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A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T Introduction

Dengue virus (DV) infection affects 50-100 million people and it is considered the major human arbovirosis [START_REF] Gubler | The global emergence/resurgence of arboviral diseases as public health problems[END_REF][START_REF] Gubler | Dengue and dengue hemorrhagic fever[END_REF][START_REF] Mackenzie | Emerging flaviviruses: the spread and resurgence of Japanese encephalitis, West Nile and dengue viruses[END_REF]. Dengue Hemorrhagic Fever (DHF) and Dengue Shock Syndrome (DSS), the more severe manifestations of DV infection, hospitalize and kill several hundred thousand people annually and represent a serious public health, economic and social problem, especially in tropical areas of the globe [START_REF] Gubler | The global emergence/resurgence of arboviral diseases as public health problems[END_REF][START_REF] Gubler | Dengue and dengue hemorrhagic fever[END_REF][START_REF] Gúzman | Dengue and dengue hemorrhagic fever in the Americas: lessons and challenges[END_REF]. Although the clinical manifestations of DHF/DSS have already been described, the pathophysiology of this disease is still not completely understood, and the molecular mechanisms involved in organ and cellular dysfunction are not yet clear [START_REF] Gubler | Dengue and dengue hemorrhagic fever[END_REF][START_REF] Mackenzie | Emerging flaviviruses: the spread and resurgence of Japanese encephalitis, West Nile and dengue viruses[END_REF][START_REF] Gúzman | Dengue and dengue hemorrhagic fever in the Americas: lessons and challenges[END_REF].

Several lines of evidence support the idea that liver dysfunction is a characteristic of severe dengue infection. Analyses of liver autopsies from individuals with DHF revealed extensive areas of tissue damage, with foci of necrosis, steatosis and apoptosis, characterized by the presence of apoptotic bodies [START_REF] Couvelard | Report of a fatal case of dengue infection with hepatitis: demonstration of dengue antigens in hepatocytes and liver apoptosis[END_REF][START_REF] Huerre | Liver histopathology and biological correlates in five cases of fatal dengue fever in Vietnamese children[END_REF]. Viral antigens were detected near the lesioned areas, suggesting an association between virus replication and hepatic damage [START_REF] Huerre | Liver histopathology and biological correlates in five cases of fatal dengue fever in Vietnamese children[END_REF]. Additionally, it has been reported that cytokines production is implicated in liver dysfunction [START_REF] Gubler | Dengue and dengue hemorrhagic fever[END_REF][START_REF] Chaturvedi | Cytokine cascade in dengue hemorrhagic fever: implications for pathogenesis[END_REF].

Tissue injury is responsible for many of the clinical manifestations observed in DHF/DSS [START_REF] Couvelard | Report of a fatal case of dengue infection with hepatitis: demonstration of dengue antigens in hepatocytes and liver apoptosis[END_REF][START_REF] Huerre | Liver histopathology and biological correlates in five cases of fatal dengue fever in Vietnamese children[END_REF], although metabolic disturbances may also be involved [START_REF] Marianneau | Apoptotic cell death in response to dengue virus infection: the pathogenesis of dengue haemorrhagic fever revisited[END_REF][START_REF] Catteau | Expression of dengue ApoptoM sequence results in disruption of mitochondrial potential and caspase activation[END_REF]. In accordance with these hypotheses, it has been shown that DV infection induces apoptosis in different cell types in culture [START_REF] Courageot | Mechanisms of dengue virus-induced cell death[END_REF]. Some studies have demonstrated the involvement of anti-and pro-apoptotic proteins of the Bcl-2 family [START_REF] Catteau | Expression of dengue ApoptoM sequence results in disruption of mitochondrial potential and caspase activation[END_REF][START_REF] Courageot | Mechanisms of dengue virus-induced cell death[END_REF][START_REF] Catteau | Dengue virus M protein contains a proapoptotic sequence referred to as ApoptoM[END_REF] and the participation of reactive oxygen species [START_REF] Lin | Involvement of oxidative stress, NF-IL-6, and RANTES expression in dengue-2virus-infected human liver cells[END_REF], suggesting that altered permeability of mitochondrial membranes is involved in the process of cell death following DV infection.

A C C E P T E D M A N U S C R I P T

For a series of viruses, including flaviviruses, the association between virus-induced cell death and the integrity of mitochondrial membranes has been extensively studied [START_REF] Everett | Viruses and Apoptosis: Meddling with Mitochondria[END_REF][START_REF] Verrier | Study of PTPC composition during apoptosis for identification of viral protein target[END_REF][START_REF] Piccoli | Mitochondrial dysfunction in hepatitis C virus infection[END_REF][START_REF] Kroemer | Mitochondrial control of cell death[END_REF]. Viral proteins that interact with mitochondria are able to modulate the permeability of mitochondrial membranes and the liberation of components from the inter-membrane space to cytoplasm and regulate the process of apoptosis [START_REF] Everett | Viruses and Apoptosis: Meddling with Mitochondria[END_REF][START_REF] Verrier | Study of PTPC composition during apoptosis for identification of viral protein target[END_REF][START_REF] Piccoli | Mitochondrial dysfunction in hepatitis C virus infection[END_REF]. In the case of pro-apoptotic viruses, the hallmark of cell damage is an abrupt decrease in mitochondrial membrane electrochemical potential (ΔΨ m ) [START_REF] Kroemer | Mitochondrial control of cell death[END_REF].

Although it is well known that altered permeability states can compromise mitochondrial physiology, ATP synthesis and consequently cell function, the study of mitochondrial bioenergetic dysfunction during virus infection has not been characterized in detail. In the case of DV, the possibility that mitochondrial bioenergetics and cellular energy state are associated with the deterioration of cell function during the course of infection has never been addressed.

In the present work it is demonstrated for the first time that DV infection of a human hepatoma cell line (HepG2) leads to alterations in the bioenergetic function of mitochondria, indicated by a decrease in ΔΨ m , altered respiratory properties and mitochondrial morphology. These events compromise cellular energy homeostasis and may be related to the pathophysiology of DV infection.

A C C E P T E D M A N U S C R I P T

Materials and Methods

Cell culture and virus propagation

HepG2 cells were acquired from American Type Cell Collection (USA). HepG2 is a differentiated human hepatocellular carcinoma cell line, which preserves many of the morphological and functional characteristics of hepatocytes [START_REF] Chen | Effect of eadysterone on glucose metabolism in vitro[END_REF][START_REF] Knowles | Human Hepatocellular carcinoma cell line secrete major proteins and hepatitis B surface antigens[END_REF][START_REF] Kosaki | Effect of dexamethasone on the alternative splicing of the insulin receptor mRNA and insulin action in HepG2 hepatoma cells[END_REF], thus representing an interesting model for the study of liver bioenergetics during DV infection. 

A C C E P T E D M A N U S C R I P T

Oxygen Consumption

Oxygen consumption was measured in an oximeter (Yellow Springs Instruments Co., USA or Hansatech, UK) using a Clark type electrode, in a 1.0mL water jacket maintained under constant stirring, at 37ºC. Intact and permeabilized HepG2 cells were used for analyses of respiratory properties of mitochondria.

For measurements of oxygen consumption of intact cells, approximately 5 × 10 6 cells were suspended in culture medium (MEM) without fetal bovine serum, as described elsewhere [START_REF] Hutter | Senescenceassociated changes in respiration and oxidative phosphorylation in primary human fibroblasts[END_REF]. After recording basal respiration, 3µg/mL oligomycin was added to record oligomycin-independent oxygen consumption. Oxygen consumption in the presence of oligomycin represents the sum of proton leak through the inner mitochondrial membrane plus any non-mitochondrial oxygen consumption. The block of respiration observed after the addition of antimycin A reveals that the non-mitochondrial oxygen consumption in HepG2 cells is negligible (Fig. 1a). Maximum respiration was achieved by adding FCCP 200 nM. Optimum FCCP concentration was determined after FCCP titration (40-500 nM, data not shown).

For respiratory complexes activities, respiratory control ratio (RCR) and ADP/O ratio calculations, permeabilized HepG2 cells were used. In this case, cells were suspended in respiration media containing 0.25 M mannitol, 0.1% bovine serum albumin, 10 mM MgCl 2 , 10 mM Hepes, 10 mM KH 2 PO 4 , pH 7.2, as described elsewhere [START_REF] Sakurai | Oxidative stress and cytotoxicity induced by ferricnitrilotriacetate in HepG2 cells that express cytochrome P450 2E1[END_REF]. Immediately after the addition of cells (approximately 5 × 10 6 cells), digitonin (0.005%, w/v) was added, followed by respiratory modulators and substrates. Complex I maximum activity was determined after the addition of 5 mM pyruvate, 5 mM malate and 5 mM glutamate and 1 mM ADP. For RCR analyses, 1 µM rotenone and 12 mM succinate were added. After the presence of endogenous substrates on cell preparation, RCR, in each case, was calculated after the second addition of ADP. Following the first addition of ADP, endogenous adenylates are converted to ATP, an activator of succinate dehydrogenase [START_REF] Gutman | Control of succinate dehydrogenase in mitochondria[END_REF][START_REF] Bhuvaneswaran | Inactivation of coupled respiration of mitochondria by inorganic arsenate and partial restoration by ATP[END_REF] and respiratory control was clearly measured following the second addition of ADP. ADP/O ratios were calculated after each addition of ADP.

Mitochondrial membrane potential (ΔΨ m )

JC-1 dye ( 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl-carbocyanine iodide; Molecular Probes) was used to measure changes in ΔΨ m following DV infection.

JC-1 has the property to selectively enter into mitochondria and according to the magnitude of ΔΨ m , its oligomeric state changes reversibly and so does its fluorescence properties. The ratio red:green fluorescence intensity of JC-1 gives an index of the ΔΨ m , where the higher the ratio, the higher the ΔΨ m [START_REF] Reers | J-aggregate formation of a carbocyanine as a quantitative fluorescent indicator of membrane potential[END_REF]. Cells were incubated with 5 μg/ml JC-1 at 37 °C for 1 hour. Microscopic analyses of fluorescent images were performed using an epifluorescence microscope (Olympus BX40, Tokio, Japan) equipped with appropriate filters and using 40

× oil-immersion objectives (Ex 485 nm; Em JC-1 Red 546, Em JC-1 Green 532 nm).

HPLC of cellular nucleotides

HepG2 nucleotides were analyzed by reverse-phase ion-pair high-performance liquid chromatography (HPLC) in a LC-10AS chromatograph with a high-pressure phase mixer and a UV-visible detector (SPD-10A; Shimadzu, Japan) operated at 254 nm as described in [START_REF] Huang | Analysis of intracellular nucleoside triphosphate levels in normal and tumor cell lines by high-performance liquid chromatography[END_REF]. Briefly, cells were disrupted with liquid N 2 and cellular proteins were Energy charge (EC) was calculated according to the following equation, as described in reference [START_REF] Atkinson | Cellular energy metabolism and its regulation[END_REF]:

EC = [(ATP)+0.5×(ADP)]/[(AMP)+(ADP)+(ATP)] (1) 

Transmission electron microscopy

HepG2 cells were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2.

Cells were post-fixed on 1% OsO 4 in cacodylate buffer plus 5 mM CaCl 2 and 0.8% potassium ferricyanide, dehydrated in acetone series and infiltrated in Epon. Polymerization was carried out for 72 h. Thin sections were collected on copper grids, stained with uranyl acetate and lead citrate, and examined in a JEOL 1210 transmission electron microscope.

Statistical analysis

Statistical analyses were performed using Statgraphics version 4.0 (Statistical Graphics Corporation/Plus Ware). Results are presented as means (± SE). Paired and unpaired Student's t tests were used for comparison of mock-infected (control) and dengue virus-infected cells. Two-tailed P values < 0.05 were considered statistically significant.

A C C E P T E D M A N U S C R I P T

Results

DV infection induces alterations in mitochondrial respiratory properties in HepG2 cells

The effects of DV infection on the respiratory properties of mitochondria was investigated in intact and permeabilized HepG2 cells. In order to study the effects of DV infection on cellular respiration under physiological conditions, intact HepG2 cells were used. Figure 1a shows a typical record of oxygen consumption in intact HepG2 cells where it can be seen that both basal and oligomycin-independent respiration are increased in DVinfected cells. Basal respiration significantly increased from 3.62 nmol O 2 /10 6 cell × min -1 in mock-infected cells to 4.02 nmol O 2 /10 6 cell × min -1 in DV-infected cells (Fig. 1b; P<0.05). Additionally, oligomycin-independent respiration increased from 0.83 nmol O 2 /10 6 cell × min -1 to 1.09 nmol O 2 /10 6 cell × min -1 in infected HepG2 cells (Fig. 1c; P<0.05). FCCP addition to either mock-infected and infected cells stimulated maximum respiration in a similar way (Fig. 1a), suggesting that DV infection did not cause any alteration in the electron chain capacity of HepG2 cells.

Figures 2a and3a show typical records of oxygen consumption in mock-infected and DV-infected permeabilized cells using, respectively, NADH-linked or succinate as respiratory substrates. In agreement with the results obtained from intact cell, both basal and oligomycin-independent respiration was also increased in permeabilized cells (Fig. 2a).

Basal respiration increased from 0.60 nmol O 2 /10 6 cell × min -1 in mock-infected cells to 0.72 nmol O 2 /10 6 cell × min -1 in DV-infected cells (Fig. 2b; P<0.05), representing a 20% increase. There was no difference between Complex I respiration from mock-infected and infected HepG2 cells where oxygen consumption was, respectively, 1.54 and 1.61 nmol O 2 /10 6 cell × min -1 (Fig. 2a). Uncoupled or oligomycin-independent respiration raised from In agreement with the results from intact cells, following FCCP addition maximum respiration did not differ between mock-infected and infected cells (Fig. 2a).

Since complex I-driven respiration was better accessed under maximum conditions (using 1 mM ADP), ADP/O ratio was determined feeding Complex II. Figure 3a shows that after the addition of succinate, a substrate of Complex II, the rate of oxygen consumption in both cases rose significantly. It is well established that when cells are maintained in an appropriated medium containing reducing substrates that can donate hydrogen atoms (electrons and protons) to the respiratory electron chain, mitochondria start to respire at a slow rate due to the build up of a maximum proton gradient (state 2 or state 4 respiration) [START_REF] Chance | The respiratory chain and oxidative phosphorylation[END_REF]. Once ADP and Pi are added, respiration is increasingly stimulated due to ADP conversion to ATP by F o F 1 -ATP-synthase using the proton gradient established across the inner membrane by the electron transport chain (state 3 respiration) and ΔΨ m is partially reduced. When limiting amounts of ADP are added to mitochondria, state 3 respiration persists until all ADP is converted to ATP and, at this point, the proton gradient is increased again and oxygen consumption is reduced [START_REF] Chance | The respiratory chain and oxidative phosphorylation[END_REF]. Accordingly, figure 3a also shows that the rate of oxygen consumption in state 4 respiration was significantly higher in DV-infected cells. The calculated state 4 respiration rates were, respectively, 0.27 and 0.64 nmol O 2 /10 6 cell × min -1 for mock-infected and DV-infected HepG2 cells (P<0.05). The rates of state 3 respiration did not differ significantly between the two samples being 2.01 for mock-infected and 2.31 nmol O 2 /10 6 cell × min -1 for DV-infected cells. These results
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11 are in agreement with the calculated rates of oxygen consumption using NADH-linked substrates (Fig. 2).

The RCR, which is indicative of the state of mitochondrial permeability, is shown in Figure 3b. The average RCR was 12.20 in mock-infected cells and 3.98 in virus-infected cells, suggesting that, even in permeabilized HepG2 cells, mitochondria had lost some of their natural intactness after DV infection. Figure 3c shows that the stoichiometry of the oxidative phosphorylation, ADP consumed per mol of oxygen atoms reduced to water (ADP/O ratio), was significantly decreased from 1.81 to 1.49 in DV-infected cells, indicating a decreased efficiency in ATP synthesis following infection.

The results with permeabilized HepG2 cells are in agreement with those obtained with intact cells. The increase in oligomycin-independent respiration (Figs. 1c and2c) and in state 4 respiration (Fig. 3a) along with the decrease in ADP/O ratio (Fig. 3c) reinforce the idea that DV-infection affects mitochondrial membrane permeability and thus the efficiency of ATP synthesis in HepG2 cells.

DV infection induces a decrease in ΔΨ m in HepG2 cells

In order to better investigate the altered respiratory properties of HepG2 cells following DV infection, ΔΨm was evaluated. Figure 4 shows fluorescence analyses of cells loaded with JC-1 dye. The red:green fluorescence intensity was 3-fold lower in virusinfected cells, suggesting that DV infection promoted a decrease in ΔΨ m (Fig. 4e). In addition, both red and green fluorescence intensities were decreased in virus-infected cells (Fig. 4c and4d), indicating a decreased incorporation of JC-1 into mitochondria and possibly an altered permeability state of mitochondrial membranes.

A C C E P T E D M A N U S C R I P T

Nucleotide content was analyzed to investigate whether the uncoupling of mitochondria and the decrease in ΔΨ m in DV-infected cells were interfering with ATP synthesis. The average amounts of AMP, ADP and ATP in mock-infected and virusinfected samples were, respectively, 0.3 and 1.7 nmols/10 6 cells; 2.6 and 5.0 nmols/10 6 cells; 18.7 and 15.5 nmols/10 6 cells (Fig. 5a). These differences corresponded to a 5-fold and a 2-fold increase in AMP and ADP levels, respectively, and a 20% decrease in ATP levels in virus-infected cells. All differences shown are significant (P<0.05).

The cellular adenylate pool composed of ATP, ADP and AMP includes the majority of the available chemical energy in cellular metabolism [START_REF] Atkinson | Cellular energy metabolism and its regulation[END_REF]. From the results

shown in Figure 4a, the total nucleotide pool was 22.5 nmols nucleotide/10 6 cells for mockinfected cells and 22.1 nmols nucleotide/10 6 cells for virus-infected cells (Fig. 5b). This result shows that infection did not alter the total amount of nucleotides, but instead their distribution. This altered distribution resulted in a decrease in the energy charge (EC) reflects the cellular state of free energy availability. An EC value of 1 indicates that all the available energy is present as ATP and an EC value of zero means that only AMP is present [START_REF] Atkinson | Cellular energy metabolism and its regulation[END_REF]. The calculated EC values were 0.93 and 0.81, respectively, for mock-infected and virus-infected cells (Fig. 5c), indicating that infection promoted a significant decrease (P<0.005) in this index.

DV infection induces ultrastructural alterations in HepG2 cells

Transmission electron microscopy analyses were performed to associate the alterations in mitochondrial bioenergetics with possible morphological changes. As shown in Figure 6, mock-infected cells exhibit mitochondria with characteristic electron-dense matrix (Fig. 6a; arrows), contrasting to swollen mitochondria with a loss of electron density in the matrix of DV-infected cells (Fig 6b ; arrows). In a total of 164 mitochondria counted in mock-infected cells, 95% presented normal ultrastructure. In DV-infected cells, 144 mitochondria were counted and 75% showed some degree of morphological alterations. In addition to the morphological changes in mitochondria, other ultrastructural alterations following DV infection can be pointed out in Figure 7, including the formation of membrane blebs (Fig. 7c and7d; arrow heads) and the localization of mitochondria around the nuclear membrane (Fig. 7c; arrows). Mock-infected cell, on the other hand, exhibit an intact cellular membrane (Fig. 7a). Electron dense particles seen in Figure 7b are compatible with DV particles [START_REF] Barth | Replication of dengue viruses in mosquito cell cultures-a model from ultrastructural observations[END_REF].

A C C E P T E D M A N U S C R I P T

Discussion

Virus infections elicit a number of cellular responses in the host that may create a hostile environment to the virus and therefore to control replication and minimize the deleterious effects of infection. Viruses, on the other hand, have developed strategies to curtail the cellular responses and ensure the success of infection. Among different hosts and viruses many of these responses involve alterations in energy metabolism, in particular an increased utilization of glucose molecules, alterations in the production of ATP and the modulation of mitochondrial functions [START_REF] Everett | Viruses and Apoptosis: Meddling with Mitochondria[END_REF][START_REF] Romero | Possible mechanism by which stress accelerates growth of virally derived tumors[END_REF][START_REF] Everett | Apoptosis: an innate immune response to virus infection[END_REF][START_REF] El-Bacha | Mayaro virus infection alters glucose metabolism in cultured cells through activation of the enzyme 6-phosphofructo 1-kinase[END_REF]. This last response is evident concerning the process of apoptosis, which most frequently includes alterations in mitochondrial integrity [START_REF] Everett | Viruses and Apoptosis: Meddling with Mitochondria[END_REF][START_REF] Verrier | Study of PTPC composition during apoptosis for identification of viral protein target[END_REF][START_REF] Everett | Apoptosis: an innate immune response to virus infection[END_REF]. The present work shows that cells infected with DV present mitochondrial dysfunction characterized by functional and ultrastructural alterations.

The respiratory properties of HepG2 cells were clearly altered by DV infection, which promoted an increase in cellular oxygen consumption along with a decrease in RCR and ADP/O (Figs. 1a, 1b; Figs. 2a, 2b and Fig. 3). A decrease in the RCR suggests that significant morphologic alterations of mitochondria may be undertaken in HepG2 cells after DV infection, which can be confirmed from the TEM analyses (Fig. 6). In addition, the decrease in ADP/O ratio (Fig. 3c) and the increase in both oligomycin-independent respiration (Figs. 1c and2c) and state 4 respiration (Fig. 3a) indicate that DV infection causes an uncoupling of the electron transfer chain from the phosphorylation of ADP, which results in a decreased efficiency for synthesis of ATP [START_REF] Brown | Control of respiration and oxidative phosphorylation in isolated rat liver cells[END_REF]. Both the decrease in RCR and in the ADP/O in virus-infected cells are due to the marked increase in the rate of state 4 respiration, since state 3 respiration was not significantly changed neither in Complex I nor

Complex II-linked substrates (Figs. 2a and3a). Additionally, the increase in oligomycin-
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15 independent respiration also indicates an increase in proton leak, a feature of uncoupled oxidative phosphorylation in DV-infected cells (Figs. 1a, 1c and Figs. 2a and2c).

Mitochondrial uncoupling reflects a flux of protons from the inter-membrane space to the mitochondrial matrix through channels other than the F o F 1 ATP synthase and, therefore, not coupled to ATP synthesis. When mitochondrial uncoupling is physiological, there is an increase in electron transport and in oxygen consumption due to a small decrease in the ΔΨ m in order to maintain the electrochemical proton gradient and the synthesis of cellular ATP [START_REF] Brown | Control of respiration and oxidative phosphorylation in isolated rat liver cells[END_REF]. However, when mitochondrial uncoupling is important, one may expect a substantial decrease in ΔΨ m , as observed in Figure 4, with several consequences for cellular energy homeostasis, as occurred with HepG2 cells infected with DV. The decrease in ΔΨ m in intact cells infected with DV may be explained, in part, by an increase in proton leak, in accordance with the increase in oligomycin-independent respiration (Fig. 1c).

The effects of DV infection on the respiratory properties and mitochondrial membrane depolarization, which decreased the efficiency of ATP synthesis, also promoted a significant decrease in the steady-state ATP concentration of HepG2 cells (Fig. 5a). This decrease in the content of cellular ATP may indicate that energy demand is increased due to the synthesis of viral proteins. By this way, it can be speculated that DV infection also affects cellular regulatory mechanisms that compensate for mitochondrial inefficiency, such as an increased production of glycolytic ATP, as observed in various situations, like alphavirus infection [START_REF] El-Bacha | Mayaro virus infection alters glucose metabolism in cultured cells through activation of the enzyme 6-phosphofructo 1-kinase[END_REF].

As shown in Figure 5a, although the total nucleotide pool was not altered (Fig. 5b), infection induced a significant change in the relative amounts of ATP, ADP and AMP. This led to a decrease in EC in virus-infected cells (Fig. 5c). EC in hepatocytes is usually around
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0.9 [START_REF] Atkinson | Adenosine triphosphate conservation in metabolic regulation[END_REF], a value similar to that observed for mock-infected cells in the present work. In liver cells, when ATP synthesis is impaired, the EC may reach extremely low levels such as 0.7 [START_REF] Raivio | Depletion of liver adenine nucleotides induced by D-fructose, Dose-dependence and specificity of the fructose effect[END_REF]. Thus, the EC of 0.8 observed in virus-infected cells indicates a metabolic stress. It has been shown that myocarditis induced by CoxsackieB3 virus promoted a decrease in cellular EC, and it was suggested that this alteration in energy balance is involved in the pathogenesis of the Coxsackie virus infection [START_REF] Waldenstrom | Coxsackie B3 myocarditis induces a decrease in energy charge and accumulation of hyaluronan in the mouse heart[END_REF]. Although the role of energy homeostasis in DV infection has never been addressed, it can be suggested that the deregulation of processes involved in ATP balance may be associated with the pathogenesis of DV infection.

The altered bioenergetic status caused by DV infection may be regarded as an initial sign of a more serious condition. Although cell viability was not altered in DV-infected cells in all m.o.i. used (data not shown), the small but significant decrease in cellular ATP and EC might be signaling an apoptotic stimulus, since it has been demonstrated that a transient decrease in the content of cellular ATP preceded the initiation of the apoptotic cascade in another cell type [START_REF] Izyumov | Wages of Fear": transient threefold decrease in intracellular ATP level imposes apoptosis[END_REF]. In agreement with these observations are the ultrastructural alterations in mitochondria in DV-infected cells (Fig. 6b), showing a loss of electron density in the matrix and mitochondrial swelling. This feature is characteristic of the permeability transition state, and, therefore, may indicate an increase in outer mitochondrial membrane permeability [START_REF] Kroemer | Mitochondrial control of cell death[END_REF][START_REF] Crompton | The mitochondrial permeability transition pore and its role in cell death[END_REF]. This association between mitochondrial structure and metabolic function has already been studied [START_REF] Gottlieb | Mitochondrial respiratory control is lost during growth factor deprivation[END_REF], however not in cells infected with DV. Although nuclear alterations typical of the apoptotic process have already been described in HepG2 cells infected with DV [START_REF] Marianneau | Apoptotic cell death in response to dengue virus infection: the pathogenesis of dengue haemorrhagic fever revisited[END_REF][START_REF] Marianneau | Differing infection patterns of dengue and yellow fever viruses in a human hepatoma cell line[END_REF], this is the first report of mitochondrial morphologic alterations. Additionally, other apoptotic features can be The mechanisms through which DV infection most contribute to the observed functional and morphological alterations remain open. Cellular proteins that interact directly with mitochondria, such as pro-or anti-apoptotic Bcl-2 family proteins, might be involved [START_REF] Marianneau | Apoptotic cell death in response to dengue virus infection: the pathogenesis of dengue haemorrhagic fever revisited[END_REF][START_REF] Courageot | Mechanisms of dengue virus-induced cell death[END_REF][START_REF] Everett | Viruses and Apoptosis: Meddling with Mitochondria[END_REF][START_REF] Lee | Flavivirus activates phosphatidylinositol 3-kinase signaling to block caspase-dependent apoptotic cell death at the early stage of virus infection[END_REF]. Additionally, reactive oxygen and nitrogen species may contribute to mitochondrial dysfunction, since DV infection increases oxidative stress both in vivo and in vitro [START_REF] Lin | Involvement of oxidative stress, NF-IL-6, and RANTES expression in dengue-2virus-infected human liver cells[END_REF][START_REF] Valero | Short report: increased level of serum nitric oxide in patients with dengue[END_REF][START_REF] Gil | Oxidative stress in adult dengue patients[END_REF].

Specific viral proteins, which interact with mitochondria, have the potential to affect mitochondrial membrane permeability and thus the process of apoptosis, as shown for other viruses [START_REF] Everett | Viruses and Apoptosis: Meddling with Mitochondria[END_REF][START_REF] Verrier | Study of PTPC composition during apoptosis for identification of viral protein target[END_REF][START_REF] Piccoli | Mitochondrial dysfunction in hepatitis C virus infection[END_REF]. Our observations that ADP/O ratio is decreased and oligomycinindependent respiration in increased after infection favor the hypothesis that viral proteins or viral sub-products could be interacting with mitochondrial membranes of HepG2 cells, altering their permeability, increasing proton leak and thus causing the described alterations in mitochondrial physiology. Indeed, further studies are needed to clarify the causal link between mitochondrial physiology and the apoptotic events in DV infection. It is important to mention that the fact that either basal and oligomycin-independent respiration are stimulated by DV infection rules out, at least at this stage of DV infection, an important impairment of respiratory electron chain complexes activities, as reported in some mitochondrial dysfunction as observed in sepsis in both human [START_REF] Svistunenko | Mitochondrial dysfunction in patients with severe sepsis: an EPR interrogation of individual respiratory chain components[END_REF] and animal [START_REF] Brealey | Mitochondrial dysfunction in a long-term rodent model of sepsis and organ failure[END_REF] studies.

In the present work we described for the first time functional and structural 
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  A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 10 0.22 nmol O 2 /10 6 cell × min -1 to 0.37 nmol O 2 /10 6 cell × min -1 in infected HepG2 (Fig. 2c; P<0.05), indicating that even in permeabilized HepG2 cells, DV infection induces changes in the respiratory properties of mitochondria by altering mitochondrial membrane permeability.
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 7 Figure 7: Dengue virus infection induces ultrastructural alterations in HepG2 cells.
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