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An adenosine derivative
promotes mitochondrial
supercomplexes reorganization
and restoration of mitochondria
structure and bioenergetics

in a diethylnitrosamine-induced
hepatocellular carcinoma model

Rosendo Garcia-CarrilloX*, Francisco A. Molina-Pelayo', David Zarate-Lopez?,
Alejandro Cabrera-Aguilar?, Bibiana Ortega-Dominguez?, Mariana Dominguez-Lépez?,
Natalia Chiquete-Félix3, Adan Dagnino-Acosta'*#, Gabriela Velasco-Loyden?,

Enrique Chavez?, Luis Castro-Sanchez'** & Victoria Chagoya de Sanchez?*

Hepatocellular carcinoma (HCC) progression is associated with dysfunctional mitochondria and
bioenergetics impairment. However, no data about the relationship between mitochondrial
supercomplexes (hmwSC) formation and ATP production rates in HCC are available. Our group has
developed an adenosine derivative, IFC-305, which improves mitochondrial function, and it has been
proposed as a therapeutic candidate for HCC. We aimed to determine the role of IFC-305 on both
mitochondrial structure and bioenergetics in a sequential cirrhosis-HCC model in rats. Our results
showed that IFC-305 administration decreased the number and size of liver tumors, reduced the
expression of tumoral markers, and reestablished the typical architecture of the hepatic parenchyma.
The livers of treated rats showed a reduction of mitochondria number, recovery of the mtDNA/nDNA
ratio, and mitochondrial length. Also, IFC-305 increased cardiolipin and phosphatidylcholine levels
and promoted hmwSC reorganization with changes in the expression levels of hmwSC assembly-
related genes. IFC-305 in HCC modified the expression of several genes encoding elements of electron
transport chain complexes and increased the ATP levels by recovering the complex |, 11, and V activity.
We propose that IFC-305 restores the mitochondrial bioenergetics in HCC by normalizing the quantity,
morphology, and function of mitochondria, possibly as part of its hepatic restorative effect.

Hepatocellular carcinoma (HCC) is the most common hepatic neoplasm (83% of the cases reported). Due to
its high prevalence and substantial mortality rate, this cancer represents a significant health challenge'; hence,
novel treatment and diagnostic strategies are an ongoing priority. Our group developed an adenosine derivative,
adenosine conjugated with aspartic acid (IFC-305), that has shown therapeutic effects by reversing the hepatic
fibrogenesis and the chemical hepatocarcinogenesis induced by carbon tetrachloride (CCl,)? and diethylnitrosa-
mine (DEN)?, respectively. This compound reduces the number and tumor size by decreasing the cell prolifera-
tion and down-regulating the expression of some factors such as the proliferating cell nuclear antigen (PCNA),
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thymidylate synthase, HGF, and its receptor c-Met; conversely, it up-regulates the expression of the cell cycle
inhibitor protein p27**, suggesting that IFC-305 prevents hepatic tumorigenesis’. Besides, IFC-305 improves
mitochondrial dynamics in a sequential model of cirrhosis-HCC induced by DEN®.

Mitochondria is an abundant organelle in liver that plays an essential role in the HCC progression® by regulat-
ing processes such as the redox state’, metabolism®, and cell death pathways’. Several mitochondrial alterations
have been described in HCC, including an increased fission rate, decrease of ATP production by mitochondria
in hepatocytes® and decreased mitochondrial DNA (mtDNA) content!’; moreover, the increase in mitochondrial
biogenesis occurs with accumulation of non-functional mitochondria'! and deterioration of mitochondrial
bioenergetics by diminished activity of the electron transport chain (ETC) complexes I'> and III**. In HCC, meta-
bolic reprogramming allows energy production through the glycolytic pathway and oxidative phosphorylation
(OXPHOS). Until now, identifying priority energy pathways in HCC development has been controversial''>;
hence, regulating energy production is a topic to attend.

Adequate mitochondrial function is associated with a quality control process called mitochondrial dynamics
that includes fission and fusion; however, when mitochondria are exposed to stress or harmful agents, fission
predominates over fusion’. Fission involves the separation of mitochondrion into two fractions, a non-functional
or damaged fraction and another one with conventional mitochondrial membrane potential (ym), adequate
formation of mitochondrial cristae, and normal ATP production'®. Mitochondrial morphology is required for
regular bioenergetic performance of this organelle; therefore, structural components such as cardiolipin, pro-
hibitin, dimers of complex V of the ETC, high molecular weight mitochondrial supercomplexes (hmwSC) of
type I/III,/IV,, also known as respirosome, maintain the mitochondrial architecture. Previous reports have
suggested that assembly of SC is plastic and, in several disease models, is associated with increased efliciency of
mitochondrial energy production, facilitates electron transport, and reduces reactive oxygen species (ROS)'72!.
Factors such as COX7A2L, UQCC3, and HIGD2A, and the preservation of OPAL1 levels by the proteases iAAA
(YME1L) and mAAA (Paraplegin)® contribute to the assembly of hmwSC and the maintenance of the mito-
chondrial cristae structure>?'.

The mitochondrial fission rate and decreasing the autophagic flux of mitochondria (mitophagy) in HCC pre-
vent the mitochondrial repair process, a part of the mitochondrial quality control mechanism; this promotes the
accumulation of non-functional mitochondria. IFC-305 restores mitophagy, suggesting that this process plays a
role in the liver restoration effect in the sequential cirrhosis-HCC model®. It is known that energy production is
reduced in HCC; nevertheless, there is a lack of in vitro or in vivo data on the hmwSC assembly and association
with structural components of mitochondria in this context. Since IFC-305 has liver restorative and protective
properties and is a promising antitumoral compound for HCC treatment, this work aims to determine the
changes in the assembly of the hmwSC and their relationship with modifications of mitochondrial bioenergetic in
HCC and finally evaluate the compound IFC-305 restoring these alterations in a sequential cirrhosis-HCC model.

Results

IFC-305 downregulates the HCC markers in the experimental model induced by DEN

A sequential model of cirrhosis-HCC was developed to validate the antitumorigenic activity of the IFC-305 and
evaluate its effect on mitochondrial structure and bioenergetics. The animals were divided into four experimental
groups: Control, HCC, HCC/IFC-305, and IFC-305 (Supplementary Fig. 1). Figure 1A shows a representative
liver for each experimental group; liver slices stained with hematoxylin-eosin showed cytological atypia, mor-
phologic polymorphism with a solid growth pattern, and giant cell formations in the HCC condition (Fig. 1B,) in
contrast with typical hepatic tissue architecture of the control condition, HCC/IFC-305, and IFC-305 groups; also,
IFC-305 treatment reduced the collagen deposition observed in HCC group (Fig. 1B, lower panel). In addition,
hepatic damage was determined by the serum enzyme activity of GGT and ALT, and for determining the HCC
development, AFP levels were measured (Fig. 1C); ALT and GGT activities showed a tendency to increase with
no significant differences in the HCC group when compared with the control group; likewise, the HCC/IFC-305
and IFC-305 groups do not show changes compared to the control group. In contrast, serum AFP levels were
elevated in the HCC group but decreased in the HCC/IFC-305 condition. Furthermore, the expression levels
of the HCC clinical molecular markers Gpc3 and Afp, the proliferation marker Mki67, and the fibrosis marker
Collal were determined by RT-qPCR (Fig. 1D); the results showed a significantly increased expression of all
genes determined in the HCC group when compared with the control group; moreover, the administration of
IFC-305 reversed this effect. Finally, the IFC-305 group showed similar levels compared to the control condition.

IFC-305 promotes recovery of the mitochondrial structure in the cirrhosis-HCC sequential
model

Once the HCC experimental model was molecular and biochemically validated with HCC markers, we evaluated
the mitochondrial structure from the liver in the different experimental groups (mitochondrial fraction purity
is shown in supplementary Fig. 2). Transmission electron microscopy (TEM) results showed that control group
maintained an enlarged and homogeneous distribution of mitochondria in the hepatocyte and mitochondrial
lengths ranging from 1 to 1.5 um; as an essential feature of hepatocytes, there is a high amount of rough endo-
plasmic reticulum associated with mitochondria observed in the 5000 x magnification of the control condition
(Fig. 2A). Micrographs of HCC group revealed a mitochondria number increased per field (Fig. 2A,B) with
decreased mitochondrial length, ranging from 0.3 to 0.7 pm (Fig. 2C). Micrographs of the HCC group showed
an increase in endoplasmic reticulum electrodensity and an accumulation of mitochondria within the reticulate
spaces. Moreover, the HCC/IFC-305 group recovered mitochondrial length and number at similar levels to the
control group, with 1 to 1.5 um of mitochondrial size and an abundance near the 50 mitochondria per field
(Fig. 2B,C). The IFC-305 group shows no significant differences in mitochondrial structure compared to control
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Figure 1. Effects of IFC-305 in sequential cirrhosis-hepatocellular carcinoma model in rats. (A) Representative
images of liver tissue correspond to the different experimental groups; black arrows represent hepatic nodules,
and the red arrow indicates a tumor. (B) H&E (upper panel) and Masson’s trichrome (lower panel) staining
representative images. (C) Biochemical markers for liver damage include ALT, GGT, and serum AFP levels (n=5
per group). (D) Determination of mRNA expression levels by RT-qPCR by the comparative Ct method for Gpc3,
Collal, Mki67, and Afp genes (n=>5 per group). Data are means + SEM of the five animals per group analyzed by
triplicate. One-way ANOVA with Bonferroni test as post hoc *P<0.05, ** P<0.01, and *** P<0.001.
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Figure 2. Mitochondrial structure by transmission electron microscopy. (A) The panel shows micrographs of
liver tissue from the different experimental groups obtained by transmission electron microscopy; the exposed
fields show the mitochondria present in the hepatocytes using magnifications 600 x, 1,500 x, and 5,000 x. (B)
The number of mitochondria evaluated in 3 fields per rat in each condition (n=5 per group). (C) Graphical
representation of the mitochondrial length in micrometers of the different treatment schemes (n=5 per group)
and (D) Determination of mtDNA/nDNA ratio by RT-qPCR by the comparative Ct method for Cox1 and ApoB
(n=5 per group). Data are means+ SEM of the five animals per group analyzed by triplicate; One-way ANOVA
with Bonferroni test as post hoc * P<0.05, ** P<0.01, and *** P<0.001.
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condition and maintains similar mitochondrial length, abundance, and electrodensity of intracellular organelles.
Furthermore, the mtDNA/nDNA ratio (Fig. 2D) showed a significant decrease in the HCC condition compared
to the control group; conversely, in the HCC/IFC-305 group, the DNA ratio level was partially recovered. Finally,
the IFC-305 group showed no change in the mtDNA/nDNA ratio in comparison with the control group.

The administration of IFC-305 induces an increase of mitochondrial phospholipids

Phospholipids play a critical role in the structure of mitochondria and assembly of mitochondrial complexes®;
for this reason, we evaluated the mitochondrial cardiolipin and phosphatidylcholine levels. Figure 3A represents
the total phospholipid abundance in two control and three samples of each treatment scheme. When comparing
the phospholipids levels in each sample, there is a decrease in cardiolipin (CP) and phosphatidylcholine (PC)
levels in HCC samples compared to control condition (Fig. 3A-C). Moreover, HCC/IFC-305 group showed
increased levels of CP and PC compared to HCC and control groups. Interestingly, the administration of IFC-
305 in healthy rats increased the phospholipid levels compared to the HCC and control conditions (Fig. 3A-C).

IFC-305 promotes the mitochondrial hmwSC assembly
There is a close relationship between CP levels and mitochondrial hmwSC assembly®’; hence, hmwSC were

determined in the different experimental groups. In Fig. 4A, the panel shows the activity of complexes I, II, IV,
and V and, the Fig. 4B, the mitochondrial hmwSC are identified by BN-PAGE in the different treatment schemes
as described in “Methods” section; the first lane corresponds to bovine heart mitochondria and this sample was
used as a molecular weight marker since the bands corresponding to each mitochondrial complex are widely
reported previously®. In the other lanes, the activity bands corresponding to supercomplex I (hmwSC I) of
the experimental group samples are shown to identify bands in which mitochondrial hmwSC are positioned
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Figure 3. Determination of mitochondrial phospholipids. (A) Thin layer chromatography with the abundance
of phospholipids in representative samples of the experimental groups: Cardiolipin (CP), phosphatidylcholine
(PC), sphingomyelin (SM), lysophosphatidylcholine (LPC); (B) PC and (C) CP levels expressed in arbitrary
units (A.U.) are graphically represented (n=5 per group). Data are means + SEM; Kruskal-Wallis with Dunn’s

test as post hoc * P<0.05, ** P<0.01, and *** P<0.001.
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Figure 4. Determination of mitochondrial supercomplexes and involved genes. (A) The activity of supercomplexes
L IL, IV, and V in polyacrylamide blue native gels (BN-PAGE). The samples were previously treated with digitonin for
preserves the interactions between SC so that the monomer and the low and high molecular weight SC are observed
in their corresponding weight (B) Mitochondrial supercomplexes were identified in the different experimental
groups by complex I activity and Coomassie blue staining in BN-PAGE. The first lane corresponds to bovine heart
mitochondria previously solubilized with lauryl maltoside, a detergent that does not preserve interactions between
SCs, and, therefore, it can be used to observe mitochondrial complexes in their monomeric form. (C) Densitometric
analysis of the supercomplex bands (n=5 per group). (D) Determination of mRNA expression levels by RT-qPCR by
the comparative Ct method for Cox7a2l, Uqcc3, Higd2a, and (E) Spg7, Ymell, and Opal genes (n=>5 per group). Data
are means+ SEM of the five animals per group analyzed by triplicate. One-way ANOVA with Bonferroni test as post
hoc *P<0.05, ** P<0.01, and *** P<0.001.
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compared with the activity of hmwSC II, IV, and V (Fig. 4B). Our results exhibited that in the control condition,
5 hmwSC were identified (Fig. 4B labels 1-5 and 4C). In contrast, the HCC group shows a decrease in hmwSC,
particularly hmwSC 1, 2, 3, and 5, identified as I+ III, + IV, I +III, + IV,, I + III, + IV;, and V,. Interestingly, HCC/
IFC-305 group showed a recovery of hmwSC identified as 1, 2, 3, and 5 (Fig. 4B,C). Finally, when comparing the
IFC-305 group with the other experimental conditions, it is observed that all the identified hmwSC are present
and their levels are similar to control group (Fig. 4B,C). In addition, the expression levels of mRNAs that codified
the respirosome assembly (Cox7a2l, Uqcc3, and Higd2a) (Fig. 4D) and the structural maintenance of the mito-
chondrial cristae (Opal and indirectly Yimell and Spg7) were determined (Fig. 4E); the results showed a decrease
in the expression levels of Cox7a2l, Ugcc3, and Higd2a in the HCC condition compared to the control group;
nevertheless, the expression of these evaluated mRNAs is similar to the control group in the HCC/IFC-305 one.
Additionally, no changes concerning the control condition were observed in the IFC-305 group. Conversely, the
Ymell expression levels are down-regulated in the HCC condition, but Spg7 is up-regulated in this experimental
group. Finally, the expression levels of Opal are down-regulated in the HCC condition and were recovered with
the IFC-305 treatment; no significant changes were observed in the group treated only with IFC-305 (Fig. 4E).

The structural modifications promoted by IFC-305 improve mitochondrial function

Coupling between the electron transport chain and ATP production by OXPHOS indicates proper mitochon-
drial function. Therefore, metabolic aspects were determined, such as the amount of ATP, where it is shown
that the HCC group exhibited a decrease in the liver ATP levels, while it increased significantly when IFC-305
was administered (Table 1). Additionally, we measured ym, which demonstrated a depolarization of ym in the
HCC group and its recovery when the adenosine derivative is administered, indicating that directly affects the
mitochondrial homeostasis (Table 1). To evaluate the efficiency of ETC, the activity of the mitochondrial com-
plexes was measured, and the results showed a decrease in the activity of complex I in HCC group concerning
the control; nevertheless, the activity increased with a significant statistical difference in HCC/IFC-305 and
IFC-305 groups compared to HCC condition. Interestingly, in IFC-305 group, there is a considerable increase in
the activity of this complex. In contrast, in succinate dehydrogenase activity (complex II), there is a tendency to
decrease in the HCC group compared with the control group. Still, there is no significant difference between the
four experimental groups. However, when evaluating the activity of cytochrome bcl (Complex III), a decrease
in HCC group activity is observed, and this activity recovers when IFC-305 is administered (Table 1).

Role of IFC-305 in the regulation of genes involved in mitochondrial bioenergetics

To identify the elements that modulate the efficiency in mitochondrial bioenergetics and participation of IFC-305
in this biological process, a 84 genes microarray of mitochondrial bioenergetics was performed, which contained
oligonucleotides for determining the expression levels of relevant subunits in each complex of the ETC and acces-
sory proteins (Fig. 5A). The results show a differential expression pattern between the experimental groups; in
DEN group, most genes encode elements that compose complexes I, IL, II1, IV, and V of the mitochondrial ETC
are down-regulated. In contrast, the genes Ucp2 and Ucp3 (Proton carrier/OXPHOS uncoupler), Cox6a2 and
Cox4i2 (complex IV), Atp6ap1, Atp6vIig3 and Atp6vIic2 (ATPase H transporting lysosomal) are up-regulated.
In addition, the expression of some elements of the different complexes recovers the expression level in the HCC
group with IFC-305 to similar levels of the control group, including Slc25a20 (Solute carrier family), Ugcrfs1
(Complex III), Ndufb5, Ndufabl, Ndufs6, Ndufv2, Ndufal, Ndufb6, Ndufb8, Ndufs1, Ndufb9, Ndufb3, Ndufa5
and Ndufa7 (Complex I), Sdha and Sdhb (Complex II), Cox4il, Cox6c and Cox6al (Complex IV), Ppal (Inor-
ganic diphosphatase), Atp5b, Atp5f1 and Atp5j (Complex V). Nevertheless, the genes Ucp2 and Ucp3, Slc25a10
(Solute carrier family), NnT (NAP (P) transhydrogenase), Surfl (Complex IV), Ndufs3, Ndufs7, Ndufa6, Ndufa9
and Ndufs8 (complex I), Cycl, Bes1l and Uqcre2 (complex IIT), Cox6a2 (complex IV), Atp5] (Complex V) and
Atp6apl (ATPase H* transporting lysosomal), are up-regulated. The experimental group IFC-305 shows genes
that remain with similar expression to the control; however, these elements have a down-regulated expression,
Slc25a20, Ucpl (Proton carrier/OXPHOS uncoupler), Ndufabl and Ndufa8 (complex 1), Sdha, Sdhd and Sdhc
(complex IT), Cox15 (Complex IV), Atp4a and Atp12a (ATPase H*/K* exchanging), Atp5¢3 and Atp5al (Com-
plex V), Atp6vic2, Atp6vle2 and Atp6v0d2 (ATPase H* transporting lysosomal). In contrast, Ucp2, Ndufa6,
Ndufa9, Ndufs8, Ndufa2 and Ndufa5 (complex I), Ugcrq (complex IIT), Cox5b, Surfl and Cox4i2 (complex IV),

Mitochondrial brane Complex I Activity [pumol/ Complex IT Activity [pmol/ Complex IIT Activity [mU/
ATP [pmol/mg] + SEM | potential [mV]+SEM min*mg] + SEM min*mg] + SEM mg] +SEM
Control 38.6+11.14 -148+7.06 5.837+1.19 0.629+0.08 0.253+£0.04
HCC 22.38+£3.54* -784+16.70* 2.757+£0.35* 0.427+0.09 0.099+£0.02*
HCC/IFC-305 57.94+7.32° -146.4+19.82°° 6.063+£0.99 0.766+0.07 0.247£0.08
IFC-305 36.32+6.54 -175.6+17.55¢ 23.88+7.70 ¢ 0.564+0.10 0.301+£0.04 ¢

Table 1. Assessment of mitochondrial function. Measurement of factors determining mitochondrial status,
amount of ATP in tissue, mitochondrial membrane potential, and complex I, IT (By DCPIP), and IIT (By
Enzymatic assay of cytochrome c reductase method) activity (n=5 per group). Data are represented as

means + SEM. One way ANOVA and Bonferroni test as post hoc * P<0.05 difference concerning the control; ®
P <0.05 difference between the HCC/IFC-305 group concerning HCC condition. € P<0.05 difference between
IFC-305 in contrast to the HCC group.
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Figure 5. Evaluation of genes related to mitochondrial bioenergetics. Expression profile of mitochondrial
energy metabolism genes with the QTAGEN microarray from liver tissue total RNA. (A) Microarray data

(Ct) obtained from qPCR was normalized to the Gapdh reference gene (ACt) and represented as the relative
expression (2-4€9) concerning the control group in the log scale (n=3 per group). (B) mRNA expression levels
of Atp5f1 from complex V, Ndufa6 from complex I, and Cox5b from complex IV. Data (Ct) obtained from qPCR
are normalized to the reference gene Gapdh (ACt) and normalized to relative expression (2°44%") concerning the
control group. Data are means + SEM of the five animals per group analyzed by triplicate. One-way ANOVA and
Bonferroni test as post hoc *P<0.05, ** P<0.01, and *** P<0.001.
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Atp6vig3 (ATPase H* transporting lysosomal), Atp5l, Atp5i and Atp5¢2 (complex V) are up-regulated. These
results indicate that the IFC-305 compound may influence the modulation of mitochondrial complexes and
energy production, thereby intervening in the recovery of mitochondrial functions that are impaired in HCC.

Some relevant genes were determined to validate the differential expression of components of the ETC
(Fig. 5B). First, the Atp5f1 gene was analyzed, which encodes the b subunit of the peripheral stalk of ATP
synthase; the results exhibited a down-regulation in the HCC group with a recovery in HCC/IFC-305 group to
similar levels compared with the control group. Additionally, Ndufa6, a gene that encodes an essential protein for
complex I function, was analyzed. The validation of this gene shows a decrease in expression in HCC, which is
recovered when the compound IFC-305 is administered. Finally, the relative expression levels of the Cox5b gene,
which encodes to 5b subunit of cytochrome C oxidase, were measured. The results showed a down-regulation
in the HCC group with a marked recovery in the HCC/IFC-305 condition to similar expression levels to the
control group. Therefore, these results confirm the microarray tendency and validate the expression profile
presented by the Heatmap.

IFC-305 restores ETC complexes activity in HCC

Measurement of enzymatic activity of NADH:ubiquinone oxidoreductase complex (CI), succinate dehydrogenase
(CII), cytochrome c oxidase (CIV), and substrate-mediated ATP synthase (CV) was performed using the clear
native polyacrylamide gels (CN-PAGE) technique (Fig. 6A,B) adding the same amount of mitochondrial protein
of each condition in each gel. The NBT method was implemented to detect complex I and NADH alternating
dehydrogenases, the results showed a decrease in the activity of complex I in the HCC group concerning the
control group. Nevertheless, upon administration IFC-305, the complex activity showed no significant differ-
ence compared to the control group. Densitometry graphs displayed a statistically significant difference between
the control and HCC groups and between the HCC and HCC/IFC-305 groups, indicating that the compound
can functionally restores one of the most critical complexes in OXPHOS. The same method was implemented
in complex I, changing NADH for succinate dehydrogenase; the results indicated a decrease in activity by the
HCC group and recovery when administering the IFC-305 compound; however, when performing the densi-
tometric analysis, there is only a significant statistical difference between HCC and IFC-305 groups. The results
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Figure 6. Activity of Complex I, II, IV, and V. (A) Clear Native Polyacrylamide Gel Electrophoresis (CN-PAGE)
representative of the activity of mitochondrial complexes I, II, IV, and V using rat liver mitochondria from the
control group, HCC, HCC/IFC-305, and IFC-305. Bovine heart mitochondria were used as a positive control
to determine the location of the bands shown in the gels. (B) Densitometric analyses of the bands obtained in
CN-PAGE of their respective mitochondrial complex activity. Data are means = SEM of the five animals per
group analyzed by triplicate. One-way ANOVA with Bonferroni test as post hoc *P<0.05, ** P<0.01, and ***
P<0.001.
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of the measurement of cytochrome c oxidase to detect the activity of complex IV using 3} 5’-diaminobenzidine,
and horse heart cytochrome ¢, showed that the activity remains similar in all groups, there are no statistical
differences, corroborating that the activity of this complex is not modified in HCC or by IFC-305 administra-
tion. Finally, the reaction of lead nitrate with a phosphate buffer was necessary for forming lead phosphate and
identifying complex V activity. The results showed a very low ATPase activity in the HCC group; however, after
administering IFC-305, there was a significant recovery in the complex activity. The gel densitometry analysis
determined a statistically significant difference between HCC and control groups in complex I and V activity;
HCC/IFC-305 in complex I activity; IFC-305 in complex II activity, and HCC/IFC-305 and IFC-305 in complex
V activity.

Discussion

Mitochondrial dysfunction is one of the main features of HCC progression®. These cytoplasmic organelles play
multiple roles in energy metabolism and cellular homeostasis, including the generation of ATP via respiration
and OXPHOS, ROS production, metabolic homeostasis, and apoptosis®®. Mitochondrial dysfunction has been
linked to several degenerative and metabolic diseases, aging, and cancer”’. [FC-305 is a compound with potential
for HCC treatment with effect on mitochondrial dynamics. Therefore, we aimed to determine the IFC-305 effect
on the mitochondrial structure and bioenergetics in a sequential cirrhosis-HCC model. Firstly, the molecular
and biochemical markers for liver damage, proliferation, and fibrosis were analyzed for HCC model validation;
the expression levels of Afp and Gpc3 provide high specificity for HCC detection?. In addition, Mki67 indicates
a high proliferative rate? and Collal the fibrosis level in tumoral liver tissue®. The elevated mRNA expression
levels of the molecular markers validate that the rats with hepatic tumors corresponded to HCC. In contrast, a
decrease in the expression levels of these mRNAs, the restoration of liver tissue architecture, and the reduction
of AFP serum levels in the HCC/IFC-305 group indicated the effectiveness of IFC-305 in reversing HCC.

The TEM results showed that under normal conditions, the mitochondria in the liver tissue of rats have a
morphology with predominantly elongated structures; this feature corresponds to a dynamic mitochondrial
process involving fusion and fission of the structure as part of quality control to preserve and maintain active
mitochondrial function'®. Conversely, under a loss of this mitochondrial quality control, the mitochondrial fusion
and fission rate can be altered; according to the results, in HCC group, there is a decrease in the mitochondrial
size that coincides with previous studies where a blockage of mitophagic flow is demonstrated in liver tissue in
the same experimental model used here?’; preventing mitophagy from being carried out entirely generates a
decrease in the damaged mitochondria degradation, causing an abnormal accumulation of fissioned, smaller and
non-functional mitochondria®. In HCC, it has been reported the overexpression of PGC-1a>?!, one of the regu-
lators of mitochondrial biogenesis that activates several transcription factors such as nuclear respiration factor
1 and 2 (NRF-1 and NRF-2, respectively), promoting the transcription of elements required for mitochondrial
biogenesis™. In contrast, it has been demonstrated that IFC-305 restores the protein levels of PGC-1a in an HCC
and cancer progression model to levels similar to the non-tumoral condition®.

Mitochondria in the HCC group showed high electrodensity in the endoplasmic reticulum; this could be
generated by misfolded protein accumulation in the reticular lumen and, therefore, generating areas of higher
density with higher electron absorbance®. In the mitochondrial structures corresponding to the HCC/IFC-305
group, a decrease in the electrodensity of the endoplasmic reticulum was observed concerning HCC group,
as well as an increase in mitochondrial length in a similar range was observed in the control group, this may
imply an improvement in the mitochondrial quality control processes®, as well as the regulation of elements
not yet described that are related to mitochondrial structure. A decrease in the mtDNA copy number corre-
lates with tumor size, cirrhosis, prognosis, and mitochondrial dysfunction in HCC, given that mtDNA is more
susceptible to oxidative damage and has a higher mutation rate relative to nuclear DNA because of the lack of
protective histones, limited DNA repair activity, and proximity to sources with high rate of generation of ROS
in mitochondria**>***. Interestingly, when determining the mtDNA/nDNA ratio, we found a decrease in the
mitochondrial genetic content, probably because of the mitochondrial damage produced by the pathological
condition; this agrees with previous studies that demonstrate a reduction in the mtDNA copy number in HCC
in comparison with non-tumoral liver tissue'’. In contrast, in the HCC/IFC-305 condition, there is a significant
recovery in mtDNA levels concerning the HCC condition but not as high to reach the expression observed in the
control group. Therefore, these results suggest that IFC-305 modulates mtDNA copy number, which could explain
the mitochondrial recovery at the structural and functional level and may participate in liver function restoration.

The generally identified pathways for synthesizing phosphatidylcholine are de novo synthesis, also known
as the Kennedy pathway; the Lands cycle, or it can be synthesized by the phosphatidylethanolamine methyl
transferase pathway, which is a synthetic pathway exclusive of the liver®. Since IFC-305 regulates the levels of
S-Adenosylmethionine (SAM: a methyl group donor)*”?, it is then inferred that in the groups treated with IFC-
305, there is availability of methyl groups required by phosphatidylethanolamine (PE) for PC synthesis; this may
explain the increase observed in PC levels in the HCC/IFC-305 and the IFC-305 experimental groups compared
to HCC and control conditions. In addition, there is a decrease in cardiolipin levels in the HCC group; the same
results have been reported in other types of cancer® and are similar to those obtained here. Cardiolipin plays
an essential role in structural aspects by contributing to the formation of curvatures in mitochondrial cristae,
bioenergetic aspects, mitophagy, or apoptosis but also has a direct relationship with the formation of mito-
chondrial hmwSC; thus favoring efficient oxidative metabolism in mitochondria®. The amount of cardiolipin
in HCC decreases, which coincides with the alterations we found in mitochondrial structure and bioenergetics
as well as in genes related to cristae maintenance, as we describe in the “Results” section. Moreover, cardiolipin
levels are recovered in the HCC/IFC-305 group, suggesting that IFC-305 might impact mitochondrial structure
recovery as observed in TEM micrographs. Due to the low cardiolipin levels in the HCC group and considering
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its relationship with the formation of mitochondrial hmwSC, we expected mitochondrial alterations of hmwSC in
the experimental groups. Since hmwSC are dynamic structures in the mitochondrial inner membrane, they aggre-
gate in different stoichiometric combinations to form respirosomes and perform adequate cellular respiration®.
Our results suggest that not only is the composition of structural elements modified but also that structural
alterations have functional consequences at the mitochondrial level. Furthermore, we evaluated the expres-
sion of genes encoded to complex coupling proteins COX7A2L, UQCC3, and HIGD2A and the mitochondrial
dynamin-like GTPase OPA1 and their regulatory proteases. Our results explain that the formation of hmwSC is
consistent with the expression levels of hmwSC assembly-related genes. Besides, paraplegin and YME1L employ
OPAL as substrate; the increased expression levels of paraplegin could explain the observed decrease in OPA1
expression®’, supporting the integrity of the mitochondrial cristae structure and preserving the mitochondrial
function®?'. We suggest that the down-regulated mRNA Opal and up-regulated Spg7 expression levels in HCC
are fundamental events for induction of mitochondrial alterations.

Complexes I, I, IV, and V activities are not modified in the Myc-driven HCC model*!. Nevertheless, we
determined that in the HCC DEN-induced model, the ATP production decreases, as well as ym and the activity
of complexes I and III showed a significant reduction; it has been demonstrated that complex I is mainly affected
by the DEN agent and complex I11 by the HCC condition!>'®. Previous reports suggested mitochondrial damage
in HCC and the participation of IFC-305 in recovery®. However, this is the first evidence to associate changes in
mitochondrial structure with the beneficial effects of the compound IFC-305.

The expression levels of genes related to the activity of mitochondrial complexes I, II, III, IV, and V are differ-
entially expressed under the HCC condition and modulated by IFC-305 administration. Therefore, we analyzed
some crucial genes related to mitochondrial bioenergetics; first, the Atp5f1 gene was analyzed, the b subunit of
the peripheral stalk that links the external surface of the catalytic domain (F,) to the membranal domain (F,) of
ATP synthase*2. Additionally, Ndufa6 was analyzed, a gene that encodes a protein with a conserved tripeptide
sequence near the N-terminus that is important for complex I function; its deficiency is associated with decreased
complex I activity and mitochondrial diseases**. Finally, we also analyzed the relative expression levels of the
Cox5b gene, the 5b subunit of cytochrome C oxidase, which is involved in assembling complex IV and its proper
function*!. These genes maintained a differential expression between groups; therefore, it is concluded that the
reduced expression of these genes in HCC and the recovery in the other conditions suggest that IFC-305 regu-
lates nuclear and mitochondrial encoded genes related to mitochondrial bioenergetics. These observations were
confirmed with the increased ATP levels by recovering the complex I, III, and V activity.

Unlike systemic drugs therapies for HCC clinically available, such as multi-kinase inhibitors (Sorafenib, len-
vatinib, cabozantinib, regorafenib), antagonistic anti-VEGFR2 monoclonal antibody (ramucirumab), immune
checkpoint inhibitors (nivolumab and pembrolizumab) and combined alternatives which induce hepatocytes
apoptosis®®, or pre-clinically in vivo or in vitro tested compounds that decrease the mitochondrial function in
HCC such as biguanide drugs (metformin and phenformin)*, sulfonamides FH535 and Y3 and sorafenib with
nitazoxanide or nidosamide*®. The chemoprotective effect of IFC-305 was demonstrated by the modulation of
the expression PCNA, thymidylate synthase, HGFE, and its receptor c-Met and p27**. As part of its mechanism
of action, its effect on the recovery of mitochondrial homeostasis through the induction of autophagy has been
proposed. In this work, our results suggest that IFC-305 restores the mitochondrial structure and function in
liver tissue.

Finally, our findings show an association between mitochondrial structure and function, and the IFC-305
impacts both aspects. In HCC (Fig. 7 left panel), it has been previously suggested that a change in mitochondrial
structure coupled with an increased fission rate allows the survival of liver tumor cells by a poorly elucidated
mechanism®, just as shown in our results by observing an increase in the number of mitochondria in the HCC
condition. Furthermore, accompanied by the rise in fission rate, there are structural and functional changes
in mitochondria leading to metabolic alterations® that involve changes in ym, ATP production, the activity of
ETC complexes®, as well as a decrease in cardiolipin levels®’. The supercomplexes formation conditions have
been poorly documented until now. Concurrently, the participation of structures related to the assembly of
supercomplexes, such as COX7A2L, UQCC3, and HIGD2A, whose relevance lies in the correct function of the
respirosome formed by complexes I, III,, and IV,, has been reported®’; our data supported these conclusions
since we found a considerable decrease in expression levels of mRNAs in the HCC condition, which correlates
with the structural (formation of supercomplexes) and functional (ATP production) nature. On the other hand,
the right scheme of Fig. 7 shows the activity of IFC-305 on several structural and functional aspects that allow
the functional recovery of mitochondria, possibly as part of the liver restoration effect induced by the compound.
Nevertheless, the precise mechanism by which IFC-305 modulates the structural components of mitochondria
and their function remains unknown; however, it is a topic of interest for future research.

Materials and methods

Chemicals

IFC-305 is the aspartate salt of adenosine prepared with adenosine-free base (MP Biomedicals, LLC, Illkirch,
France) and l-aspartic acid (MP Biomedicals, Inc., Eschwege, Germany) as described (Patent No. MX220780;
MX 207,422; US 8,507,459 B2). Diethylnitrosamine, sucrose, EDTA, trizma-base, KCI, MgCl,, glutamate, ADP,
succinate, 2,6-dicholorindophenol, ATP, NAD, NADH, lauryl-maltoside, cytochrome ¢, albumin, deoxycholate,
nitrotetrazolium blue chloride (NBT), e-aminocaproic acid, acrylamide, malate, potassium cyanide (KCN),
antimycin A, oligomycin, rotenone, methanol, chloroform, Coomassie blue and digitonin were purchased from
the Sigma Chemical Company (St. Louis, MO, USA). The oligonucleotides were manufactured by the OligoT4
Company (Irapuato, Guanajuato, Mexico).
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Figure 7. Proposed mechanism of mitochondrial structural and functional changes by IFC-305 in HCC.

The left side of the panel shows the mitochondrial structural and functional changes in HCG; it represents an
uncoupling of the electron transport chain complexes as well as a decrease in mitochondrial length, respiration
rate, ym, cardiolipin levels, ATP concentration, and the levels of YME1L, OPA1, COX7A2L, UQCC3, HIGD2,
and increased expression of paraplegin. On the right side of the panel are shown the changes that occurred in
the HCC condition treated with IFC-305, representing substantial changes in the formation of the respirosome
(SCL, II,, IV,), a recovery in mitochondrial length, respiration rate, ym, cardiolipin levels, mitochondrial
complex activity, ATP levels, and expression levels of YME1L, OPA1, Paraplegin, COX7A2L, UQCC3, and
HIGD2A. The figure was created with BioRender.com with agreement number NM25VM5FTL.

Animal model and ethical statement

Male Wistar rats weighing 250 to 300 g were housed at the Animal Facility of the Universidad Nacional Auténoma
de México (National authorization SAGARPA-SENASICA AUT-B-C-1216-030). All animal experiments were
conducted in compliance with the Mexican federal regulations NOM-Z0O0-1999-062 regarding the protection of
animals used for scientific purposes and received approval by the Ethics Committee for the Care and Handling of
Laboratory Animals of the Universidad Nacional Auténoma de México with national authorization SAGARPA-
SENASICA AUT-B-C-1216-030 (permission number of institutional protocol approval CICUAL-VCHH156-19).
All procedures were approved and supervised, and this study was reported in accordance with the ARRIVE
guidelines. The animals were fed ad libitum and housed under controlled conditions (22 £ 2 °C, 50-60% relative
humidity, and 12 h light-dark cycles). The rats were divided in four groups: the control group (C), hepatocellular
carcinoma (HCC), HCC/IFC-305 group, and IFC-305 group. HCC and HCC/IFC-305 received DEN (50 mg/kg
body weight, i.p. for 16 weeks once a week), while the IFC-305 group received saline solution i.p. for 16 weeks
once a week. Subsequently, HCC received a saline solution, and the IFC-305 and HCC/IFC-305 groups were
administered with IFC-305 at 50 mg/kg body weight, i.p. five times a week for 6 weeks starting at week 16. The
control group received saline solution for 22 weeks. The animals were anesthetized by pentobarbital administra-
tion, the blood was collected by cardiac puncture, and the liver was removed for future determinations.

ALT levels determination in liver tissue
The Alanine aminotransferase (ALT) levels were determined using the ALT Activity Assay (Colorimetric/Fluo-
rometric) (Cat. MAK052 Sigma-Aldrich). The instructions provided by the manufacturers were followed.

GGT levels determination in liver tissue
According to the manufacturer instructions, the y-glutamyltransferase (GGT) levels were determined using the
y-Glutamyltransferase Activity Fluorometric Assay Kit (Cat. MAKO090 Sigma-Aldrich).
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AFP levels determination in serum
The alpha-fetoprotein (AFP) levels were determined using the Rat Alpha-Fetoprotein ELISA Kit (Cat. RK03475
ABclonal) following the manufacturer instructions.

Mitochondria isolation

After sacrifice, 1 g of liver tissue was washed with STBE medium (250 mM sucrose, 10 mM trizma base, and
1 mM EDTA) with 0. 4% albumin (BSA) and then homogenized in 6 mL of STBE medium employing a sterile
teflon homogenizer; the solution was then centrifuged at 3000 rpm for 5 min at 4 °C, and 5 mL of the supernatant
were taken and further centrifuged at 10,000 rpm for 10 min at 4 °C. The sediment (mitochondria) was washed
once with 1.5 mL of STBE medium and centrifuged at 10,000 rpm for 10 min at 4 °C. Finally, the supernatant
was removed and resuspended with 700 pL of STBE medium.

RNA extraction

25 to 30 mg of liver tissue from all groups were processed with the Aurum Total RNA kit (Biorad No. 732-6820).
First, the tissue was homogenized with 700 uL of lysis buffer (guanidinium thiocyanate and f-mercaptoethanol)
and transferred to a 1.5 mL solvent-resistant conical microtube. The sample was centrifuged at 13,000 rpm for
5 min at room temperature. Subsequently, the supernatant was transferred to a new tube, and 700 pL of 70%
ethanol was added and homogenized. Next, 700 pL of the mixture was transferred to an RNA affinity column and
centrifuged at 13,000 rpm. After centrifugation, 700 uL of low stringency buffer was added to the column and
then centrifuged at 13,000 rpm. Then, 80 uL of DNase was added to the column, and the sample was incubated
for 15 min at room temperature. After incubation, a second wash was performed with 650 uL of high stringency
buffer, centrifuged at 13,000 rpm. Finally, a last wash was performed with 700 pL of low stringency buffer and
centrifuged at 13,000 rpm, followed by dry centrifugation at 13,000 rpm. To perform the elution, 20 uL of water
free of RNAsas was used. Subsequently, the RNA concentration was quantified using the Quanti Fluor RNA
System kit in a Quantus fluorometer (Promega). Finally, the RNA quality was analyzed in a QIAxpert high-speed
UV/VIS microfluidic spectrophotometer (Qiagen).

Quantitative reverse transcription-polymerase chain reaction (RT-qPCR)

The reverse transcription was performed with 0.5 pg of RNA in the iScript Synthesis kit (Biorad No. 170-8891)
for 5 min at 25 °C, 30 min at 42 °C and 5 min at 85 °C to obtain cDNA; then, it was mixed with the corresponding
oligonucleotides (the designs were realized using primer3 and primer-BLAST from NCBI, and the qualities were
evaluated by OligoAnalyzer Tool from IDT, OligoEvaluator from Sigma-Aldrich, uMelt, and Multiple Primer
Analyzer from Thermo Fisher Scientific; Supplementary Table 1) with iQ SYBR Green (Bio-Rad) to perform real-
time quantitative PCR (RT-qPCR) on a CFX96 thermal cycler (Bio-Rad) with the following parameters: 3 min
at 95 °C and 40 amplification cycles (15 s at 95 °C and 60 s at 60 °C), followed by a melting curves analysis using
a temperature from 55 to 95 °C with an increment of 0. 5 °C every 2-5 s/cycle. Data from qPCRs were obtained
using the CFX manager program (Biorad) and processed using the comparative Ct method®'. Each sample was
analyzed in triplicate and normalized with the levels of the reference gene (ACt) and compared against the
experimental conditions considered as control (AACt) to subsequently obtain the relative expression (222<) as
the mRNA expression level compared to the control condition.

DNA extraction and mtDNA/nDNA ratio

A 10 mg of liver tissue sample was processed from all groups with the QIAmp DNA Micro Kit (QIAGEN No.
56304) following the manufacturer instructions. As described above, 600 ng of DNA obtained were mixed with
the corresponding oligonucleotides (supplementary Table 1) with iQ SYBR Green (Bio-Rad) and parameters as
previously described. Data from qPCRs were obtained using the CFX manager program (Biorad) and processed
using the comparative Ct method®'. The mitochondrial gene Cox1 was analyzed in triplicate and normalized
with the levels of the nuclear gene ApoB (ACt) and compared against the experimental conditions considered as
control (AACt) to subsequently obtain the relative expression (222¢t) as the mtDNA expression level compared
to the control condition (mtDNA/nDNA).

Expression profiling of genes related to mitochondrial bioenergetics by RT-qPCR microarrays
cDNA was synthesized from 500 ng of RNA total with the iScript cDNA Synthesis kit (Bio-Rad) at 25 °C for
5 min followed by 30 min at 42 °C and finally 5 min at 85 °C in a CFX96 thermocycler (Bio-Rad). Subsequently,
the cDNA was mixed with iQ SYBR Green Supermix, and 25 pL was placed in each well of the "Mitochondrial
Energy Metabolism" microarray for rats (Qiagen). Then, the reactions of microarray were amplified by gPCR on
a CFX96 thermocycler (Bio-Rad) with the following parameters: 1 cycle of 95 °C for 3 min followed by 40 cycles
of 95 °C for 15 s, 60 °C for 1 min and 70 °C for 30 s. The data were obtained with the CFX manager software
(Bio-Rad). Consecutively, the mRNA fold change expression levels in liver tissue versus the control condition
were calculated by the comparative Ct method.

Electron microscopy

The liver tissue samples were fixed with glutaraldehyde (6%) and stained with osmium tetroxide (1% in a phos-
phate salt buffer). Once treated, the samples were dehydrated by passing through solutions with different per-
centages of alcohol, starting with a 70% preparation and ending with 100%, leaving the tissue for 20 to 30 min in
each wash, maintaining a temperature of 4 °C. Once the dehydration was finished, it was infiltrated in propylene
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oxide and later in an epoxy resin, where it was kept for 2 h. After the resin preparation and the time required for
polymerization, the blocks generated were cut and observed under an electron microscope.

Identification of mitochondrial supercomplexes by blue native polyacrylamide gel electropho-
resis (BN-PAGE)

Mitochondrial fractions were obtained as described above. Then, 1 mg of mitochondria was solubilized with 90
uL of sample buffer (e-aminocaproic acid 750 mM, bis-tris 50 mM, pH 7.0), protease inhibitors (Complete 1X
and PMSF 1 mM) and digitonin at a concentration of 2 mg/mg of sample. After the mixture was prepared, the
samples were shaken at 4° for 30 min. Once the time had elapsed, the samples were centrifuged at 23,680 rpm
for 1 h and 15 min at 4 °C. The supernatant was recovered, and protein was quantified by the Bradford assay.
Consecutively, 5% Coomassie Blue (final concentration in-gel of 0.25%) was added to the samples. Acrylamide
gradient gels were prepared from 4 to 10% (49.5% Acrylamide, 1.5% bis-acrylamide); samples were placed on
the gels, and cathode buffer 1 (50 mM Tricine, 15 mM Bis-Tris and 0.02% Serva Coomassie Blue), anode buffer
(50 mM Bis-Tris, pH 7.0 adjusted with HCl) was added to the electrophoresis chamber. The gel was run at
15 mA per gel. The run was stopped when the front was in the first third of the gel, and the cathode buffer was
changed to cathode buffer 2 (Tricine 50 mM, Bis-Tris 15 mM, and Serva Coomassie Blue 0.002%). Finally, the
run continued for approximately 1 h and 20 min. Stoichiometry was determined by analyzing the activity of
complex I, I, IV and V compared against the CI band activity; the results were compared with the stoichiometry
reported in literature®=>*,

Clear native gel electrophoresis (CN-PAGE)

1 mg of isolated liver rat mitochondria were solubilized with 10% lauryl maltoside, shaken for 30 min at 4 °C,
and then centrifugated at 17,500 rpm by 75 min 4 °C. The protein concentration was determined by the Bradford
method, and 0.1-0.25 mg protein per well was loaded in 4-12% polyacrylamide gradient gels; therefore, the
same amount of mitochondrial protein was added for each condition. For clear native electrophoresis was used
0.01% lauryl maltoside and 0.05% sodium deoxycholate were in the cathode buffer. Gels were run for one hour
at 15 mV/gel in a Bio-rad electrophoresis chamber™. In-gel NADH: NBT oxidoreductase activity (Complex I)
was determined by incubating the native gels in 10 mM Tris (pH 7.0), 0.5 mg/mL nitrotetrazolium blue chloride
(NBT), and 1 mM NADH. In-gel succinate: NBT oxidoreductase activity (Complex II) was defined by incubat-
ing the native gels in 10 mM Tris (pH 7.0), 0.5 mg/mL NBT and 1 mM succinate. In-gel cytochrome c oxidase
activity (Complex IV) was determined using 20 mg/mL diaminobenzidine (DAB) and 10 mg/mL cytochrome ¢
in 50 mM phosphate buffer pH 7.4. In-gel ATPase activity (Complex V) was measured by incubating the CN-gel
in 270 mM glycine and 35 mM Tris buffer pH 8.4 and added 0.2% Pb(NO;),, 14 mM MgSO, and 8 mM ATP*.

Identification of mitochondrial phospholipids

Mitochondrial proteins (2 mg) were used to determine mitochondrial phospholipids. Folch’s reagent (chloroform:
methanol 2:1) was added at a ratio of 1 mL/mg of sample; the samples were left for 24 h. Once the time elapsed,
the samples were transferred to a new container filtering the content. After the filtration and change of con-
tainer, the sample was left in dialysis for 24 h. The sample was transferred to a 5 mL tube, and 4 mL of methanol
was added and homogenized; the sample was left until the methanol evaporated. Finally, 100uL of methanol
was added to the sample in the tubes and homogenized. With the sample resuspended and cooled, thin layer
chromatography (TLC aluminum silica gel 60F F,5,) was performed, cutting the appropriate size according to
the number of samples. Chloroform: methanol: 12 mM MgCl, in a 65: 25: 4 proportion was used as the mobile
phase, and 10% of cupric sulfate in 8% ortho-phosphoric acid was used as revealing®. Phosphatidylcholine
(PC), sphingomyelin (SM), and lysophosphatidylcholine (LPC) were identified according to previous reports;
meanwhile, cardiolipin 5.1 mg/mL in methanol was used as standard®”.

Mitochondrial membrane potential

The mitochondrial membrane potential was determined according to Baracca et al. (2003). A calibration curve
was done by plotting rhodamine 123 fluorescence against the membrane potential calculated through the Nerst
equation®.

Complex | and Il activity

The 2,6-dichloro-indophenol reduction was used to determine complex I and II activity in mitochondria isolated
from the liver. Briefly, 1 mg/mL of mitochondrial protein was added to a medium containing 0.25 M sucrose,
1 mM EDTA, 10 mM Trizma base, pH 7.3, 0.5 mM KCN, 1 uM antimycin, 10 mM glutamate, and 10 mM malate
as the substrate for complex I activity or 10 mM succinate as a substrate for complex II activity, and 152 uM
rotenone (for the complex II activity determination). The absorbance was followed at 600 nm, and the activity
was calculated using the 2,6-dichloro-indophenol extinction coefficient (21 mM™xcm™).

Complex lll activity

Enzymatic assay of cytochrome c reductase was used to determine complex IIT activity in mitochondria isolated
from liver samples. Initially, 1 mg/mL of mitochondrial protein was incubated in a reaction mix solution con-
taining 30 mM glycylglycine, 0.033% cytochrome C (CAS No.:9001-16-5, Sigma-Aldrich), 0.24 mM B-NADH,
0.5 mM KCN for the cytochrome ¢ oxidase inhibition and potassium buffer pH 8.5. Then, absorbance was
followed at 550 nm every 5 s for 8 min. Ultimately, the activity was calculated using the millimolar extinction
coefficient between oxidized and reduced cytochrome c, at pH 8.5=21.
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ATP levels determination in liver tissue
The levels of ATP were determined using the ATP Assay Kit (Colorimetric/Fluorometric) (Cat. ab83355, Abcam).
The instructions provided by the manufacturers were followed.

Data analysis

Data were plotted as the mean + standard error of the mean (SEM) and analyzed by one-way analysis of vari-
ance (ANOVA) with Bonferroni’s post hoc for multiple comparisons for those presenting statistical evidence
of a normal distribution. For non-normally distributed results, a nonparametric analysis using Krustal-Wallis
with Dunn’s post hoc was applied; graphs were represented as median + interquartile range (IR). Statistical dif-
ferences were represented as (*) P-value <0.05, (**) P-value <0.01, and (***) P-value <0.001 for each test applied.

Data availability
All relevant data are included in the manuscript or supplementary material. Any additional request can be
directed to the corresponding authors.

Received: 22 December 2023; Accepted: 5 March 2024
Published online: 15 March 2024

References

1. Forner, A., Reig, M. & Bruix, J. Hepatocellular carcinoma. The Lancet. 391(10127), 1301-1314 (2018).

2. Pérez-Carreon, J. L. et al. An adenosine derivative compound, IFC305, reverses fibrosis and alters gene expression in a pre-
established CCl4-induced rat cirrhosis. Int. J. Biochem. Cell Biol. 42(2), 287-296 (2010).

3. Velasco-Loyden, G., Pérez-Martinez, L., Vidrio-Gémez, S., Pérez-Carreén, J. I. & Chagoya de Sanchez, V. Cancer chemoprevention
by an adenosine derivative in a model of cirrhosis-hepatocellular carcinoma induced by diethylnitrosamine in rats. Tumor Biol.
39(2), 1-12 (2017).

4. Chagoya de Sanchez, V., Martinez-Pérez, L., Herndndez-Munoz, R. & Velasco-Loyden, G. Recovery of the Cell Cycle Inhibition
in CCl 4-Induced Cirrhosis by the Adenosine Derivative IFC-305. Int. J. Hepatol. 1-13 (2012).

5. Chavez, E. et al. Functional, metabolic, and dynamic mitochondrial changes in the rat cirrhosis-hepatocellular carcinoma model
and the protective effect of IFC-305. J. Pharmacol. Exp. Ther. 361(2), 292-302 (2017).

6. Bian, ], et al. Mitochondrial Quality Control in Hepatocellular Carcinoma. Front. Oncol. 11. (2021).

7. Santos, C. X., Tanaka, L. Y., Wosniak, J. & Laurindo, F. R. M. Mechanisms and implications of reactive oxygen species generation
during the unfolded protein response: roles of endoplasmic reticulum oxidoreductases, mitochondrial electron transport, and
NADPH oxidase. Antioxid. REDOX Signal. 11, 2409-2427 (2009).

8. Guri, Y., et al. nTORC2 Promotes Tumorigenesis via Lipid Synthesis. Cancer Cell. 32(6):807-823.e12 (2017).

9. Mello, T,, Simeone, I. & Galli, A. Mito-nuclear communication in hepatocellular carcinoma metabolic rewiring. Cells. 8. MDPI
(2019).

10. Qiao, L., et al. Mitochondrial DNA depletion, mitochondrial mutations and high TFAM expression in hepatocellular carcinoma.
2017. Available from: www.impactjournals.com/oncotarget

11. Li, Y, et al. SIRT1 facilitates hepatocellular carcinoma metastasis by promoting PGC-1a-mediated mitochondrial biogenesis. Vol.
7. Available from: www.impactjournals.com/oncotarget

12. McLaughlin, K. L, et al. Bioenergetic Phenotyping of DEN-Induced Hepatocellular Carcinoma Reveals a Link Between Adenylate
Kinase Isoform Expression and Reduced Complex I-Supported Respiration. Front. Oncol. 8, 12 (2022).

13. Matassa, D. S., et al. Regulation of mitochondrial complex III activity and assembly by TRAP1 in cancer cells. Cancer Cell Int. 1,
22(1) (2022).

14. Shang, R.Z., Qu, S bin. & Wang, D. S. Reprogramming of glucose metabolism in hepatocellular carcinoma: Progress and prospects.
World J. Gastroenterol. 22. Baishideng Publishing Group Co; p. 9933-43 (2016).

15. Zhang, Y, Li, W, Bian, Y., Li, Y. & Cong, L. Multifaceted roles of aerobic glycolysis and oxidative phosphorylation in hepatocellular
carcinoma. Peer]. Feb 1;11:e14797 (2023). Available from: https://peerj.com/articles/14797

16. Khan, M., Syed, G. H., Kim, S. jun. & Siddiqui, A. Mitochondrial dynamics and viral infections : A close nexus. (2015).

17. Novack, G. V,, Galeano, P, Castafio, E. M. & Morelli, L. Mitochondrial Supercomplexes: Physiological Organization and Dysregula-
tion in Age-Related Neurodegenerative Disorders., Front. Endocrinol. 11 S.A.; 2020.

18. Guan, S., Zhao, L. & Peng, R. Mitochondrial Respiratory Chain Supercomplexes: From Structure to Function. Int. J. Mol. Sci. 23.
MDPI (2022).

19. Javadov, S., Jang, S., Chapa-Dubocgq, X. R., Khuchua, Z. & Camara, A. K. Mitochondrial respiratory supercomplexes in mammalian
cells: structural versus functional role., J. Mol. Med. Springer Science and Business Media Deutschland GmbH; 99, 57-73 (2021).

20. Azuma, K., Ikeda, K. & Inoue, S. Functional mechanisms of mitochondrial respiratory chain supercomplex assembly factors and
their involvement in muscle quality. Int. J. Mol. Sci. 21 (2020).

21. Signorile, A., Sgaramella, G., Bellomo, E. & de Rasmo, D. Prohibitins: A critical role in mitochondrial functions and implication
in diseases. Cells. 8(1), 71 (2019).

22. Chavez, E., Velasco-loyden, G., Lozano-rosas, M. G. & Aguilar-maldonado, B. Role of autophagy in the chemopreventive effect of
the IFC-305 compound in the sequential model of cirrhosis-hepatocellular carcinoma in the rat and in vitro. Am. J. Cancer Res.
10(6), 1844-1856 (2020).

23. Kojima, R. et al. Maintenance of cardiolipin and crista structure requires cooperative functions of mitochondrial dynamics and
phospholipid transport. Cell Rep. 26(3), 518-528.e6 (2019).

24. Matuz-Mares, D. et al. Carbon and nitrogen sources have no impact on the organization and composition of ustilago maydis
respiratory supercomplexes. J. Fungi. 7(1), 1-14 (2021).

25. Léveillé, M. & Estall, J. L. Mitochondrial dysfunction in the transition from NASH to HCC. Metabolites. 9 (2019).

26. Hsu, C. C,, Lee, H. C. & Wei, Y. H. Mitochondrial DNA alterations and mitochondrial dysfunction in the progression of hepatocel-
lular carcinoma. World J. Gastroenterol. 19(47), 8880-8886 (2013).

27. Wallace, D. C., Fan, W. & Procaccio, V. Mitochondrial energetics and therapeutics. Ann. Rev. Pathol.: Mech. Dis. 5, 297-348 (2010).

28. Llovet, J. M. Hepatocellular carcinoma. The Lancet. 391(10127), 1301-1314 (2016).

29. Sun, X. & Kaufman, P. D. Ki-67: more than a proliferation marker. Chromosoma. Springer Science and Business Media Deutschland
GmbH. 127, 175-86 (2018).

30. Ma, H. P, et al. Collagen 1A1 (COL1A1) is a reliable biomarker and putative therapeutic target for hepatocellular carcinogenesis
and metastasis. Cancers (Basel). 1, 11(6) (2019).

31. Bost, FE. & Kaminski, L. The metabolic modulator PGC-1a in cancer. Am. J. Cancer Res. 9(2), 198-211 (2019). Available from:
https://pubmed.ncbi.nlm.nih.gov/30906622%0ahttp:/www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC6405967

Scientific Reports |

(2024) 14:6348 | https://doi.org/10.1038/s41598-024-56306-9 nature portfolio


http://www.impactjournals.com/oncotarget
http://www.impactjournals.com/oncotarget
https://peerj.com/articles/14797
https://pubmed.ncbi.nlm.nih.gov/30906622%0ahttp:/www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC6405967

www.nature.com/scientificreports/

32. Jornayvaz, F. R. & Shulman, G. I. Regulation of mitochondrial biogenesis. Essays Biochem. 47, 69-84 (2010).

33. Vandewynckel, Y. P. et al. Modulation of the unfolded protein response impedes tumor cell adaptation to proteotoxic stress: a
PERK for hepatocellular carcinoma therapy. Hepatol Int. 9(1), 93-104 (2015).

34. Yamada, S. et al. Correlation between copy number of mitochondrial DNA and clinico-pathologic parameters of hepatocellular
carcinoma. Eur. J. Surg. Oncol. 32(3), 303-307 (2006).

35. Yin, P. H. et al. Somatic mutations of mitochondrial genome in hepatocellular carcinoma. Mitochondrion. 10(2), 174-182 (2010).

36. Moessinger, C. et al. Two different pathways of phosphatidylcholine synthesis, the Kennedy Pathway and the Lands Cycle, dif-
ferentially regulate cellular triacylglycerol storage. BMC Cell Biol. 15(1), 1-17 (2014).

37. Chagoya de Sanchez, V., Isael, J., Rafael, J., de Vaca, P. C. & Guadalupe, M. Estudio integral de cirrosis y carcinoma hepatocelular
Integral study of cirrhosis and hepatocellular carcinoma MENSAJE BIOQUIMICO. Mens Bioquim. 2018;42:130-46. Available
from: http://tab.facmed.unam.mx

38. Lozano-Rosas, M. G., Chavez, E., Aparicio-Cadena, A. R., Velasco-Loyden, G. & Chagoya de Sinchez, V. Mitoepigenetics and
hepatocellular carcinoma. Hepatoma Res. 4(6):19 (2018).

39. Pylayeva-Gupta, Y., Kelsey, C., Martin Mhatre, V. & Ho, J. A. L. Cardiolipin-Dependent formation of mitochondrial respiratory
supercomplexes. Bone. 23(1), 1-7 (2012). Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3624763/pdf/nihms
412728.pdf%0Afile:///C:/Users/ ASUS/Desktop/Rujukan PhD/Dev of drug R cell line/nihms579608.pdf

40. Jha, P, Wang, X. & Auwerx, J. Analysis of mitochondrial respiratory chain supercomplexes using blue native polyacrylamide gel
electrophoresis (BN-PAGE). Curr. Protoc. Mouse Biol. 6(1), 1-14 (2016).

41. Dolezal, J. M. et al. Sequential adaptive changes in a c-Myc-driven model of hepatocellular carcinoma. J. Biol. Chem. 292(24),
10068-10086 (2017).

42. Galber, C., Carissimi, S., Baracca, A. & Giorgio, V. The ATP synthase deficiency in human diseases. Life. 11(4) (2021).

43. Alston, C. L. et al. Bi-allelic mutations in NDUFAG® establish its role in early-onset isolated mitochondrial complex i deficiency.
Am. J. Hum. Genet. 103(4), 592-601 (2018).

44. Chu, Y. et al. Cox5b-mediated bioenergetic alteration regulates tumor growth and migration by modulating ampk-uhmk1-erk
cascade in hepatoma. Cancers (Basel). 12(6), 1-23 (2020).

45. Vishnoi, K., et al. Ets1 mediates sorafenib resistance by regulating mitochondrial ROS pathway in hepatocellular carcinoma. Cell
Death Dis. 13(7) (2022).

46. Hsu, C. C. et al. Energy metabolism determines the sensitivity of human hepatocellular carcinoma cells to mitochondrial inhibitors
and biguanide drugs. Oncol Rep. 34(3), 1620-1628 (2015).

47. Turcios, L., et al. Oncotarget 3013 Mitochondrial uncoupling and the disruption of the metabolic network in hepatocellular car-
cinoma. Oncotarget. 11 (2020). Available from: www.oncotarget.com

48. EK, E, et al. Sorafenib and nitazoxanide disrupt mitochondrial function and inhibit regrowth capacity in three-dimensional models
of hepatocellular and colorectal carcinoma. Sci. Rep. 12(1) (2022).

49. Huang, Q. et al. Increased mitochondrial fission promotes autophagy and hepatocellular carcinoma cell survival through the
ROS-modulated coordinated regulation of the NFKB and TP53 pathways. Autophagy. 12(6), 999-1014 (2016).

50. Ahmadpour, S. T., Mahéo, K., Servais, S., Brisson, L. & Dumas, J. F. Cardiolipin, the mitochondrial signature lipid: Implication in
cancer. Int. J. Mol. Sci. 21(21), 1-16 (2020).

51. Liu, W. & Saint, D. A. Validation of a quantitative method for real time PCR kinetics. Biochem. Biophys. Res. Commun. 294(2),
347-353 (2002).

52. Frenzel, M., Rommelspacher, H., Sugawa, M. D., & Dencher, N, A. Aeing alters the supramolecular architecture of OxPhos com-
plexes in rat brain cortex. Exp. Gerontol. 45(7-8), 563-572 (2010).

53. Reifschneider, N. H. et al. Defining the mitochondrial proteomes from five rat organs in a physiologically significant context using
2D blue-native/SDS-PAGE. J. Proteome Res. 5(5), 1117-1132 (2006).

54. Lopez-Fabuel, I, Resch-Beusher, M., Carabias-Carrasco, M., Almeida, A. & Bolafios, J. P. Mitochondrial complex I activity is con-
ditioned by supercomplex I-III2-IV assembly in brain cells: relevance for Parkinson’s disease. Neurochem. Res. 42(6), 1676-1682
(2017).

55. Uribe-Alvarez, C., Chiquete-Félix, N., Contreras-Zentella, M., Guerrero-Castillo, S., Pefia, A. & Uribe-Carvajal, S. Staphylococ-
cus epidermidis: Metabolic adaptation and biofilm formation in response to different oxygen concentrations. Pathog. Dis. 1;74(1)
(2018).

56. Wittig, I., Karas, M. & Schigger, H. High resolution clear native electrophoresis for in-gel functional assays and fluorescence studies
of membrane protein complexes. Mol. Cell. Proteomics. 6(7), 1215-1225 (2007).

57. Matsumoto, K. L, Sato, T., Oka, S., Inokuchi, J. I. & Ariga, H. Comparison of the compositions of phospholipid-associated fatty
acids in wild-type and extracellular matrix tenascin-X-deficient mice. Biol. Pharm. Bull. 27(9), 1447-1450 (2004).

58. Baracca, A., Sgarbi, G., Solaini, G. & Lenaz, G. Rhodamine 123 as a probe of mitochondrial membrane potential: Evaluation of
proton flux through FO during ATP synthesis. Biochim. Biophys. Acta Bioenerg. 1606(1-3), 137-146 (2003).

Acknowledgements

We would also like to thank DVM Claudia Rivera Cerecedo and MSc. Gabriela X6chitl Ayala Méndez from the
Animal Facility in providing rats, Dr. Rodolfo Paredes Diaz for his support of the imaging unit of the Institute,
and Concepcidn José Nuiiez and Miriam Vazquez Acevedo for her technical assistance.

Author contributions

EM.-P,R.G.-C, G.V.-L,, E.C,, L.C.-S., and V.C. contributed to the conception and design of the study. EM.-P.,
R.G.-C,A.C.-A,,D.Z.-L., B.O.-D., M.D.-L., N.C.-E, G.V.-L., E.C., L.C.-S., and V.C. developed the methodology
and analyzed the data. EM.-P,, R.G.-C., G.V.-L,, E.C,, L.C.-S., and V.C. performed the interpretation of data. EM.-
P, R.G.-C,, L.C.-S., and V.C. wrote the first draft of the manuscript. EM.-P, R.G.-C., D.Z.-L., A.D.-A., G.V.-L.,
E.C., L.C.-S., and V.C. contributed to writing, reviewing, and editing. L.C.-S., and V.C. funding acquisition. All
authors contributed to the manuscript revision and read and approved the submitted version.

Fundin

F M-P ang R G-C were supported by the predoctoral fellowship 811380 and 811555 from Consejo Nacional de
Humanidades, Ciencias y Tecnologias (CONAHCYT), respectively. In addition, CONAHCYT supported this
work under Ciencia de Frontera-2019 project 501204, FOP02-2022-02 project 321696, and PAPIIT-UNAM
project IN214419.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2024) 14:6348 | https://doi.org/10.1038/s41598-024-56306-9 nature portfolio


http://tab.facmed.unam.mx
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3624763/pdf/nihms412728.pdf%0Afile:///C:/Users/ASUS/Desktop/Rujukan
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3624763/pdf/nihms412728.pdf%0Afile:///C:/Users/ASUS/Desktop/Rujukan
http://www.oncotarget.com

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-56306-9.

Correspondence and requests for materials should be addressed to L.C.-S. or V.C.S.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:6348 | https://doi.org/10.1038/s41598-024-56306-9 nature portfolio


https://doi.org/10.1038/s41598-024-56306-9
https://doi.org/10.1038/s41598-024-56306-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An adenosine derivative promotes mitochondrial supercomplexes reorganization and restoration of mitochondria structure and bioenergetics in a diethylnitrosamine-induced hepatocellular carcinoma model
	Results
	IFC-305 downregulates the HCC markers in the experimental model induced by DEN
	IFC-305 promotes recovery of the mitochondrial structure in the cirrhosis-HCC sequential model
	The administration of IFC-305 induces an increase of mitochondrial phospholipids
	IFC-305 promotes the mitochondrial hmwSC assembly
	The structural modifications promoted by IFC-305 improve mitochondrial function
	Role of IFC-305 in the regulation of genes involved in mitochondrial bioenergetics
	IFC-305 restores ETC complexes activity in HCC

	Discussion
	Materials and methods
	Chemicals
	Animal model and ethical statement
	ALT levels determination in liver tissue
	GGT levels determination in liver tissue
	AFP levels determination in serum
	Mitochondria isolation
	RNA extraction
	Quantitative reverse transcription-polymerase chain reaction (RT-qPCR)
	DNA extraction and mtDNAnDNA ratio
	Expression profiling of genes related to mitochondrial bioenergetics by RT-qPCR microarrays
	Electron microscopy
	Identification of mitochondrial supercomplexes by blue native polyacrylamide gel electrophoresis (BN-PAGE)
	Clear native gel electrophoresis (CN-PAGE)
	Identification of mitochondrial phospholipids
	Mitochondrial membrane potential
	Complex I and II activity
	Complex III activity
	ATP levels determination in liver tissue
	Data analysis

	References
	Acknowledgements


