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Abstract: Mitochondria have attracted attention in cancer research as organelles associated with tumor develop-
ment and response to therapy. We recently reported acquisition of resistance to cisplatin (DDP) associated with a 
metabolic rewiring in ovarian cancer patient-derived xenografts (PDXs) models. DDP-resistant PDXs models were 
obtained mimicking the clinical setting, treating mice bearing sensitive-DDP tumors with multiple cycles of DDP until 
the development of resistance. To further characterize the metabolic rewiring, the present study focused on tumor 
mitochondria. We analysed by transmission electron microscopy the mitochondria structure in two models of DDP-
resistant and the corresponding DDP-sensitive PDXs and evaluated tumor mDNA content, the expression of genes 
and proteins involved in mitochondria functionality, and mitochondria fitness-related processes, such as autophagy. 
We observed a decrease in the number of mitochondria paralleled by an increased volume in DDP-resistant versus 
DDP-sensitive PDXs. DDP-resistant PDXs presented a higher percentage of damaged mitochondria, in particular 
of type 2 (concave-shape), and type 3 (cristolysis) damage. We found no difference in the mDNA content, and the 
expression of genes involved in mitochondrial biogenesis was similar between the sensitive and resistant PDXs. 
An upregulation of some genes involved in mitochondrial fitness in DDP-R versus DDP-S PDXs was observed. At 
protein level, no difference in the expression of proteins involved in mitochondrial function and biogenesis, and in 
autophagy/mitophagy was found. We here reported that the acquisition of DDP resistance is associated with mor-
phological alterations in mitochondria, even if we couldn’t find any dysregulation in the studied genes/proteins that 
could explain the observed differences.
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Introduction

Resistance to therapy is still an unresolved 
issue [1, 2], and an active field of research [1-3] 
in ovarian cancer. High-grade ovarian carcino-
mas (about 75% of all ovarian cancers) have 
the poorest outcome among ovarian cancers 
with a 5-year overall survival (OS) of 35% [1, 4, 
5]. Standard treatment involves cytoreductive 
surgery followed by adjuvant chemotherapy 
(platinum/taxol), and even if 85% of high-grade 
serous patients respond to the first-line thera-

py, about 70% of patients will relapse within 3 
years, and the majority of them will develop 
resistance to a further cisplatinum (DDP) chal-
lenge [3, 4]. DDP targets mainly DNA, producing 
inter and intra-strand crosslinks, inducing cyto-
toxicity and oxidative stress [6-8]. Different 
mechanisms underlying DDP resistance have 
been reported, including those interfering with 
drug transport, with the repair of DDP-induced 
DNA damage, with signalling to the apoptotic 
machinery, with deregulated miRNAs, and oth-
ers (for a recent review see [9]). Recently, the 
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role of metabolic reprogramming in the resis-
tance to anticancer therapy, including a DDP-
based treatment, has been advocated [10-12]. 

In last years, mitochondria, the “powerhouse” 
of cells, have attracted attention as playing 
roles in cancer development and response to 
therapy [13-15]. They use multiple carbon 
sources to produce ATP and metabolites (i.e. 
pyruvate, aminoacids, and fatty acids), in order 
to fuel anaplerotic circuits, such as the TCA 
cycle and generate NADH and FADH, which 
deliver their electrons to the electron transport 
chain (ETC). Thus, the mitochondria operate as 
a central hub of both catabolic and anabolic 
metabolism [16]. Mitochondrial dysfunctions 
have been reported to be associated to differ-
ent diseases, including cancer [17-21]. Recent 
evidence shows the involvement of mitochon-
drial metabolism in oncogenesis [22-25], tumor 
dissemination [26, 27], as well as in tumor met-
abolic plasticity [28], and response to therapy 
[29, 30]. In particular, mutations in the mito-
chondrial DNA (mtDNA) and mitochondrial 
enzymes defects (such as mutations in SDH, 
FH or IDH1/2) have been reported in different 
cancers [31, 32]. Mitochondria play a central 
role also in the regulation of the programmed 
cell death, as well as in the development of pri-
mary or acquired resistance, including cisplatin 
resistance [33]. Different studies reported met-
abolic adaptation in cancer cells after a specific 
treatment, such as the shift from glycolysis to 
OXPHOS [34]. 

We have recently reported an increase in the 
oxidative metabolism associated with the 
acquisition of cisplatin resistance in models of 
ovarian cancer patient-derived xenografts 
(PDXs) [35]. We further investigated the involve-
ment of mitochondria in this phenomenon, and 
here we reported the morphological and struc-
tural impairments at mitochondrial level in 
DDP-resistant ovarian cancer PDXs.

Methods

Animals

The IRFMN adheres to the principles set out in 
the following laws, regulations, and policies 
governing the care and use of laboratory ani-
mals: Italian Governing Law (D.lgs 26/2014; 
Authorisation n.19/2008-A issued March 6, 
2008 by Ministry of Health); Mario Negri 

Institutional Regulations and Policies providing 
internal authorisation for persons conducting 
animal experiments (Quality Management 
System Certificate-UNI EN ISO 9001:2015-
Reg. N° 6121); the NIH Guide for the Care and 
Use of Laboratory Animals (2011 edition) and 
EU directives and guidelines (EEC Council 
Directive 2010/63/UE).

Tumor fragments were subcutaneously inocu-
lated in female CD1 nude mice obtained from 
Charles River Laboratories (Italy) when six- to 
eight-week-old. Mice were maintained under 
specific pathogen-free conditions, housed in 
isolated vented cages, and handled using asep-
tic procedures. Mice were constantly monitored 
and tumor growth was followed by measure-
ments with a Vernier caliper and tumor volume 
was calculated as already reported [36]. When 
tumor volume reached 20% of mouse body 
weight, mice were sacrified, tumors were 
excised and fragments were fixed as described 
above for TEM analysis, and snap frozen for 
molecular (DNA, gene and protein expression) 
studies.

Transmission electron microscopy (TEM) analy-
sis

Fragments of DDP-sensitive and -resistant 
PDXs were fixed with 4% paraformaldehyde 
(PFA) and 2% glutaraldehyde in phosphate buf-
fer 0.12 M pH 7.4 for 4 hours at room tempera-
ture, followed by post-fixation with 1% OsO4 in 
0.12 M cacodylate buffer at room temperature 
for 1 h. After dehydration in graded series of 
ethanol, tissue samples were cleared in propyl-
ene oxide, embedded in Epoxy medium (Epon 
812 Fluka) and polymerized at 60°C for 72 h. 
From each sample, 1 μm-section was cut with a 
Leica EM UC6 ultramicrotome (Leica Micro- 
systems,), stained with Toluidine Blue and 
mounted on glass slides for light microscopic 
identification of areas of interest. Ultra-thin 60 
nm-sections were obtained and counterstained 
with uranyl acetate and lead citrate, and imag-
es were obtained with an energy filter transmis-
sion electron microscope (Libra120, Carl Zeiss) 
coupled with a yttrium aluminium garnet (YAG) 
scintillator slow-scan CCD camera (Sharp eye, 
TRS). Numerical density of mitochondria (NV, n/
µm3) was estimated using morphometrical 
analysis using an orthogonal grid digitally 
superimposed to 90 digitized electron micro-
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scope pictures of cellular cytoplasm at 5000× 
magnification and analyzing an average of 
2246 mitochondria for each experimental 
group. Briefly, the mitochondrial profile area 
density (NA) was estimated by the ratio between 
the number of mitochondria and the cytoplasm 
area traced manually and calculated with 
Image J (version 1.52a). Mitochondrial volume 
density (VV) was determined by the ratio of grid 
points falling over mitochondria divided by the 
total number of points of the grid in cellular 
cytoplasm. NV was then estimated for each cell 
using the formula: NV= (1/b) (NA 

3/2/VV 
1/2). 

Where b is the shape coefficient for ellipsoidal 
mitochondria, calculated from the ratio of the 
harmonic mean of major and minor axis of 
mitochondria sections measured on digital 
images. The mean mitochondrial volume was 
then calculated for each cell as the ratio of 
mitochondrial volume density VV and numerical 
density NV. Damage of each mitochondrion was 
then scored on the basis of morphological char-
acteristics: Type 1= normal morphology, Type 
2= intact cristae but concave shapes with flat-
tened center and bent extremities to form C-, 
U- or ring-shaped form, Type 3= marked disrup-
tion of cristae.

mDNA content 

DNA was extracted from snap-frozen tissues by 
using Maxwell (Promega), according manufac-
turer protocols. mDNA was quantified by real 
time PCR techniques amplifying ND1 gene  
(left primer: 5’-GCTCCTTTAACCTCTCCACCC-3’; 
right primer: 5’-CGGTTGGTCTCTGCTAGTGT-3’). 
mDNA content was normalized to nDNA con-
tent, by amplification of β-actin (left primer: 
5’-AGACTCCCCATCCCAAGACC-3’; right primer: 
5’-ACCATGTCACACTGGGGAAG-3’) gene. 

Gene expression analysis

Total mRNA was extracted from snap-frozen tis-
sues by using Maxwell 16 LEV SimplyRNA 
(Promega), according to manufacturer proto-
cols and was retrotranscribed by High Capacity 
cDNA Reverse Transcription kit (Applied 
Biosystems). Hene expression was evaluated 
by RT-PCR with ad hoc-designed primers 
(Primer3, http://primer3.ut.ee/) for gene of 
interest and housekeeping gene (β-actin). The 
results were analyzed using the ΔΔCt method 
[37]. 

Western blot analysis

Cell pellets were lysed in the lysis buffer [38] 
added with protease and phosphatase inhibitor 
cocktail for 30 min on ice. Insoluble material 
was pelleted at 10,000×g for 15 min at 4°C, 
and the protein concentration was determined 
using a BioRad assay kit (BioRad, Hercules, CA, 
USA). Thirty μg of total cellular proteins were 
separated on SDS-PAGE and electro-trans-
ferred to nitrocellulose membrane (Merck 
Millipore, Burlington, MA, USA). Immuno-
blotting was carried out with anti-OXPHOS 
(Abcam, 1:200), anti-cytc (Santa Cruz 
Biotechnology, 1:3000), anti-PGC1α (Abcam, 
1:2000), anti-p62 (Cell Signaling, 1:1000), anti-
LC3 (MBL, 1:1000), and anti-PINK1 (Santa Cruz 
Biotechnology, 1:200) primary antibodies,  
and peroxidase-labelled secondary antibodies 
(BioRad). Horseradish-peroxidase substrate 
(ECL Western Blotting Detection, Amersham-
Life Science, Little Chalfont, UK) was added 
and the signal was revealed through an Odyssey 
Fc instrument (LI-COR, Lincoln, NE, USA).

Statistical analysis

All statistical analyses were done using Prism 
(V8, GraphPad, San Diego, CA, USA), and non-
parametric Wilcoxon Mann-Whitney test.

Results

Electron microscopy studies of the mitochon-
dria morphology in DDP-sensitive and -resis-
tant ovarian cancer PDXs

Starting from DDP-sensitive PDXs, we obtained 
two DDP-resistant models through multiple 
cycles of in vivo DDP treatment and we showed 
that the DDP-resistance was associated with 
an increased oxidative metabolism [35] 
(Supplementary Figure 1). Given the impor-
tance of mitochondria in cellular metabolism, 
we further investigate the mitochondria at a 
structural level. Studies performed by trans-
mission electron microscopy (TEM) were under-
taken in the two different DDP resistant and 
their sensitive counterparts (MNHOC124 and 
MNHOC239, from now referred as #124R, 
#239R and #124S and #239S, respectively). 
We observed that both #124-R and #239-R 
PDXs showed a statistically significant lower 
number of mitochondria per µm3 than PDX-S 
tumors (0.7 vs 1.1 n/µ3 P=0.01, and 0.8 vs 0.9 
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n/µ3 P=0.01, in PDX #124 and PDX #239 
respectively, Figure 1A), and a twice bigger 
mitochondrial volume (0.14 vs 0.06 µ3 P=0.02, 
and 0.12 vs 0.08 µ3 P=0.01 in #124 and #239 
PDXs respectively, Figure 1B). 

We further investigated the structure of mito-
chondria, in terms of normal (type 1) or dam-
aged (type 2 or type 3 damage) mitochondria, 
as an indication of their function. We found that 
both PDXs-R showed a lower percentage of nor-
mal mitochondria (type 1, displayed in Figure 
2A), respect to their S counterpart (65.3+4.3% 
vs 85.7+1.2%, P=0.001, and 91.6+2.0+20.3% 
vs 97.6+0.3% P=0.02 in #124 and #239 
respectively, Figure 1C). 

Altered mitochondria in PDX-R were higher in 
number and were of two types: mitochondria 
with abnormal concave shape (i.e. C-, U- or ring-
shaped) (type 2) or with evident cristolysis (type 
3). Type 2 mitochondria (displayed in Figure 2B) 
were found 12.2±1.4% and 2.1±1.23% as com-
pared to 19.7±3.8% and 7.1±1.8%, respective-
ly in sensitive and resistant #124 (P=0.09) and 
#239 models (P=0.02) (Figure 1C). Type 3 
mitochondria, (displayed in Figure 2C) were 
higher in both PDX-R than in PDX-S (respective-
ly in #124: 15.0±6.3% vs 2.1±1.2%, P=0.07; 
and in #239: 1.3±0.96% vs 0.6±0.27%, P=0.5) 
(Figure 1C). 

cant differences in mDNA content between R 
and S models in both PDX models. Then, we 
investigated the expression of PPARGC1A 
gene, coding for the master regulator of mito-
chondrial biogenesis and mass, PGC1α, of 
genes coding for mitochondrial transcription 
factors (i.e. TUFM, TFAM), as well as for mito-
chondrial autophagy and fitness (i.e. ATG7, a 
regulator of mitophagy, and SUPV3L1, an heli-
case involved in mitochondrial RNA metabo-
lism). Among genes involved in mitochondrial 
biogenesis, we found a statistically significant 
increase in the expression of TFAM (P=0.0012), 
and VDAC1 (P=0.047) genes only in #124-R vs 
#124 S PDXs. We found no statistical signifi-
cant difference in genes involved in mitophagy 
and mitochondrial RNA metabolism (Figure 
3B). 

At protein level, the expression of all the 
OXPHOS complexes, cytochrome C (a protein 
essential in the mitochondrial electronic trans-
port chain, and involved in apoptosis), and 
PGC1α proteins was similar in DDP-R and 
DDP-S in both PDXs, as reported in Figure 4A, 
arguing against a basal difference in mitochon-
drial function [35].

One of the major mechanisms that controls 
mitochondrial fitness is the autophagic removal 
of damaged mitochondria [39]. As we observed 

Figure 1. Electron microscopy stud-
ies in #124 DDP-S (□) and -R (■), 
and #239 DDP-S ( ) and -R ( ). For 
each PDX histograms represent the 
number of mitochondria per µm3 (A), 
the mitochondrial volume (µm3, B), 
the percentage of normal mitochon-
dria (Type I), % of Type II and Type III 
mitochondria (damaged), (C). Bars 
represents the mean ± SE of three 
different biological samples, done in 
triplicates. Statistical analysis was 
performed by t-test.

Molecular investigations of 
mitochondrial markers 

The increased number of dam-
aged mitochondria observed 
in R-PDXs by TEM prompted 
us to study mitochondrial fit-
ness at gene and protein level, 
to understand if the differenc-
es found in mitochondrial mor-
phology might have a func-
tional role. 

The differences found in the 
number and volume of mito-
chondria could be due to a dif-
ferent regulation of mitochon-
drial biogenesis and clear-
ance. At first, we investigate 
the content of mitochondrial 
(mDNA) respect to nuclear 
DNA (nDNA), and as shown in 
Figure 3A, we found no signifi-
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Figure 2. Representative figures captured by electron microscopy of mitochondrial Type 1 (normal, A), Type 2 (C-
shaped (white arrowheads) and ring-shaped (white arrows), B), and Type 3 (cristolysis (white arrows), C) found in 
DDP-R PDX #124. 

Figure 3. A. Mitochondrial DNA content was calculated as tar-
get ND1 gene and the reference β-actin nuclear gene. B. The 
expression of the genes reported was evaluated by real time 
PCR. The bars represent the average of the ratio (calculated as 
2^(-ΔCt)) ± SD of values obtained. All the data are the mean 
of three different biological replicates, done in triplicate [#124 
DDP-S (□), -R (■), and #239 DDP-S ( ) and -R ( )]. Statistical 
analysis was performed by Mann-Whitney test.

an accumulation of damaged mitochondria in 
DDP-R PDXs, we investigated the basal level of 
autophagy, studying the expression of proteins 
involved in autophagy (i.e. p62, LC3 I-II) and in 
the control and regulation of mitophagy (i.e. 
PINK). No difference in the basal levels of p62 
were found between S and R PDXs; higher lev-
els of LC3-I were found in 124-R vs 124-S but, 
on the contrary, lower levels of LC3-I were 
observed in the resistant #239-R as compared 
to #239-S. LC3-II protein (the autophagosome-
associated form) was barely detected in all the 
PDXs samples (Figure 4B). PINK1 levels were 
found upregulated in #124-R vs #124-S PDXs, 
while it was downregulated in #239-R as com-
pared to #239-S (Figure 4B). In aggregate, no a 

clear-cut upregulation of autophagy could be 
demonstrated in the resistant PDXs.

Discussion 

The use of DDP resistant models obtained after 
multiple in vivo treatments starting from DDP 
sensitive ones, represents a valid preclinical 
tool to study the development of resistance 
[40, 41]. We have recently isolated DDP-
resistant PDXs after in vivo DDP multiple treat-
ments of mice bearing DDP-sensitive PDXs 
[35], reporting that resistance was associated 
to a rewiring of tumor metabolism, with a shift 
towards an increased oxidative metabolism. 
These data suggested a role of mitochondria in 
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the development of DDP resistance, and 
prompted us to better investigate these 
organelles.

The present work shows that DDP-resistance is 
associated with an altered mitochondria mor-
phology. In particular, by TEM we observed that 
DDP-R PDXs present a lower number mitochon-
dria per µm3, and an increased volume. 

In addition, an higher percentage of mitochon-
dria with abnormal concave shapes (type 2) 
were observed in the DDP-R PDXs. While these 
structural changes, triggered by loss of mito-
chondrial membrane potential, are considered 
transient and easily reversible with no clear sig-
nificance on mitochondrial function [42], mito-
chondria with abundant disrupted cristae (cris-
tolysis, type 3) are unable to produce an ade-
quate amount of ATP by oxidative phosphoryla-
tion [43]. Since cristolysis was significantly 
increased in the DDP-R PDXs and a similar two-
three fold increase of all altered mitochondria 
was observed respectively in the two different 
resistant PDXs, we decided to search for mark-
ers of mitochondrial damage and dysfunction. 

TEM analysis performed in 16 ovarian cancer 
and 18 ovarian normal tissue demonstrated an 
increase in mitochondrial number in cancer tis-
sues, altered mitochondrial biogenesis and 
increased in mDNA content [44]. We found that 
mitochondria showing marked cristolysis (type 
3) were present in both R-PDX, supporting the 
presence of damaged mitochondria in cancers 

[44]. However, the two fold increment in the 
percentage of type 3 mitochondria did not 
associate with modification of mDNA content. 
This could be due to the fact that the proportion 
of these damaged mitocondria is not sufficient-
ly high. We cannot, however, exclude that muta-
tions in mDNA, not altering the absolute mDNA 
content, could be present, and possibly related 
to the observed altered mitochondrial morphol-
ogy as reported [45, 46]. In line with our data, 
Zampieri et al. that show that platinum treat-
ment causes a shift towards a more oxidative 
metabolism, but, on the contrary, a decrease in 
number of mitochondria after platinum treat-
ment [47].

The expression of genes and proteins involved 
in mitochondrial biogenesis did not shown any 
difference (i.e. PPARGC1A), but we found an 
upregulation of some genes involved in mito-
chondrial function and fitness (i.e. TFAM, and 
VDAC1) in DDP-R vs DDP-S in one PDX model 
(#124). When we studied the role of autophagy, 
the most described pathway associated with a 
mitochondrial dysfunction, while an upregula-
tion of the expression of ATG7 in 124-R vs 
124-S was observed, all the other genes and 
proteins investigated were similarly expressed, 
arguing against a different basal level of 
authophagy. Zampieri et al. found that the 
resistance to platinum relied on mitophagy, 
and inhibition of autophagy could sensitize 
cells to DDP treatment [47]. In cancer cells, 
mitophagy protected from death in a PINK1-

Figure 4. Western blot analysis of oxidative phosphorylation system (OXPHOS), cytochrome c, PGC1α proteins (A), 
and autophagy and mitophagy related proteins p62, LC3-I and LC3-II, and PINK1 (B) in the different PDXs. The bars 
represent the mean ± SD of the ratio calculated for three biological replicates between densitometric signal of inter-
est and control proteins. 
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dependent manner and increased resistance 
to treatment [48]. However, we could not find 
any statistical significance difference in PINK1 
expression level. While all these data suggest a 
similar basal level of autophagy and mitophagy, 
we cannot exclude that both these processes 
could be activated differentially in sensitive 
and resistant PDXs upon cellular stress (i.e. 
drug treatment).

In conclusion, we have here combined quanti-
tative mitochondrial parameters and qualita-
tive observation of a large number of mitochon-
dria (more than 2000 mitochondria per experi-
mental condition) to show that acquired in vivo 
resistance to DDP is associated with morpho-
logical alterations of tumor mitochondria (i.e. 
lower number, higher mitochondrial mass and 
an higher percentage of damaged mitochon-
dria). The observed alterations are unlike to be 
the result of a direct drug effect as were 
observed in tumor samples that were not under 
drug selection since six passages, but still 
resistant to the drug [35]. To our knowledge, 
this is the first reporting of mitochondrial ultra-
structural alteration in ovarian cancer with 
acquired DDP resistance. This finding unex-
pectedly did not correlate with any of the mech-
anisms we investigated and this lack of correla-
tion could be due to absolute number of  
severely damaged mitochondria with cristolysis 
(at maximum reaching 15% of the total). While 
it is possible that these alterations might not 
be associated with a global altered mitochon-
drial function, these were present in two differ-
ent PDX models undergoing the same type of in 
vivo DDP-induced resistance, further support-
ing the involvement of mitochondrial alteration 
in DDP resistance.
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Supplementary Figure 1. Mean ± SE of the percentage of tumor growth inhibition after DDP treatment in S and R 
models of #124 and #239 PDXs. %TGI was calculated as: [100- (median weight of treated tumors/median weight 
of control tumors) ×100].


