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Abstract: Increase in plasma high glucose promotes endothelial dysfunction mainly through in- 18 
crease mitochondrial ROS production.   19 
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1. Introduction 21 

Metabolic diseases, including diabetes, are considered the principal risk factor for the 22 
development of cardiovascular diseases (CVDs) (CITA). The origin of CVDs has been 23 
linked to the early loss of function of the vascular endothelium, and consequently death 24 
of cells, which diminishes the production or the biodisponibility of vasodilator molecules 25 
such as nitric oxide (NO) and predisposes to a contractile blood vessels phenotype (Joshi 26 
et al., 2015, MÁS CITAS). Transient and sustained glucose levels higher than 5.5 mmol/L 27 
considered the average fasting glucose levels (ADA., 2021) induce endothelial dysfunc- 28 
tion (CITAS). Accordingly, identifying the initial steps that lead to endothelial dysfunc- 29 
tion in high glucose conditions is crucial for early intervention in diabetes.   30 
Reactive oxygen species (ROS) production, especially superoxide radical (O.-) by the mi- 31 
tochondria, is one of the intracellular mechanisms that reduces the biodisponibility of NO 32 
(CITA). Although the mitochondrial content in endothelial cells (ECs) is low compared to 33 
other cell types with higher energy demands (8), they are considered signaling organelles 34 
that act as local microenvironmental sensors (16, 17). Its optimal function is driven by a 35 
balance between fission and fusion processes (18). However, in diabetic patients and hy- 36 
perglycemic conditions, a decreased expression of OPA1 and MFN1/2 proteins (related to 37 
the fusion mechanism) and an increased expression of DRP1 and FIS1 proteins (related to 38 
the fission mechanisms) are observed. This imbalance, coupled with an impaired autoph- 39 
agy mechanism, leads to a disrupted mitochondrial network and the accumulation of tiny, 40 
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damaged, and inefficient organelles that contribute to the increased ROS production and 41 
loss of ECs function or death (19, 20, Hill et al., 2012). 42 

CÓMO DINÁMICA AFECTA EL METABOLISMO 43 
In this context, looking for new therapies that mitigate the mitochondrial damage 44 

induced by high glucose is critical for the reduction of CVDs risk in diabetic patients.   45 
Recently, we reported the role of PDGF-C on the modulation of mitochondrial oxi- 46 

dative stress induced by high d-glucose in human aortic endothelial cells (HAECs). PDGF- 47 
C is a growth factor that exerts its effects by binding to PDGFRα and PDGFR	αβ	tyrosine 48 
kinase receptors. PDGF-C reduced the increase in the mitochondrial superoxide produc- 49 
tion, and it was associated with the up-regulation of SOD2 expression and activity and the 50 
modulation of Keap1 gene expression (CITA). Now, here we report the effect of this growth 51 
factor on the mitochondrial functional changes and the modulation of the fragmented mi- 52 
tochondrial morphology induced by high glucose in endothelial cells. Knowledge of these 53 
effects…    54 

2. Results 55 

2.1. PDGF-C restores the integrity of mitochondrial network of HAECs going on high d- 56 
glucose treatment 57 

To better understand the effect of PDGF-C on mitochondrial damage induced by 35 58 
mmol/L of d-glucose for 7 h (herein referred as HG) in HAECs, mitochondrial network 59 
integrity was evaluated by confocal microscopy. As shown in figure 1A, mitochondria of 60 
cells cultured in 5 mmol/L of d-glucose (herein referred as NG), exhibited a continuous 61 
and elongated network with peripheral localization (upper left and right). In contrast, HG 62 
induced a shorter and fragmented mitochondrial morphology (lower left), which changes 63 
to dense and hyperfused aggregates with nuclear localization when cells were treated 64 
with PDGF-C for 1 h (lower right). The reduction in the count of branches (***p<0.001), 65 
count of junctions (***p<0.001), and mitochondrial area (****p<0.0001) (Figure 4B) in HG 66 
conditions for 7 h and compared to NG support the morphology observations. Treatment 67 
with PDGF-C 50 ng/mL for 1 h significantly increased the number of branches (#p<0.05), 68 
junctions (#p<0.05) and a tendency to increase the total mitochondria area of cells treated 69 
with HG. These results suggest that PDGF-C modulates the damage induced by HG on 70 
the mitochondrial network and morphology of HAECs. 71 

 72 
 73 

  74 
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 75 
Figure 1. Effect of PDGF-C on mitochondrial morphology changes induced by high d-glucose. HAECs 76 

were seeded in 35 mm glass-bottom culture dishes and exposed to 5 or 35 mmol/L d-glucose for 7 hours treated 77 
or not with 50 ng/mL PDGF-C for the last hour. Live cells were stained with Mitotracker green (mitochondria 78 
visualization) and Hoechst (nucleus visualization) and confocal images were acquired for analysis of mitochon- 79 
drial network integrity. A) Representative images for cells in NG (upper left), NG+PDGF-C (upper right), HG 80 
(lower left) and HG+PDGF-C (lower right). B) Analysis of mitochondrial network integrity represented by 81 
branches (count), junctions (count), and mitochondrial area (µm2). Data represent the mean ± SEM of three in- 82 
dependent experiments. ***p<0.001 and ****p<0.0001 regarding NG, #p<0.05 regarding HG. 83 

 84 
2.2. Mitochondrial dynamic-related proteins expression  85 

To reinforce these results, the expression of fission and fusion proteins was measured 86 
by western blot in the same conditions mentioned before. Regarding NG conditions, and 87 
as seen in figures 4A and 4B, HG did not significantly change MFN1 and MFN2 expres- 88 
sion. Similarly, PDGF-C did not affect the expression of these fusion proteins in any of the 89 
evaluated glucose conditions and times. Opposite, HAECs going on HG for 6 and 7 hours 90 
diminished the OPA1 protein expression (4C), regarding NG (*p<0,05); PDGF-C treatment 91 
restored to basal level the expression of this fusion-related protein (#p=0,0486).  92 

 93 
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Figure 2. Effect of PDGF-C on fusion-related proteins in HAECs exposed to high glucose. Cells were 95 
seeded in 6 well plates and exposed to 35 mmol/L d-glucose for 6 and 7 h, treated or not with 50 ng/ml PDGF-C 96 
for 1 hour, and A) MFN1, B) MFN2, and C) OPA1 expression was evaluated by western blot. Images correspond 97 
to representative blots for each protein. Densitometry analysis correspond to the band of each protein normal- 98 

ized with the band of β-ACTIN. Data represents the mean ± SEM of at least three independent experiments 99 
(*p<0,05, #<0,05 regarding HG) 100 

 101 
On the other hand, results about mitochondrial fission-related proteins showed that 102 

HG did not change the expression of FIS1 either DRP1, alone or in combination with 103 
PDGF-C (Figures 3A and 3B, respectively). Additionally, the phosphorylation of DRP1 at 104 
Ser616, which is known for promoting the fission of mitochondrial network (Kashatus et 105 
al., 2015, Chang et al., 2007), also was evaluated by western blot. As shown in figure 3C, 106 
HG for 6 and 7 h increased the phosphorylation of Ser616 residue in DRP1 and PDGF-C 107 
treatment diminished this to basal level (DOS RÉPLICAS).  108 

 109 

 110 
Figure 3. Effect of PDGF-C on fission-related proteins in HAECs exposed to high glucose. Cells were 111 

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 112 
for 1 hour, and A) FIS1 and B) DRP1 expression and ratio between C) DRP1pSer616/DRP1 were evaluated by west- 113 
ern blot. Images correspond to representative blots for each protein. Densitometry analysis correspond to the 114 
band of each protein normalized with the band of β-ACTIN and DRP1 for phosphorylation residue. Data repre- 115 
sents the mean ± SEM of at least three independent experiments. 116 

 117 
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These results suggest that PDGF-C modulates the mitochondrial network and mor- 118 
phology by regulating the fission through phosphorylation and dephosphorylation of 119 
DRP1 and intensifying the fusion process by upregulating OPA1 expression in HAECs 120 
going on HG conditions. 121 

 122 
2.3. Bioenergetic analysis 123 
To know the implications of acute elevated high glucose concentrations on mitochondrial 124 
function of HAECs and the role of PDGF-C in these conditions, cells were treated as 125 
mentioned before and subjected to mito stress test in a Seahorse XF24. Basal OCR and 126 
OCR in response to injection of the oligomycin (ATP synthase inhibitor), FCCP 127 
(mitochondrial uncoupler), and rotenone/antimycin (Complex I and III inhibitors, 128 
respectively) (Figure 4, central upper panel) were assayed. Evaluation of the six 129 
mitochondrial parameters showed that HG significantly reduced basal respiration 130 
(**p<0,01) (Figure 4A), maximal respiration (**p<0,01) (Figure 4C), spare respiratory 131 
capacity (**p<0,01) (Figure 4D), non-mitochondrial oxygen consumption (*p<0,05) (Figure 132 
4D) and ATP production (*p<0,05) (Figure 4E), regarding NG conditions. PDGF-C 133 
significantly increased the non-mitochondrial oxygen consumption diminished by HG 134 
conditions (#p<0,05) (Figure 4E).       135 
 136 

 137 

 138 
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Figure 4. Effect of HG and PDGF-C on mitochondrial respiration of HAECs. Cells were seeded in 24 well 139 
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 140 
hour, and mitochondrial respiration was estimated (central upper panel. Blue: 5 mmol/L, red: 5 mmol/L + PDGF- 141 
C 1 h, green: 35 mmol/L for 7 h and purple: 35 mmol/L + PDGF-C 1h). A) Basal respiration, B) Proton leak, C) 142 
Maximal respiration, D) Spare respiratory capacity, E) Non-mitochondrial oxygen consumption and F) ATP 143 
production are shown as the mean ± SEM of two independent experiments with multiple replicates (**p<0.01, 144 
*p<0.05 and #p<0.05 regarding HG).  145 

 146 

These results suggest that acute HG reduces the mitochondrial functions XXX… 147 
 148 

In the same experiments, the parameters baseline phenotype, stressed phenotype (af- 149 
ter oligomycin injection), and metabolic potential were evaluated to assess the cell energy 150 
metabolism phenotype (Figure 5, central upper panel) of HAECs going on NG and HG 151 
conditions, and the effect of PDGF-C on changes induced by HG. As shown in Figure 5, 152 
HG significantly reduced the baseline OCR (*p<0.05) (Figure 5A), the baseline OCR/ECAR 153 
ratio (**p<0.01) (Figure 5C), the stressed OCR (**p<0.01) (Figure 5D, the stressed 154 
OCR/ECAR ratio (****p<0.0001), and the metabolic potential (% baseline OCR) (*p<0.05) 155 
(Figure 5G. Opposite, the metabolic potential (% baseline ECAR) was increased by HG 156 
treatment (*<0.05) (Figure 5H). Interestingly, PDGF-C significantly increased the stressed 157 
OCR (#p<0.05) (Figure 5D) and the stressed ECAR (#p<0.05) in basal d-glucose conditions 158 
(5 mmol/L).       159 

 160 

 161 
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Figure 5. Effect of HG and PDGF-C on energy phenotype of HAECs. Cells were seeded in 24 well plates 163 
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 164 
energy phenotype was estimated (central upper panel. Empty squares: baseline, filled squares: stressed. Blue: 5 165 
mmol/L, red: 5 mmol/L + PDGF-C 1 h, green: 35 mmol/L for 7 h and purple: 35 mmol/L + PDGF-C 1h). A)  Base- 166 
line OCR, B) Baseline ECAR, C) Baseline OCR/ECAR ratio, D) Stressed OCR, E) Stressed ECAR, F) Baseline 167 
OCR/ECAR ratio, G) Metabolic potential (% OCR), and Metabolic potential (% ECAR) are shown as the mean ± 168 
SEM of two independent experiments with multiple replicates (****p<0.0001, **p<0.01, *p<0.05, and #p<0.05 re- 169 
garding HG). 170 

 171 
These results suggest that acute HG XXX… 172 

3. Discussion 173 

Mitochondrial network fragmentation has been previously reported in endothelial 174 
cells and in vivo models of high glucose environment and diabetes (Rovira-Llopis et al., 175 
2017, Shenouda et al., 2011, Makino et al., 2010, Trudeau et al., 2010, Joshi et al., 2015); this 176 
condition has been associated with the development of vascular dysfunction (Trudeau et 177 
al., 2010, Joshi et al., 2015 MÁS CITAS). Our results support these affirmations. In a model 178 
of endothelial cells derived from macrovasculature (HAECs), HG induced the fragmenta- 179 
tion of the mitochondrial network, reflected as short and discontinuous mitochondria lo- 180 
calized at cellular periphery, reduction in the count of branches, junctions, and total area, 181 
and diminished expression of fusion protein OPA1, regarding NG conditions. About 182 
PDGF-C effect there are no reports about its involvement on mitochondrial dynamics pro- 183 
cess associated with any pathology, so this is the first report.  184 
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4. Materials and Methods 185 
 186 

4.1. Cells and reagents 187 
Human Aortic Endothelial Cells (CC-2535), EGM-2 BulletKit (CC-3162) and EBM-2 188 

(00190860) were obtained from Lonza (Walkersville, MD). hrPDGF-C (SRP3139), Valino- 189 
mycin (V0627) were obtained from Sigma- Aldrich (St. Louis, MO, USA). JC-1 (T3168) 190 
5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide, Mitotracker 191 
Green FM (M7514), Hoechst 34580 (H21486) N,N-dymethyl-4-[5-(4-methyl-1-piperazi- 192 
nyl)[2,5’-bi-1H-benzimidazol]-2’yl] and SuperSignalTM west pico PLUS chemiluminescent 193 
substrate (34577) were obtained from Thermo Fisher Scientific/Invitrogen (Chelmsford, 194 
MA, USA). Protease and phosphatase inhibitor cocktail (XXX), antibodies against OPA1 195 
(D7C1A), MFN1 (D6E2S), MFN2 (D1E9), DRP1 (D6C7), DRP1pS616, β actin (8H10D10), 196 
GAPDH (D16H11) XP®, Anti-rabbit IgG HRP-linked and anti-mouse IgG HRP-linked 197 
were obtained from Cell Signaling Technology (Danvers, MA, USA). Antibodies against 198 
DRP1pS637 (ab193216) and TTC11/FIS1 (ab96764) were obtained from Abcam (MA, USA). 199 
FALTA SEAHORSE 200 

 201 
4.2. Cell culture and treatments 202 
All experiments were stablished according to the conditions selected before and re- 203 

ported in Grismaldo et al., 2022 [XXX]. Briefly, Human Aortic Endothelial Cells (HAECs) 204 
from passage 4 to passage 7 were grown in standard culture conditions in EGM-2 Bul- 205 
letKit containing 5.5 mmol/L glucose (normal human fasting blood sugar average accord- 206 
ing to ADA, 2021). Confluent cells were seeded in multiwell plates and, after 24 h, cells 207 
were deprived in EBM-2 medium containing 5.5 mmol/L glucose and 0.2% fetal bovine 208 
serum. After 12 h, cells were treated with 29.5 mmol/L d-glucose to reach a final concen- 209 
tration of 35 mmol/L (HG) for 6 to 9 hours. Treatments with 50 ng/mL of hrPDGF-C were 210 
made for 1, 2, and 3 h after 6 h of 35 mmol/L d-glucose stress induction. All comparisons 211 
were made from cells treated with glucose 5.5 mmol/L. 212 

 213 
4.3. Mitochondrial network analysis 214 
HAECs were seeded at 3x104 cells/well in 35 mm glass-bottom culture dishes 215 

(MatTek) coated with 0.2% gelatin and cultured until 60% of confluence. Once deprived 216 
for 12 hours, cells were treated with d-glucose 35 mmol/L for 6 hours and 1 additional 217 
hour with 50 ng/mL of PDGF-C to evaluate mitochondrial network integrity. Briefly, live 218 
cells were washed once with PBS and stained with 100 nmol/L Mitotracker Green FM and 219 
5 µg/mL Hoechst, to define mitochondria and nucleus, respectively [35]. 2D and 3D cell 220 
imaging were acquired with an Olympus FV1000 confocal microscope, using a 60x oil 221 
immersion objective and an excitation/emission range of 400/545 for MitoTracker Green 222 
FM and 361/497 for Hoechst. Images were pre-processed according to the protocol sug- 223 
gested by Chaudhry et al., 2020 [XX], data about count and length of branches, count of 224 
junctions, and total mitochondria area were obtained according to the protocol suggested 225 
by Valente et al., 2017 [XX] using Fiji plugin by Image J. 226 
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4.4. Mitochondrial dynamics-related proteins expression 227 
Expression of mitochondrial fusion OPA1, MFN1, MFN2 and fission DRP1, and FIS1 228 

proteins was measured by western blot. HAECs were seeded in 6 well plates, treated as 229 
above, and lysed on ice in RIPA buffer supplemented with protease and phosphatase in- 230 
hibitors cocktail. Total protein was quantified by bicinchoninic acid. Obtained protein was 231 
electrophoresed and transferred to PVDF membranes. Membranes were incubated over- 232 
night at 4ºC with the antibodies and dilutions mentioned in table 1. The next day, mem- 233 
branes were washed and incubated with anti-rabbit IgG HRP-linked or anti-mouse IgG 234 
HRP-linked (Table 1) antibodies at room temperature for 1 h. Protein bands were detected 235 
with SuperSignalTM west pico PLUS chemiluminescent substrate and captured by the iB- 236 
right 1500 imaging system from ThermoFisher Scientific (Chelmsford, MA, USA). Analy- 237 
sis of obtained bands was evaluated by densitometry with Image J software [Schneider et 238 
al., 2012]. 239 

 240 
 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 
Phospho-DRP1 (Ser637) Mouse 1:1000 

β - actin Mouse 1:2000 

Secondary antibodies Rabbit IgG 1:5000 
Mouse IgG 1:5000 

 241 
4.5. Bioenergetics analysis  242 

     Oxygen consumption rate (OCR) and Extracellular acidification rate (ECAR) were 243 
measured in a Seahorse XF24 analyzer (Seahorse Biosciences, MA, USA), through mito 244 
stress and energy phenotype tests, respectively. Cells were plated in a Seahorse microplate 245 
at a density of 7x104 cells/well and treated as mentioned before. After completed the 246 
above-mentioned treatments, cells were equilibrated in DMEM without sodium bicar- 247 
bonate, containing 5 mmol/L or 35 mmol/L (according to cell treatments) of d-glucose, 2 248 
mmol/L of glutamine and 1 mmol/L of sodium pyruvate. Basal OCR and OCR in response 249 
to sequential injection of Oligomycin 1.5 µmol/L (ATP synthase inhibitor, mitochondrial 250 
complex V), FCCP 1 µmol/L (mitochondrial uncoupler), and Rotenone/Antimycin 0.5 251 
µmol/L (mitochondrial complexes I and III inhibitor, respectively) were registered. Pa- 252 
rameters such as proton leak, maximal respiration, spare respiratory capacity, non-mito- 253 
chondrial oxygen consumption, and ATP-linked OCR were analyzed through the mito 254 
stress test to reflect mitochondrial function. Basal ECAR and Stressed ECAR in response 255 
to oligomycin injection were registered and parameters such as baseline and stressed 256 
OCR, baseline and stressed ECAR, the ratio between baseline OCR/ECAR and the meta- 257 
bolic potential were analyzed through the energy phenotype test. OCR values 258 
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(pmolO2/min) and ECAR values (mpH/min) were normalized to total protein concentra- 259 
tion per well (µg/µl) measured by Bradford assay. 260 
 261 

4.6. Statistic 262 

All experiments were done at least in triplicate and data are expressed as mean ± 263 
SEM. Unpaired t-test was used for comparisons between two groups. A p value < 0.05 was 264 
considered statistically significant. Graph Pad Software, San Diego, CA, was used for all 265 
analysis. 266 

5. Conclusions 267 
MODIFICAR IMAGEN CON RESULTADOS DE SEAHORSE Y DISCUSIÓN 268 

 269 

This section is not mandatory but can be added to the manuscript if the discussion is 270 
unusually long or complex. 271 

Supplementary Materials: The following supporting information can be downloaded at: 272 
www.mdpi.com/xxx/s1, Figure S1: title; Table S1: title; Video S1: title. 273 
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