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Abstract: An increase in plasma high glucose promotes endothelial dysfunction mainly through
increasing mitochondrial ROS production. High glucose ROS—induced has been implicated in the
fragmentation of the mitochondrial network, mainly by an unbalance expression of mitochondrial
fusion and fission proteins. Mitochondrial dynamics alterations affect cellular bioenergetics. Here,
we assessed the effect of PDGF-C on mitochondrial dynamics and glycolytic and mitochondrial
metabolism in a model of endothelial dysfunction induced by high glucose. High glucose induced a
fragmented mitochondrial phenotype associated with the reduced expression of OPA1 protein, high
DRP1pSer616 levels and reduced basal respiration, maximal respiration, spare respiratory capacity,
non-mitochondrial oxygen consumption and ATP production, regarding normal glucose. In these
conditions, PDGF-C significantly increased the expression of OPA1 fusion protein, diminished
DRP1pSer616 levels and restored the mitochondrial network. On mitochondrial function, PDGF-C
increased the non-mitochondrial oxygen consumption diminished by high glucose conditions. These
results suggest that PDGF-C modulates the damage induced by HG on the mitochondrial network
and morphology of human aortic endothelial cells; additionally, it compensates for the alteration in
the energetic phenotype induced by HG.

Keywords: endothelial cells; high glucose; PDGF-C; mitochondrial dynamics; bioenergetics

1. Introduction

Metabolic diseases, including diabetes, are considered the main risk factor for the
development of cardiovascular diseases (CVD) [1,2]. The origin of CVD has been related to
early loss of vascular endothelial function, which decreases the production or bioavailabil-
ity of vasodilator molecules such as nitric oxide (NO) and predisposes to a blood vessel
contraction phenotype [3]. Transient and sustained glucose levels greater than 5.5 mmol/L
considered average fasting glucose levels [4] induce endothelial dysfunction [5–7]. Conse-
quently, identification of the initial steps that lead to endothelial dysfunction under high
glucose conditions is crucial for early intervention in diabetes.

Reactive oxygen species (ROS) production, especially superoxide radical (O−) by the
mitochondria, is one of the intracellular mechanisms that reduce the biodisponibility of
NO. Due to the high reactivity of O− and NO, the production of peroxynitrite (ONOO-) is
promoted, altering the structure of nucleic acids, proteins, and lipids and leading to cell
death [8]. Although the mitochondrial content in endothelial cells (ECs) is low compared to
other cell types with higher energy demands [9], they are considered signalling organelles
that act as local microenvironmental sensors [9–11]. Its optimal function is driven by
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a balance between fission and fusion processes [3,12–15]. However, in diabetic patients
and hyperglycemic conditions, a decreased expression of OPA1 and MFN1/2 proteins
(related to the fusion mechanism) and an increased expression of DRP1 and FIS1 proteins
(related to the fission mechanisms) are observed. This imbalance, coupled with an impaired
autophagy mechanism, leads to a disrupted mitochondrial network and the accumulation
of tiny, damaged, and inefficient organelles that contribute to the increased ROS production
and loss of ECs function or death [12–14,16].

In this context, looking for new therapies that mitigate the mitochondrial damage
induced by high glucose is critical for the reduction of CVD risk in diabetic patients.

Recently, we reported the role of PDGF-C on the modulation of mitochondrial oxida-
tive stress induced by high d-glucose in human aortic endothelial cells (HAECs). PDGF-C is
a growth factor that exerts its effects by binding to PDGFRα and PDGFR αβ tyrosine kinase
receptors. PDGF-C reduced the increase in mitochondrial superoxide production, and it
was associated with the up-regulation of SOD2 expression and activity and the modulation
of Keap1 gene expression [5]. Now, here we report the effect of this growth factor on the
modulation of the fragmented mitochondrial morphology and the mitochondrial functional
changes induced by high glucose in endothelial cells.

2. Results
2.1. PDGF-C Restores the Integrity of Mitochondrial Network of HAECs Going on High
d-Glucose Treatment

To better understand the effect of PDGF-C on mitochondrial damage induced by
35 mmol/L of d-glucose for 7 h (herein referred to as HG) in HAECs, mitochondrial network
integrity was evaluated by confocal microscopy. As shown in Figure 1A, mitochondria of
cells cultured in 5 mmol/L of d-glucose (herein referred to as NG) exhibited a continuous
and elongated network with peripheral localization (upper left and right). In contrast, HG
induced a shorter and fragmented mitochondrial morphology (lower left), which changes
to dense and hyperfused aggregates with nuclear localization when cells were treated with
50 ng/mL of PDGF-C for 1 h (lower right). The reduction of 64% of the count of branches
(*** p < 0.001) (Figure 1A), 63% of the count of junctions (*** p < 0.001) (Figure 1B), and
71% of the mitochondrial area (**** p < 0.0001) (Figure 1C)) in HG conditions for 7 h and
compared to NG support the morphology observations. Treatment with PDGF-C 50 ng/mL
for 1 h significantly increased the number of branches (# p < 0.05), junctions (# p < 0.05) and
a tendency to increase the total mitochondria area of cells treated with HG. These results
suggest that PDGF-C modulates the damage induced by HG on the mitochondrial network
and morphology of HAECs.
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were stained with Mitotracker green (mitochondria visualization) and Hoechst (nucleus visualiza-

tion) before the confocal images were acquired for analysis of mitochondrial network integrity. Rep-

resentative images for cells in NG (upper left), NG+PDGF-C (upper right), HG (lower left) and 

HG+PDGF-C (lower right). Analysis of mitochondrial network integrity represented by the count 

of (A) branches (n NG: 9, n NG+PDGF: 6, n HG: 12, n HG+PDGF: 6), (B) count of junctions (n NG: 

9, n NG+PDGF: 6, n HG: 12, n HG+PDGF: 6), and (C) mitochondrial area (n NG: 5, n NG+PDGF: 3, 

n HG: 5, n HG+PDGF: 3). Data represent the mean ± SEM of three independent experiments. *** p < 

0.001 and **** p < 0.0001 regarding NG, # p < 0.05 regarding HG, ns (non-significant). 

2.2. Mitochondrial Dynamic-Related Proteins Expression 

To reinforce these results, the expression of fission and fusion proteins was measured 
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as described in Figure 2A,B (Supplementary Figure S1A,B), HG did not significantly 

change MFN1 and MFN2 expression. Similarly, PDGF-C did not affect the expression of 

these fusion proteins in any of the evaluated glucose conditions and times. Opposite, 

HAECs going on HG for 6 and 7 h diminished the OPA1 protein expression (Figure 2C, 

Supplementary Figure S1C), regarding NG (* p < 0.05); PDGF-C treatment restored to the 

basal level, the expression of this fusion-related protein (# p = 0.0486). 

Figure 1. Effect of PDGF-C on mitochondrial morphology changes induced by high d-glucose.
HAECs were seeded in 35 mm glass-bottom culture dishes and exposed to 5 or 35 mmol/L d-
glucose for 7 h, treated or not with 50 ng/mL PDGF-C for the last hour of the glucose exposure.
Live cells were stained with Mitotracker green (mitochondria visualization) and Hoechst (nucleus
visualization) before the confocal images were acquired for analysis of mitochondrial network
integrity. Representative images for cells in NG (upper left), NG+PDGF-C (upper right), HG (lower
left) and HG+PDGF-C (lower right). Analysis of mitochondrial network integrity represented by the
count of (A) branches (n NG: 9, n NG+PDGF: 6, n HG: 12, n HG+PDGF: 6), (B) count of junctions (n
NG: 9, n NG+PDGF: 6, n HG: 12, n HG+PDGF: 6), and (C) mitochondrial area (n NG: 5, n NG+PDGF:
3, n HG: 5, n HG+PDGF: 3). Data represent the mean ± SEM of three independent experiments.
*** p < 0.001 and **** p < 0.0001 regarding NG, # p < 0.05 regarding HG, ns (non-significant).

2.2. Mitochondrial Dynamic-Related Proteins Expression

To reinforce these results, the expression of fission and fusion proteins was measured
by western blot in the same conditions mentioned above. Regarding NG conditions,
and as described in Figure 2A,B (Supplementary Figure S1A,B), HG did not significantly
change MFN1 and MFN2 expression. Similarly, PDGF-C did not affect the expression
of these fusion proteins in any of the evaluated glucose conditions and times. Opposite,
HAECs going on HG for 6 and 7 h diminished the OPA1 protein expression (Figure 2C,
Supplementary Figure S1C), regarding NG (* p < 0.05); PDGF-C treatment restored to the
basal level, the expression of this fusion-related protein (# p = 0.0486).
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50 ng/mL PDGF-C for 1 h, and (A) MFN1, (B) MFN2, and (C) OPA1 expression was evaluated by 

western blot. Images correspond to representative blots for each protein. Densitometry analysis cor-

responds to the band of each protein normalized with the band of β-actin. Data represent the mean 

± SEM of at least three independent experiments (* p < 0.05, # p < 0.05 regarding HG). 
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tochondrial network [17,18], also was evaluated by western blot. As shown in Figure 3C 

(Supplementary Figure S2C), HG for 6 (** p < 0.01) and 7 h (*** p < 0.001) increased the 

phosphorylation of Ser616 residue in DRP1 and PDGF-C treatment diminished this to ba-

sal level (### p < 0.001). 

 

Figure 3. Effect of PDGF-C on fission-related proteins in HAECs exposed to high glucose. Cells were 
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Figure 2. Effect of PDGF-C on fusion-related proteins in HAECs exposed to high glucose. Cells were
seeded in 6 well plates and exposed to HG (35 mmol/L d-glucose) for 6 and 7 h, treated or not with
50 ng/mL PDGF-C for 1 h, and (A) MFN1, (B) MFN2, and (C) OPA1 expression was evaluated by
western blot. Images correspond to representative blots for each protein. Densitometry analysis
corresponds to the band of each protein normalized with the band of β-actin. Data represent the
mean ± SEM of at least three independent experiments (* p < 0.05, # p < 0.05 regarding HG).

On the other hand, results about mitochondrial fission-related proteins showed that
HG did not change the expression of either FIS1 or DRP1 alone or in combination with
PDGF-C (Figure 3A,B, respectively. Supplementary Figure S2A,B). Additionally, the phos-
phorylation of DRP1 at Ser616, which is known for promoting the fission of the mito-
chondrial network [17,18], also was evaluated by western blot. As shown in Figure 3C
(Supplementary Figure S2C), HG for 6 (** p < 0.01) and 7 h (*** p < 0.001) increased the
phosphorylation of Ser616 residue in DRP1 and PDGF-C treatment diminished this to basal
level (### p < 0.001).
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Figure 3. Effect of PDGF-C on fission-related proteins in HAECs exposed to high glucose. Cells
were seeded in 6 well plates and exposed to 35 mmol/L d-glucose for 6 and 7 h without and
with 50 ng/mL PDGF-C for 1 h, and (A) FIS1 and (B) DRP1 expression and the ratio between (C)
DRP1pSer616/DRP1 were evaluated by western blot. Images correspond to representative blots for
each protein. Densitometry analysis corresponds to the band of each protein normalized with the
band of β-actin and DRP1 for phosphorylation residue. Data represent the mean ± SEM of at least
three independent experiments. (** p < 0.01, *** p < 0.001, ### p < 0.05 regarding HG).
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These results suggest that PDGF-C modulates the mitochondrial network and mor-
phology by regulating the fission through phosphorylation and dephosphorylation of DRP1
and intensifying the fusion process by upregulating OPA1 expression in HAECs going on
HG conditions.

2.3. Bioenergetic Analysis

To know the implications of acute elevated high glucose concentrations on the mitochon-
drial function of HAECs and the role of PDGF-C in these conditions, cells were treated as
mentioned above. The oxygen consumption rates (OCRs) were measured with Agilent Sea-
horse XFe24 Analyzer Mitostress Test (Seahorse Bioscience, Agilent, Santa Clara, CA, USA),
according to the manufacturer’s protocol [16,19]. The live-cell bioenergetics was con-
ducted to determine the basal mitochondrial functions, including oxygen consumption
rates (OCR), extracellular acidification rates (ECAR), ATP production, proton leak, maxi-
mal respiration, spare respiratory capacity, mitochondrial stress, and nonmitochondrial
respiration. Basal OCR and OCR in response to injection of oligomycin (ATP synthase
inhibitor), FCCP (mitochondrial uncoupler), and rotenone/antimycin (Complex I and
III inhibitors, respectively; Figure 4, central upper panel) were assayed. Evaluation of
the six mitochondrial parameters showed that HG significantly reduced basal respiration
(** p < 0.01; Figure 4A), maximal respiration (** p < 0.01; Figure 4C), spare respiratory capac-
ity (**p < 0.01; Figure 4D), non-mitochondrial oxygen consumption (* p < 0.05; Figure 4E)
and ATP production (* p < 0.05; Figure 4F), regarding NG conditions. PDGF-C signifi-
cantly increased the non-mitochondrial oxygen consumption diminished by HG conditions
(# p < 0.05; Figure 4E).
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Figure 4. Effect of HG and PDGF-C on mitochondrial respiration of HAECs. Cells were seeded in
24 well plates for Seahorse and exposed to 35 mmol/L d-glucose for 7 h without and with 50 ng/mL
PDGF-C for the last hour, and mitochondrial respiration was estimated (central upper panel: dark
green: 5 mmol/L, light green: 5 mmol/L + PDGF-C 1 h, dark purple: 35 mmol/L for 7 h and light
purple: 35 mmol/L + PDGF-C 1 h). (A) Basal respiration, (B) Proton leak, (C) Maximal respiration,
(D) Spare respiratory capacity, (E) Non-mitochondrial oxygen consumption and (F) ATP production
are shown as the mean ± SEM of two independent experiments with multiple replicates (** p < 0.01,
* p < 0.05 and # p < 0.05 regarding HG).

In the same experiments, the parameters baseline phenotype, stressed phenotype
(after oligomycin injection), and metabolic potential were evaluated to assess the cell
energy metabolism phenotype (Figure 5, central upper panel) of HAECs going on NG
and HG conditions, and the effect of PDGF-C on changes induced by HG. As shown in
Figure 5, HG significantly reduced the baseline OCR (* p < 0.05; Figure 5A), the baseline
OCR/ECAR ratio (** p < 0.01; Figure 5C), the stressed OCR (** p < 0.01; Figure 5D) and the
stressed OCR/ECAR ratio (**** p < 0.0001). PDGF-C increased the stressed OCR (* p < 0.05;
Figure 5D) and stressed ECAR (* p < 0.05; Figure 5E) and slightly reduced the metabolic
potential (% baseline OCR; non-significant; Figure 5G). Interestingly, PDGF-C significantly
reduced the metabolic potential (% baseline OCR; # p < 0.05; Figure 5G) and increased the
metabolic potential (% baseline ECAR; # p < 0.05; Figure 5H) in basal d-glucose conditions
(5 mmol/L), suggesting that PDGF-C potentiates the glycolytic metabolism even in normal
glucose conditions.
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Figure 5. Effect of HG and PDGF-C on energy phenotype of HAECs. Cells were seeded in 24 well
plates for Seahorse, exposed to 35 mmol/L d-glucose for 7 h without and with 50 ng/mL PDGF-C for
the last hour, and energy phenotype was estimated (central upper panel. Empty squares: baseline,
filled squares: stressed. Dark green: 5 mmol/L, light green: 5 mmol/L + PDGF-C 1 h, dark purple:
35 mmol/L for 7 h and light purple: 35 mmol/L + PDGF-C 1 h). (A) Baseline OCR, (B) Baseline
ECAR, (C) Baseline OCR/ECAR ratio, (D) Stressed OCR, (E) Stressed ECAR, (F) Baseline OCR/ECAR
ratio, (G) Metabolic potential (% OCR), and (H) Metabolic potential (% ECAR) are shown as the
mean ± SEM of two independent experiments with multiple replicates (**** p < 0.0001, ** p < 0.01,
* p < 0.05, and # p < 0.05 regarding HG).
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3. Discussion

Although mitochondrial content in endothelial cells is low because of their low energy
demand [9] and their mainly glycolytic ATP production [7,20–23], they have a long and
extensive mitochondrial network that undergoes balanced cycles of fission and fusion
and exerts essential functions related with environmental sensing and signaling [9–11],
and maintaining the balance among calcium concentrations, ROS production and nitric
oxide [23].

Mitochondrial network fragmentation has been previously reported in endothelial cells
and in in vivo models of high glucose environment and diabetes [3,12–15]; this condition
has been associated with the development of vascular dysfunction [3,15]. It is clearly stated
the influence of increased ROS production in the induction of mitochondrial fission [24,25];
our results support these affirmations. In a previous study published by our group, we
found augmented mitochondrial ROS in HAECs treated with HG for 6 to 9 h. It was related to
the diminished expression of the antioxidant enzyme SOD2 and the activity of the Nrf2/Keap1
pathway [5]. Now here, in the same endothelial model, we report the induction of mitochondrial
network fragmentation by HG conditions, reflected as short and discontinuous mitochondria
localized at the cellular periphery, reduction in the count of branches, junctions, and total
area, diminished expression of fusion protein OPA1, and augmented levels of DRP1pSer616,
regarding NG conditions (Figures 1 and 2). Concerning the PDGF-C effect, there are no
reports about its involvement in the mitochondrial dynamics process associated with any
pathology, so this is the first report showing PDGF-C as a mitochondrial morphology
modulator in endothelial cells subjected to metabolic stress conditions. The mechanisms
could be associated with the induction of SOD2 expression and consequent reduction
in mitochondrial ROS production [5], which could regulate the mitochondrial fission
mechanisms and maintain mitochondrial integrity and functionality [26].

Although no changes in DRP1 expression were observed, it is known that its pro-
fission role depends on its translocation from the cytoplasm to the mitochondrial outer
membrane [24]. This process is controlled by the phosphorylation of Ser616 and Ser637
residues [24,27]. In our model, HG conditions induced the phosphorylation of DRP1 in
Ser616, which promotes the transit of DRP1 to mitochondria and leads to its fragmenta-
tion [17]; interestingly, this effect was reverted by PDGF-C treatment, possibly through the
parallel activation of phosphatases whose target is DRP1; however, the main mechanisms
remain unclear. In this context, the increased expression of OPA1 and the modulation of
phosphorylation of DRP1 in Ser616 residue induced by PDGF-C probably promotes the
fusion of dysfunctional mitochondria, leading to a distribution of damaged components,
including mitochondrial DNA, uncoupling proteins, and antioxidant enzymes [13,14]. Ad-
ditionally, the phosphorylation of DRP1 on Ser637 residue is known for reversing the effects
of Ser616 phosphorylation [24]. Although the phosphorylation state of this residue was
not evaluated in our study, it is known that PDGF-C drives different signalling pathways,
including PI3K/Akt, MAPK, and PLCγ [28], leading to the activation of kinases such as
AMPK, MAPK, and cyclin-dependent kinase 1/cyclin B1, involved in the phosphorylation
of this residue [24].

Changes in mitochondrial morphology induced by environmental conditions, such
as increased extracellular glucose levels, can alter the typical mitochondrial bioenergetics
profile [29]. As shown in our results, HG-induced alterations in mitochondrial function
are evidenced by diminishing basal respiration, maximal respiration, reserve capacity, non-
mitochondrial OCR, and ATP-linked OCR (Figure 4). The reduction in maximal respiration,
reserve capacity, and ATP-linked OCR has been related to diminished mitochondrial
mass, mitochondrial dysfunction, low ATP demand and severe electron transport chain
damage, respectively [16,19]; which is according with the diminished total mitochondrial
area, mitochondrial network fragmentation (fewer branches and junctions regarding NG
conditions) observed by confocal microscopy (Figure 1) and the reduction of mitochondrial
fusion evidenced by the diminished expression of OPA1 (Figure 2). Although the non-
mitochondrial OCR has been related to the increased production of extramitochondrial ROS
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(cytosolic) [16,19], in our model, we did not find evidence that suggests the high production
of cytosolic ROS in EC exposed to HG [5]. Our results are supported by different studies that
indicate that DRP1-induced mitochondrial fission is associated with a diminished OXPHOS
capacity and the increased activity of glycolytic metabolism [24,30]. On these affected
parameters, PDGF-C recovered the mitochondrial morphology, possibly through increasing
the expression of the mitochondrial fusion protein OPA1; however, PDGF-C only exerted a
restauration role on the non-mitochondrial OCR parameter (Figure 4E), which could be
related to the induction of the initial response of endothelial cells to metabolic stress.

Even though our results indicate a diminished OXPHOS activity in HG cells
(Figures 4 and 5), proteomic analysis by [31] shows that energy production in diabetic
primary rat cardiac microvascular endothelial cells (RCMVECs) is shifted from glycolysis
to OXPHOS after high glucose stress (25 mM by 2 weeks). However, we demonstrated that
acute HG stress (7 h) in non-diabetic human aortic endothelial cells decreases OXPHOS
metabolism (Figure 4) by the assessment of oxygen consumption and, similarly, Hapsula
et al., 2019 [31], reported diminished oxidative phosphorylation and increased glycolysis-
related protein expression in non-diabetic RCMVECs after HG exposure, regarding cells in
NG conditions. These results suggest differential metabolic responses to HG exposure de-
pendent on cell origin and phenotype (i.e., microvasculature vs microvasculature, diabetic
vs non-diabetic).

Typically, when extracellular glucose increases, the endothelial cells enhance the
glucose uptake mainly through GLUT 1 transporters and metabolism through glycolysis
and glycolytic side branches [32], while the OXPHOS capacity diminishes, as reported
by [23] in the EA.hy926 cell line and confirmed by our results (Figure 4). Similarly, in a
high glucose HUVECs model, Zeng et al., 2019 [33] evidenced an unbalanced process of
mitochondrial dynamics promoting fission through the decreased expression of MFN1
and increased expression of FIS1, which was associated with the decreased expression of
complex I (NADH: ubiquinone oxidoreductase core subunit 1) and complex II (Succinate
dehydrogenase) of the electron transport chain, leading to a deficient aerobic metabolism.

Our results suggest that PDGF-C modulates the damage induced by HG on the
mitochondrial network and morphology; additionally, it compensates for the alteration
in the energetic phenotype induced by HG. Nevertheless, our work proposes an initial
approach to show the changes that acute HG induces in a macrovascular endothelial cell
model and the role that PDGF-C can exert on these changes. It constitutes a guide for future
experiments, including the assessment of endothelial function parameters (i.e., angiogenic
capacity, nitric oxide production) and the evaluation of the behavior of each mitochondrial
complex in the established conditions.

4. Materials and Methods
4.1. Cells and Reagents

Human Aortic Endothelial Cells (CC-2535), EGM-2 BulletKit (CC-3162) and EBM-
2 (00190860) were obtained from Lonza (Walkersville, MD, USA). hrPDGF-C (SRP3139)
and Valinomycin (V0627) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Mi-
totracker Green FM (M7514), Hoechst 34580 (H21486) N,N-dimethyl-4-[5-(4-methyl-1-
piperazinyl)[2,5′-bi-1H-benzimidazol]-2′yl] and SuperSignalTM west pico PLUS chemi-
luminescent substrate (34577) were obtained from Thermo Fisher Scientific/Invitrogen
(Chelmsford, MA, USA). Protease and phosphatase inhibitor cocktail (5872), antibodies
against OPA1 (D7C1A), MFN1 (D6E2S), MFN2 (D1E9), DRP1 (D6C7), DRP1pS616, β actin
(8H10D10), Anti-rabbit IgG HRP-linked and anti-mouse IgG HRP-linked were obtained
from Cell Signaling Technology (Danvers, MA, USA). Antibody against (ab96764) were
obtained from Abcam (San Francisco, CA, USA).
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4.2. Cell Culture and Treatments

All experiments were established according to the conditions selected before and
reported in [5]. Briefly, Human Aortic Endothelial Cells (HAECs) from passage 4 to passage
7 were grown in standard culture conditions in EGM-2 BulletKit containing 5.5 mmol/L
glucose (normal human fasting blood sugar average) [4]. Confluent cells were seeded
in multiwell plates, and after 24 h, cells were deprived in an EBM-2 medium containing
5.5 mmol/L glucose and 0.2% fetal bovine serum. After 12 h, cells were treated with
29.5 mmol/L d-glucose to reach a final concentration of 35 mmol/L (HG) for 6–9 h; these
times were selected according to a previous study where we identified increased production
of mitochondrial ROS after 6–9 h of HG [5]. Treatments with 50 ng/mL of hrPDGF-C were
made for 1 h after 6 h of 35 mmol/L d-glucose stress induction, considering the short
half-life of PDGF in HUVECs, which has been reported to be between 50 min and 3 h [34].
All comparisons were made from cells treated with glucose 5.5 mmol/L.

4.3. Mitochondrial Network Analysis

HAECs were seeded at 3 × 104 cells/well in 35 mm glass-bottom culture dishes
(MatTek) coated with 0.2% gelatin and cultured until 60% of confluence. Once deprived
for 12 h, cells were treated with d-glucose 35 mmol/L for 6 h and 1 additional hour with
50 ng/mL of PDGF-C to evaluate mitochondrial network integrity. Briefly, live cells were
washed once with PBS and stained with 100 nmol/L Mitotracker Green FM and 5 µg/mL
Hoechst to define mitochondria and nucleus, respectively [35]. 2D and 3D cell imaging
were acquired with an Olympus FV1000 confocal microscope, using a 60× oil immersion
objective and an excitation/emission range of 400/545 for MitoTracker Green FM and 361/497
for Hoechst. Images were pre-processed according to the protocol suggested by Chaudhry
et al., 2020 [36], data about the count and length of branches, count of junctions, and total
mitochondria area were obtained according to the protocol suggested by Valente et al., 2017 [37],
using the Fiji plugin for Image J.

4.4. Mitochondrial Dynamics-Related Proteins Expression

Expression of mitochondrial fusion OPA1, MFN1, MFN2 and fission DRP1, and FIS1
proteins was measured by western blot. HAECs were seeded in 6-well plates, treated
as above, and lysed on ice in RIPA buffer supplemented with protease and phosphatase
inhibitors cocktail. Total protein was quantified by bicinchoninic acid. Obtained protein
was electrophoresed and transferred to PVDF membranes. Membranes were incubated
overnight at 4 ◦C with the antibodies and dilutions mentioned in Table 1. The next day,
membranes were washed and incubated with anti-rabbit IgG HRP-linked or anti-mouse
IgG HRP-linked (Table 1) antibodies at room temperature for 1 h. Protein bands were
detected with SuperSignalTM west pico PLUS chemiluminescent substrate and captured
by the iBright 1500 imaging system from ThermoFisher Scientific (Chelmsford, MA, USA).
Analysis of obtained bands was evaluated by densitometry with Image J software [38].

Table 1. Antibodies and dilutions used for mitochondrial dynamics proteins expression.

Target Protein/Reactivity Source/Isotype Dilution

Primary antibodies

OPA1 Rabbit 1:1000
MFN1 Rabbit 1:1000
MFN2 Rabbit 1:1000

TTCII FIS1 Mouse 1:500
DRP1 Rabbit 1:1000

Phospho-DRP1 (Ser616) Rabbit 1:1000
β—actin Mouse 1:2000

Secondary antibodies Rabbit IgG 1:5000
Mouse IgG 1:5000
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4.5. Bioenergetics Analysis

Oxygen consumption rate (OCR) and Extracellular acidification rate (ECAR) were mea-
sured in a Seahorse XFe24 analyzer (Seahorse Biosciences, MA, USA) through mito stress
and energy phenotype tests, respectively. Cells were plated in a Seahorse microplate at a
density of 7 × 104 cells/well and treated as mentioned before. After completing the above-
mentioned treatments, cells were equilibrated in DMEM without sodium bicarbonate,
containing 5 mmol/L or 35 mmol/L (according to cell treatments) of d-glucose, 2 mmol/L
of glutamine and 1 mmol/L of sodium pyruvate. Basal OCR and OCR in response to
sequential injection of Oligomycin 1.5 µmol/L (ATP synthase inhibitor, mitochondrial com-
plex V), FCCP 1 µmol/L (mitochondrial uncoupler), and Rotenone/Antimycin 0.5 µmol/L
(mitochondrial complexes I and III inhibitors, respectively) were registered. Parameters
such as proton leak, maximal respiration, spare respiratory capacity, non-mitochondrial
oxygen consumption, and ATP-linked OCR were analyzed through the mito stress test to
reflect mitochondrial function. Basal ECAR and Stressed ECAR in response to oligomycin
injection were registered, and parameters such as baseline and stressed OCR, baseline
and stressed ECAR, and the ratio between baseline OCR/ECAR and the metabolic poten-
tial were analyzed through the energy phenotype test. OCR values (pmolO2/min) and
ECAR values (mpH/min) were normalized to total protein concentration per well (µg/µL)
measured by a Bradford assay.

4.6. Statistic

All experiments were done at least in triplicate, and data are expressed as mean ±
SEM. An unpaired t-test was used for comparisons between the 2 groups. A p-value < 0.05
was considered statistically significant. Graph Pad Software, San Diego, CA, was used for
all analyses.

Supplementary Materials: The following supporting information can be downloaded at: https:
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