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Abstract: A viral infection that involves virus invasion, protein synthesis, and virion assembly is 

typically accompanied by sharp fluctuations in the intracellular levels of metabolites. Under certain 

conditions, dramatic metabolic shifts can result in various types of cell death. Here, we review dif-

ferent types of adenovirus-induced cell death associated with changes in metabolic profiles of the 

infected cells. As evidenced by experimental data, in most cases changes in the metabolome precede 

cell death rather than represent its consequence. In our previous study, the induction of autophagic 

cell death was observed following adenovirus-mediated lactate production, acetyl-CoA accumula-

tion, and ATP release, while apoptosis was demonstrated to be modulated by alterations in acetate 

and asparagine metabolism. On the other hand, adenovirus-induced ROS production and ATP de-

pletion were demonstrated to play a significant role in the process of necrotic cell death. Interest-

ingly, the accumulation of ceramide compounds was found to contribute to the induction of all the 

three types of cell death mentioned above. Eventually, the characterization of metabolite analysis 

could help in uncovering the molecular mechanism of adenovirus-mediated cell death induction 

and contribute to the development of efficacious oncolytic adenoviral vectors. 
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1. Introduction 

Metabolomics is a field of science that studies the entire set of low molecular weight 

organic compounds or small molecules, also called metabolites, in individual cells or bi-

ological samples and changes thereof by using chemical assays and data analyses, which 

commonly includes nuclear magnetic resonance spectroscopy and different types of mass 

spectrometry [1]. In contrast to genomics and proteomics, metabolomics analyzes the end-

products or outcomes of biochemical processes that occur in the whole cell, as opposed to 

such metabolic processes themselves. The subject of a global metabolite analysis (Box 1) 

in a particular cell is the cell’s metabolome, which essentially determines the cell’s pheno-

type. For instance, the change in the cell’s metabolome associated with the development 

of breast cancer correlates with the alteration in the cancer cell’s shape [2]. Metabolome 

measurements provide a complete picture of all physiological processes occurring in the 
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cell within a specific time period. Alterations in the metabolic profiles can be induced by 

multiple factors that include: environmental, such as nutrition supply; genetic, such as 

mutations; and microbiological, such as viral infection, which is the most important for 

the subject of this review.  

Viral infection greatly affects cell’s metabolome because viruses “usurp” the host (in-

fected) cell’s metabolism for their life (replication) cycle. The interaction of virus-specific 

proteins with those of the host cell creates an environment that is essential for viral repli-

cation and is impossible without metabolomic shifts. For instance, replication of oncolytic 

adenovirus OBP-301 triggers the production of uric acid in infected cells, which induces 

immune responses that promote immunogenic cell death [3]. Another example of a virus-

induced metabolic response is an infection of microglial cells with Zika virus that is ac-

companied by an increase in the levels of lysophosphatidylcholine, which in turn triggers 

apoptosis [4]. Thus, a viral life cycle in the host cell can lead to various types of cell death 

that are associated with alterations in the cell’s metabolomic profile. It is not yet fully un-

derstood whether specific metabolites (Box 2) induce a particular type of cell death, or 

conversely, a specific type of programmed cell death predetermines particular metabo-

lomic shifts. Furthermore, uncovering which metabolites are involved in the induction of 

a particular type of cell death could aid in defining new targets for oncolytic virotherapy 

applications. 

A wide variety of viruses from different families, including human adenovirus (Ad), 

have been used for oncolytic virotherapy applications. The adenovirus represents a prom-

ising therapeutic to treat cancers in combination with chemo/chemoradiation therapy or 

surgical resection owing to their high-load capacity as delivery vectors and high infectiv-

ity [5]. Constructed by means of genetic engineering, conditionally replicating adenovi-

ruses (CRAds) replicate selectively and exhibit oncolytic activity only in cancer cells while 

sparing normal cells, owing to their engineered transductional and/or transcriptional tar-

geting properties. Such replication-competent Ad vectors induce oncolysis via various 

mechanisms including autophagy, apoptosis, necrosis, pyroptosis and an immune re-

sponse. As previously stated, all types of cell death are associated with metabolomic al-

terations. Implementing metabolite analysis in the assessment of the correlation between 

cellular metabolites and the adenovirus-mediated oncolysis has the potential to uncover 

new targets for adenovirus-based virotherapy and improve its efficacy. However, it is im-

portant to consider that metabolic shifts largely depend on the type of cell line and the 

infecting viral vector. For this reason, one should refrain from any generalizations with 

regard to the metabolome of adenovirus-infected cells while reading this review. 

2. Metabolites Associated with the Adenovirus-Induced Autophagic Cell Death 

Autophagy is a programmed cytoprotective mechanism for degrading unnecessary 

or dysfunctional intracellular components in a unique cytoplasmic organelle, known as 

an autophagosome. The autophagy mechanism is triggered when the cell encounters 

harsh environmental conditions such as hypoxia, malnutrition, or oxidative stress [6–9]. 

However, under certain circumstances, like adenoviral infection, autophagy can induce a 

cell death [10–14]. Some investigators believe that the autophagic type of cell death resem-

bles the process of cellular self-consumption [15,16] as in the course of replication, the 

adenovirus utilizes the cell’s autophagic machinery, which enhances the infected cell lysis 

[11]. Generally, at the beginning of the Ad life cycle, autophagic machinery is activated to 

maintain the infected (host) cell’s viability for successful delivery of the viral DNA and 

expression of adenoviral structural proteins [12]. Later, the infected cell lysis allows dis-

semination of the viral progeny to neighboring cells to continue the infection cycle. Thus, 

just like the ancient Roman dual-headed God of duality, Janus, autophagy controls both 

the cell death and the cell survival.  

Both CRAds and the wild-type adenoviruses are known to trigger autophagy activa-

tion [11,17]. Some experimental evidence suggests that Ad directly induces autophagy 

with the virus-specific proteins E1A and E1B early in its infection cycle via release and 
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activation of the transcription factor E2F1 and upregulation of the Beclin1 expression, re-

spectively [18]. However, since the adenovirus reprograms the host cell’s metabolome to 

create suitable conditions for its replication, the adenovirus-activated autophagy and the 

resulting induction of cell death are also expected to be accompanied by metabolic altera-

tions. For example, studies performed by Yacoub and Park et al. demonstrated the accu-

mulation of ceramide/dihydroceramide, elevation of Ca2+, production of reactive oxygen 

species (ROS) (peaking at 12 h post-infection), and the subsequent activation of autophagy 

in glioma cells 12 h after infection with a recombinant IL-24-armed adenovirus [19]. 

Ceramide synthesis occurs mostly de novo since a knock-down of ceramide synthase 6 

(which regulates C16 dehydro-ceramide levels) results in reduced ceramide levels [19]. 

However, acidic sphingomyelinase, an enzyme that converts sphingomyelin (a sphin-

golipid of the plasma membrane) to ceramide [20], also modulates ceramide levels, alt-

hough to a lesser extent [19]. Inhibition of de novo ceramide synthesis blocks Ca2+ eleva-

tion, and thus decreases ROS levels (a more detailed mechanism for the impact of calcium 

levels on ROS formation will be discussed below) [19]. The authors speculate that the ele-

vated ROS levels lead to autophagy activation between 24 and 48 h post-infection, and 

subsequently to cell death [19,21].  

Additional evidence of ceramide’s importance in adenoviral infection comes from 

the study of Kanj et al., which reported an adenoviral infection-induced de novo synthesis 

(from serine and palmitoyl-CoA) and accumulation of sphingolipid ceramide in breast 

carcinoma and lung adenocarcinoma cells that preceded and were prerequisite for the cell 

lysis in the absence of any evidence of apoptosis [22]. According to the above report, the 

ceramide levels increased steadily from 24 h post-infection until the late phase of the wild 

type Ad replication cycle. As suggested by Kanj et al., ceramide accumulation is necessary 

for the lytic phase of Ad infection, whereas the ceramide pathway is utilized by adenovi-

rus to regulate serine/arginine-rich (SR) proteins during infection, which promotes the 

viral RNA maturation and thus ensures the onset of the late (lytic) phase of the viral rep-

lication. However, the molecular mechanism of this ceramide accumulation remains un-

clear. 

Furthermore, an increase in ceramide level has been implicated in the activation of 

the CD95 death receptor, induction of autophagy, and enhancement of cytotoxicity 

[23,24]. Knock down of ceramide synthase 6 suppressed autophagosome formation and 

cell death in breast cancer cells. According to the study of Cruickshanks et al., ceramide 

species activate protein phosphatase 2A (PP2A) by binding to and sequestering its inhib-

itor. Several studies showed that the accumulation of C18-ceramides on the surface of the 

mitochondrial membrane leads to their binding to LC3 protein, which could promote a 

lethal mitophagy in head and neck squamous cell carcinoma [25,26]. Another tentative 

mechanism of ceramide-mediated autophagy induction, suggested by Edinger et al., in-

volves triggering a bioenergetic crisis by severely limiting cellular access to extracellular 

nutrients through downregulation of the expression of nutrient transporters [27]. Despite 

several hypotheses, the actual molecular mechanism of ceramide-mediated cytotoxic au-

tophagy induction has proved difficult to determine. Similarly, oncolytic adenoviruses 

could induce autophagy and the subsequent cell death by stimulating the accumulation 

of ceramide species (Figure 1). In addition to all the above, an increase in ceramide levels 

can be linked to the induction of both apoptosis and necroptosis, which will be described 

in the subsequent chapter dedicated to these types of cell death. 
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Figure 1. Schematic representation of the tentative cell death mechanism operating through a ceramide-mediated mitoph-

agy. Adenoviral infection induces ceramide accumulation through de novo synthesis from palmitoyl CoA and serine [19]. 

Subsequently, ceramide mediates the LC3 binding to the mitochondrial membrane and promotes lethal mitophagy lead-

ing to autophagic cell death [25]. 

It is well-known that adenoviral infection is complemented by an increased glucose 

consumption and lactate secretion by the infected cells [28]. This resembles the frequently 

observed phenomenon of lactate accumulation in cancer cells under hypoxic conditions 

due to the anaerobic glycolysis switch, known as the Warburg effect. Furthermore, the 

accumulated lactate is a substrate for lactate dehydrogenase B, which is thought to in-

crease autophagy in cancer cells [29]. Specifically, the activity of lactate dehydrogenase B 

contributes to nicotinamide adenine dinucleotide phosphate (NADH) and H+ production 

[29]. According to Brisson et al., hydrogen protons accelerate lysosomal acidification, ves-

icle maturation, and intracellular proteolysis. Thus, it can be assumed that an oncolytic 

adenovirus infection may contribute to lactate overaccumulation and the subsequent au-

tophagic cell death induction. 

The adenovirus is also capable of mediating changes in the cellular levels of acetyl-

CoA. A study by Carinhas et al. confirmed that acetyl-CoA production during adenoviral 

infection increases two-fold due to the elevated activity of the citrate lyase [28,30]. Possi-

bly, the overproduction of this enzyme is related to the activation of glycolysis and the 

reduction in the number of acetyl-CoA molecules entering the TCA cycle. The citrate lyase 

converts citrate into acetyl-CoA and cures the substrate deficiency. Interestingly, an excess 

of acetyl-CoA is capable of promoting autophagy via inhibition of the acetyltransferase 

EP300 [31]. Thus, an adenoviral infection could stimulate autophagy indirectly via the 

induction of acetyl-CoA accumulation. 

Infection of prostate cancer cells with an oncolytic adenovirus Ad5/3-D24-GMCSF 

associated with the autophagy induction and adenosine triphosphate (ATP) release rep-

resents yet another example of metabolome shift. Some studies have confirmed that ATP 

release from dying cells is associated with autophagy [32]. Subsequently, ATP acts as a 

damage-associated molecular pattern (DAMP) molecule for innate immunity factor re-

cruitment and adaptive immunity activation [33]. 

Thus, an adenoviral infection may induce autophagy and subsequent cell lysis, either 

directly or by affecting the cell’s metabolome. Based on all the above, it is plausible to 

suggest that metabolite accumulation and release could be both the cause and conse-

quence of autophagic cell death.  
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3. Adenovirus Infection-Associated Metabolome in the Regulation of Apoptosis 

Apoptosis is a well-studied form of programmed cell death that occurs through 

caspase activation [34,35]. It results in cell shrinkage, DNA fragmentation, and the for-

mation of apoptotic bodies consumed by macrophages [9,36]. This type of “silent” cell 

death is not accompanied by inflammation and stays immunologically asymptomatic 

with minimal damage to surrounding tissues [35,36]. An apoptotic mechanism is trig-

gered by a great variety of stress factors including DNA damage [37], hypoxia [38], and 

an adenoviral infection [39]. Interestingly, the adenoviral E1A protein is thought to en-

hance tumor cell’s sensitivity to apoptosis [40,41]. As mentioned previously, an adenovi-

ral infection is accompanied by robust changes in the infected cell’s metabolome. Thus, in 

theory, the adenovirus is capable of regulating apoptosis via metabolomic shifts. 

Numerous studies have reported alterations in acetate metabolism at the time of ad-

enoviral infection or during the accumulation of the virus-specific proteins in the infected 

cells. For example, by using proton nuclear magnetic resonance (H-NMR) spectroscopy, 

Silva et al. observed an increase in acetate consumption in the HEK293 culture during 

adenovirus serotype five (Ad5) infection [28,42]. On the other hand, in another study, 

Madhu et al. observed an augmented acetate secretion in IMR90 cells transformed with 

the adenoviral E1A protein accompanied by RAS [28,43]. It is worth mentioning that more 

than 50 samples were analyzed in this study, so the obtained data are statistically signifi-

cant and accurate. In the above-mentioned studies apoptosis was not analyzed, but the 

involvement of acetate in triggering apoptosis has been evidenced by other studies. For 

instance, Marques et al. reported acetate-induced apoptosis in colorectal carcinoma cells 

elicited via the lysosomal membrane permeabilization [44,45]. On the other hand, Jan et 

al. noted that apoptosis in colorectal carcinoma cells could be stimulated by short-chain 

fatty acids produced by the gut microbiotae [46]. Interestingly, acetate has been shown to 

prevent apoptosis in gastric mucosa cells. Liu et al. noted that acetate alleviates ethanol-

induced oxidative stress and down-regulates the Bcl-2-associated X protein (BAX) and 

caspase 3[47]. Perhaps, the proapoptotic effect of acetate takes place exclusively in tumor 

cells, whereas in normal cells it tends to have a protective effect. Thus, adenoviral infection 

is capable of triggering apoptosis indirectly via affecting the acetate metabolism and in-

fluencing both acetate secretion and consumption selectively in cancer cells. 

Another example of an adenovirus-mediated metabolomic shift, as already men-

tioned above, is the elevated level of ceramides [22]. Ceramides have been suggested to 

play an important role in the apoptotic pathways. For instance, Cheng and colleagues re-

vealed that the C6 ceramide pathway promotes apoptosis in multiple myeloma cells by 

enhancing caspase 3/9 activity [48]. Furthermore, ceramides were found to trigger an in-

trinsic apoptotic pathway via initiating mitochondrial outer membrane permeabilization 

(MOMP) [49]. MOMP occurs through the formation of ceramide channels, which are large 

enough to allow protein translocation [49]. The channel formation can be inhibited by Bcl-

xL [49]. Besides, ceramides have been shown to enhance drug-induced apoptosis in hepa-

tocellular carcinoma by induction of ROS and mitochondrial depolarization, which pro-

mote a caspase-dependent apoptosis accompanied by caspase 3/9, Bax, Bcl-2, and cyto-

chrome c expression [50]. Therefore, an adenoviral infection could be the reason for apop-

tosis induction through ceramide-mediated mitochondrial alterations. 

As stated previously, the viral life cycle in the cell requires conditions capable of sup-

porting its replication cycle. To achieve those, adenoviral infection stimulates an increase 

in glucose and lactate uptake [42,43,51], in addition to other effects on the cell’s metabo-

lism. These metabolic alterations have deep consequences on the cell’s physiology. For 

example, Kasinskas et al. reported induction of apoptosis in tumor tissue culture as a re-

sult of rapid glucose and lactate uptake [52]. The authors hypothesized that the rapid nu-

trient uptake-induced depletion of carbon sources induces apoptosis. Thus, it appears that 

an adenoviral infection dramatically reprograms cell metabolism to provide itself a suita-

ble environment in the host cells with an amenable amount of energy and substrates, how-

ever, the cells, unable to sustain this dramatic change in metabolism, launch an apoptosis 
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program. Adenoviral infection is typically associated with the initiation of a cell death 

mechanisms in the host cells. However, some adenovirus-induced metabolites are known 

to prevent cell death, particularly apoptosis. For example, two studies conducted by 

Carinhas et al. and Thai et al. have demonstrated an increase in asparagine production 

and its intracellular accumulation in the course of adenoviral infection [53,54]. In this re-

gard, Zhang et al. came up with the idea that asparagine acts as a suppressor of apoptosis 

in tumor cells during glutamine depletion, by entering the tricarboxylic acid (TCA) or the 

Krebs cycle [55]. This offers an attractive strategy for constructing a genetically-modified 

adenoviral genome encoding the asparaginase transgene to induce apoptosis in infected 

tumor tissue as a way of augmenting the vector’s oncolytic efficacy. Thus, adenovirus-

induced metabolites are capable of triggering apoptosis through global metabolome alter-

ations. A more thorough investigation of metabolites involved in both adenovirus-medi-

ated metabolome changes and cell death triggering mechanisms may help in discovering 

new molecular targets to facilitate oncolytic virotherapy. 

4. Adenovirus Controls Necrosis and Necroptosis with the Help of Cellular Metabo-

lites 

Unlike the cell death mechanisms mentioned above, necrosis represents a non-pro-

grammed, energy-independent form of cell death that is characterized by adenosine tri-

phosphate (ATP) depletion, influx of calcium, intracellular organelle swelling, nuclear 

degradation, loss of plasma membrane integrity and spilling of the cell content into sur-

rounding tissues [34,35]. Necrosis is thought to be an “accidental” cell death caused by 

external factors such as physical damage, lack of blood supply (hypoxia), or inflammation 

[34]. However, the necrotic process can sometimes be triggered by a cell’s internal pro-

gram. This mechanism is called necroptosis, a programmed necrotic cell death controlled 

by mixed lineage kinase domain-like protein (MLKL) and receptor-interacting proteins 1 

(RIPK1) and 3 (RIPK3) [9,35,56].  

Numerous studies have reported that adenovirus is capable of inducing both necro-

sis and necroptosis [57–62]. However, it is worth mentioning that necrosis and necroptosis 

are morphologically indistinguishable [63], thus, they cannot be identified simply by a 

histological examination. Instead, the enzymatic activity should be measured to precisely 

determine the cell death type. Essentially, it remains unclear if adenoviral infection in-

duces necrosis or necroptosis. In our opinion, “necroptosis” is a more appropriate mech-

anism in the context of adenovirus-mediated cell death because necrosis typically occurs 

as a consequence of external injury, while necroptosis is the result of an intracellular pro-

gram launched by internal changes like adenoviral infection or some metabolic fluctua-

tions promoted by it. 

Despite the growing number of studies in the field, the mechanism of necroptosis 

remains poorly understood. According to some data, the production of ROS is essential 

for necroptosis to occur and is required for peroxidation of membrane structures and sub-

sequent induction of oxidative burst resulting in disruption of cellular structures [63,64]. 

Some studies have demonstrated that ROS are produced by the mitochondrial complex I 

[63]. In 2012, Huang et al. reported the induction of necroptosis and a concomitant signif-

icant increase in ROS production in a hepatoma cell line upon its infection with an inter-

feron--armed oncolytic adenoviral vector [58]. This study’s results are consistent with 

the possible role of adenovirus infection in ROS production. Moreover, a dramatic de-

crease in the intracellular levels of ATP was noted, which is in agreement with the occur-

rence of ROS-mediated necroptosis as an energy-independent process. The observed ATP 

deficiency was probably related to the stimulation of DNA synthesis induced by adeno-

viral replication. Alternatively, the reduction in ATP levels could be a consequence of 

necroptosis induction by the Receptor-interacting protein-1 (RIP1)-dependent inhibition 

of adenine nucleotide translocase (ANT) [65] that transports Adenosine Di Phosphate 

(ADP) into mitochondria. Interestingly, the intracellular ATP levels were recovered 48 h 
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post-infection and indicated a switch from necroptosis to apoptosis, as the intracellular 

ATP levels determine the mechanism of cell death [58,66]. 

ATP level fluctuations were also observed as a result of infection with an oncolytic 

vector, Enadenotucirev or wild-type adenovirus serotypes 3, 5, and 11[67]. Interestingly, 

Dyer et al. noted a temporary increase in ATP levels in the beginning of infection due to 

the adenovirus-mediated boost in cell metabolism [67,68]. However, subsequently, the el-

evated ATP levels dropped dramatically, which might be a consequence of the enhanced 

DNA synthesis during the viral replication, as already mentioned above. Moreover, an 

extracellular ATP release has also been observed during necroptosis, which indicates the 

loss of the plasma membrane integrity [67]. No signs of apoptosis or necroptosis were 

observed in this study and no evidence for the activation of caspases or RIP1 was found 

either. Based on these data, the authors suggested that the observed cell death mechanism 

resembled oncosis, an ischemic type of cell death caused by ATP depletion and character-

ized by cell swelling and the formation of large single-cell blisters, which is thought to 

reflect the loss of control of cellular ion gradients. On the other hand, intracellular calcium 

levels increased at the time of infection in all the viruses. Intracellular calcium is important 

for the adenoviral structural protein fiber secretion mechanism [69]. Perhaps, it is related 

to the development of acidosis due to the lactic acid accumulation caused by the adeno-

virus-mediated stimulation of glycolysis [28]. While intracellular pH decreases, acid-sens-

ing ion channels become activated and induce calcium influx [70,71]. Another possible 

mechanism of intracellular calcium accumulation is calcium flow through tiny pores in 

the membrane and lysosomal exocytosis induced by adenoviral E4 protein [20]. However, 

calcium accumulation could also be promoted simply by ATP depletion and subsequent 

calcium pump inactivation. Calcium itself is capable of stimulating oxidative phosphory-

lation in mitochondria and the subsequent enhancement of the mitochondrial complex I 

activity, which results in ROS production [72]. Moreover, an increase in intracellular cal-

cium could trigger a change in mitochondrial permeability [56,73]. Thus, the adenovirus-

induced increase in matrix calcium levels could theoretically trigger a necrosis-like cell 

death mechanism. For example, another study involving Enadenotucirev and adenovirus 

serotypes 11 and 5 demonstrated augmented oncolytic activity caused by a drug-medi-

ated increase in the calcium influx [74]. A similar mechanism exists for mitochondrial- 

and necrosis-dependent heart failure, where a necrotic cell loss is associated with calcium 

overload [75]. 

As discussed previously, some evidence supports the accumulation of ceramide spe-

cies in the cell upon adenoviral infection [22]. Numerous studies implicate ceramides in 

the initiation of cell death, particularly, by the necroptosis mechanism. For instance, Thon 

and colleagues described a TNF-promoted caspase-independent type of cell death that 

occurs through ceramide accumulation [76]. Besides, the authors reported that the absence 

of RIP1 prevents ceramide accumulation and the subsequent cell death. Furthermore, Zhu 

et al. characterized C2-ceramides as second messengers and proved their involvement in 

the caspase-3-independent apoptosis and necroptosis in HNSCC cells [77]. Even though 

the mechanism of cell death induction by ceramides is still poorly understood, the contri-

bution of these metabolites to the necroptosis process is quite evident. Therefore, by con-

tributing to ceramide accumulation in the cell, adenoviral infection is also capable of in-

ducing necroptosis (Figure 2). 
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Figure 2. Calcium influx contributes to the induction of necrotic cell death. Calcium influx is promoted by many factors, 

including endoplasmic reticulum stress, acidosis (due to lactate accumulation) [70,71], and ATP depletion (particularly 

due to assembly of virions and RIPK1-dependent inhibition of ANT in the mitochondrial membrane mediated by ceramide 

accumulation). Subsequently, an elevated concentration of calcium induces ROS production through increasing mitochon-

drial permeability [56,72,73]. A simultaneous decrease in ATP levels and the induced ROS production result in necrotic 

cell death. Abbreviations: ER—endoplasmic reticulum, ANT—adenosine nucleotide translocase, MCI—mitochondrial 

complex I, LDH—lactate dehydrogenase, “+”—increase effect. 

The necrotic cell death-associated changes in the metabolome are complemented by 

leakage of the cell content into the surrounding tissue. Subsequently, the released DAMP 

molecules, including ATP, calreticulin, or high mobility group box 1 protein (HMGB1), 

act as immunostimulators leading to the development of inflammation [61], which may 

potentially lead to the tumor-specific immunity activation [61]. Viral infection-induced 

immune response activation may help the dormant immune system to recognize the tu-

mor. Thus, the construction of adenoviral vectors, capable of provoking a necrotic cell 

death by inducing ATP depletion and ROS production, may potentially help in eliciting 

anti-tumor responses and enhance the vector’s oncolytic efficacy. 

5. Conclusion and Future Directions 

This review highlights the ability of human adenovirus to cause alterations in the 

infected cell metabolome since viral invasion, viral protein synthesis, and the assembly of 

the progeny virions occur through the utilization of cellular resources and the induction 

of numerous metabolic pathways in the host cell. In some cases, metabolomic shifts lead 

to the induction of cell death because altered metabolites modify the activity of enzymes 

and cooperate with cell organelles promoting their structural disruption and the loss of 

functionality. As outlined in this review, in most cases, alterations in metabolite concen-

trations represent the cause of cell death and not its consequence. Shifts in metabolomic 

profiles may lead to the induction of various types of cell death such as apoptosis, necrop-

tosis, autophagy or both apoptosis and autophagy (Table 1) [10,13,14,78–84]. Furthermore, 

incorporation of a transgene into the adenoviral genome can enhance apoptosis in Ad-

infected cells both in vitro and in vivo [85–87]. Each type of cell death mentioned above is 
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accompanied by a specific pattern of metabolomic alterations, which the cell is unable to 

sustain. As illustrated above, ceramide species promote all three types of cell death. Inter-

estingly, while apoptosis stays immunologically invisible, autophagy and necroptosis are 

complemented by the release of DAMP molecules that may lead to tumor-specific immun-

ity activation. Consequently, the adenovirus-mediated induction of oncolysis, accompa-

nied by immune stimulation, promotes more effective tumor eradication (Table 1). To 

summarize the highlights of this review, all the described metabolic changes that trigger 

different types of cell death have been outlined in a table format (see Figure 3). 

Table 1. The three types of adenovirus-induced cell death. 

Cell Death 

Type 
Autophagic Cell Death Apoptosis Necrotic Cell Death 

General 

description 

Catabolic process that presents degradation of 

intracellular components in autophagosomes. 

Form of programmed cell 

death that proceeded 

through caspase activation 

[32,33] 

Necrosis: “accidental” cell death 

caused be excessive damage. 

Necroptosis: programmed necrotic 

cell death, controlled by MLKL and 

RIPK1/3 

Role 

Pro-survival role to maintain cell’s homeostasis 

under harsh conditions [6–9]. While coping with 

excessive stress switches to mechanism inducing 

cell death resembling self-consumption [10–14]. 

Can be triggered when apoptosis is inhibited. 

Elimination of damaged or 

infected cells without 

immune response activation 

Controlled and uncontrolled death 

mechanism in the context of heavy 

damage. Necroptosis can be triggered 

when apoptosis is inhibited. 

Morphology 
Formation of double-membraned 

autophagosomes surrounding cell’s organelles. 

Cell shrinkage, DNA 

fragmentation and 

formation of apoptotic 

bodies [9,34]. 

Cell swelling, nuclear degradation, 

plasma membrane destruction and 

cell contents’ spilling into 

surrounding [32,33] 

Markers p62, LC3B expression 
Caspase activation, DNA 

fragmentation 
MLKL, RIPK1/3 expression 

Immune 

response 
Activated due to DAMP release 

Immunologically 

asymptomatic 
Activated due to DAMP release 

Metabolic 

triggers 

Ceramide accumulation, increased glucose 

consumption and lactate secretion, acetyl-CoA 

accumulation. Accompanied by ATP release. 

Ceramide accumulation, 

acetate accumulation, rapid 

glucose uptake, glutamine 

and asparagine depletion 

Ceramide accumulation, ATP 

depletion and ROS production 

While researching the literature for this study, we noticed that with regard to onco-

lytic adenoviral infection, researchers give higher priority to the analysis of cellular pro-

teomics relative to that of metabolomics. In our opinion, a more thorough investigation of 

alterations in the metabolic profiles of Ad-infected cells could greatly facilitate our under-

standing of the precise mechanisms of adenovirus-mediated metabolism reprogramming 

and cell death induction. Eventually, the genetic modification of already existing oncolytic 

vectors, based on the advanced knowledge in the field of cell metabolomics, could help in 

improving the oncolytic efficacy of those vectors. 
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Figure 3. Metabolome fluctuations that trigger different types of cell death. Elevated acetate 

levels stimulating uptake of glucose and lactate along with asparagine deficiency can be linked 

to the induction of apoptosis. Calcium influx, production of reactive oxygen species (ROS), 

increased glucose uptake and lactate secretion as well as an elevation in acetyl-CoA concen-

tration are all capable of triggering autophagic cell death. In addition, ROS production, cal-

cium elevation and ATP depletion are known to induce necroptosis. Furthermore, accumula-

tion of ceramide species is capable of triggering all three types of cell death described in this 

review. Up arrow means it increases and down arrow means it decreases. 

Box 1. Metabolite Analysis: The Adenovirus-Mediated Reprogramming of Cell Metabolism. 

Metabolite analysis is a rapidly-evolving approach that involves the characteri-

zation and comparison of certain cell’s metabolic profiles. Metabolites are low molec-

ular weight organic compounds, generated in the cell as intermediates or final prod-

ucts of metabolic pathways. Many factors, including adenoviral infection, can cause 

dramatic metabolic changes, which are reflected by alterations in metabolic profiles. 

Adenoviruses are small, non-enveloped, double-stranded DNA viruses that transfer 

their genetic material into infected (host) cells following a receptor-mediated attach-

ment to the cell’s plasma membrane and internalization of the attached viral particles. 

The viral DNA is then translocated to the nucleus, where its transcription occurs; 

subsequently, virus-specific mRNAs accumulate and undergo translation in the cells 

cytoplasm to produce viral proteins. Finally, the viral proteins and the replicated vi-

ral DNA genomes are assembled into infectious progeny virions, which are released 

from the host cell, causing its lysis. During its life cycle in the infected cell the virus 

utilizes cellular resources such as ATP, amino acids, etc., to support its replication. 

As a result, the cell suffers metabolite deficiency resulting in disruption of the TCA 

(Krebs) cycle and the loss of energy. Interestingly, although adenoviruses are non-

enveloped, they still upregulate the cell’s lipid metabolism [88]. Moreover, adenovi-

rus stimulates glycolysis, possibly because it is a fast way of generating vital energy. 

Some data suggest that the viral proteins activate glycolysis to convert glucose into 

nucleotides [89]. Besides, the products of the viral life cycle interact with intracellular 

enzymes, altering their activity.  

As we have illustrated here, adenoviruses dramatically reprogram cell metabo-

lism and induce metabolomic shifts. Eventually, such changes in metabolism can lead 

to various consequences for the metcell, including the induction of cell death. 
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Box 2. Cell Death Induction with the Help of Metabolites. 

Metabolites are low molecular weight organic compounds generated in the cell 

as intermediates or final products of metabolic pathways. Shifts in metabolic profiles 

may induce disruption of vital cellular functions and promote cell death activation. 

For instance, as a result of ATP depletion, all energy-dependent processes are ham-

pered, including the ion channel pump activity. Besides, the depletion of amino acids 

also leads to a hypo-energetic condition due to inhibition of the TCA cycle, since 

amino acids ameliorate the deficiency in the TCA cycle metabolites. Consequently, 

ATP deficiency and the lack of energy result in cell death induction as the cell is un-

able to maintain its homeostasis. Cell death can result not only from a deficiency of 

metabolites, but also from their overaccumulation. For example, an intracellular in-

crease in ceramides, which frequently reflects disruption to the plasma membrane, 

provokes the induction of different types of cell death through various molecular 

mechanisms, commonly affecting mitochondria. In most instances, the effects of me-

tabolites on cell viability are exerted by specific molecular mechanisms, all of which 

significantly alter the cell’s homeostasis. Some authors have even proposed the exist-

ence of specific metabolic checkpoints that control the cell fate. Thus, the dramatic 

metabolic shifts caused by various endogenous and exogenous factors are capable of 

ultimately promoting cell death. 

Author Contributions: Conception; I.U., Writing: A.L., A.B., M.S.L, P.S.T., and I.U.; Figures: A.L. 

and I.U.; Editing: A.L., A.B., M.S.L., P.S.T., and I.U. All authors have read and agreed to the pub-

lished version of the manuscript. 

Funding: This work was financed by the Ministry of Science and Higher Education of the Russian 

Federation within the framework of state support for the creation and development of World-Class 

Research Centers “Digital biodesign and personalized healthcare” №075-15-2020-926. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: All data are contained within the article 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Amberg, A.; Riefke, B.; Schlotterbeck, G.; Ross, A.; Senn, H.; Dieterle, F.; Keck, M. NMR and MS Methods for Metabolomics. In 

Drug Safety Evaluation; Gautier, J.C., Ed.; Humana Press: New York, NY, USA, 2017; Volume 1641, pp. 229–258. 

2. Bizzarri, M.; D’Anselmi, F.; Valerio, M.; Cucina, A.; Proietti, S.; Dinicola, S.; Pasqualato, A.; Manetti, C.; Galli, L.; Giuliani, A. 

Metabolomic profile and fractal dimensions in breast cancer cells. In Metabolomics Metabolites, Metabonomics, and Analytical Tech-

nologies 87–119; Nova Science Publishers, Inc.: Hauppauge, NY, USA, 2011. 

3. Endo, Y.; Sakai, R.; Ouchi, M.; Onimatsu, H.; Hioki, M.; Kagawa, S.; Uno, F.; Watanabe, Y.; Urata, Y.; Tanaka, N.; et al. Virus-

mediated oncolysis induces danger signal and stimulates cytotoxic T-lymphocyte activity via proteasome activator upregula-

tion. Oncogene 2008, 27, 2375–2381, doi:10.1038/sj.onc.1210884. 

4. Diop, F.; Vial, T.; Ferraris, P.; Wichit, S.; Bengue, M.; Hamel, R.; Talignani, L.; Liegeois, F.; Pompon, J.; Yssel, H.; et al. Zika virus 

infection modulates the metabolomic profile of microglial cells. PLoS ONE 2018, 13, e0206093, doi:10.1371/journal.pone.0206093. 

5. Sato-Dahlman, M.; Yamamoto, M. The Development of Oncoltyic Adenovirus Therapy in the Past and Future—For the Case of 

Pancreatic Cancer. Curr. Cancer Drug Targets 2018, 18, 153–161, doi:10.2174/1568009617666170222123925. 

6. Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species are essential for autophagy and 

specifically regulate the activity of Atg4. EMBO J. 2007, 26, 1749–1760, doi:10.1038/sj.emboj.7601623. 

7. Filomeni, G.; De Zio, D.; Cecconi, F. Oxidative stress and autophagy: The clash between damage and metabolic needs. Cell Death 

Differ. 2015, 22, 377–388, doi:10.1038/cdd.2014.150. 

8. Bartolini, D.; Dallaglio, K.; Torquato, P.; Piroddi, M.; Galli, F. Nrf2-p62 autophagy pathway and its response to oxidative stress 

in hepatocellular carcinoma. Transl. Res. 2018, 193, 54–71, doi:10.1016/j.trsl.2017.11.007. 

9. Ouyang, L.; Shi, Z.; Zhao, S.; Wang, F.-T.; Zhou, T.-T.; Liu, B.; Bao, J.-K. Programmed cell death pathways in cancer: A review 

of apoptosis, autophagy and programmed necrosis. Cell Prolif. 2012, 45, 487–498, doi:10.1111/j.1365-2184.2012.00845.x. 



Int. J. Mol. Sci. 2021, 22, 464 12 of 15 
 

 

10. Kaverina, N.V.; Kadagidze, Z.G.; Borovjagin, A.V.; Karseladze, A.I.; Kim, C.K.; Lesniak, M.S.; Miska, J.; Zhang, P.; Baryshnikova, 

M.A.; Xiao, T.; et al. Tamoxifen overrides autophagy inhibition in Beclin-1-deficient glioma cells and their resistance to adeno-

virus-mediated oncolysis via upregulation of PUMA and BAX. Oncogene 2018, 37, 6069–6082, doi:10.1038/s41388-018-0395-9. 

11. Tazawa, H.; Kuroda, S.; Hasei, J.; Kagawa, S.; Fujiwara, T. Impact of Autophagy in Oncolytic Adenoviral Therapy for Cancer. 

Int. J. Mol. Sci. 2017, 18, 1479, doi:10.3390/ijms18071479. 

12. Rodriguez-Rocha, H.; Gomez-Gutierrez, J.G.; Garcia-Garcia, A.; Rao, X.-M.; Chen, L.; McMasters, K.M.; Zhou, H.S. Adenovi-

ruses induce autophagy to promote virus replication and oncolysis. Virology 2011, 416, 9–15, doi:10.1016/j.virol.2011.04.017. 

13. Ulasov, I.V.; Tyler, M.A.; Zhu, Z.B.; Han, Y.; He, T.-C.; Lesniak, M.S. Oncolytic adenoviral vectors which employ the survivin 

promoter induce glioma oncolysis via a process of beclin-dependent autophagy. Int. J. Oncol. 2009, 34, 729–742, 

doi:10.3892/ijo_00000199. 

14. Ulasov, I.V.; Sonabend, A.M.; Nandi, S.; Khramtsov, A.; Han, Y.; Lesniak, M.S. Combination of adenoviral virotherapy and 

temozolomide chemotherapy eradicates malignant glioma through autophagic and apoptotic cell death in vivo. Br. J. Cancer 

2009, 100, 1154–1164, doi:10.1038/sj.bjc.6604969. 

15. Maiuri, M.C.; Zalckvar, E.; Kimchi, A.; Kroemer, G. Self-eating and self-killing: Crosstalk between autophagy and apoptosis. 

Nat. Rev. Mol. Cell Biol. 2007, 8, 741–752, doi:10.1038/nrm2239. 

16. Mariño, G.; Niso-Santano, M.; Baehrecke, E.H.; Kroemer, G. Self-consumption: The interplay of autophagy and apoptosis. Nat. 

Rev. Mol. Cell Biol. 2014, 15, 81–94, doi:10.1038/nrm3735. 

17. Hendrickx, R.; Stichling, N.; Koelen, J.; Kuryk, L.; Lipiec, A.; Greber, U.F. Innate Immunity to Adenovirus. Hum. Gene Ther. 2014, 

25, 265–284, doi:10.1089/hum.2014.001. 

18. Tazawa, H.; Kagawa, S.; Fujiwara, T. Oncolytic adenovirus-induced autophagy: Tumor-suppressive efect and molecular basis. 

Acta Med. Okayama 2013, 67, 333–342, doi:10.18926/AMO/52006. 

19. Yacoub, A.; Hamed, H.A.; Allegood, J.; Mitchell, C.; Spiegel, S.; Lesniak, M.S.; Ogretmen, B.; Dash, R.; Sarkar, D.; Broaddus, 

W.C.; et al. PERK–Dependent Regulation of Ceramide Synthase 6 and Thioredoxin Play a Key Role in mda-7/IL-24–Induced 

Killing of Primary Human Glioblastoma Multiforme Cells. Cancer Res. 2010, 70, 1120–1129, doi:10.1158/0008-5472.can-09-4043. 

20. Luisoni, S.; Suomalainen, M.; Boucke, K.; Tanner, L.B.; Wenk, M.R.; Guan, X.L.; Grzybek, M.; Coskun, Ü.; Greber, U.F. Co-option 

of Membrane Wounding Enables Virus Penetration into Cells. Cell Host Microbe 2015, 18, 75–85, doi:10.1016/j.chom.2015.06.006. 

21. Park, M.A.; Hamed, H.A.; Mitchell, C.; Cruickshanks, N.; Dash, R.; Allegood, J.; Dmitriev, I.P.; Tye, G.; Ogretmen, B.; Spiegel, 

S.; et al. A Serotype 5/3 Adenovirus Expressing MDA-7/IL-24 Infects Renal Carcinoma Cells and Promotes Toxicity of Agents 

That Increase Ros and Ceramide Levels. Mol. Pharmacol. 2010, 79, 368–380, doi:10.1124/mol.110.069484. 

22. Kanj, S.S.; Dandashi, N.; El-Hed, A.; Harik, H.; Maalouf, M.; Kozhaya, L.; Mousallem, T.; Tollefson, A.E.; Wold, W.S.; Chalfant, 

C.E.; et al. Ceramide regulates SR protein phosphorylation during adenoviral infection. Virology 2006, 345, 280–289, 

doi:10.1016/j.virol.2005.09.060. 

23. Cruickshanks, N.; Roberts, J.L.; Bareford, M.D.; Tavallai, M.; Poklepovic, A.; Booth, L.; Spiegel, S.; Dent, P. Differential regula-

tion of autophagy and cell viability by ceramide species. Cancer Biol. Ther. 2015, 16, 733–742, doi:10.1080/15384047.2015.1026509. 

24. Kennedy, B.E.; Murphy, J.P.; Clements, D.R.; Konda, P.; Holay, N.; Kim, Y.; Pathak, G.P.; Giacomantonio, M.A.; El Hiani, Y.; 

Gujar, S. Inhibition of Pyruvate Dehydrogenase Kinase Enhances the Antitumor Efficacy of Oncolytic Reovirus. Cancer Res. 2019, 

79, 3824–3836, doi:10.1158/0008-5472.can-18-2414. 

25. Jiang, W.; Ogretmen, B. Ceramide stress in survival versus lethal autophagy paradox. Autophagy 2013, 9, 258–259, 

doi:10.4161/auto.22739. 

26. Sentelle, R.D.; Senkal, C.E.; Jiang, W.; Ponnusamy, S.; Gencer, S.; Selvam, S.P.; Ramshesh, V.K.; Peterson, Y.K.; Lemasters, J.J.; 

Szulc, Z.M.; et al. Ceramide targets autophagosomes to mitochondria and induces lethal mitophagy. Nat. Chem. Biol. 2012, 8, 

831–838, doi:10.1038/nchembio.1059. 

27. Edinger, A.L. Starvation in the midst of plenty: Making sense of ceramide-induced autophagy by analysing nutrient transporter 

expression. Biochem. Soc. Trans. 2009, 37, 253–258, doi:10.1042/bst0370253. 

28. Prusinkiewicz, M.A.; Mymryk, J.S. Metabolic Reprogramming of the Host Cell by Human Adenovirus Infection. Viruses 2019, 

11, 141, doi:10.3390/v11020141. 

29. Brisson, L.; Bański, P.; Sboarina, M.; Dethier, C.; Danhier, P.; Fontenille, M.-J.; Van Hée, V.F.; Vazeille, T.; Tardy, M.; Falces, J.; 

et al. Lactate Dehydrogenase B Controls Lysosome Activity and Autophagy in Cancer. Cancer Cell 2016, 30, 418–431, 

doi:10.1016/j.ccell.2016.08.005. 

30. Carinhas, N.; Pais, D.A.M.; Koshkin, A.; Fernandes, P.; Coroadinha, A.S.; Carrondo, M.J.T.; Alves, P.M.; Teixeira, A.P. Metabolic 

flux profiling of MDCK cells during growth and canine adenovirus vector production. Sci. Rep. 2016, 6, 23529, 

doi:10.1038/srep23529. 

31. Mariño, G.; Pietrocola, F.; Eisenberg, T.; Kong, Y.; Malik, S.A.; Andryushkova, A.; Schroeder, S.; Pendl, T.; Harger, A.; Niso-

Santano, M.; et al. Regulation of Autophagy by Cytosolic Acetyl-Coenzyme A. Mol. Cell 2014, 53, 710–725, doi:10.1016/j.mol-

cel.2014.01.016. 

32. Michaud, M.; Martins, I.; Sukkurwala, A.Q.; Adjemian, S.; Ma, Y.; Pellegatti, P.; Shen, S.; Kepp, O.; Scoazec, M.; Mignot, G.; et 

al. Autophagy-Dependent Anticancer Immune Responses Induced by Chemotherapeutic Agents in Mice. Science 2011, 334, 

1573–1577, doi:10.1126/science.1208347. 



Int. J. Mol. Sci. 2021, 22, 464 13 of 15 
 

 

33. Liikanen, I.; Ahtiainen, L.; Hirvinen, M.L.M.; Bramante, S.; Cerullo, V.; Nokisalmi, P.; Hemminki, O.; Diaconu, I.; Pesonen, S.; 

Koski, A.; et al. Oncolytic Adenovirus WITH Temozolomide Induces Autophagy and Antitumor Immune Responses in Cancer 

Patients. Mol. Ther. 2013, 21, 1212–1223, doi:10.1038/mt.2013.51. 

34. Chaabane, W.; User, S.D.; El-Gazzah, M.; Jaksik, R.; Sajjadi, E.; Rzeszowska-Wolny, J.; Los, M.J. Autophagy, Apoptosis, Mitop-

tosis and Necrosis: Interdependence Between Those Pathways and Effects on Cancer. Arch. Immunol. Ther. Exp. 2013, 61, 43–58, 

doi:10.1007/s00005-012-0205-y. 

35. D’Arcy, M.S. Cell death: A review of the major forms of apoptosis, necrosis and autophagy. Cell Biol. Int. 2019, 43, 582–592, 

doi:10.1002/cbin.11137. 

36. Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516, doi:10.1080/01926230701320337. 

37. Roos, W.P.; Kaina, B. DNA damage-induced cell death: From specific DNA lesions to the DNA damage response and apoptosis. 

Cancer Lett. 2012, 332, 237–248, doi:10.1016/j.canlet.2012.01.007. 

38. Leszczynska, K.B.; Foskolou, I.P.; Abraham, A.; Anbalagan, S.; Tellier, C.; Haider, S.; Span, P.N.; O’Neill, E.E.; Buffa, F.M.; 

Hammond, E.M. Hypoxia-induced p53 modulates both apoptosis and radiosensitivity via AKT. J. Clin. Investig. 2015, 125, 2385–

2398, doi:10.1172/jci80402. 

39. Braithwaite, A.W.; Russell, I.A. Induction of cell death by adenoviruses. Apoptosis 2001, 6, 359–370, doi:10.1023/a:1011338119712. 

40. Wohlfahrt, M.E.; Beard, B.C.; Lieber, A.; Kiem, H.-P. A Capsid-Modified, Conditionally Replicating Oncolytic Adenovirus Vec-

tor Expressing TRAIL Leads to Enhanced Cancer Cell Killing in Human Glioblastoma Models. Cancer Res. 2007, 67, 8783–8790, 

doi:10.1158/0008-5472.can-07-0357. 

41. Radke, J.R.; Siddiqui, Z.K.; Figueroa, I.; Cook, J.L. E1A enhances cellular sensitivity to DNA-damage-induced apoptosis through 

PIDD-dependent caspase-2 activation. Cell Death Discov. 2016, 2, doi:10.1038/cddiscovery.2016.76. 

42. Silva, A.C.; Teixeira, A.P.; Alves, P.M. Impact of Adenovirus infection in host cell metabolism evaluated by 1 H-NMR spectros-

copy. J. Biotechnol. 2016, 231, 16–23, doi:10.1016/j.jbiotec.2016.05.025. 

43. Madhu, B.; Narita, M.; Jauhiainen, A.; Menon, S.; Stubbs, M.; Tavaré, S.; Narita, M.; Griffiths, J.R. Metabolomic changes during 

cellular transformation monitored by metabolite–metabolite correlation analysis and correlated with gene expression. Metabo-

lomics 2015, 11, 1848–1863, doi:10.1007/s11306-015-0838-z. 

44. Marques, C.; De Oliveira, C.S.F.; Alves, S.; Chaves, S.R.; Coutinho, O.P.; Côrte-Real, M.; Preto, A. Acetate-induced apoptosis in 

colorectal carcinoma cells involves lysosomal membrane permeabilization and cathepsin D release. Cell Death Dis. 2013, 4, e507, 

doi:10.1038/cddis.2013.29. 

45. De Oliveira, C.S.F.; Pereira, H.; Alves, S.; Castro, L.; Baltazar, F.; Chaves, S.R.; Preto, A.; Côrte-Real, M. Cathepsin D protects 

colorectal cancer cells from acetate-induced apoptosis through autophagy-independent degradation of damaged mitochondria. 

Cell Death Dis. 2015, 6, e1788, doi:10.1038/cddis.2015.157. 

46. Jan, G.; Belzacq, A.-S.; Haouzi, D.; Rouault, A.; Métivier, D.; Kroemer, G.; Brenner, C. Propionibacteria induce apoptosis of 

colorectal carcinoma cells via short-chain fatty acids acting on mitochondria. Cell Death Differ. 2002, 9, 179–188, 

doi:10.1038/sj.cdd.4400935. 

47. Liu, J.; Wang, J.; Shi, Y.; Su, W.; Chen, J.; Zhang, Z.; Wang, G.; Wang, F. Short Chain Fatty Acid Acetate Protects against Ethanol-

Induced Acute Gastric Mucosal Lesion in Mice. Biol. Pharm. Bull. 2017, 40, 1439–1446, doi:10.1248/bpb.b17-00240. 

48. Cheng, Q.; Li, X.; Wang, Y.; Dong, M.; Zhan, F.-H.; Liu, J. The ceramide pathway is involved in the survival, apoptosis and 

exosome functions of human multiple myeloma cells in vitro. Acta Pharmacol. Sin. 2018, 39, 561–568, doi:10.1038/aps.2017.118. 

49. Colombini, M. Ceramide channels and mitochondrial outer membrane permeability. J. Bioenerg. Biomembr. 2017, 49, 57–64, 

doi:10.1007/s10863-016-9646-z. 

50. Jiang, S.; Wang, Q.; Feng, M.; Li, J.; Guan, Z.; An, D.; Dong, M.; Peng, Y.; Kuerban, K.; Ye, L. C2-ceramide enhances sorafenib-

induced caspase-dependent apoptosis via PI3K/AKT/mTOR and Erk signaling pathways in HCC cells. Appl. Microbiol. Biotech-

nol. 2017, 101, 1535–1546, doi:10.1007/s00253-016-7930-9. 

51. Na, H.-N.; Dubuisson, O.; Hegde, V.K.; Nam, J.-H.; Dhurandhar, N.V. Human adenovirus Ad36 and its E4orf1 gene enhance 

cellular glucose uptake even in the presence of inflammatory cytokines. Biochimie 2016, 124, 3–10, doi:10.1016/j.bio-

chi.2014.11.005. 

52. Kasinskas, R.W.; Venkatasubramanian, R.; Forbes, N.S. Rapid uptake of glucose and lactate, and not hypoxia, induces apoptosis 

in three-dimensional tumor tissue culture. Integr. Biol. 2014, 6, 399–410, doi:10.1039/c4ib00001c. 

53. Carinhas, N.; Koshkin, A.; Pais, D.A.M.; Alves, P.M.; Teixeira, A.P. 13C-metabolic flux analysis of human adenovirus infection: 

Implications for viral vector production. Biotechnol. Bioeng. 2016, 114, 195–207, doi:10.1002/bit.26063. 

54. Thai, M.; Thaker, S.K.; Feng, J.; Du, Y.; Hu, H.; Wu, T.T.; Graeber, T.G.; Braas, D.; Christofk, H.R. MYC-induced reprogramming 

of glutamine catabolism supports optimal virus replication. Nat. Commun. 2015, 6, 8873, doi:10.1038/ncomms9873. 

55. Zhang, J.; Fan, J.; Venneti, S.; Cross, J.R.; Takagi, T.; Bhinder, B.; Djaballah, H.; Kanai, M.; Cheng, E.H.; Judkins, A.R.; et al. 

Asparagine Plays a Critical Role in Regulating Cellular Adaptation to Glutamine Depletion. Mol. Cell 2014, 56, 205–218, 

doi:10.1016/j.molcel.2014.08.018. 

56. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, 

D.W.; et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell 

Death Differ. 2018, 25, 486–541, doi:10.1038/s41418-017-0012-4. 

57. Lei, J.; Li, Q.-H.; Yang, J.-L.; Liu, F.; Wang, L.; Xu, W.-M.; Zhao, W.-X. The antitumor effects of oncolytic adenovirus H101 against 

lung cancer. Int. J. Oncol. 2015, 47, 555–562, doi:10.3892/ijo.2015.3045. 



Int. J. Mol. Sci. 2021, 22, 464 14 of 15 
 

 

58. Huang, H.; Xiao, T.; He, L.; Ji, H.; Liu, X.-Y. Interferon-β-armed oncolytic adenovirus induces both apoptosis and necroptosis 

in cancer cells. Acta Biochim. Biophys. Sin. 2012, 44, 737–745, doi:10.1093/abbs/gms060. 

59. Magnusson, M.; Kraaij, R.; Leadley, R.; De Ridder, C.; Van Weerden, W.; Van Schie, K.; Van Der Kroeg, M.; Hoeben, R.; Maitland, 

N.; Lindholm, L. A Transductionally Retargeted Adenoviral Vector for Virotherapy of Her2/neu-Expressing Prostate Cancer. 

Hum. Gene Ther. 2012, 23, 70–82, doi:10.1089/hum.2011.016. 

60. Weigert, M.; Binks, A.; Dowson, S.; Leung, E.Y.L.; Athineos, D.; Yu, X.; Mullin, M.; Walton, J.B.; Orange, C.; Ennis, D.; et al. 

RIPK3 promotes adenovirus type 5 activity. Cell Death Dis. 2017, 8, 1–15, doi:10.1038/s41419-017-0110-8. 

61. Ma, J.; Ramachandran, M.; Jin, C.; Quijano-Rubio, C.; Martikainen, M.; Yu, D.; Essand, M. Characterization of virus-mediated 

immunogenic cancer cell death and the consequences for oncolytic virus-based immunotherapy of cancer. Cell Death Dis. 2020, 

11, 1–15, doi:10.1038/s41419-020-2236-3. 

62. Hemminki, A.; Immonen, R.; Närväinen, J.; Kipar, A.; Paasonen, J.; Jokivarsi, K.T.; Yli-Ollila, H.; Soininen, P.; Partanen, K.; 

Joensuu, T.; et al. In vivo magnetic resonance imaging and spectroscopy identifies oncolytic adenovirus responders. Int. J. Cancer 

2014, 134, 2878–2890, doi:10.1002/ijc.28615. 

63. Berghe, T.V.; Vanlangenakker, N.; Parthoens, E.; Deckers, W.; Devos, M.; Festjens, N.; Guerin, C.; Brunk, U.T.; Declercq, W.; 

Vandenabeele, P. Necroptosis, necrosis and secondary necrosis converge on similar cellular disintegration features. Cell Death 

Differ. 2010, 17, 922–930, doi:10.1038/cdd.2009.184. 

64. Wu, W.; Liu, P.; Li, J. Necroptosis: An emerging form of programmed cell death. Crit. Rev. Oncol. Hematol. 2012, 82, 249–258, 

doi:10.1016/j.critrevonc.2011.08.004. 

65. Temkin, V.; Huang, Q.; Liu, H.; Osada, H.; Pope, R.M. Inhibition of ADP/ATP Exchange in Receptor-Interacting Protein-Medi-

ated Necrosis. Mol. Cell. Biol. 2006, 26, 2215–2225, doi:10.1128/mcb.26.6.2215-2225.2006. 

66. Eguchi, Y.; Shimizu, S.; Tsujimoto, Y. Intracellular ATP levels determine cell death fate by apoptosis or necrosis. Cancer Res. 

1997, 57, 1835–1840. 

67. Dyer, A.; Di, Y.; Calderon, H.; Illingworth, S.; Kueberuwa, G.; Tedcastle, A.; Jakeman, P.; Chia, S.L.; Brown, A.; Silva, M.A.; et 

al. Oncolytic Group B Adenovirus Enadenotucirev Mediates Non-apoptotic Cell Death with Membrane Disruption and Release 

of Inflammatory Mediators. Mol. Ther. Oncolytics 2017, 4, 18–30, doi:10.1016/j.omto.2016.11.003. 

68. Kong, K.; Kumar, M.; Taruishi, M.; Javier, R.T. The Human Adenovirus E4-ORF1 Protein Subverts Discs Large 1 to Mediate 

Membrane Recruitment and Dysregulation of Phosphatidylinositol 3-Kinase. PLoS Pathog. 2014, 10, e1004102, doi:10.1371/jour-

nal.ppat.1004102. 

69. Yan, Y.; Zhang, B.; Hou, W.; Lin, H.; Rebetz, J.; Hong, S.-S.; Wang, Y.; Ran, L.; Fan, X. Active and separate secretion of fiber and 

penton base during the early phase of Ad2 or Ad5 infection. Virology 2017, 505, 172–180, doi:10.1016/j.virol.2017.02.018. 

70. Hu, W.; Chen, F.-H.; Yuan, F.-L.; Zhang, T.-Y.; Wu, F.-R.; Rong, C.; Jiang, S.; Tang, J.; Zhang, C.-C.; Lin, M.-Y. Blockade of acid-

sensing ion channels protects articular chondrocytes from acid-induced apoptotic injury. Inflamm. Res. 2012, 61, 327–335, 

doi:10.1007/s00011-011-0414-6. 

71. Gao, W.-F.; Xu, Y.-Y.; Ge, J.-F.; Chen, F.-H. Inhibition of acid-sensing ion channel 1a attenuates acid-induced activation of au-

tophagy via a calcium signaling pathway in articular chondrocytes. Int. J. Mol. Med. 2019, 43, 1778–1788, 

doi:10.3892/ijmm.2019.4085. 

72. Festjens, N.; Berghe, T.V.; Vandenabeele, P. Necrosis, a well-orchestrated form of cell demise: Signalling cascades, important 

mediators and concomitant immune response. Biochim. Biophys. Acta 2006, 1757, 1371–1387, doi:10.1016/j.bbabio.2006.06.014. 

73. Palmeira, C.M.; Ramalho-Santos, J. Mitochondrial dysfunction in reproductive and developmental toxicity. Reprod. Dev. Toxicol. 

2011, 815–824, doi:10.1016/b978-0-12-382032-7.10061-x. 

74. Taverner, W.K.; Jacobus, E.J.; Christianson, J.; Champion, B.; Paton, A.W.; Paton, J.C.; Su, W.; Cawood, R.; Seymour, L.; Lei-

Rossmann, J. Calcium Influx Caused by ER Stress Inducers Enhances Oncolytic Adenovirus Enadenotucirev Replication and 

Killing through PKCα Activation. Mol. Ther. Oncolytics 2019, 15, 117–130, doi:10.1016/j.omto.2019.09.003. 

75. Nakayama, H.; Chen, X.; Baines, C.P.; Klevitsky, R.; Zhang, X.; Zhang, H.; Jaleel, N.; Chua, B.H.; Hewett, T.E.; Robbins, J.; et al. 

Ca2+- and mitochondrial-dependent cardiomyocyte necrosis as a primary mediator of heart failure. J. Clin. Investig. 2007, 117, 

2431–2444, doi:10.1172/jci31060. 

76. Thon, L.; Möhlig, H.; Mathieu, S.; Lange, A.; Bulanova, E.; Winoto-Morbach, S.; Schütze, S.; Bulfone-Paus, S.; Adam, D. 

Ceramide mediates caspase-independent programmed cell death. FASEB J. 2005, 19, 1945–1956, doi:10.1096/fj.05-3726com. 

77. Zhu, W.; Wang, X.; Zhou, Y.; Wang, H. C2-Ceramide Induces Cell Death and Protective Autophagy in Head and Neck Squa-

mous Cell Carcinoma Cells. Int. J. Mol. Sci. 2014, 15, 3336–3355, doi:10.3390/ijms15023336. 

78. Yokoyama, T.; Iwado, E.; Kondo, Y.; Aoki, H.; Hayashi, Y.; Georgescu, M.; Sawaya, R.; Hess, K.R.; Mills, G.B.; Kawamura, H.; 

et al. Autophagy-inducing agents augment the antitumor effect of telerase-selve oncolytic adenovirus OBP-405 on glioblastoma 

cells. Gene Ther. 2008, 15, 1233–1239, doi:10.1038/gt.2008.98. 

79. Botta, G.; Passaro, C.; Libertini, S.; Abagnale, A.; Barbato, S.; Maione, A.S.; Hallden, G.; Beguinot, F.; Formisano, P.; Portella, G. 

Inhibition of Autophagy Enhances the Effects of E1A-Defective Oncolytic Adenovirus dl922–947 Against Glioma Cells In Vitro 

and In Vivo. Hum. Gene Ther. 2012, 23, 623–634, doi:10.1089/hum.2011.120. 

80. Alonso, M.M.; Jiang, H.; Yokoyama, T.; Xu, J.; Bekele, N.B.; Lang, F.F.; Kondo, S.; Gomez-Manzano, C.; Fueyo, J. Delta-24-RGD 

in Combination with RAD001 Induces Enhanced Anti-glioma Effect via Autophagic Cell Death. Mol. Ther. 2008, 16, 487–493, 

doi:10.1038/sj.mt.6300400. 



Int. J. Mol. Sci. 2021, 22, 464 15 of 15 
 

 

81. Jiang, H.; White, E.J.; Ríos-Vicil, C.I.; Xu, J.; Gomez-Manzano, C.; Fueyo, J. Human Adenovirus Type 5 Induces Cell Lysis 

through Autophagy and Autophagy-Triggered Caspase Activity. J. Virol. 2011, 85, 4720–4729, doi:10.1128/jvi.02032-10. 

82. Klein, S.R.; Piya, S.; Lu, Z.; Xia, Y.; Alonso, M.; White, E.J.; Wei, J.; Gomezmanzano, C.; Jiang, H.; Fueyo, J. C-Jun N-terminal 

kinases are required for oncolytic adenovirus-mediated autophagy. Oncogene 2015, 34, 5295–5301, doi:10.1038/onc.2014.452. 

83. Ulasov, I.V.; Shah, N.; Kaverina, N.V.; Lee, H.; Lin, B.; Lieber, A.; Kadagidze, Z.G.; Yoon, J.-G.; Schroeder, B.; Hothi, P.; et al. 

Tamoxifen improves cytopathic effect of oncolytic adenovirus in primary glioblastoma cells mediated through autophagy. On-

cotarget 2015, 6, 3977–3987, doi:10.18632/oncotarget.2897. 

84. Jiang, H.; Gomez-Manzano, C.; Aoki, H.; Alonso, M.M.; Kondo, S.; McCormick, F.; Xu, J.; Kondo, Y.; Bekele, B.N.; Colman, H.; 

et al. Examination of the Therapeutic Potential of Delta-24-RGD in Brain Tumor Stem Cells: Role of Autophagic Cell Death. J. 

Natl. Cancer Inst. 2007, 99, 1410–1414, doi:10.1093/jnci/djm102. 

85. Li, X.; Mao, Q.; Wang, D.; Zhang, W.; Xia, H. A Fiber Chimeric CRAd Vector Ad5/11-D24 Double-Armed with TRAIL and 

Arresten for Enhanced Glioblastoma Therapy. Hum. Gene Ther. 2012, 23, 589–596, doi:10.1089/hum.2011.130. 

86. Tsamis, K.I.; Alexiou, G.A.; Vartholomatos, E.; Kyritsis, A.P. Combination Treatment for Glioblastoma Cells with Tumor Ne-

crosis Factor-Related Apoptosis-Inducing Ligand and Oncolytic Adenovirus Delta-24. Cancer Investig. 2013, 31, 630–638, 

doi:10.3109/07357907.2013.849724. 

87. Oh, E.; Hong, J.; Kwon, O.-J.; Yun, C.-O. A hypoxia- and telomerase-responsive oncolytic adenovirus expressing secretable 

trimeric TRAIL triggers tumour-specific apoptosis and promotes viral dispersion in TRAIL-resistant glioblastoma. Sci. Rep. 2018, 

8, 1–13, doi:10.1038/s41598-018-19300-6. 

88. Bil-Lula, I.; Krzywonos-Zawadzka, A.; Sawicki, G.; Woźniak, M. An infection of human adenovirus 31 affects the differentiation 

of preadipocytes into fat cells, its metabolic profile and fat accumulation. J. Med. Virol. 2016, 88, 400–407, doi:10.1002/jmv.24362. 

89. Miyake-Stoner, S.J.; O’Shea, C.C. Metabolism goes viral. Cell Metab. 2014, 19, 549–550, doi:10.1016/j.cmet.2014.03.022. 


