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Abstract: Cyclooxygenase 2 (COX-2) is a key enzyme in prostanoid biosynthesis. The constitutive
hepatocyte expression of COX-2 has a protective role in hepatic ischemia-reperfusion (I/R) injury
(IRI), decreasing necrosis, reducing reactive oxygen species (ROS) levels, and increasing autophagy
and antioxidant and anti-inflammatory response. The physiopathology of IRI directly impacts mi-
tochondrial activity, causing ATP depletion and being the main source of ROS. Using genetically
modified mice expressing human COX-2 (h-COX-2 Tg) specifically in hepatocytes, and performing
I/R surgery on the liver, we demonstrate that COX-2 expression has a beneficial effect at the mito-
chondrial level. Mitochondria derived from h-COX-2 Tg mice livers have an increased respiratory rate
associated with complex I electron-feeding pathways compared to Wild-type (Wt) littermates, without
affecting complex I expression or assembly. Furthermore, Wt-derived mitochondria show a loss of
mitochondrial membrane potential (∆Ψm) that correlates to increased proteolysis of fusion-related
OPA1 through OMA1 protease activity. All these effects are not observed in h-COX-2 Tg mitochondria,
which behave similarly to the Sham condition. These results suggest that COX-2 attenuates IRI at a
mitochondrial level, preserving the proteolytic processing of OPA1, in addition to the maintenance of
mitochondrial respiration.

Keywords: COX-2; prostaglandins; liver; ischemia-reperfusion; high-resolution respirometry;
mitochondrial dynamics

1. Introduction

Orthotopic liver transplantation (OLT) remains the standard treatment for patients
with end-stage liver disease and irreversible liver failure. Many patients with end-stage
liver disease have benefited from whole-organ liver transplantation because OLT has the
added benefit of curing the underlying liver disease [1]. The growing success of OLT
is being met with an increasing shortage of available organs. Therefore, the wider use
of marginal organs in recent years has been accompanied by a resurgence of interest in
strategies to optimize the condition of available organs during the preservation period.
Innovative strategies, such as living donation or the splitting of cadaveric or steatotic grafts,
are necessary to expand the donor pool. However, these alternatives are more susceptible
to ischemia-reperfusion (I/R) injury (IRI), which makes it necessary to find strategies to
improve outcomes for OLT.
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Hepatic IRI is a major cause of morbidity and mortality in liver resection and liver
transplantation. The pathophysiology of IRI includes several mechanisms that contribute
to various degrees in the overall injury [2]. Prolonged organ ischemia reduces tissue
oxygenation, resulting in tissue ATP depletion with a transition to activation of anaerobic
metabolic pathways, which cannot maintain cellular function and ultimately leads to cell
death. Restoration of blood flow is necessary to restore cellular function, but paradoxically
reperfusion initiates a cascade of pathways that cause further cell injury. After oxygen
re-entry, uncoupled dysfunctional mitochondria produce large amounts of oxygen-free
radicals, intense oxidative stress and mitochondrial permeability transition leading to cell
death. Activation of Kupffer cells also occurs, leading to abundant production of reactive
oxygen species (ROS), pro-inflammatory cytokines, and cyclooxygenase 2 (COX-2) derived
prostanoids [3,4].

Mitochondria are known to play an important role in IRI damage by increasing ox-
idative stress, uncoupling metabolic state and inducing apoptosis. During the ischemic
phase, intracellular hypoxia stimulates ROS production via complex III of the mitochon-
drial electron transport chain (ETC) [5]. During the reperfusion phase, oxygen is rapidly
reintroduced into cells that have switched to anaerobic respiration. Oxidative phosphoryla-
tion (OXPHOS) is disrupted, resulting in the accumulation of reduced electron-carrying
molecules in the mitochondria, and ROS production is triggered as reduced electron-
carrying molecules donate their electrons to oxygen [6].

In the liver and various tissues, it has been shown that a short period of ischemia
protects efficiently against subsequent IRI. This phenomenon, known as ischemic pre-
conditioning (IP), indicates that a brief ischemic insult triggers a protective biological
reaction in the liver which is associated with the inhibition of pro-apoptotic pathways [7].
It has been shown that mitochondrial bioenergetics is involved in the protective effect [8].
Mitochondrial-specific targets include respiratory chain enzyme complexes, OXPHOS, and
ion channels localized on the inner mitochondrial membrane [9].

Mitochondria are dynamic organelles that contain an outer membrane (OMM), the
main platform for mitochondrial signaling, and a protein-rich inner membrane (IMM)
mainly involved in mitochondrial energy conversion [10]. The IMM includes two main
subcompartments: the inner boundary membrane (IBM) and the mitochondrial cristae,
membrane invaginations that harbor components required for OXPHOS and ATP pro-
duction [11]. Mitochondrial cristae are dynamic structures that adapt their architecture
in response to different stimuli and stress. Dynamin-related GTPase optic atrophy type
1 (OPA1) is a key regulator of cristae architecture, which is important for the formation
and maintenance of cristae junctions [12]. The length, shape, size and number of mito-
chondria are controlled by fusion and fission mechanisms, and cells must balance both
events to preserve mitochondrial integrity [13]. In mammalian cells, mitochondrial fusion
is regulated by two mitofusins, MFN1 and MFN2, which cooperate with OPA1 in the
fusion process [14]. In the OMM, mitochondrial fission is orchestrated by the recruitment
and mitochondrial assembly of cytosolic dynamin-related protein 1 (DRP1, also known as
DNM1L), and dynamin-2 (DYN2), with the assistance of MFF and MIEF1/2 (MiD51/49),
which are anchored in the OMM and serve to mediate recruitment of DRP1 to the mito-
chondrial surface [15]. Furthermore, in mammals, contrary to yeast, FIS1 would act by
binding to and blocking the GTPase activity of MFNs and OPA1 (but not DRP1), promot-
ing unopposed fragmentation [16]. Due to proteolytic processing, OPA1 can be found
as multiple isoforms, so the long (L-OPA1) isoform mediates IMM fusion and preserves
cristae structure, while the short isoform (S-OPA1) generated by proteolysis of the long
isoform is required to form oligomers with L-OPA1 for cristae maintenance, but in excess
may facilitate mitochondrial fission [10]. Several proteases have been implicated in the
constitutive and stress-induced processing of OPA1. These include the i-AAA protease
YME1L that constitutively cleaves L-OPA1 isoforms at the S2 proteolytic site [17–19], while
the metallopeptidase OMA1 processes OPA1 at the S1 site.
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Mitochondrial respiration is a key element of cell physiology. Respirometry reflects
the function of mitochondria as structurally intact organelles. Measurement of respiratory
flux in different metabolic states is required for the evaluation of the effect on oxidative
phosphorylation of changes in metabolite levels, membrane permeability, or activity of
individual enzymes. The fatty acid oxidation (FAO) pathway control state (F-pathway)
feeds electrons into the F-junction through fatty acyl CoA dehydrogenase (reduced form
FADH2), to the electron transfer flavoprotein complex (CETF), and further through the
Q-junction to complex III when fatty acids and low malate concentration (0.1 mM) are
supplied in mitochondrial preparations. The NADH electron transfer-pathway state (N-
pathway) is obtained by the addition of NADH-linked substrates (CI-linked) [20].

The mitochondrial ETC is the main generator of mitochondrial membrane potential
(∆Ψm), through the pumping of protons from the inner matrix to the intermembrane space
as an effect of the passage of electrons from one complex to another. The ∆Ψm is then used
by the ATP synthase, which uses this electronic and chemical potential as fuel to rotate
and generate ATP from ADP and inorganic phosphate. A consequence of a decrease in the
activity of one of the ETC complexes is the loss of this ∆Ψm and, consequently, a decrease
in ATP synthesis [21].

Cyclooxygenase (COX) is a key regulatory step in the biosynthesis of prostanoids.
Prostaglandins (PGs) are active lipid components involved in several homeostatic processes,
such as platelet aggregation, vasodilatation and vasoconstriction among others, as well as
playing an important role in the onset of inflammation. COX-2 is expressed and induced by
different stimuli in various tissues and cell types; however, in the liver, COX-2 expression
is restricted to those situations where proliferation or dedifferentiation occur [22,23]. The
pathophysiological role of COX-2 expression has been analyzed in studies in which its
activity has been reduced by chemical inhibitors or by using knockout mouse models.
However, very few studies have investigated the effects of constitutive hepatic expression
of COX-2. We have generated the first transgenic (Tg) mouse model carrying the human
(h)COX-2 gene (PTGS2) under the control of the human Apo E promoter and its endogenous
hepatic control region (h-COX-2 Tg) [24].

Controversial results related to COX-2 in mitochondrial function and IRI have been
published. Non-steroidal anti-inflammatory drugs and selective COX-2 inhibitors have
been reported to have significant effects on cellular energy metabolism [25]. For example,
flurbiprofen and meloxican protect mice from hepatic IRI by inhibiting the mitochondrial
permeability transition and attenuating TNF-α release [26,27]. In contrast, our group
has demonstrated that constitutive expression of human COX-2 in transgenic (h-COX-2
Tg) mice leads to a lower degree of necrosis and inflammation than in Wild-type (Wt)
mice after I/R, in part by reducing hepatic recruitment and neutrophil infiltration, with a
concomitant decrease in serum levels of pro-inflammatory cytokines. Furthermore, h-COX-
2 Tg mice showed a significant attenuation of IRI-induced increased oxidative stress and
hepatic apoptosis, increased autophagic flux and decreased endoplasmic reticulum stress
compared to that observed in Wt mice. Moreover, IP of Wt mice resembles the beneficial
effects observed in h-COX-2 Tg mice against IRI due to the preconditioning-derived increase
in the endogenous COX-2 expression [28].

Considering the protective effect of hepatic COX-2 induction and the subsequent
increase in COX-2-derived PGs against IRI partly due to a decrease in oxidative stress,
and the role of mitochondria in IRI, we aimed to elucidate whether constitutive COX-2
expression in the hepatocyte alters mitochondrial function as a further mechanism of the
observed protective effect. Our results demonstrate that COX-2 has a positive impact on the
maintenance of respiratory coupling, paralleled by the preservation of OPA1 configuration
and lower OMA1 cleavage.
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2. Materials and Methods
2.1. Experimental Design

Male h-COX-2 Tg mice aged 8 to 10 weeks and their wild-type (Wt) siblings (B6D2RccHsd-
Tg (APOE-PTGS2)4/Upme) were used. Only male mice were used in procedures to avoid
hormonal modulation of endogenous prostaglandin levels. Mice were randomly divided into
two groups: the sham surgery group and the hepatic ischemia-reperfusion (I/R) group. Thirty
minutes before surgery, 100 µL of an analgesic solution (Buprenorphine (Bupaq, CN578816.6,
Richter Pharma) 0.05 mg/kg) was injected subcutaneously. The animals were anesthetized
with 1.2–2% isoflurane (Isoflutek, CN586259.0, Karizoo), and a model protocol of segmen-
tal (70%) warm hepatic I/R for 90 min was performed by clamping the hepatic triad [7].
Reperfusion was initiated by the removal of the clamp for 4 h; 300 µL of warm saline were
injected subcutaneously before awakening. The animals were sacrificed by cervical dislocation,
opened at the abdominal level and the livers were removed. All animal experimentation was
controlled following the recommendations of the Federation of European Laboratory Animal
Science Associations on health monitoring, European Community Law (2010/63/UE), and
Spanish law (R.D. 53/2013) with approval of the Ethics Committee of the Spanish National
Research Council, Spain.

2.2. Mitochondria Isolation

Liver mitochondria were isolated as previously described [29]. The left lobe was kept in
cold isolation buffer (IB, 0.2 M sucrose, 10 mM Tris-MOPS, 1 mM EGTA-Tris, pH 7.4). After
being weighed (mean weight 300–500 mg), the tissue was washed three times with IB, cut into
small pieces (~0.5 cm2) and homogenized in a glass potter with 5 mL of cold IB at 100× g. The
homogenate was transferred to a 50 mL centrifuge tube and centrifuged at 600× g for 10 min
at 4 ◦C. The pellet was discarded and the supernatant was transferred to a centrifuge tube
and centrifuged at 7000× g for 10 min at 4 ◦C. The supernatant was then discarded; the pellet
was resuspended in 5 mL of cold IB and centrifuged again at 7000× g for 10 min at 4 ◦C. The
supernatant was discarded and the mitochondrial pellet was suspended in 1 mL of IB. The
mitochondrial protein concentration was determined using the DC Protein Assay (BioRad,
Hercules, CA, USA).

2.3. High Resolution Respirometry and ROS Production Evaluation

An Oroboros Oyxgraph-2k FluoRespirometry (O2k, Oroboros Instruments, Innsbruck,
Austria) was used for high-resolution respirometry assays. Chambers A and B were loaded
with 2 mL of MiR05 medium (0.5 mM EGTA, 3 mM Cl2Mg, 60 mM lactobionic acid, 20 mM
taurine, 10 mM KH2PO4, 20 mM HEPES, 100 mM D-sucrose, and 1 g/L fatty-acid free BSA,
Oroboros Instruments) and calibrated at 30 ◦C; 50 µg of mitochondria were loaded into
each chamber. All experiments were performed comparing Wt- and h-COX-2 Tg-derived
mitochondria. A substrate-uncoupler-inhibitor-titration protocol termed SUIT-RP2 [30]
was performed. The substrates used were: 5 mM ADP, 0.1 mM malate, and 0.2 mM
octanoyl-carnitine, to record the electron transfer flavoprotein complex (CETF) from fatty
acid β oxidation to coQ (F pathway); 2 mM malate, 5 mM pyruvate, 10 mM glutamate
to record OXPHOS in the N-junction; 10 mM succinate to record the OXPHOS capacity
state FNS with convergent input of electrons via complexes I and II into the respiratory
system; 10 mM glycerol-3-phosphate to activate the glycerophosphate dehydrogenase
shuttle; stepwise titration with CCCP in 0.5 µM increments as needed to determine the
ETS capacity state at maximum oxygen flow; 0.5 µM rotenone for complex I inhibition.
All respiratory coupling states were corrected for residual oxygen consumption (ROX),
which was obtained after the addition of 2.5 µM antimycin A. Finally, 5 mM ascorbate
plus 0.5 mM N,N,N′,N′-tetramethyl-p-phenylenediamine dihydrochloride (TMPD) were
used as substrates to assess complex IV activity [20]. The substrates were added once the
previous respirometry measurement was stabilized, about every 10 min, except for the
inhibitors, which were measured 5 min after their addition.
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Mitochondrial membrane integrity was verified after the addition of 10 µM cytochrome
C (CytC), and changes were always lower than 10%. Oxygen concentrations (mM) and
oxygen flux (pmoL/s·mL), data were processed by DatLab 7.4.0.4 software (Oroboros
Instruments) and specific flux (pmoL/s·mg) data were obtained. All experiments were per-
formed using instrumental background correction and after calibration of the polarographic
oxygen sensors.

2.4. Western Blot Analysis

Protein extracts were obtained by homogenizing a piece of frozen tissue (~1 cm2) in
cold lysis buffer (150 mM NaCl, 1% NP-40, 50 mM Tris, pH 8, with protease inhibitors:
EDTA, EGTA, PMSF and protease inhibitor cocktail tablet (Roche Diagnostic, Hoffmann-La
Roche, Basel, Switzerland)). After centrifugation, clear supernatants were collected, protein
content was determined (DC Protein Assay, BioRad, Hercules, CA, USA) and the same
amount of protein was boiled in Laemli sample buffer (4% SDS, 20% glycerol, 0.004%
bromophenol blue, 0.125 M Tris-HCl pH 6.8, 200 mM DTT) for 5 min at 95 ◦C (50 µg for
liver homogenates and 20 µg for isolated mitochondria). For OXPHOS antibody cocktail
detection, samples were heated at 50 ◦C for 5 min. Samples were loaded onto 8, 10, or 12%
SDS- polyacrylamide electrophoresis gel (SDS-PAGE), transferred to PVDF membranes
(Merck-Millipore, Burlington, MA, USA) for 1 h with cold transfer buffer (20% methanol),
and blots were blocked with blocking solution (TBS and 5% milk) for 1 h at room tempera-
ture. The blots were incubated overnight at 4 ◦C with the primary antibodies (Table S1).
After incubation with corresponding horseradish peroxidase conjugated secondary anti-
bodies (Table S1) for 45 min at room temperature, the blots were developed with NZY
Advanced ECL (NZYTech, Lisbon, Portugal). Images were taken on a luminescent image
analyzer (LAS 4000 mini, GE Healthcare, Chicago, IL, USA), and densitometric analysis of
the bands was performed with Image Studio Lite (version 5.2.5, Li-cor, Lincoln, NE, USA)
software and expressed in arbitrary units. Band densities of target proteins were quantified
and normalized with vinculin for liver homogenate samples or CytC for mitochondrial
samples as loading controls.

2.5. Mitochondrial Membrane Potential (∆Ψm) Measurement

After animal sacrifice, a small liver lobe was removed, washed in PBS and minced with
scissors. The small pieces were placed in a GentleMACS tube (Miltenyi Biotec, Bergisch
Gladbach, Germany) containing 5 mL of pre-warmed DMEM with 0.75 mg/mL collagenase
A. Liver pieces were homogenized in the Octo Dissociator following a pre-set program
(37C_m_LIDK_1) (Miltenyi Biotec, Bergisch Gladbach, Germany), then filtered in a 100 µm
filter and the collagenase reaction was stopped with 5 mL of cold DMEM. The homogenate
was centrifuged and the cell pellet was washed with PBS once, and then resuspended in
PBS. A 200 µL aliquot of cell suspension was treated with 10 µM cyclosporin H (1 mM stock
in DMSO), labeled with 200 nM TMRM (20 µM stock, Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), and incubated at 37 ◦C for 30 min in the dark. After that time, 50 µL
of cell suspension were passed through a flow cytometer (MACS Quant, Miltenyi Biotec,
Bergisch Gladbach, Germany) to determine the TMRM labeling (20.000 events analyzed).

2.6. Transmission Electron Microscopy (TEM)

For TEM, embedding in epoxy resin was performed by fixing the livers with 2%
glutaraldehyde (Electron Microscopy Sciences), in 0.1 M sodium cacodylate at pH 7.2,
washed with cacodylate buffer containing 0.1 M sucrose, and postfixed with 1% osmium
tetroxide in phosphate buffer. After washing with water and dehydration with ethanol, the
samples were embedded in epoxy resin. Ultrathin slides (60 nm) were finally stained with
2% uranyl acetate prior to TEM visualization using a HITACHI HT7800 120Kv microscope at
60 Kv. Images were acquired using an EMSIS XAROSA digital camera with Olympus image
analysis software. Quantifications were performed at 12 k or 25 k magnification. An average



Antioxidants 2022, 11, 1724 6 of 18

of a minimum of five visual fields was assessed for each mouse liver. Quantifications were
performed with Image J software as described in [31].

2.7. RNA Isolation, and Quantitative RT-PCR

Total RNA from frozen liver pieces was extracted by using TRI Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) following the manufacturer’s indications. RNA was
reverse transcribed using a Transcriptor High Fidelity cDNA Synthesis Kit following the
manufacturer’s indications (Roche Diagnostic, Hoffmann-La Roche, Basel, Switzerland).
cDNA was used as a template for real-time qPCR with specific primers, and UPL probes
(Table S2) and Eagle Taq Universal MMX w/ROX (Roche Diagnostic) with a QuantStu-
dio 5 System (Thermo Fisher Scientific, Waltham, MA, USA) (Table S3). Each sample
was run in duplicate and was normalized to Hprt gene as the housekeeping gene. The
replicates were then averaged, and fold induction was determined using 2−∆∆Ct based
fold-change calculations.

2.8. Immunofluorescence

Immunofluorescence of the mitochondrial network was performed as described in [32]
with modifications. Briefly, PFA-fixed, paraffin-embedded tissues cut to 4 µm thickness,
were deparaffinized and rehydrated with two changes of xylol and decreasing concentra-
tions of ethanol. Antigen retrieval was then performed by incubating the tissues with 0.01%
Trypsin in PBS at 37 ◦C for 10 min and microwave heating in Tris-EDTA buffer (10 mM
Tris, 0.1 mM EDTA, pH 9) for 10 min. Non-specific binding was blocked with a blocking
solution (10% normal horse serum, 1% bovine serum albumin, and 0.2% Triton X-100 in
PBS) for 1 h. Tissues were incubated overnight at 4 ◦C with rabbit anti-HSP60 primary
antibody (Abcam, ab46798), at 10 mg/mL in blocking solution. On the other day, tissues
were washed, incubated with goat anti-rabbit conjugated to Alexa-546 secondary antibody
(A-11010 Invitrogen) diluted in blocking solution for 45 h in dark and then the nuclei were
stained with Hoescht 33342 (at 160 µM in PBS) for 10 min. The slides were mounted with
Prolong (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and imaged with a
confocal microscope (SP-8, Leica Microsystems, Wetzlar, Germany).

2.9. Statistics

Data are expressed as means± standard deviation (S.D). The sample size (N) is indicated
in each experiment. All the variables in the samples have a normal distribution, therefore,
the statistical significance was tested by t-test when comparing two variables (Wt to hCOX-2-
Tg) or one-way ANOVA, followed by Tukey’s posthoc test when comparing four variables
(Wt Sham, hCOX-2-Tg Sham, Wt I/R and hCOX-2-Tg I/R). Analysis was performed using the
statistical software SPSS (IBM Corp. Released 2020. IBM SPSS Statistics for Windows, Version
27.0., IBM Corp, Armonk, NY, USA). * p < 0.05, ** p < 0.01, *** p <0.001.

3. Results
3.1. Mitochondrial Respiration Is Higher When COX-2 Is Overexpressed after I/R

As a first step toward understanding the mitochondrial effects of the specific expres-
sion of cyclooxygenase 2 (COX-2) in hepatocytes during ischemia-reperfusion (I/R) injury
(IRI), male h-COX-2 Tg mice aged 8 to 10 weeks and their Wild-type (Wt) siblings were
subjected to 90 min of segmental (70%) warm hepatic ischemia followed by 4 h of reper-
fusion. IRI was associated with increased plasma alanine transaminase (ALT) and worse
liver histology injury scores in Wt mice compared to h-COX-2 Tg, as described previously
(Figure S1) [28].

The efficacy of the liver mitochondrial electron transport chain (ETC) was then assessed
through high-resolution respirometry. Representative traces of mitochondria respiration
are shown in Figure 1. To do so we performed high-resolution respirometry assays with
mitochondria isolated from Wt and h-COX-2 Tg mice after I/R and Sham surgery. We
followed a general protocol (RP2) to assess all ETC complexes and the contribution of
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multiple substrates to each complex. The response of all the complexes after injection
of their specific substrates was very similar between mitochondria derived from Wt and
h-COX-2 Tg mice (Figure 1A), but not in all pathways. Mitochondria derived from Wt mice
after I/R had a lower respiration rate when substrates feeding the F- and N- pathways of
the assay were added. If we look closely, when L-octanoylcarnitine is added to activate
fatty acid oxidation and usage, Wt I/R mitochondria responded at a lower level, compared
to h-COX-2 Tg derived mitochondria that behave like Sham (Figure 1B). The same profile is
observed after the addition of N-pathway substrates (malate, pyruvate, and glutamate),
where h-COX-2 Tg-derived mitochondria behave as if they are not negatively affected by
I/R (Figure 1C). All other substrates, which specifically feed the other pathways, such as
complex II and complex III, appeared to have the same impact on the different isolated
mitochondria, and complex IV was also unaffected (Figure 1D). The differences observed in
the F and N pathways are not a consequence of the variations in NAD/NADH or the total
levels of AMP and ATP (Figure S2). Taken together, these observations indicate improved
complex I activation in h-COX-2 Tg mice after I/R.
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Figure 1. High-resolution respirometry of liver-derived mitochondria after Sham or I/R surgery of
Wt and h-COX-2 Tg mice. (A) Complete profile of the SUIT2 protocol, with the different substrates ad-
ministrated (ADP, malate (M), octanoyl-carnitine (Oct), pyruvate (P), malate, glutamate (G), succinate
(S), glycerol-phosphate (Gp), CCCP and rotenone (Rot), and the ET-pathways states (ROX, residual
oxygen consumption; F, F-junction pathway; N, N-junction pathway; S, succinate pathway; Gp,
glycerol-phosphate pathway; e, uncoupled state, maximal respiration). After the addition of complex
I inhibitor rotenone, the system was inhibited by the addition of complex III inhibitor antimycin A
(Ama), and complex IV was fed with ascorbate (As) and TMPD. Later, all the system was inhibited
by sodium azide and complex IV was measured after chemical background calibration. Specific
flow is expressed as pmoL/s·mg of protein of states F (B), FN (C) and CIV (D) in detail. Box plots
of 4–9 independent measures. Statistical test: one-way ANOVA, followed by Tukey’s posthoc test.
* p < 0.05, ** p < 0.01; *** p < 0.001; NS, not significant.
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3.2. Higher Mitochondrial Activity Is Not Due to an Increased Presence of ETC Complexes or to a
Better Association in Supercomplexes

After observing a lower rate of respiration in Wt-derived mitochondria after I/R,
mainly due to a poorer use of the substrates feeding complex I, we thought that perhaps
complex I could be affected in its presence or expression. Analyzing the expression of all
ETC complexes by Western Blot analysis, we observed no differences in any of them indi-
vidually between our four conditions (Figure 2). To test the supramolecular organization
of these ETC proteins, we analyzed the assembly of the complexes into supercomplexes
(SC) [33]. The formation of these SC was analyzed with Blue-Native Page gels (BN-PAGE),
and the results showed a trend in the preservation of the stability of the complex I as
suggested by the activity in respirometry (Figure S3). Taken together, these results show
that the increased rate of respiration in F- and N-pathways is not due to an increased
presence of complex I but to the increased stability of the SC that comprises it.
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Figure 2. Analysis of the protein content of the electron transport chain (ETC) in liver-isolated
mitochondria from Wt and h-COX-2 Tg mice after Sham or I/R surgery. (A) Representative western
blot of one subunit of each mitochondrial ETC complex (ATP5a for CV, MTCO1 for CIV, UQCRC2
for CIII, SDHB for CII and NDUF8 for CI). Cytochrome C (CytC) was used as a loading control.
(B) Densitometry analysis of the OXPHOS Western Blot. Bars are means ± SD of 4–9 independent
measures. Statistical test: one-way ANOVA, followed by Tukey’s posthoc test.

3.3. h-COX-2 Tg-Derived Mitochondria Have an Intact Mitochondrial Membrane Potential
(∆Ψm) after I/R Compared to Wt

The mitochondrial ETC is the main generator of mitochondrial membrane potential
(∆Ψm). To assess the ∆Ψm in our samples, we homogenized livers from Wt and h-COX-2
Tg mice after I/R and labeled their mitochondria with the TMRM probe. TMRM labels all
positively charged mitochondria, i.e., all mitochondria that have a correct gradient potential.
Conversely, mitochondria that have lost this potential will not be labeled with the probe
These samples were passed through a flow cytometer (Figure 3A) and the results show that
Wt-derived mitochondria have a lost ∆Ψm, as shown by the percentage of TMRM-positive
cells (Figure 3B) and the intensity of this dye (Figure 3C). In contrast, h-COX-2 Tg-derived
mitochondria have an intact ∆Ψm, (Figure 3B,C). The dissipation of ∆Ψm observed in
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the mitochondria of Wt animals could be related to a higher ability of mitochondria from
transgenic mice to preserve coupling after I/R, in line with a higher complex I activity, as
observed by respirometric analysis.
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Figure 3. Assessment of mitochondrial membrane potential (∆Ψm) status in liver homogenates from
Wt and h-COX-2 Tg mice after I/R surgery. (A) Representative flow cytometry images of TMRM-
labelled cells. Quantification of the percentage of TMRM-positive cells (B) and TMRM intensity (C).
Bars are means ± SD of five to eight independent measures. Statistical test: Student’s t-test. * p < 0.05.

3.4. Mitochondrial Aspect and Functionality Are Not Altered Because of the Overexpression of
COX-2 after I/R

Mitochondria are highly dynamic organelles and change their presence as well as
their morphology to respond to cellular stress levels. Therefore, we wanted to assess the
overall state of the mitochondrial network after the I/R-generated damage. Regarding the
total number of mitochondria, we observed no differences when analyzing mitochondrial
DNA copy number (Figure 4A), neither by I/R nor by COX-2 overexpression. We were
also unable to observe differences when analyzing the number of mitochondria and their
distribution in the tissue (Figure 4B–D), nor in their size (Figure S4A,B). The study was
completed with the analysis of the expression of key transcription factors in mitochondrial
biogenesis, the mitochondrial transcriptional factor A (Tfam), which stimulates mtDNA
transcription, and peroxisome proliferator activated receptor coactivator-1 (Pgc1α), a stimu-
lator of mitochondrial biogenesis in mammals. As described above, we detected a decrease
in Tfam and Pgc-1α expression after I/R [34]. However, there are no differences between Wt
and h-COX-2 Tg mice, which is in agreement with the data on mitochondrial DNA levels
and the number of mitochondria evaluated by electron microscopy (Figure 4E). In addition,
we performed a further study of mitochondrial cristae as an indicator of the functional sta-
tus of mitochondria. Here, we also did not observe any change in the number of cristae or
in the space occupied by these cristae in the mitochondria (Figure S4C–E) when comparing
Wt and h-COX-2 Tg tissues after I/R or Sham surgery. What we observed was a change
in the mitochondrial network due to I/R, as seen in mitochondrial immunofluorescence
staining. While this network has a more filamentous appearance in the Sham samples, in
I/R samples the mitochondria have a more rounded and fragmented appearance. Still, we
did not detect any differences associated with h-COX-2 expression (Figure 5A).
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Figure 4. Study of the number and distribution of mitochondria in liver tissue after Sham or I/R
surgery in the liver of Wt and h-COX-2 Tg mice. (A) Copy number of mitochondrial DNA (CytB)
relative to nuclear DNA (ApoB) assessed by qPCR. Bars are means ± SD of 4–9 independent mea-
surements. (B) Representative transmission electron microscopy images of liver sections from the
four experimental groups. Original magnification ×25k. Scale bar: 500 nm. (C) Number of mito-
chondria relative to the image area and (D) relative surface area occupied by mitochondria. Bars are
means ± SD of 5 images per animal, from 3–5 animals per condition. (E) Hepatic mRNA levels of
mitochondrial biogenesis genes (Tfam and Pgc1α) in Sham and I/R conditions. Bars are means ± SD
of 4 independent measurements. Statistical test: one-way ANOVA, followed by Tukey’s post-hoc test.
*** p < 0.001.
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Figure 5. Evaluation of mitochondrial dynamics in Wt and h-COX-2 Tg liver homogenates after Sham
or I/R surgery. (A) Representative immunofluorescence images of the mitochondrial network in the
liver of the four experimental groups. Nuclei in blue (Hoescht) and mitochondria in green (HSP60).
Images were taken at 63×. Scale bar: 10 µm. (B) Representative Western Blot and densitometry
analysis of DRP1. (C) Representative Western Blot and densitometry analysis of OPA1. (D) Ratio
between L-OPA1 and S-OPA1. (E) Differential densitometry analysis of S-OPA1 and L-OPA1. Bars
are means ± SD of 4–9 independent measurements. Statistical test: one-way ANOVA, followed by
Tukey’s posthoc test. * p < 0.05, ** p < 0.01; *** p < 0.001; NS, not significant.
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3.5. OPA1 Processing Is Altered through OMA1 Activity in Wt Mice after I/R

To establish a link between COX-2 and mitochondrial dynamics as a possible protec-
tive molecular mechanism, we have analyzed different proteins involved in fusion-fission
mechanisms to better understand the state of mitochondria in our model. Fission appears
to be challenged in Wt-derived mitochondria, as we observed a decrease in DRP1 levels
after I/R. These levels are somewhat maintained in h-COX-2 Tg-derived mitochondria
(Figure 5B). However, we observed no further differences in other fission-related pro-
teins (Figure S5A). Interestingly, although MFN1 and MFN2, are not altered after I/R
(Figure S5B,C), a decrease in OPA1 is observed in Wt animals after IRI (Figure 5C). When
analyzing OPA1 expression in-depth, we observed a reduced ratio of L-/S-OPA1 forms
(Figure 5D) due to a prominent loss of OPA1 long forms after I/R in Wt livers, which was
instead almost fully prevented in h-COX-2 Tg animals (Figure 5E). We also analyzed the
presence of the two IMM proteases that control this processing. While YME1L1 shows
no differences (Figure S5D), OMA1 has a higher presence of its short form corresponding
to its active form in Wt livers compared to h-COX-2 Tg after I/R, differences that are not
observed in Sham (Figure 6). Taken together, our findings suggest that h-COX-2 regulates
IRI by modulating OPA1 processing through OMA1.

Antioxidants 2022, 11, 1724 13 of 19 
 

 
Figure 6. Analysis of OMA1 expression and activity. (A) Representative Western Blot of OMA1. (B) 
Densitometry quantification of the different forms of OMA1: pre-OMA1, OMA1 (mature form) and 
s-OMA1 (short form). (C) Ratio between the short form (s-OMA1) and the mature form (OMA1). 
Bars are means ± SD of three to nine independent measures. Statistical test: one-way ANOVA, fol-
lowed by Tukey’s posthoc test. * p < 0.05. 

4. Discussion 
Hepatic ischemia-reperfusion (I/R) injury (IRI) is a major cause of morbidity and 

mortality in liver resection and transplantation. The mechanisms of organ damage fol-
lowing I/R have been widely studied, and involve the complex interactions of multiple 
pathways. Unfortunately, despite intensive research, effective therapeutic approaches for 
the prevention/treatment of IRI remain clinically limited. Our previous data support the 
idea of a protective effect of hepatic cyclooxygenase 2 (COX-2) induction and its subse-
quent increase in prostaglandins (PGs) against IRI [28]. As the deleterious effects associ-
ated with hepatic IRI are known to cause mitochondrial dysfunction, we wanted to 
evaluate whether the protective effects of COX-2 could be the result of changes in mito-
chondrial function. In the present study, we identified that mitochondria from h-COX-2 

Figure 6. Analysis of OMA1 expression and activity. (A) Representative Western Blot of OMA1.
(B) Densitometry quantification of the different forms of OMA1: pre-OMA1, OMA1 (mature form)
and s-OMA1 (short form). (C) Ratio between the short form (s-OMA1) and the mature form (OMA1).
Bars are means ± SD of three to nine independent measures. Statistical test: one-way ANOVA,
followed by Tukey’s posthoc test. * p < 0.05.
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4. Discussion

Hepatic ischemia-reperfusion (I/R) injury (IRI) is a major cause of morbidity and
mortality in liver resection and transplantation. The mechanisms of organ damage fol-
lowing I/R have been widely studied, and involve the complex interactions of multiple
pathways. Unfortunately, despite intensive research, effective therapeutic approaches for
the prevention/treatment of IRI remain clinically limited. Our previous data support the
idea of a protective effect of hepatic cyclooxygenase 2 (COX-2) induction and its subsequent
increase in prostaglandins (PGs) against IRI [28]. As the deleterious effects associated with
hepatic IRI are known to cause mitochondrial dysfunction, we wanted to evaluate whether
the protective effects of COX-2 could be the result of changes in mitochondrial function. In
the present study, we identified that mitochondria from h-COX-2 Tg mice have an increased
respiratory capacity through fatty acid oxidation (F-pathway) using a combination of fatty
acids and malate via the electron transfer flavoprotein complex (CETF). We identified this
increase also through the NADH pathway (N-pathway) using a substrate combination of
malate, pyruvate and glutamate, which stimulates dehydrogenases with a reduction in
NAD+ feeding electrons into complex I. This increased respiratory capacity also manifests
itself in the maintenance of the mitochondrial membrane potential (∆Ψm). While decreased
DRP1 levels may facilitate an unopposed fusion, we observed no significant effects in
mitochondrial elongation. We analyzed S/L forms of OPA1 and observed the maintenance
of L forms consistent with the prevention of OMA1 activation and OPA1 cleavage, which
otherwise occurred in Wild-type (Wt) under I/R (Figure 7). Conversely, and in the absence
of a net pro-fusion role, S/L-OPA1 ratios may be indicative of an ultrastructural effect in
the preserving cristae to facilitate the activity of respiratory (super)complexes [35], which
may parallel the lower reactive oxygen species (ROS) levels in h-COX-2 Tg mice [28].
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structure (Figure 5). These doughnut-shaped mitochondria that appeared during hy-
poxia and are maintained during reoxygenation have already been described. Some 
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Figure 7. Model of mitochondrial damage after I/R. Comparison between Wt and h-COX-2 Tg livers.
In Wt conditions, I/R injury directly impacts mitochondria, decreasing mitochondrial membrane
potential (∆Ψm), affecting complex I activity and activating the enzyme OMA1. OMA1 processes
OPA1, leading to a reduced presence of the long form of OPA1 (L-OPA1), causing a destabilization
of the cristae and leading to their opening. In the presence of h-COX-2, I/R injury in the livers is
reduced, therefore mitochondria are less affected: ∆Ψm is preserved, complex I maintains its function
and cristae remain tight. All these data are integrated with COX-2 protection mechanisms previously
described in [28].



Antioxidants 2022, 11, 1724 14 of 18

Mitochondrial morphology is involved in mitochondrial adaptation to specific cellular
and tissue demands and influences many aspects of mitochondrial biology, including elec-
tron transport chain (ETC) activity, apoptotic sensitivity, and mitophagy [36]. We, therefore,
determined whether hepatocyte-specific expression of h-COX-2 could influence the mito-
chondrial network. We did not observe any genotype-associated changes, although there
was a change after IRI in which mitochondria have a more rounded structure (Figure 5).
These doughnut-shaped mitochondria that appeared during hypoxia and are maintained
during reoxygenation have already been described. Some components of the mitochondrial
metabolic machinery were better preserved in doughnut-shaped mitochondria than in
mitochondria that retained the linear shape. This includes the mobility of the free end of
mitochondria and the increased association between IMM and OMM that could optimize
the interaction between MFNs and OPA1 [37]. Thus, doughnut-shaped remodeling of
mitochondria could be a component of a protective mechanism that helps to preserve
organelles under conditions of metabolic stress [38].

Accumulating studies in recent years have shown that mitochondrial dynamics are
closely related to mitochondrial function and homeostasis [39]. Although we did not
observe any differences in the mitochondrial network, we did observe a decrease in DRP1
and OPA1 levels in liver homogenates from Wt animals after I/R, whereas the levels of both
proteins are preserved in transgenic animals (Figure 5). DRP1 is required for mitochondria
to be functionally active. Inhibition of DRP1 has been demonstrated to confer protection
under various stress conditions. In the kidney, renal injury has been reported to occur
through the DRP1-dependent induction of mitochondrial fragmentation and apoptosis,
and prevention of this process is beneficial [40]. Moreover, the pharmacological inhibition
of the mitochondrial fission protein DRP1 protected adult murine cardiomyocytes against
I/R injury [41]. This cardioprotective mechanism appears to be related to an increased
mitophagy process [42]. Therefore, the decreased DRP1 levels shown in Wt animals may
reflect the attempt of the Wt animal mitochondria to protect themselves from injury. Further
investigation is required to examine this possibility.

OPA1-mediated mitochondrial protection in organ reperfusion injury has been veri-
fied in cardiac and brain I/R injury models [43–45]. Although, as expected, OPA1 levels
decreased after I/R, h-COX-2 expression attenuated this decrease. A protective mechanism
against renal damage due to I/R has also been associated with an OPA1-mediated enhance-
ment of mitochondrial fusion and the preservation of cristae structure [45,46]. Furthermore,
as detected in our model, the protective mechanism was not due to variations in MFN1 or
MFN2 levels [47].

Under normal conditions, proteolytic cleavage of long isoforms of OPA1 (L-OPA1) results
in a balanced accumulation of L-OPA1 and short forms of OPA1 (S-OPA1) [17,18,48]. In our
model, we detected increased processing of OPA1 in Wt animals that may be associated with
loss of ∆Ψm in Wt animals after I/R. Loss of ∆Ψm triggers OPA1 proteolysis and inhibits
mitochondrial fusion [17,48]. Depolarization of the ∆Ψm causes the processing of L-OPA1 in
an OMA1-dependent manner, suggesting that OMA1 regulates L-OPA1 stability in response
to the bioenergetic state of mitochondria in the cell [49–51]. Consistent with these data, we did
not observe changes in YME1L levels in either Wt or Tg animals, whereas our results identify
OMA1-mediated OPA1 processing as a general cellular response following IRI (Figure 6).

L-OPA1 cleavage by OMA1 is enhanced by mitochondrial dysfunction including
loss of ∆Ψm, reduced respiration rates, and oxidative phosphorylation (OXPHOS) [49,50].
These data are consistent with our results showing increased OXPHOS with specific NADH-
linked substrates (Figure 1). The activity of complex I of the mitochondrial respiratory
chain has been associated with liver protection after IRI. Thus, the Alr gene protects mice
from normal hepatic IRI, primarily by increasing mitochondrial respiratory chain complex
I activity, alleviating mitochondrial swelling, preserving mitochondrial ultrastructure
and inhibiting cytochrome C leakage [47]. Animals pretreated with the mitochondrial
antioxidant mitoquinone (MitoQ) attenuated I/R-induced liver dysfunction and damage in
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part due to a significant enhancement of complex I activity, but without changes in complex
II and IV activities, in agreement with our data.

Cristae remodeling induced by changes in the L-OPA1 metabolism can affect the
structural assembly and function of inner mitochondrial membrane (IMM) proteins, in
particular, respiratory chain supercomplexes (SC) [52]. It is now well established that the
individual respiratory complexes can be organized into SC which provides an advantage
in optimizing metabolic resources. [53]. Therefore, we assessed whether the structural
organization of the mitochondrial respiratory chain differed between Wt and h-COX-2 Tg
mice after Sham or IRI conditions. Complex I was present both alone and bound to high
molecular weight supercomplexes. The composition of these SC was confirmed by the
electrotransfer of the proteins to PVDF membranes followed by immunoblotting against
a subunit of complex I (NDUFA5). Interpretation of BN-PAGE data points to the role of
L-OPA1 in stabilizing SC organization as responsible for the differences in mitochondrial
OXPHOS function detected in h-COX-2 Tg mice (Figure S3).

Electron transport by the different complexes of the ETC and the generation of mito-
chondrial ∆Ψm are key for ATP synthesis [54]. Mitochondria from transgenic mice showed,
in addition to an increase in complex I activity by respirometry, an expected preservation in
∆Ψm, but, strikingly, only a trend of increase in ATP and AMP levels (Figure S2). Ischemic
preconditioning (IP), which increases endogenous COX-2 expression, increases hepatic
ATP content probably as a result of decreased ATP use rather than ATP production or
consumption [55]. Following IRI, an increased phosphorylated adenosine monophosphate–
activated protein kinase (pAMPKα)/AMPKα ratio was observed in h-COX-2 Tg compared
to Wt mice [28]. On the other hand, COX-2 overexpression increased energy expenditure,
protecting mice from diet-induced obesity, suggesting that the prostaglandin pathway
regulates systemic energy homeostasis [56]. Considering all these data, we can speculate
that the same increase in ATP and AMP levels observed after IRI may be due to the dual
action of COX-2 to preserve ATP consumption under stress and modulate thermogenesis
and systemic energy expenditure.

Recent studies show that the stabilization of L-OPA1 reduced the exorbitant generation
of ROS induced by cerebral I/R by increasing the activity of antioxidant components, such
as SOD, GPX, and the GSH/GSSG ratio. These results suggest that L-OPA1 may act as an
attractive target for quenching oxidative stress-induced neuronal damage after I/R [57].
Thus, the increase in L-OPA1 levels detected could be related to our previous results
showed a clear induction of Nrf2, Hmox1, Sod1, and Sod2 expression in h-COX-2 Tg mice
after IRI compared to Wt [28]. We analyzed mitochondrial ROS production in our model
and, in line with the idea set out above, we did not observe changes in ROS production
despite the enhancement of complex I activity observed in the h-COX-2 Tg mice (Figure S6).

OPA1 has been shown to play a role in multiple forms of cell death in vivo. Thus, mild
overexpression of OPA1 protects mice from multiple forms of damage, including cristae
remodeling in myocardial and cerebral infarction, hepatocellular apoptosis and muscle
atrophy [45]. We found an anti-apoptotic effect of COX-2 by an attenuated response in the
BAX/BCL-2 ratio and caspase 3 activity in h-COX-2 Tg mice after I/R [28]. Our data would
be in agreement with previous results that have shown that OMA1 depletion and L-OPA1
stabilization can provide resistance to cytochrome C release and cell death independently
of the restoration of cristae morphology in vivo [58]. Notably, overexpression of OPA1
protects against Fas-mediated hepatocellular apoptosis [45]. Our previous data showed
that h-COX-2 Tg mice were resistant to Fas-mediated apoptosis [24], suggesting an anti-
apoptotic role of COX-2-dependent PGs through the modulation of OPA1 processing.

5. Conclusions

Our data demonstrated that COX-2 plays an essential protective role in liver injury,
in part by preserving mitochondrial functionality, increasing respiratory capacity at the
complex I level and maintaining mitochondrial membrane potential. This effect could be
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by inhibiting mitochondrial fission and preserving mitochondrial ultrastructure through
the OMA1-regulated processing of OPA1.
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