Met and 3 µM 3-MA for 
48  h and examined using bright-field and SEM images 
(Fig.  2A). Bright-field images indicated the formation 
of intercellular TNT connections in MSCs after being 
exposed to autophagy modulators (red arrowheads; 
Fig. 2A). Based on the results, Met statistically increased 
the number and length of TNTs compared to the con-
trol and 3-MA treated MSCs (p < 0.01; Fig.  2A). Data 
confirmed several dense granules, or nodules inside the 
TNTs (yellow arrows), indicating active transportation 
between the MSCs. In contrast to the Met-treated cells, 
the number and length of TNTs were statistically reduced 
in the 3-MA group with faint cytoskeletal remodeling, 
leading to almost rounded margins and a reduced num-
ber of cellular projections (TNTs, filopodia, and lamel-
lipodia). These findings were also confirmed by SEM 
ultrastructural images (Fig.  2B). SEM images showed 
the TNT compartments between 2D cultured MSCs in 
control and Met-treated groups (yellow arrows). TNT 
structures were like bridges and strands which signified 
the active inter-MSC connections after autophagy stimu-
lation (Fig. 2B). In the 3-MA treated MSCs, cells exhib-
ited round-shape morphologies with reduced TNT units. 
These data indicate that the stimulation of autophagy can 
promote the MSC-to-MSC juxtacrine interaction via the 
activation of cytoskeletal remodeling and the formation 
of TNTs. In contrast, autophagy inhibition reduced TNT 

Fig. 1  Monitoring MSC survival rate incubated with different doses of 
Met, 1, 5, 15, 20, 50, and 75 µM, after 48 h. Data indicated a significant in-
crease in MSC viability in Met-treated groups compared to the control cells 
(n = 8). In this study, 15 µM Met was selected for other analyses. Data are 
expressed as mean ± SD. One-way ANOVA with Tukey post hoc. **p < 0.01
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structures and cellular projections, leading to the reduc-
tion of physical contact between the cells.

Met can induce autophagy flux inside the MSCs
Autophagic flux was monitored in different groups using 
LysoTracker, an acidotropic dye (Fig. 3A). This compound 
is pH-dependent fluorescence and indicates the fusion of 
autophagosomes with lysosomes. According to our data, 

Met increased the intensity and number of intracellular 
LysoTracker green particles compared to the non-treated 
control MSCs. In the 3-MA treated group, intracellular 
LysoTracker green particles are barely detectable, indi-
cating the reduction or inhibition of autophagy flux. 
Even, these features were reduced prominently in 3-MA 
groups less than that of control MSCs. These data indi-
cate that Met can stimulate the autophagy flux and 

Fig. 2  TNT formation and projections in MSCs exposed to 15 µM Met, and 3 µM 3-MA after 48 h. Bright-field images (A), and SEM images (B). Data in-
dicated the formation of different cell projection types including TNTs (red arrows) filopodia, and lamellipodia (yellow arrows) in control MSCs (A). Data 
indicated that the number and length of TNTs (red arrowheads) were increased in Met-treated MSCs compared to the control and 3-MA groups. In Met-
treated MSCs, intercellular transfer of cargo can be detected inside the TNTs (yellow arrows). Data showed the lack of significant differences in terms of 
TNT length and number in 3-MA treated MSCs compared to the control group. SEM images indicated the existence of TNT links between the control and 
Met-treated MSCs (B; yellow arrows). In the presence of 3-MA, MSCs lose the ability to produce TNT bridges. Data are expressed as mean ± SD. One-way 
ANOVA with Tukey post hoc. **p < 0.01; ***p < 0.001
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Fig. 3  Monitoring autophagic process in 15 µM Met, and 3 µM 3-MA treated MSCs using LysoTracker staining after 48 h (A). Immunofluorescence (IF) im-
ages indicated the increase of acidic compartments and autophagy flux in the presence of Met compared to the control group. The number and intensity 
of green LysoTracker particles were at the minimum levels in 3-MA treated MSCs related to control cells. Mitochondrial membrane integrity was studied 
using Green Mito Tracker staining (B). IF showed higher fluorescence intensity and an increase of fluorescent particles in Met-treated MSCs compared to 
control and 3-MA groups. These features indicated an appropriate ΔΨ feature and mitochondrial number inside the MSCs after being exposed to Met. 
Flow cytometry analysis of mitochondria internalization in MSCs after treatment with Met and 3-MA. MSCs from different groups were incubated with 
Green Mito Tracker-stained mitochondria. Despite the increase of mitochondria uptake in 3-MA treated cells, no statistically significant differences were 
achieved in terms of fluorescence intensity. Data are expressed as mean ± SD. One-way ANOVA with Tukey post hoc
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autophagolysosome formation while 3-MA decreases the 
fusion of lysosomes with autophagosome.

Met increased mitochondrial functional activity in MSCs
To investigate the relationship between stimulation/inhi-
bition of autophagy and mitochondrial membrane integ-
rity, MitoTracker Green staining was used (Fig. 3B). Data 
indicated that the intensity of MitoTracker Green+ par-
ticles was increased in Met-treated MSCs compared to 
the control and 3-MA groups. While a relatively similar 
fluorescence intensity pattern was achieved for the con-
trol and 3-MA groups (Fig. 3B). These data demonstrate 
that higher intensity staining of MSCs with MitoTracker 
Green is associated with increased mitochondrial con-
tent and respiration rate. Based on our data, the inhibi-
tion of autophagy did not alter the functional activity of 
mitochondria compared to the non-treated MSCs.

Autophagy inhibition can alter mitochondrial 
internalization in MSCs
To investigate whether autophagy inhibition/stimula-
tion is involved in mitochondrial reception and inter-
nalization, the isolated mitochondria were pre-labeled 
with MitoTracker Green, added to the supernatant, and 
internalization rate was analyzed using flow cytometry 
after 24  h. Data indicated that the number of internal-
ized mitochondrial particles was relatively similar in the 
control and Met-treated MSCs in which 33.6 ± 1.1, and 
37.5 ± 1.2% of MSCs were MitoTracker Green positive, 
respectively (Fig.  3C). These features were increased in 
3-MA-treated MSCs and reached 43.6 ± 10.5%. Despite 
the lack of significant changes between the 3-MA-treated 
cells with control and Met groups, it can be said that 
probably the number and rate of mitochondrial internal-
ization increased after autophagy inhibition.

Met and 3-MA changed the protein levels related to TNT 
assembly
In this study, western blotting was used to monitor pro-
tein levels of BCLN1, LC3-II/LC3-I ratio, and p62 in 
MSCs exposed to 3-MA and Met (Fig. 4A and B). Accord-
ing to the data, despite the reduction of BCLN1 in 3-MA 
treated MSCs, no statistically significant differences 
were obtained compared to the control and Met groups 
(p > 0.05). Protein levels of p62 and LC3-II/LC3-I ratio 
were not statistically significant in Met and 3-MA groups 
compared to the non-treated MSCs (p > 0.05). Data con-
firmed the lack of significant changes in protein levels of 
Miro1 and 2 in treated MSCs related to the control group 
(p > 0.05; Fig. 4A and B). Of note, protein levels of factors 
involved in TNT assembly were significantly changed in 
the presence of 3-MA as compared to the control MSCs 
(p < 0.05; Fig.  4A and B). Data indicated a significant 
reduction of GTPase Rab8 and p-FAK in MSCs exposed 

to 3-MA after 48 h. These data indicated that autophagy 
inhibitor can reduce protein levels of factors involved in 
TNT assembly and vesicle transportation.

Met and 3-MA altered the expression of genes related to 
the autophagy signaling pathway
To monitor the expression of ATGs, the transcription of 
different genes was monitored using PCR array analysis 
(Table  1). Data showed that the expression of specific 
genes was changed in the presence of 15 µM Met and 3 
µM 3-MA after 48 h. The expression of genes related to 
vacuole formation, ATG12 (3.31-fold), ATG16L1 (2.29-
fold), ATG4C (2.73-fold), ATG5 (2.86-fold), ATG9B 
(2.69-fold) were up-regulated in Met-treated MSCs. 
We noted that the expression of other genes from the 
same signaling transduction such as ATG4A (2.89-fold), 
ATG4B (4.11-fold), ATG9A (2.89-fold), GABARAP 
(2.33-fold), GABARAPL2 (2.87-fold), MAP1LC3B (4.11-
fold) was also induced MSCs after being exposed to the 
3-MA. Based on the data, ATG4C, ATG4A, and ATG4B 
with proteolytic activity can foster the autophagy flux 
via interaction with GABARAP to fuse autophagosomes 
with lysosomes (Supplementary Table 1). According to 
the obtained data, 3-MA and Met can differently stimu-
late the expression of genes related to protein transport 
signaling transduction pathway in which the expres-
sion of ATG4A, ATG4B, ATG9A, GABARAP, GAB-
ARAPL2, and RAB24 (5.03-fold), ATG10 (1468.37-fold) 
was induced after 3-MA treatment whereas Met up-reg-
ulated the expression of ATG16L1, ATG4C, and ATG10 
(467.23-fold). Data confirmed that the expression of 
shared genes between the autophagy and apoptosis path-
way such as ATG12, ATG5, BAD (11.22-fold), EIF2AK3 
(8.16-fold), HDAC1 (10.76-fold), HTT (107.49-fold), 
PTEN (9.37-fold) and TP53 (16.66-fold) was up-regu-
lated in Met-treated MSCs compared to the non-treated 
control MSCs. Of note, CXCR4 (6.02-fold), TNF (4.06-
fold), MAPK8 (2.64-fold), and ACTB (2.28) genes were 
up-regulated by 3-MA in MSCs from the same signaling 
pathway. We noted that both Met and 3-MA triggered 
the CASP3 (4.68-, and 3.97-fold), INS (14.01, and 9.06-
fold), SNCA (7.77, and 6.19-fold), SQSTM1 (18.10, and 
9-fold), associated with co-regulators of apoptosis and 
autophagy signaling transduction pathway. The transcrip-
tion of genes related to intracellular signals like CTSD 
(4.16-fold), PIK3R4 (19.13-fold), RPS6KB1 (4.05-fold), 
and TMEM74 (4.85-fold) was also stimulated by Met. A 
similar trend was achieved in terms of CTSS (4.56-fold) 
and PIK3C3 (3.61-fold) expression in the 3-MA group. 
However, Met and 3-MA can activate common genes 
the ULK2 (11.54-, and 33.13-fold), and GAA (19.81-, 
and 3.25-fold), respectively from the same signaling axis. 
We found that the activation of genes associated with 
cell cycle such as PTEN, TP53, and RB1 (3.13-fold) after 
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the modulation of autophagy by Met. Interestingly, the 
activity of genes related to chaperone-mediated autoph-
agy (CMA) namely HSPA8 (26579.01-, and 7.89-fold) 
was induced in both Met and 3-MA groups. However, 
these values were more prominent in the Met-treated 
MSCs compared to the 3-MA group. The expression of 
EIF2AK3 (8.16-fold) belonging to pathogen-mediated 
autophagy response signaling was changed in the pres-
ence of Met while 3-MA was neutral to change the 
expression of this gene. These data demonstrate that Met 
and 3-MA can modulate the expression of various genes 
related to different signaling transduction pathways for 
autophagic activity.

Autophagy response modulation affected the expression 
of genes related to the wnt signaling pathway
To assess whether the inhibition/stimulation of autoph-
agy can influence the Wnt signaling pathway, PCR array 
analysis was done (Table 2). Data indicated that the tran-
scription of different genes related to several signaling 
transduction axes was altered in MSCs exposed to 15 µM 
Met and 3 µM 3-MA after 48 h. According to the data, 
treatment with Met can activate specific genes such as 
FZD9 (2.08-fold), CTNNB1 (2.02-fold), and SFRP4 (2.02-
fold) belonging to the Canonical Wnt signaling pathway 
(Supplementary Table 2, Supplementary Fig. 1, and sup-
plementary data File 1). Along with these changes, the 
expression of WNT2 (3.13.-fold), 7  A (3.68-fold), and 
8  A (4.92-fold), SFRP1 (2.46-fold), NKD1 (2.41-fold), 
FZD8 (2.26-fold), DVL1 (3.83-fold), LRP5 (3.86-fold), 

Fig. 4  Western blotting (A and B). Data revealed the lack of significant differences in protein levels of autophagy machinery (BCLN1, LC3-II/LC3-I ratio, and 
p62) in the presence of 15 µM Met, and 3 µM 3-MA after 48 h. Protein levels of Miro1 and 2 remained unchanged in the presence of Met, and 3-MA. The 
levels of Rab8 and p-FAK related to TNT assembly and vesicle transport were reduced significantly in 3-MA-treated MSCs. Data are expressed as mean ± SD. 
One-way ANOVA and Tukey post hoc test (n = 3). *p < 0.05; **p < 0.01
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DKK3 (2.03-fold), DIXDC1 (2.19-fold) from same sig-
naling transduction pathway was increased significantly 
in 3-MA-treated group compared to the Met and con-
trol cells. Met had a potential to increase the expression 

of DAAM1 (2.29-fold) from the planar cell polarity sig-
naling transduction pathway while 3-MA stimulated the 
transcription of NKD1, WNT2 (3.13.-fold), DVL1 (3.83-
fold), VANGL2 (2.03-fold), WNT7A (3.68-fold), WNT8A 

Table 1  PCR array analysis of human autophagy signaling 
pathway in MSCs exposed to Met and 3-MA
Gene Met 3-MA Gene Met 3-MA
AKT1 1.09 0.87 GABARAPL2 1.46 2.87
AMBRA1 1.69 0.45 HDAC1 10.76 1.69
APP 0.86 0.85 HDAC6 0.36 1.67
ATG10 467.23 1468.37 HGS 0.89 0.65
ATG12 3.31 0.23 HSP90AA1 1.26 1.69
ATG16L1 2.29 0.78 HSPA8 26579.01 7.89
ATG16L2 0.00 0.71 HTT 107.49 0.78
ATG3 0.92 0.51 IFNG 1.26 1.69
ATG4A 1.04 2.89 IGF1 0.34 1.69
ATG4B 0.06 4.11 INS 14.01 9.06
ATG4C 2.73 0.68 IRGM 0.64 0.93
ATG4D 0.78 1.05 LAMP1 1.32 0.59
ATG5 2.86 1.19 MAP1LC3A 0.51 0.50
ATG7 0.79 0.42 MAP1LC3B 1.32 4.11
ATG9A 1.52 2.89 MAPK14 1.01 0.09
ATG9B 2.69 1.19 MAPK8 1.53 2.64
BAD 11.22 0.16 MTOR 1.73 1.82
BAK1 0.94 0.30 NFKB1 1.67 0.73
BAX 1.26 0.30 NPC1 0.90 1.27
BCL2 0.49 0.45 PIK3C3 1.39 3.61
BCL2L1 0.00 0.33 PIK3CG 0.91 1.22
BECN1 0.23 0.44 PIK3R4 19.13 1.29
BID 0.60 0.23 PRKAA1 0.68 0.66
BNIP3 1.26 1.69 PTEN 9.37 0.00
CASP3 4.68 3.97 RAB24 0.32 5.03
CASP8 0.82 1.05 RB1 3.13 1.04
CDKN1B 0.56 0.43 RGS19 0.89 0.29
CDKN2A 0.46 0.18 RPS6KB1 4.05 1.18
CLN3 0.83 0.45 SNCA 7.77 6.19
CTSB 0.08 0.00 SQSTM1 18.10 9.00
CTSD 4.16 0.88 TGFB1 1.89 0.18
CTSS 1.00 4.56 TGM2 0.83 0.32
CXCR4 1.08 6.02 TMEM74 4.85 0.92
DAPK1 0.41 0.61 TNF 1.28 4.06
DRAM1 1.76 1.84 TNFSF10 0.65 0.39
DRAM2 0.66 1.14 TP53 16.66 1.60
EIF2AK3 8.16 0.33 ULK1 1.31 1.41
EIF4G1 0.83 0.91 ULK2 11.54 33.13
ESR1 0.24 0.16 UVRAG 0.48 0.90
FADD 0.33 0.24 WIPI1 0.39 1.03
FAS 0.59 0.32 ACTB 1.55 2.28
GAA 19.81 3.25 B2M 1.55 0.54
GABARAP 0.68 2.33 GAPDH 0.26 0.60
GABARAPL1 0.29 0.99 HPRT1 0.44 0.32

RPLP0 3.63 4.23
Fold-change values in the Met and 3-MA groups were calculated using the 
2–∆∆Ct formula and normalized to the values in the control group. Differences in 
expression more than twofold were accepted as the cut-off value (n = 3)

Table 2  PCR array analysis of human wnt signaling pathway in 
MSCs exposed to Met and 3-MA
Gene Met 3-MA Gene Met 3-MA
AES 1.07 1.41 LRP6 0.79 1.13
APC 0.00 0.27 MAPK8 1.54 1.06
AXIN1 0.89 0.71 MMP7 11.76 2.13
AXIN2 0.80 1.84 MYC 2.34 0.48
BCL9 1.51 2.79 NFATC1 0.92 1.06
BTRC 1.08 1.34 NKD1 1.42 2.41
CCND1 1.11 1.92 NLK 1.37 1.27
CCND2 0.32 0.61 PITX2 1.80 1.44
CSNK1A1 1.95 1.20 PORCN 0.29 0.91
CSNK2A1 0.97 0.14 PPARD 0.70 1.52
CTBP1 0.22 0.91 PRICKLE1 0.50 0.56
CTNNB1 2.02 1.57 PYGO1 1.44 1.16
CTNNBIP1 0.71 1.78 RHOA 1.05 0.15
CXXC4 2.82 1.16 RHOU 1.44 2.25
DAAM1 2.29 0.80 RUVBL1 0.80 1.11
DAB2 2.21 1.70 SFRP1 1.42 2.46
DIXDC1 1.76 2.19 SFRP4 2.02 1.73
DKK1 0.45 0.82 SOX17 0.07 0.50
DKK3 1.87 2.03 TCF7 0.50 0.91
DVL1 1.09 3.83 TCF7L1 0.07 0.49
DVL2 0.49 0.90 TLE1 2.71 5.65
EP300 0.70 1.44 VANGL2 1.36 2.03
FBXW11 2.69 4.62 WIF1 0.10 0.21
FBXW4 1.32 2.23 CCN4 1.11 2.82
FGF4 0.42 0.75 WNT1 1.07 1.60
FOSL1 1.02 0.86 WNT10A 1.33 1.88
FOXN1 0.82 1.17 WNT11 1.00 1.24
FRAT1 0.69 0.59 WNT16 2.39 1.79
FRZB 1.68 1.24 WNT2 1.81 3.13
FZD1 1.20 1.22 WNT2B 0.00 0.07
FZD2 1.48 1.18 WNT3 1.63 1.02
FZD3 1.38 1.36 WNT3A 1.07 1.42
FZD4 1.51 1.56 WNT4 0.47 1.43
FZD5 1.29 1.04 WNT5A 1.22 1.44
FZD6 0.97 0.96 WNT5B 0.24 0.62
FZD7 1.68 1.79 WNT6 0.99 1.34
FZD8 0.97 2.26 WNT7A 1.44 3.68
FZD9 2.08 1.69 WNT7B 0.05 0.34
GSK3A 0.87 0.94 WNT8A 1.63 4.92
GSK3B 0.91 0.28 WNT9A 1.54 1.17
JUN 2.60 1.44 ACTB 1.11 1.93
KREMEN1 0.84 3.83 B2M 0.94 1.37
LEF1 1.80 1.81 GAPDH 0.82 1.38
LRP5 1.62 3.86 HPRT1 1.63 1.20

RPLP0 0.71 0.23
Fold-change values in the Met and 3-MA groups were calculated using the 
2–∆∆Ct formula and normalized to the values in the control group. Differences in 
expression more than twofold were accepted as the cut-off value (n = 3)
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(4.92-fold), and RHOU (2.25-fold) from the same molec-
ular cascade. On the other hand, Wnt negative regulators 
such as KREMEN1 (3.83-fold), DKK3 (2.03-fold), NKD1, 
and SFRP1 (2.46-fold) were activated in the presence of 
3 µM 3-MA. Our data also indicated that Met can acti-
vate SFRP4 (2.02-fold), CXXC4 (2.82-fold), and WNT16 
(2.39-fold) from the same signaling axis compared to 
the control MSCs. Both Met and 3-MA triggered the 
FBXW11 (2.69-, and 4.62-fold), and TLE1 (2.71, and 
5.65-fold), respectively from the same pathway. We found 
that Met can affect the MSC fate via the expression of 
CTNNB1 (2.02-fold). Interestingly, the transcription of 
VANGL2 belonging to tissue polarity was also increased 
in 3-MA-treated cells. Wnt signaling target genes such as 
DAB2, MYC, JUN, CCN4, and MMP7 were also altered 
in the presence of Met and 3-MA. Data indicated that the 
expression of genes belonging to cell growth and prolifer-
ation such as MYC (2.34-fold), JUN (2.6-fold), CTNNB1 
(2.02-fold), DAB2 (2.21-fold), and MMP-7 (11.76-fold) 
was up-regulated in Met-treated MSCs compared to the 
non-treated control MSCs. Likewise, 3-MA induced the 
expression of CCN4 (2.82), LRP5, MMP7 (2.13-fold), 
and BCL9 (2.79-fold) in MSCs from the same signaling 
pathway. LRP5 can also control the cell migration capac-
ity. We noted that Met can alter the expression of several 
genes related to cell cycle (MYC, JUN, and CTNNB1), 
homeostasis (MYC, and JUN), and activity signature 
genes (MYC) compared to the non-treated MSCs. 3-MA 
induced the expression of FBXW4 (2.23-fold) gene 
related to the Ubl conjugation pathway.

Protein array analysis
The protein levels of pro- and anti-apoptotic factors 
were measured using a human apoptosis antibody 
array in MSCs after being exposed to Met and 3-MA 
(Fig. 5). Based on the data, incubation of MSCs with Met 
increased protein levels of anti-apoptosis factors such 
as Bcl-2 (3.37-fold), Bcl-w (3.41-fold), IGF-I (2.53-fold), 
Livin (2.17-fold), p27 (2.04-fold), and XIAP (2.05-fold) 
compared to the non-treated control MSCs (Supplemen-
tary Table 3, supplementary Fig.  2, and Supplementary 
Data File 2). Compared to non-treated control MSCs, 
pro-apoptotic factors, including Bad (2.63-fold), Bax 
(2.27-fold), BID (3.67-fold), BIM (4.85-fold), Caspase-3 
(4.77-fold), CD40 (2.15-fold), DR6 (2.07-fold), FasL (2.41-
fold), HTRA (2.16-fold), IGFBP-4 (2.14-fold), IGFBP-6 
(2.25-fold), IGF1-sR (2.26-fold), sTNF-R1 (2.44-fold), 
sTNF-R2 (2.5-fold), TNF-α (3.23-fold), TNF-β (3-fold), 
TRAILR-1 (2.18-fold), TRAILR-2 (2.08-fold), and 
TRAILR-4 (2.25-fold) were also elevated in the presence 
of Met. Data showed the lack of changes in these proteins 
in 3-MA-treated MSCs. These data showed that Met, 
but not 3-MA, altered protein levels of the apoptosis 

signaling pathway, either pro-apoptotic or anti-apoptotic 
factors.

Fatty acid profile was changed after the modulation of 
autophagy in MSCs
In the current experiment, the fatty acid profile was stud-
ied using GS. The level of PUFA (Linoleate18:20, MUFA 
(Oleate 18:1), and SFA (Myristate14:0, Palmitate 16:0, 
Stearate 18:0 and Pentadecanoic acid 15:0) was measured 
in the presence of Met and 3-MA (Fig. 6). Data showed 
the increase of PUFA + MUFA/SFA ratio in Met-treated 
MSCs (161.45) compared to control and 3-MA treated 
MSCs. The PUFA + MUFA/SFA ratios were 76.12, and 
95.51, respectively in the control and 3-MA-treated 
MSCs. These data indicate that autophagy modulators 
can alter the MSC fatty acid profile.

Discussion
Emerging data have indicated the critical role of autoph-
agy in various cell activities. Whether and how autoph-
agy modulation can affect the homotypic juxtracrine 
interaction between the MSCs is the subject of debate. 
Here, we investigated the effect of autophagy modulation 
using Met and 3-MA on intercellular communication 
via TNT formation. The impact of autophagic response 
was also investigated in terms of mitochondrial donation 
and internalization. Incubation of human MSCs with dif-
ferent doses of Met, 1, 5, 15, 20, 50, and 75 µM, induced 
survival rate. It was suggested that Met can postpone the 
aging of MSCs in a Nrf2/GPx7-dependent manner [26]. 
Based on the previous findings, an increased autophagy 
response can preserve the self-renewal and multigen-
erational differentiation capacity of MSCs and postpone 
aging-related changes after long-term culture in vitro 
[27, 28]. It has been shown that Met can reduce the sur-
vival rate of MSCs in a dose-, and time-dependent man-
ner [29]. It seems that the higher doses of Met reduce the 
proliferation rate of MSCs while enhancing differentia-
tion capacity into several lineages [30, 31]. According to 
different studies, Met can affect the viability of various 
cell types via the modulation of several intracellular fac-
tors. Protein array analysis indicated that Met can alter 
protein levels of both pro- and anti-apoptotic factors 
inside the MSCs after 48 h. The increase of p21 in Met-
treated MSCs is associated with the inhibition of apopto-
sis and DNA repair [32]. Besides, the increase of HSP27, 
HSP60, and HSP70 in the presence of Met showed the 
reduction of endoplasmic reticulum stress [33]. Factors 
such as IGFII, and XIAP, a Caspase inhibitor, are associ-
ated with the inhibition of apoptosis in MSCs [34, 35]. 
While several pro-apoptotic factors such as p27, Caspase 
8, and HTRA were simultaneously increased. According 
to the MTT data panel, it seems that the increase of mul-
tiple pro-apoptotic mediators is a compensatory response 
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to Met treatment and does not affect the survival rate. In 
line with this statement, incubation of MSCs with Met 
can activate shared autophagy and apoptosis mediators 
such as ATG12, 5, BAD, EIF2AK3, HDAC1, HTT, PTEN, 
SNCA, SQSTM1, and TP53. Thus, one can hypothesize 
that the activation of autophagy/apoptosis is an essential 
phenomenon to increase the therapeutic effects of stem 
cells [36].

To modulate the autophagy response, MSCs were 
treated with 15 µM Met and 3 µM 3-MA for 48 h. West-
ern blotting revealed the lack of statistically significant 

differences in protein levels of BCLN1, p62, and LC3-II/
LC3-I ratio in Met- and 3-MA-treated cells compared 
to the control group. On the contrary, IF staining con-
firmed the increase in Green LysoTracker acidic com-
partments and autophagic flux in Met groups compared 
to non-treated MSCs. These features were blunt in the 
3-MA group as compared to control MSCs. The increase 
of acidic compartments indicates the formation of 
autophagolysosomes and promotes autophagy response 
[37]. Along with these data, the expression of multiple 
autophagy stimulators such as AT10, 12, 16L1, 4  C, 5, 

Fig. 5  Measuring protein levels of 43 factors (pro- and anti-apoptotic proteins) by human apoptosis antibody array in MSCs exposed to 15 µM Met, and 
3 µM 3-MA after 48 h. Data were obtained from three pooled samples
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ULK1, and 9B was upregulated in Met-treated MSCs, 
indicating the promotion of vesicle formation. Data also 
confirmed the activation of both stimulatory and inhibi-
tory autophagy mediators in the presence of 3 µM 3-MA. 
Highly expressed HSPA8 showed the activation of CMA 
in the presence of Met. The data showed that incubation 
of MSCs with Met or 3-MA can modulate multiple medi-
ators related to the autophagy signaling pathway.

To show the possible impact of autophagy modulation 
on TNT formation, bright-field, and SEM images were 
taken after 48 h. We also found that 15 µM Met had the 
potential to stimulate TNT formation and cell projec-
tion (lamellipodia, and filopodia). Based on the obtained 
data, the number and length of connecting TNTs were 
increased in MSCs in the presence of Met while opposite 
effects were found in 3-MA-treated group. It has been 
shown that cytoskeletal remodeling is integral to the for-
mation of TNTs and membrane protrusions [38, 39]. One 
reason for the increase of TNT, lamellipodia, and filo-
podia is that Met can increase F-actin assembly via the 
increase of Cdc42 expression. This feature can affect the 
regenerative potential of neural progenitor cells by influ-
encing the migration capacity and differentiation into the 
target lineages under ischemic conditions [40]. Śmieszek 
et al. declared that treatment of MSCs with Met led to 
the formation of cell projection in a dose-dependent 
manner in which 1 mM Met induced cell lamellipodia, 
and filopodia rather than higher doses (5, and 10 mM) 
with irregularly shaped projections [31]. Western blot-
ting indicated the reduction of TNT assembly system 
mediators (p-FAK and Rab8) in the 3-MA group com-
pared to control MSCs. It has been shown that the acti-
vation of the Rab8a/Rab11/VAMP3 axis is associated 
with the formation of TNTs but not filopodia. Thus, it 
should be noted that different stimulators are mandatory 

to promote the formation of TNTs, and filopodia [41]. 
Even though, the existence of varied TNT structures with 
different lengths and thicknesses may pre-determine the 
formation of certain TNT types under specific treatment 
conditions [42]. In contrast to our finding, Hakimee and 
co-workers found that higher Met concentrations (0–10 
mM) can reduce HeLa cell migration via the reduction of 
p-FAK/FAK ratio, Rac1 and RhoA, and thus lamellipodia 
and filopodia formation [43]. In a similar study, incuba-
tion of mesothelioma cells with different concentrations 
of Everolimus (20, 40, and 80 µM), an mTOR inhibitor, 
reduced TNT and cell projections over time [44]. Long-
period incubation time may reverse the formation of 
TNTs in human MSCs. Enhanced green MitoTracker+ 
particles in Met-treated cells indicated appropriate mito-
chondrial membrane integrity and number compared 
to the other groups [45]. Along with data, the transfer 
of cargo via TNTs was evident between the MSCs after 
exposure to Met. Despite these data, we did not find any 
significant changes in protein levels of Miro-1 and − 2 
using western blotting. Miro-1 and − 2 can directly affect 
the subcellular localization of mitochondria via micro-
tubule- and actin-based mechanisms [46]. Miro-1 and 
− 2 have GTPase activity and act as connectors for mito-
chondrial membranes and motor proteins (i.e. Dynein, 
Kinesin-1) and adaptor proteins (TRAK1/2) [47]. One 
possible reason for the lack of significant difference in 
protein levels of Miro-1, and − 2 in the presence of Met 
would be that MSCs have higher mitochondrial trans-
port activity compared to other cells [48]. Thus, one can 
hypothesize that 15 µM Met used in this study for 48 h 
did not provoke additional Miro-1, and − 2 synthesis 
and activity. Of course, RT-PCR array analysis showed 
the expression of several mediators associated with ves-
icle transport, indicating the stimulation of other fac-
tors involved in organelle sublocalization. Previous data 
confirmed the close relationship between the canonical 
autophagy machinery and TNT apparatus. For example, 
de Rooij et al., indicated that LC3B+ autophagosomes and 
mitochondrial mass are present in the TNT lumen and 
transported between cells [49]. On the other hand, the 
intracellular compartment between the cells needs motor 
mediators such as Miro1, and cytoskeletal filaments [50]. 
In response to the activation of autophagy, the phos-
phorylated Miro1 can transfer injured mitochondria 
with the collaboration of certain motor proteins [51]. It 
seems that under stressful conditions, the activity of spe-
cific protein complex such as TNFAIP2/M-Sec can also 
promote TNTs after autophagic response under diabetic 
conditions. To be specific, the elevation of p62, and LC3 
can foster the formation of TNT for the elimination of 
injured mitochondria via TNT compartment [52].

We also found that the inhibition of autophagy slightly 
increased the internalization rate of free mitochondrial 

Fig. 6  Fatty acid profile analysis using gas chromatography. Data indi-
cated the increase of PUFA + MUFA/SFA ratio in Met-treated MSCs com-
pared to control and 3-MA groups. Data were obtained from three pooled 
samples
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particles (43.6 ± 10.5 vs. 33.6 ± 1.1%) compared to the 
control MSCs. However, these values did not reach sta-
tistically significant levels. Despite the non-significant 
results, it should be said that trivial changes in fluores-
cence intensity as shown by flow cytometry can encom-
pass several mitochondrial particles that are internalized 
in response to the inhibition of autophagy response. 
It has been shown that the inhibition of autophagy can 
increase mitochondrial DNA injury via the modula-
tion of fission, biogenesis, and mitophagy, leading to the 
reduction of active mitochondrial particles and a metab-
olism switch from the oxidation-phosphorylation toward 
glycolysis [53]. On the other hand, the inhibition of mito-
chondrial function, or depletion of mitochondrial DNA 
increases the possibility of mitochondria internalization 
in homotypic and heterotypic cells via micropinocytosis 
[54]. Thus, it is logical to hypothesize that these condi-
tions make the host cell eligible to accept the external 
mitochondria from the juxtaposed cells.

The changes in MUFA, PUFA, and SFA profiles were 
monitored after autophagy modulation. Previous data 
have confirmed the close relationship between the lipid 
metabolism and autophagy response [55, 56]. The cur-
rent study indicated the increase of MUFA + PUFA/SFA 
ratio in Met-treated MSCs after 48 h. In terms of TNT, 
and cell projection formation, the increase of unsatu-
rated fatty acids can promote cell membrane fluidity in 
which higher cholesterol and SFA lead to the acquisi-
tion of more rigid membrane features [57]. Of note, the 
changes in lipid content by an autophagy inhibitor, chlo-
roquine, can accumulate intracellular lipids and thus 
inhibit autophagy flux [58]. It has been shown that the 
increase of unsaturated fatty acids influences the fluidity, 
curvature, and stiffness of cell membrane via providing 
single or several bents at the site of double bonds, lead-
ing to poorly organized through the bilipid layer. These 
features potentiate the host cells to provide several types 
of projections to the surrounding milieu [59]. Turner et 
al. previously declared that the generation of TNT-like 
protrusions and elongated morphologies is closely asso-
ciated with PUFA metabolism [60]. Of course, it should 
not be forgotten that there is a close relationship between 
autophagy status and unsaturated fatty acids [61]. It was 
suggested that dietary ω-6 PUFA stimulates the autopha-
gic flux in mTOR-dependent and mTOR-independent 
manner [62]. Like to present study, we previously indi-
cated that treatment of human stem cells with Met can 
increase the PUFA and MUFA contents [61].

We also found that the treatment of stem cells with 
autophagy modulators can affect the mediators of the 
Wnt signaling pathway. The critical role of the Wnt/
PCP pathway has been indicated in stem cell cytoskeletal 
remodeling, morphogenesis, and polarity via the regula-
tion of c-JNK, Cdc42, and RhoA [63]. As such, our data 

indicated the expression of these genes in Met-treated 
MSCs. Along with these statements, De Calisto et al. 
demonstrated that cytoskeletal behavior and cell adhe-
sion properties are controlled by Wnt in the neural crest. 
The activity of the Wnt signaling pathway is required for 
the generation of the cell protrusions. They found that 
the Wnt/planar cell polarity (PCP) signaling pathway 
precisely controls the formation of lamellipodia and filo-
podia in the neural crest cells [64]. Notably, the inhibition 
of Wnt signaling pathway mediators such as Vangl2, or 
interruption of JNK can shorten the generated filopodia 
[65]. The control of Wnt/Ca2+ can affect the dynamic 
morphogenesis of TNTs and TNT-mediated vesicle 
transfer via the regulation of /calmodulin-dependent 
protein kinase II (CaMKII) in CAD cells, indicating the 
critical role of the Wnt signaling pathway in TNT propa-
gation [66].

Conclusion
The regulation of autophagy can influence several MSC 
bioactivates mainly juxtacrine interaction with the other 
cells. The formation of TNTs in MSCs can be associ-
ated with autophagy modulation via different underlying 
mechanisms.

Abbreviations
3-MA	� 3-Methyladenine
ATGs	� Autophagy-related genes
BECLN-1	� Beclin-1
CaMKII	� Calmodulin-dependent protein kinase II
DMSO	� Dimethyl sulfoxide
EVs	� Extracellular vesicles
FAK	� Focal adhesion kinase
HRP	� Horseradish peroxidase
FBS	� Fetal bovine serum
DMEM/LG	� Low-glucose content Dulbecco’s modified Eagle’s Medium
MSCs	� Mesenchymal stem cells
Met	� Metformin
Miro1 and 2	� Mitochondrial Rho-GTPases 1 and 2
MUFAs	� Monounsaturated fatty acids
PCP	� Planar cell polarity
PUFAs	� Polyunsaturated fatty acids
SFA	� Saturated fatty acids
SEM	� Scanning electron microscopy
TNTs	� Tunneling nanotubes

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13287-024-03813-1.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Supplementary Material 7

Supplementary Material 8

https://doi.org/10.1186/s13287-024-03813-1
https://doi.org/10.1186/s13287-024-03813-1


Page 14 of 15Sadeghsoltani et al. Stem Cell Research & Therapy          (2024) 15:189 

Supplementary Material 9

Supplementary Material 10

Supplementary Material 11

Supplementary Material 12

Supplementary Material 13

Supplementary Material 14

Acknowledgements
Authors wish to thank the personnel of the Stem Cell Research Center for their 
help and guidance. The authors declare that artificial intelligence is not used 
in this study.

Author contributions
F. S., Ç. B. A., P. H., S. H., M. R., M. N., M. M., M. T., L. S. T., M. S. T., and A. M. prepared 
the draft, and performed all experiments. A. M. and R.R. supervised the study. 
A.M. acquired the funding. R.R. edited the manuscript.

Funding
This study was supported by a grant (No: 66522) from Tabriz University of 
Medical Sciences.

Data availability
The authors confirm that the data supporting the findings of this study are 
available within the article and supplementary materials.

Ethics declarations

Ethics approval and consent to participate
All phases of this study were approved (approval date: 2021-05-17) by local 
ethics committee of Tabriz University of Medical Sciences (ethical code: 
IR.TBZMED.REC.1400.175) under research proposal entitled “Investigating 
the effect of autophagy modulation on mitochondrial donation in human 
mesenchymal stem cells”.

Consent for publication
All authors and institutions have confirmed this manuscript for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1Stem Cell Research Center, Tabriz University of Medical Sciences, Tabriz, 
Iran
2Department of Clinical Biochemistry and Laboratory Medicine, School of 
Medicine, Tabriz University of Medical Sciences, Tabriz 5166614766, Iran
3Department of Medical Biology, Faculty of Medicine, Ege University, 
Izmir, Turkey
4Infectious and Tropical Diseases Research Center, Tabriz University of 
Medical Sciences, Tabriz, Iran
5Department of Applied Cell Sciences, Faculty of Advanced Medical 
Sciences, Tabriz University of Medical Sciences, Tabriz 5166653431, Iran
6Department of Genetic, Tabriz Branch, Islamic Azad University, Tabriz, Iran
7Hematology and Oncology Research Center, Tabriz University of Medical 
Sciences, Tabriz, Iran

Received: 26 April 2024 / Accepted: 23 June 2024

References
1.	 Fu X, et al. Mesenchymal stem cell migration and tissue repair. Cells. 

2019;8(8):784.
2.	 Attar A, et al. Effect of once versus twice intracoronary injection of alloge-

neic-derived mesenchymal stromal cells after acute myocardial infarction: 
BOOSTER-TAHA7 randomized clinical trial. Stem Cell Res Ther. 2023;14(1):264.

3.	 Selvasandran K, et al. A tumor necrosis factor-α and hypoxia-induced secre-
tome therapy for myocardial repair. Ann Thorac Surg. 2018;105(3):715–23.

4.	 Oh EJ, et al. In vivo migration of mesenchymal stem cells to burn injury sites 
and their therapeutic effects in a living mouse model. J Controlled Release. 
2018;279:79–88.

5.	 Kawai T, et al. Secretomes from bone marrow–derived mesenchymal 
stromal cells enhance periodontal tissue regeneration. Cytotherapy. 
2015;17(4):369–81.

6.	 Nakamura Y, et al. Enhanced wound healing by topical administration of 
mesenchymal stem cells transfected with stromal cell-derived factor-1. 
Biomaterials. 2013;34(37):9393–400.

7.	 Kim H-K, et al. A subset of paracrine factors as efficient biomarkers for 
predicting vascular regenerative efficacy of mesenchymal stromal/stem cells. 
Stem Cells. 2019;37(1):77–88.

8.	 Han Y, et al. The secretion profile of mesenchymal stem cells and potential 
applications in treating human diseases. Signal Transduct Target Therapy. 
2022;7(1):92.

9.	 Qin X et al. The functions and clinical application potential of exosomes 
derived from mesenchymal stem cells on wound repair: a review of recent 
research advances. Front Immunol, 2023. 14.

10.	 Mi L et al. The mechanism of stem cell aging. Stem Cell Reviews Rep, 2022: p. 
1–13.

11.	 Rustom A, et al. Nanotubular highways for intercellular organelle transport. 
Science. 2004;303(5660):1007–10.

12.	 Sisakhtnezhad S, Khosravi L. Emerging physiological and pathological 
implications of tunneling nanotubes formation between cells. Eur J Cell Biol. 
2015;94(10):429–43.

13.	 Dupont M, et al. Tunneling nanotubes: intimate communication between 
myeloid cells. Front Immunol. 2018;9:43.

14.	 Roehlecke C, Schmidt MH. Tunneling nanotubes and tumor microtubes in 
cancer. Cancers. 2020;12(4):857.

15.	 Dagar S, et al. Tunneling nanotubes and related structures: molecular mecha-
nisms of formation and function. Biochem J. 2021;478(22):3977–98.

16.	 Soundara Rajan T, et al. Tunneling nanotubes-mediated protection of 
mesenchymal stem cells: an update from preclinical studies. Int J Mol Sci. 
2020;21(10):3481.

17.	 Luchetti F, et al. Tunneling nanotubes and mesenchymal stem cells: new 
insights into the role of melatonin in neuronal recovery. J Pineal Res. 
2022;73(1):e12800.

18.	 Ahmad T, et al. Miro 1 knockdown in stem cells inhibits mitochondrial 
donation mediated rescue of bronchial epithelial injury. Biophys J. 
2013;104(2):p659a.

19.	 Wang L, Klionsky DJ, Shen H-M. The emerging mechanisms and functions of 
microautophagy. Nat Rev Mol Cell Biol. 2023;24(3):186–203.

20.	 Leidal AM, Debnath J. Emerging roles for the autophagy machinery in extra-
cellular vesicle biogenesis and secretion. FASEB BioAdvances. 2021;3(5):377.

21.	 Xu F, et al. The role of autophagy for the regeneration of the aging liver. Int J 
Mol Sci. 2020;21(10):3606.

22.	 Zhou J, et al. Epothilone B facilitates peripheral nerve regeneration by 
promoting autophagy and migration in schwann cells. Front Cell Neurosci. 
2020;14:143.

23.	 Bressan C, Saghatelyan A. AMPK-induced autophagy as a key regulator of cell 
migration. Autophagy. 2021;17(3):828–9.

24.	 Kadandale P, Kiger AA. Role of selective autophagy in cellular remodeling: 
self-eating into shape. Autophagy. 2010;6(8):1194–5.

25.	 Lepage G, Roy CC. Direct transesterification of all classes of lipids in a one-
step reaction. J Lipid Res. 1986;27(1):114–20.

26.	 Jiang LL, Liu L. Effect of metformin on stem cells: molecular mechanism and 
clinical prospect. World J Stem Cells. 2020;12(12):1455–73.

27.	 Khorraminejad-Shirazi M, et al. AICAR and nicotinamide treatment syner-
gistically augment the proliferation and attenuate senescence-associated 
changes in mesenchymal stromal cells. Stem Cell Res Ther. 2020;11:1–17.

28.	 Khorraminejad-Shirazi M et al. AICAR and nicotinamide treatment syner-
gistically augment the proliferation and attenuate senescence-associated 
changes in mesenchymal stromal cells. 2020. 11(1): p. 45.

29.	 Montazersaheb S, et al. Prolonged incubation with Metformin decreased 
angiogenic potential in human bone marrow mesenchymal stem cells. 
Biomed Pharmacother. 2018;108:1328–37.

30.	 Bajetto A, et al. Metformin potentiates immunosuppressant activity and 
adipogenic differentiation of human umbilical cord-mesenchymal stem cells. 
Int Immunopharmacol. 2023;124:111078.



Page 15 of 15Sadeghsoltani et al. Stem Cell Research & Therapy          (2024) 15:189 

31.	 Śmieszek A et al. Effect of Metformin on Viability, Morphology, and Ultrastruc-
ture of Mouse Bone Marrow-Derived Multipotent Mesenchymal Stromal Cells 
and Balb/3T3 Embryonic Fibroblast Cell Line. 2015. 2015: p. 769402.

32.	 Abbas T. Dutta, p21 in cancer: intricate networks and multiple activities. Nat 
Rev Cancer. 2009;9(6):400–14.

33.	 Önay Uçar E, Şengelen A, Mertoğlu Kamalı E. Hsp27, Hsp60, Hsp70, or 
Hsp90 depletion enhances the antitumor effects of resveratrol via oxidative 
and ER stress response in human glioblastoma cells. Biochem Pharmacol. 
2023;208:115409.

34.	 Yan B, et al. IGF2-AS knockdown inhibits glycolysis and accelerates apoptosis 
of gastric cancer cells through targeting miR-195/CREB1 axis. Biomed Phar-
macother. 2020;130:110600.

35.	 Chaudhary AK, et al. A potential role of X-linked inhibitor of apoptosis protein 
in mitochondrial membrane permeabilization and its implication in cancer 
therapy. Drug Discov Today. 2016;21(1):38–47.

36.	 Harrell CR, Volarevic V, Donev R. 2021, Academic. 39–62.
37.	 Hu P, et al. FV-429 induces autophagy blockage and lysosome-dependent 

cell death of T-cell malignancies via lysosomal dysregulation. Cell Death Dis. 
2021;12(1):80.

38.	 Drab M, Igličฎ A, Rappolt M, Losada Perez P et al. 2023, Academic. 89–116.
39.	 Khattar KE, Safi J, Rodriguez AM. Intercellular Communication in the Brain 

through Tunneling Nanotubes. 2022. 14(5).
40.	 Zhang L, et al. Metformin enhances neural precursor cells migration 

and functional recovery after ischemic stroke in mice. Exp Brain Res. 
2023;241(2):505–15.

41.	 Zhu S et al. Rab11a-Rab8a cascade regulates the formation of tunneling 
nanotubes through vesicle recycling. 2018. 131(19).

42.	 Osteikoetxea-Molnár A, et al. The growth determinants and transport proper-
ties of tunneling nanotube networks between B lymphocytes. Cell Mol Life 
Sci. 2016;73(23):4531–45.

43.	 Hakimee H, et al. Metformin Inhibit Cervical Cancer Migration by suppressing 
the FAK/Akt signaling pathway. Asian Pac J Cancer Prev. 2019;20(12):3539–45.

44.	 Lou E, et al. Tunneling nanotubes provide a unique conduit for intercellular 
transfer of cellular contents in human malignant pleural mesothelioma. PLoS 
ONE. 2012;7(3):e33093.

45.	 Neikirk K, et al. MitoTracker: a useful tool in need of better alternatives. Eur J 
Cell Biol. 2023;102(4):151371.

46.	 Oeding SJ, Majstrowicz K, Hu XP. Identification of Miro1 and Miro2 as mito-
chondrial receptors for myosin XIX. 2018. 131(17).

47.	 Canty JT, et al. TRAK adaptors regulate the recruitment and activa-
tion of dynein and kinesin in mitochondrial transport. Nat Commun. 
2023;14(1):1376.

48.	 Paliwal S, et al. Human tissue-specific MSCs demonstrate differential mito-
chondria transfer abilities that may determine their regenerative abilities. 
Stem Cell Res Ther. 2018;9(1):298.

49.	 de Rooij B, et al. Tunneling nanotubes facilitate autophagosome transfer in 
the leukemic niche. Leukemia. 2017;31(7):1651–4.

50.	 Ahmad T, et al. Miro1 regulates intercellular mitochondrial trans-
port & enhances mesenchymal stem cell rescue efficacy. Embo j. 
2014;33(9):994–1010.

51.	 Turos-Korgul L, et al. Tunneling nanotubes facilitate intercellular protein trans-
fer and cell networks function. Front Cell Dev Biol. 2022;10:915117.

52.	 Barutta F, et al. Protective effect of the tunneling nanotube-TNFAIP2/M-
sec system on podocyte autophagy in diabetic nephropathy. Autophagy. 
2023;19(2):505–24.

53.	 Javaid HMA et al. Inhibition of autophagy with chloroquine dysregulates 
mitochondrial quality control and energetics in adipocytes. 2022. 45(10): p. 
731–42.

54.	 Kitani T, et al. Internalization of isolated functional mitochondria: involvement 
of macropinocytosis. J Cell Mol Med. 2014;18(8):1694–703.

55.	 Scarlatti F, et al. Ceramide-mediated macroautophagy involves inhibi-
tion of protein kinase B and up-regulation of beclin 1. J Biol Chem. 
2004;279(18):18384–91.

56.	 Lajoie P, et al. The lipid composition of autophagic vacuoles regulates expres-
sion of multilamellar bodies. J Cell Sci. 2005;118(9):1991–2003.

57.	 Das UN. Cell membrane theory of senescence and the role of bioactive lipids 
in aging, and aging associated diseases and their therapeutic implications. 
Biomolecules. 2021;11(2):241.

58.	 Xu F, et al. Blocking autophagy with chloroquine aggravates lipid accumula-
tion and reduces intracellular energy synthesis in hepatocellular carcinoma 
cells, both contributing to its anti-proliferative effect. J Cancer Res Clin Oncol. 
2022;148(12):3243–56.

59.	 Bianchetti G et al. Investigation of the membrane fluidity regulation of fatty 
acid intracellular distribution by fluorescence lifetime imaging of Novel Polar-
ity Sensitive fluorescent derivatives. 2021. 22(6).

60.	 Turner JA, et al. BRAF modulates lipid use and accumulation. Cancers. 
2022;14(9):2110.

61.	 Hassanpour M, et al. Autophagy modulation altered differentiation capacity 
of CD146 + cells toward endothelial cells, pericytes, and cardiomyocytes. 
Stem Cell Res Ther. 2020;11(1):139.

62.	 Yang B, et al. ω-6 Polyunsaturated fatty acids (linoleic acid) activate both 
autophagy and antioxidation in a synergistic feedback loop via TOR-
dependent and TOR-independent signaling pathways. Cell Death Dis. 
2020;11(7):607.

63.	 Veeman MT, Axelrod JD, Moon RT. A second Canon: functions and mecha-
nisms of β-catenin-independent wnt signaling. Dev Cell. 2003;5(3):367–77.

64.	 De Calisto J et al. Essential role of non-canonical Wnt signalling in neural crest 
migration. 2005.

65.	 Brunt L et al. Vangl2 promotes the formation of long cytonemes to enable 
distant Wnt/β-catenin signaling. Nature Communications, 2021. 12(1): p. 
2058.

66.	 Vargas JY, et al. The Wnt/Ca2 + pathway is involved in interneuronal com-
munication mediated by tunneling nanotubes. EMBO J. 2019;38(23):e101230.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Autophagy modulation effect on homotypic transfer of intracellular components via tunneling nanotubes in mesenchymal stem cells
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿MSC culture and expansion protocol
	﻿MTT assay
	﻿Monitoring of TNT compartments
	﻿Immunofluorescence imaging
	﻿Monitoring mitochondrial uptake
	﻿Western blotting analysis
	﻿PCR array
	﻿Protein array
	﻿Total fatty acid profile assays
	﻿Statistical analysis

	﻿Results
	﻿Met dose selection
	﻿Autophagy stimulation promoted TNT formation in MSCs
	﻿Met can induce autophagy flux inside the MSCs
	﻿Met increased mitochondrial functional activity in MSCs
	﻿Autophagy inhibition can alter mitochondrial internalization in MSCs
	﻿Met and 3-MA changed the protein levels related to TNT assembly
	﻿Met and 3-MA altered the expression of genes related to the autophagy signaling pathway
	﻿Autophagy response modulation affected the expression of genes related to the wnt signaling pathway
	﻿Protein array analysis
	﻿Fatty acid profile was changed after the modulation of autophagy in MSCs

	﻿Discussion
	﻿Conclusion
	﻿References


