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A B S T R A C T   

Mitochondrial dysfunction is a hallmark of aging that contributes to inflammaging. It is characterized by al-
terations of the mitochondrial DNA, reduced respiratory capacity, decreased mitochondrial membrane potential 
and increased reactive oxygen species production. These primary alterations disrupt other interconnected and 
important mitochondrial-related processes such as metabolism, mitochondrial dynamics and biogenesis, 
mitophagy, calcium homeostasis or apoptosis. In this review, we gather the current knowledge about the 
different mitochondrial processes which are altered during aging, with special focus on their contribution to age- 
associated T cell dysfunction and inflammaging.   

1. Introduction 

Mitochondria are dynamic organelles responsible for the production 
of energy through metabolic pathways such as oxidative phosphoryla-
tion (OXPHOS) or fatty acids oxidation (FAO). In addition, mitochondria 
are also implicated in multiple cellular processes such as lipid synthesis, 
apoptosis and calcium (Ca2+) homeostasis. Due to their prokaryotic 
origin, the release of mitochondrial molecules to the cytosol activates 
different inflammatory pathways, situating mitochondria as a hub of 
inflammation [1]. This inflammatory role links mitochondria with the 
low-grade, chronic sterile inflammatory state, known as inflammaging, 
that underlies a wide variety of age-associated diseases [2,3]. Therefore, 
mitochondrial dysfunction has direct consequences in essential 
signaling cascades, alters cellular and tissue homeostasis and, impor-
tantly, it has been postulated as one of the main hallmarks of aging [4]. 

Age-associated mitochondrial dysfunction is mainly characterized by 
mutations in the mitochondrial DNA (mtDNA), diminished respiratory 
capacity, decreased mitochondrial membrane potential (MMP) and 
increased reactive oxygen species (ROS) production [4,5]. These fea-
tures lead to the progressive accumulation of alterations in mitochon-
drial morphology, activity and signaling functions that are closely 

related to the aging process (Fig. 1) [4,5]. Mitochondrial dysfunction 
occurs in many cell types of the organism, with special emphasis on 
immune cells as it contributes to the decline of the immune function 
during aging, termed as immunosenescence, which is featured by an 
increased vulnerability to infections, autoimmune diseases and cancer, 
together with a lower vaccination efficiency and inflammaging [4,6]. 

T cells are specialized immune cells whose function highly relies on 
their metabolism [7,8]. Indeed, the field of immunometabolism has 
been developed in order to decipher how to modulate the immune 
response by rewiring the metabolism either to achieve a correct acti-
vation or to elude an excessive inflammatory or autoimmune response 
[9]. The correct function of T cells is intimately linked to mitochondrial 
metabolism and signaling [10]. Alterations in mitochondrial biogenesis 
and dynamics (e.g., fission and fusion), recycling through mitophagy or 
transport result in deep functional modifications in T cells. In addition, 
altered concentrations of several signaling molecules produced or 
regulated by mitochondria, such as ROS or Ca2+, have a capital impact 
in the activation of T cells. In this regard, T cells from mice suffering 
physiological stress show mitochondrial alterations and the transfer of 
CD4+ from these stressed mice to recipient mice induces anxiety, 
depression and social disorders in the recipients, highlighting the 
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importance of mitochondrial alteration not only in the biology of T cells 
but in the homeostasis of all the organism [11]. Considering the rele-
vance of mitochondria in T cells, the disruption of mitochondrial func-
tion in T cells during aging has been associated with T cell functional 
decline [10,12]. Strikingly, the deletion of mitochondrial transcription 
factor A (Tfam) specifically in T cells not only mimics the age-associated 
mitochondrial dysfunction of T cells, but it also leads toward a 
whole-organism aging phenotype by inducing premature inflammaging 
in mice [13]. Furthermore, mitochondrial dysfunction in T cells has 
been linked to age-associated morbidities such as autoimmune diseases 
[14], cancer [15], metabolic diseases [16] or neurodegenerative disor-
ders [11]. 

In this review, we will discuss the current knowledge of the different 
processes involved in the mitochondrial dysfunction during aging: 
mtDNA instability, alteration of metabolism, increased oxidative stress, 
disrupted mitochondrial dynamics, biogenesis, mitophagy, 
Ca2 + homeostasis and apoptosis, with special focus on their conse-
quences in T cell function and deterioration. 

2. Mitochondrial DNA instability during T cell aging 

Mitochondria contain multiple copies of double-stranded, circular 
DNA molecules. Human mtDNA encodes for 13 proteins which are 
essential components of complexes I, III, IV and V of the respiratory 
chain [17]. Unlike nuclear DNA, mtDNA lacks certain DNA repair 
pathways (e.g. nucleotide base repair) although it possesses other DNA 
repair mechanisms that have been classically restricted to nuclear DNA 
(e.g. mismatch repair, base excision repair, single- and double-strand 
repair) [18]. Additionally, the absence of histone protection and its 
location in the mitochondrial matrix, an environment with high oxida-
tive stress derived from the electron-transport chain (ETC) activity [19], 
make mtDNA more susceptible to damage and prone to the accumula-
tion of mutations during aging, particularly deletions [20]. Loss of 
mtDNA integrity actively contributes to aging and age-associated dis-
eases [4]. The accumulation of mtDNA mutations due to an altered 
mitochondrial polymerase gamma in a mouse model, known as mito-
chondrial DNA mutator, results in premature aging [21]. Consequently, 
such accumulation of mutations leads to alterations in ETC, OXPHOS 
disruption and increased ROS production. In addition, mtDNA encodes 
10 microproteins, also known as mitochondrial-derived peptides 
(MDPs), such as humanin, MOTS-c or SHMOOSE whose alterations are 
associated with Alzheimer’s disease and cognitive decline (SHMOOSE) 
or type II diabetes (MOTS-c) [22]. 

High mutation rates have been found in mtDNA of T cells isolated 
from patients with age-related diseases such as cancer [23] or autoim-
mune disorders [24]. Interestingly, human T cell populations increase 
their mtDNA copy number per cell during aging with the exception of 
the CD8+ naïve pool, which is the population of T cells that suffers a 
higher age-related drop [25]. The deficient activity of the single- and 
double-strand break repair-involved nuclease MRE11A in CD4+ T cells 
increases mtDNA oxidative stress causing OXPHOS disruption, mtDNA 
leakage to the cytosol, inflammasome assembly and autoimmunity [26]. 
Therefore, the accumulation of mtDNA instability in T cells contributes 
to the altered function of these organelle in aged T cells. 

3. Mitochondrial metabolism during effector function of aged T 
cells 

During their lifetime, T lymphocytes undergo different metabolic 
stages that are closely related to their function. 

Naïve T cells have a quiescent metabolism that mainly relies on 
mitochondrial metabolic pathways such as OXPHOS and FAO as source 
of energy to sustain self-renewal via homeostatic proliferation [8,27]. 
This homeostatic proliferation slowly erodes naïve epigenetic and 
transcriptomic signature pushing naïve T cells toward a differentiated 
memory-like state. Indeed, human old naïve T cells lose their oxidative 
phosphorylation capacity due to a decrease in nuclear respiratory factor 
1 (Nrf1) binding, which controls the transcription of many mitochon-
drial genes [28]. 

Upon activation, T cells clonally expand acquiring metabolic re-
quirements of rapidly dividing cells. To fulfill this high energetic and 
anabolic demands, T cells engage in robust glycolysis and gluta-
minolysis, where glucose is fermented to lactate despite the presence of 
oxygen (Warburg effect), and the primary carbon flux into the tricar-
boxylic acid (TCA) cycle is switched from glucose to glutamine [27,29, 
30]. In addition, a myriad of pathways activated with the aerobic 
glycolysis quickly provide the biosynthetic building blocks needed 
during activation [31]. In fact, one of the pathways induced upon acti-
vation is the one-carbon metabolism that produces subunits for purine 
and thymidine synthesis, favoring mitochondrial biogenesis in activated 
T cells [32]. Therefore, different levels of reliance on mitochondrial 
metabolism have been denoted among the different populations of 
activated T cells [33]. Indeed, T cells with mitochondrial complex I, II or 
IV dysfunction present defects in proliferation [27]. The metabolic 
switch towards glycolysis promotes the disengagement of tumor ne-
crosis factor (TNF), interferon gamma (IFN-γ) and interleukin(IL)-2 
messenger RNA from metabolic enzymes, such as lactate dehydroge-
nase, favoring the production of these cytokines [34]. 

CD4+ T cells are typically classified into conventional T helper (Th) 
cells and regulatory T (Treg) cells. Th cells acquire different functional 
phenotypes that are characterized by the expression of specific tran-
scription factors and the release of distinct cytokines, resulting in the 
classification of Th1 cells (IFN-γ), which mainly support inflammatory 
and cytotoxic responses, Th2 (IL-4, IL-5 or IL-13), which primarily assist 
B cells in producing antibodies, Th17 (IL-17), Th22 (IL-22), Th9 (IL-9), 
and follicular helper T cells (IL-21). 

Previous work of our group showed that mimicking age-associated 
mitochondrial dysfunction in mouse T cells by depleting Tfam specif-
ically in these cells, forces a high glycolytic metabolism and a prefer-
entially Th1 differentiation [35]. In the same line, in vitro inhibition of 
glutamine metabolism or deprivation of glutamine restrain the differ-
entiation toward Th1, Th2 and Th17 proposing the glutamine meta-
bolism as a remarkable pathway for these populations [36,37]. 
Differentiated Th17 cells also show increased mitochondrial respiration 
compared with naïve T cells [38,39]. Moreover, OXPHOS seems to be 
essential in Th17 differentiation since the in vitro blockade of complex I, 
III or V during Th17 differentiation led to Treg cell differentiation [40]. 
Therefore, the reduction of Th17/Treg ratio observed in old human 
peripheral blood mononuclear cells (PBMCs) upon in vitro stimulation 

Fig. 1. Features of age-related mitochondrial decline. Mitochondrial dysfunc-
tion is characterized by accumulation of mitochondrial DNA (mtDNA) muta-
tions, increased reactive oxygen species (ROS) production, decreased 
mitochondrial membrane potential (MMP) and reduced respiratory capacity. 
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with phytohemagglutinin [41] may find a partial explanation in the 
difficulty of Th17 differentiation due to age-related mitochondrial 
dysfunction. However, absolute Th17 cell number is increased in the 
unchallenged PBMCs of old patients in comparison with young ones, 
leading to a higher susceptibility of Th17-linked inflammatory diseases 
such as multiple sclerosis or bowel inflammatory disease [41]. 

T regulatory cells are in charge of suppressing potentially deleterious 
activities of Th cells. In the last years, single cell RNA sequencing 
(scRNAseq) experiments revolutionized the means of detecting and 
defining cellular heterogeneity and are changing the Th/Treg dogma. By 
using such technique, the in vivo Th response appears to be difficult to 
classify into these discrete Th subsets, and it appears as a continuum of 
polarized phenotypes. Series of recent reports have demonstrated that 
Foxp3+ Treg cells may differentiate into conventional effector Th cells, 
with or without concomitant downregulation of Foxp3 [42] suggesting 
that Foxp3+ T cells may represent Th cells that are not fully 
differentiated. 

Contrary to effector T cells, activated Tregs employ low rates of 
aerobic glycolysis and high rates of FAO [43]. This is supported by the 
fact that Treg-specific disruption of mitochondrial metabolism, by de-
leting mTOR or Tfam in vivo, abolishes their suppressive function, 
enhancing pro-inflammatory T cell activation and autoimmunity [44]. 
In addition, Treg-specific ablation of Tfam impairs Treg retention in 
non-lymphoid tissues through changes in the transcriptomic profile and 
the loss of Foxp3 expression, resulting in systemic hyperinflammation 
[45]. IL-15 supplementation restored mitochondrial fitness in Tregs 
from patients with HIV by upregulating Tfam and PGC-1α expression 
[46]. Furthermore, HIF1α-deficient mice, with higher reliance in 
OXPHOS, have enhanced Treg generation and the blockade of glycolysis 
inhibits Th17 differentiation [47,48]. 

Activated cytotoxic CD8+ T cells have similar metabolic de-
pendences to activated effector CD4+ Th cells, with a great reliance on 
glycolysis and OXPHOS for TCR signaling transduction, proliferation 
and migration [49,50]. After long exposure to the stimulus, T cells stop 
proliferating and lose their effector capacity giving rise to dysfunctional 
exhausted T cells. Exhausted T cells are specially relevant in cancer [15] 
and chronic viral infections [51,52] but also accumulate during aging 
[53–55]. The co-inhibitory molecule programmed cell death protein 1 
(PD1), a well-known inductor of exhaustion in CD8+ T cells, attenuates 
glycolysis and affects mitochondrial cristae morphology, leading to 
mitochondrial dysfunction and inhibition of OXPHOS in human lym-
phocytes [56,57]. Improving mitochondrial metabolism by treating 
them with antioxidants, modulators of mitochondrial dynamics or IL-15 
restores T cell antiviral function in HIV [52] and chronic hepatitis B 
infections in patients [51]. 

The metabolism of memory T cells also relies on FAO and OXPHOS, 
contrary to the glycolytic metabolism of their former differentiation 
states [58]. This metabolic switch is crucial for acquiring long-term 
survival in a similar metabolic strategy as that of naïve T cells [59]. 
However, memory CD8+ T cells harbor higher mitochondrial mass and 
spare respiratory capacity (SRC) than both naïve and effector CD8+ T 
cells [60] remarking an interesting difference between the quiescent 
mitochondrial state of naïve T cells and the metabolic state of memory T 
cells. In fact, mice lacking TNF receptor-associated factor 6 (TRAF6) are 
unable to develop memory CD8+ T cells after infection due to altered 
expression of genes that regulate FAO [61]. In addition, pediatric pa-
tients with mitochondrial diseases, such as Pearson syndrome, Barth 
syndrome or Leigh syndrome, show reduced population of CD45RO+

memory T cells [50]. Virtual memory T cells are antigen-inexperienced 
activated T cells that present high affinity for self-antigens and possess 
similar characteristics to conventional memory T cells [62]. These cells 
accumulate during aging forming a dysfunctional pool of memory T cells 
that has been related to the poorer response of T cells to vaccines 
observed in elderly populations [63]. 

Interestingly, the differentiation of effector T cells toward memory T 
cells goes hand in hand with the resolution of inflammation and it is 

closely regulated by several mitochondrial processes such as metabolic 
switch, mitochondrial dynamics or autophagy. Indeed, in a study that 
compares young (20–39 years-old) and old (beyond 70 years-old) par-
ticipants, although the number of mitochondria of both naïve and 
memory CD4+ T cells were similar, the mitochondria of old participants 
presented reduced autophagy efficiency, morphologically distorted 
mitochondria and mitochondrial dysfunction [64]. At the same time, the 
pathways related with OXPHOS and ETC were downregulated in old 
CD4+ T cells and mitochondrial respiration was also impaired in the old 
samples [64]. Extracellular delivery of functional mitochondria from 
mouse embryonic fibroblast into old mouse CD4+ T cells yields a better 
OXPHOS function, proliferation and switch to glycolysis upon activa-
tion, remarking importance of dysfunctional mitochondrial in the T cell 
dysfunction during aging [65]. 

Taking all together, T cells adapt their metabolism in a continuous 
process that allows the correct development of a successful biphasic 
immune response, with a resolution phase after the peak of inflamma-
tion. However, during aging, the age-related mitochondrial dysfunction 
disrupts this metabolic reprogramming disturbing the consequent 
functional changes in T cells, thus altering the correct resolution phase. 
This contributes to inflammaging by augmenting the number of in-
flammatory T cells and by hindering the differentiation and function of 
memory T cells and Tregs (Fig. 2) [13,64,66]. 

4. Mitochondrial oxidative stress during T cell aging 

Mitochondria are the primary source of ROS in the cell as a side 
product of the normal respiratory chain function. Under homeostatic 
conditions, mitochondrial ROS are produced at low concentrations, and 
act as critical signalling molecules involved in a wide variety of cellular 
processes including cell cycle regulation, survival, and immune re-
sponses [67,68]. However, excessive production of ROS induces damage 
to cellular components, entailing loss of function and compromising cell 
survival. In addition, excessive ROS is closely linked with cellular 
senescence and aging [69]. Hence, mitochondrial oxidative stress has 
been classically considered a major driver of aging and age-related pa-
thologies. Indeed, during aging, loss of fidelity in the assembly of the 
respiratory chain complexes results in an imbalanced redox homeostasis 
caused by the ineffective function of ETC, which in turn contributes to 
the alteration of the MMP [5]. Complexes I, II and III are the principal 
producers of ROS in the cell, and their stability has been shown to 
progressively be diminished with age [70,71]. Interestingly, the defects 
in the ETC during aging differ depending on the tissue: while complex II 
and III lose their activity with age in peripheral lymphocytes, complex III 
and IV are more sensitive to this loss in heart muscle and complex I 
appears to be more sensitive to age-associated loss of function in skeletal 
muscle, liver and brain [70,72,73]. 

Mild and low levels of ROS are essential for T cell activation, dif-
ferentiation, proliferation and cytokine production. Upon TCR activa-
tion, there is an increased amount of ROS production via complex III and 
complex I of the ETC that leads to the activation of the nuclear factor of 
activated T-cells (NFAT) and subsequent IL-2 production [49]. ROS are 
also needed to stimulate other activation-related transcription factors of 
T cells such as NF-κB or AP-1 [74]. The increment of ROS also plays an 
important role in T cell metabolic reprograming through the induction 
of NFAT-dependent Myc expression [49,75]. 

Accumulation of mitochondrial ROS has been found in several age- 
associated T cell populations, which could exacerbate the activation of 
inflammatory pathways (Fig. 3). Human TEMRA (T effector memory 
cells that re-express CD45RA) harbour low numbers of mitochondria but 
high levels of ROS production [76]. Overproduction of ROS by the ETC 
complexes I and III can be reduced by its assembly into supercomplexes. 
Supercomplexes are associations between complexes I, III and IV that 
enhance complex I activity as well as the electron transfer efficiency, 
reducing the risk of electron leak and therefore lowering ROS produc-
tion [77]. The decrease of the ETC supercomplexes stability during aging 
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contributes to the overproduction of ROS and mitochondrial stress. In 
fact, methylation-controlled J protein (MCJ) knockout mouse model, 
which lacks a protein that dampers the assembly of supercomplexes, 
presents higher protection of CD8+ memory T cells against viral in-
fections [78]. Aged Tregs, which have defective proliferation and sup-
pressive capacity, present increased levels of ROS [79]. Elevated levels 
of ROS, forced through an hypoxic environment, also promote exhaus-
tion in CD8+ T cells in vitro [80]. This exhaustion phenotype is defined 
by a deficiency of proliferation and cytokine production by T cells and it 
is proposed to be the consequence of continuously stimulated T cells. In 
addition, it might be partially explained due to an exacerbated activa-
tion of the integrated stress response (ISR) [81]. 

Mitochondrial dysfunction, together with amino acid deprivation 
and endoplasmic reticulum stress, is one of the stress conditions that 
activate the ISR, an evolutionarily conserved pathway to restore cellular 

homeostasis in response to different types of cellular stress [82]. ISR 
activates specific stress kinases (e.g. heme regulated inhibitor, HRI), 
which converge in the phosphorylation of the translation initiation 
factor 2 alpha (eIF2a), ultimately leading to the attenuation of protein 
synthesis and cellular proliferation [83]. Interestingly the mitochondrial 
modifications induced by hypoxia (e.g., increased fission-related axis 
OMA1-OPA1 [84]), promotes the production of ROS and the activation 
of ISR through DELE1 and HRI [85]. ISR is required for T cells to delay 
the production of cytokines until the activation of the second signal, 
which promotes the dephosphorylation of eIF2a and thus the cytokine 
synthesis [86]. However, the excess of ROS production during aging 
might disrupt the balance between eIF2a phosphorylation and dephos-
phorylation leading to altered cytokine production and proliferation in 
old T cells. Strikingly, an excess of ISR activation leads naïve T cells and 
tissue-resident memory T cells to apoptosis [87,88]. 

Fig. 2. Age-associated mitochondrial decline compromises the inflammatory response. Young T cells are able to reprogram their metabolism during the different 
phases of the immune response. However, mitochondrial alterations in aged T cells maintain T cells in an inflammatory phenotype, compromising the resolution 
phase and contributing to inflammaging. Abbreviations: OXPHOS, oxidative phosphorylation; FAO, fatty acids oxidation; Treg, regulatory T cell. 

Fig. 3. Mitochondrial dysfunction conse-
quences in old effector T cells. Mitochondria 
have important roles in the activation of 
effector T cells. Mitochondrial fission, mediated 
by dynamin related protein 1 (DRP1), contrib-
utes to the switch toward a glycolytic meta-
bolism. Mitochondrial trafficking localizes 
mitochondria in the surroundings of the im-
mune synapse, where it buffers the increment of 
calcium (Ca2+) avoiding undesired conse-
quences such as Ca2+ mediated apoptosis. In 
addition, damaged mitochondria produce reac-
tive oxygen species (ROS) triggering inflam-
matory pathways, such as NK-κB. Damaged 
mitochondria are removed through mitophagy. 
In old T cells these processes are altered. There 
is an accumulation of damaged mitochondria 
leading to ROS overproduction and excessive 
inflammation. Additionally, DRP1 expression is 
reduced altering the mitochondrial fission. Ca2+

is not properly buffered and accumulates in 
bigger mitochondria, leading to apoptosis and 
inhibition of Ca2+ channels which impairs the T 
cell activation.   
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However, the idea of the negative contribution of ROS to aging has 
been challenged by the concept of mitohormesis, in which a mild and 
controlled mitochondrial stress is proposed to be beneficial for 
increasing longevity [89]. This concept is based on the idea that a 
sublethal exposure to mitochondrial stress contributes to lifespan 
extension by the activation of compensatory mechanisms that orches-
trate an effective stress response which ultimately promotes cellular 
survival [90]. Indeed, a mild ETC perturbation has consequences not 
only in an autocrine manner but also in distal tissues, hence enhancing 
whole-organism health [91]. This process is mediated by soluble mole-
cules secreted in response to mitochondrial stress collectively known as 
mitokines. 

Mitokines are signaling molecules secreted in response to mito-
chondrial stress that enable mitochondrial and cellular communication 
[92]. Some mitokines act intracellularly while others are found in sys-
temic circulation allowing the communication between distal tissues. 
These molecules include both nuclear-expressed proteins such as FGF21 
or GDF15, and MDPs such as humanin. An increment in mitokines 
production occurs with age, and has been proposed as a mechanism of 
resistance to stress, being the chronic age-associated liberation of these 
molecules what becomes pathogenic [93]. 

Mitokines are involved in immune responses, and their role in T cell 
function has also been described in several works. The MDP MOTS-c is 
involved in inflammation and neuroprotection, and potentially con-
tributes to healthy aging and regulation of inflammaging [94]. In 
addition, MOTS-c has been reported to prevent patients pancreatic 
β-islet destruction in autoimmune diabetes by reducing T cell activation 
and promoting Treg differentiation [95,96]. FGF21 is a metabolic 
regulator implicated in restoring the mitochondrial function and also 
has a protective role in age-associated thymic involution since its 
overexpression prevents thymus involution in mice, while its depletion 
induces the acceleration of thymus aging [97]. Another example of 
mitokines implicated in T cell activity is GDF15, a member of the TGF-β 
superfamily, which reduces T cell activation and expression of 
pro-inflammatory proteins in a mouse model of liver fibrosis [98]. The 
mitohormesis-promoting drug metformin increases lifespan [99,100] 
and reduces the production of Th17-profile cytokines ameliorating T cell 
inflammaging in patients through the improvement of mitochondrial 
bioenergetics [101]. However, the serum levels of GDF15 in prediabetic 
patients correlate with an increased production of pro-inflammatory 
cytokines by senescent CD8+ T cells that contain higher concentration 
of ROS [102], suggesting that even the beneficial effects of mitohormesis 
may turn pathogenic when the mitochondrial oxidative stress is not mild 
and controlled. 

5. Defective mitochondrial Ca2þ Homeostasis in old T cells 

Ca2+ signaling modulates genes implicated in survival and prolifer-
ation of T cells upon TCR stimulation, making Ca2+ homeostasis crucial 
for T cell activation [27,103–105]. 

Intracellular Ca2+ is mainly stored in the endoplasmic reticulum 
(ER). Beside ER, mitochondria are important modulators of Ca2+ ho-
meostasis [106]. A well-balanced concentration of mitochondrial Ca2+

is capital for the correct function of T cells [5]. During T cell activation, a 
constant flux of Ca2+ into de T cell is needed. When TCR simulation 
increases the influx of Ca2+, mitochondria take the excess buffering its 
signal to avoid undesired consequences of high Ca2+ concentration such 
as Ca2+-mediated apoptosis [107] or inhibition of Ca2+ channels (Fig. 3) 
[8]. In addition, mitochondrial Ca2+ activates mitochondrial enzymes 
that trigger TCA cycle [108] promoting the production of important 
intermediates for the ETC and therefore promoting ATP production 
[109]. 

Excess of Ca2+ uptake by mitochondria results in Ca2+-induced nitric 
oxide production, Ca2+-mediated cytochrome c (CytC) dissociation from 
the inner mitochondrial membrane (IMM) and opening of the mito-
chondrial permeability transition pore [5] resulting in increased ROS 

production, decreased MMP, apoptosis and mitochondrial dysfunction 
[110–112]. Nevertheless, aged mice T cells present reduced mitochon-
drial Ca2+ uptake [113,114]. The impairment of signaling and activa-
tion of naïve CD4+ T cells from old mice has been related to 
mitochondrial dysfunction, which affects early activation signaling 
processes such as Ca2+ buffering [66,115]. All this suggests that defects 
in mitochondrial Ca2+ homeostasis might be both cause and conse-
quence of T cells mitochondrial dysfunction during aging. 

6. Mitochondrial dynamics alterations in old T cells 

Mitochondria are dynamic structures that suffer processes of fusion 
and fission that modify their size, morphology and position within the 
cell according to its metabolic needs and function [116]. These pro-
cesses, known as mitochondrial dynamics, are crucial for mitochondrial 
metabolism and for the mitochondrial quality control. Failures in 
mitochondrial dynamics during aging contribute to accumulation of 
unhealthy mitochondria [117,118]. 

Mitochondrial fission is orchestrated by fission 1 homolog protein 
(FIS1), mitochondrial fission factor (MFF), mitochondrial dynamics 
protein of 49 kDa (MID49) and mitochondrial dynamics protein of 
51 kDa/mitochondrial elongation factor 1 (MID51/MIEF1) which re-
cruit central fission protein dynamin related protein 1 (DRP1) to the 
fission site and constrict the mitochondria to mediate fission [119]. By 
segregating mitochondria, mitochondrial fission increases ROS pro-
duction [120], accelerates cell proliferation [121] and mediates 
apoptosis [122]. It also promotes mitophagy by generating low MMP 
mitochondria, which are more easily degraded [123]. 

Mitochondrial fusion is first mediated by mitofusins 1 and 2 (MFN1 
and MFN2), which catalyze the outer mitochondrial membrane fusion, 
and then by optic atrophy gene 1 (OPA1), which promotes the IMM 
fusion [124], generating bigger mitochondria. Inhibition of mitochon-
drial fusion in mammalian cells, through MFN2 ablation, yields in 
mitochondrial dysfunction with increase production of ROS, decreased 
OXPHOS and MMP [117]. Fused mitochondria buffer punctual mito-
chondrial damage and mutations in the mtDNA [125], maximize 
OXPHOS activity [126,127] and improve endoplasmic reticulum (ER) 
interactions [128]. Interestingly, mitochondrial fusion reduces Ca2+

transfer between ER and mitochondria, preventing Ca2+-induced cell 
death [129]. Age-associated decrease of OPA1 contributes to age-related 
deterioration of several organs and tissues [130]. Mitochondrial fusion 
is also linked to MMP since dissipation of MMP induced the cleavage of 
OPA1 therefore hindering mitochondrial fusion [131]. 

Mitochondrial trafficking can be anterograde (away from the nu-
cleus) or retrograde (toward the nucleus) and both processes decrease 
with age [125]. In non-lymphoid cells, mainly neurons and cardiac 
myoblast, mitochondrial trafficking regulation has also been related 
with MMP, ATP/ADP ratio, ROS production and Ca2+ concentration 
[132]. In neurons, MMP is a key regulator of mitochondrial transport 
leading depolarized mitochondria to move toward the nucleus and 
directing high MMP mitochondria away from the nucleus [133]. 
ATP/ADP ratio is also regulating mitochondrial trafficking due to the 
requirement of ATP for the active transport. High ROS accumulation 
reduces mitochondrial motility through p38α in T cells [134]. Finally, 
high Ca2+ concentration decreases mitochondrial motility in neurons, 
and has been proposed as a mechanism to localize mitochondria where 
Ca2+ buffering is needed [132]. Therefore, healthy mitochondria, with 
high MMP and proper ATP production, tend to have better trafficking 
than dysfunctional ones. As expected, MMP, ATP/ADP ratio, ROS pro-
duction and Ca2+ are all altered in aging [125]. 

Mitochondrial trafficking is essential for polarization of T cells both 
during migration and during the formation of the immune synapse [27]. 
Upon antigen recognition, mitochondria move to the immune synapse in 
order to buffering Ca2+ signaling and provide ATP and ROS [103,135]. 
DRP1 coordinates mitochondrial interaction with the microtubule or-
ganization center to translocate the mitochondria into the immune 
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synapse upon TCR activation [136], underlying its important role in 
mitochondrial trafficking. During migration, ATP production, and 
therefore mitochondrial localization, is needed in the opposite site of the 
leading edge, also known as uropod [137,138]. Therefore, damaged 
mitochondrial dynamics may contribute to the deterioration of the im-
mune synapse formation observed during aging [139]. 

During aging, there is a drastic mitochondrial morphology alteration 
in T cells (Fig. 3) [140]. Memory T cells, that rely in OXPHOS, possess 
fused mitochondrial networks, with tight cristae and closely associated 
ETC complexes. Accordingly, fusion protein OPA1 is essential for 
memory T cells generation [141]. In contrast, effector T cells, charac-
terized by aerobic glycolytic metabolism, have smaller fragmented 
mitochondria with disorganized cristae [109,141]. Signaling through 
PD-1, a marker of exhausted T cells, prevents mitochondrial fragmen-
tation after TCR stimulation by downregulating the fission protein DRP1 
phosphorylation via ERK1/2 and mTOR pathways [142]. DRP1 
expression decreases during aging [125]. In addition, in vitro knockout 
of DRP1 hinders the clonal expansion of effector T cells upon TCR 
activation, regulating effector T cell numbers in vivo [143]. All these 
data suggest that alterations on mitochondrial dynamics could 
contribute to age-associated T cell function decline. 

7. Mitochondrial biogenesis and mitophagy in old T cells 

In addition to dynamics, mitochondrial homeostasis is regulated by 
mitochondrial biogenesis and degradation (mitophagy) and both pro-
cesses are also altered in old T cells. 

Mitochondrial biogenesis is destined to produce more mitochondrial 
mass. This process is mainly regulated by the PPARγ coactivator 1 (PGC- 
1) family [144]. A member of this family, PGC-1α, has a master regu-
latory role by activating the Nrf1/2 and ERRα that further control Tfam, 
another important nuclear-encoded factor essential for the stabilization 
and replication of mtDNA and, therefore, capital for mitochondrial 
biogenesis [145,146]. 

During T cell activation and clonal expansion, there is an increase in 
mitochondrial mass and mtDNA levels [35,147]. Conversely, T cell 
exhaustion is characterized by metabolic alterations produced by the 
repression of PGC-1α expression after PD-1 ligation [148]. In fact, in vivo 
pharmacological strategies that enhance mitochondrial biogenesis such 
as IL-15 [46], IL-21 [149] or metformin [150] boost T cells response 
against different challenges. The induction of mitochondrial biogenesis 
through caloric restriction or enduring exercise rejuvenates mitochon-
drial function in mice [151,152]. Both caloric restriction and enduring 
exercise have a positive impact in aged T cells, maintaining a naïve T cell 
pool, enhancing the vaccine response and the T cell proliferative ca-
pacity [153,154]. 

The NAD+-dependent deacetylases family known as sirtuins (SIRT) 
have also an important role in mitochondrial biogenesis. Among this 
family, SIRT3 is the main mitochondrial-located SIRT and its abrogation 
has been linked to age-related diseases [155] and to the induction of 
cellular mitochondrial dysfunctional-associated senescence (MiDAS) 
that presents a senescence associated secretory phenotype (SASP) that 
lacks the IL-1 arm [156]. There is an age-associated decline of the 
SIRT3-substrate NAD+ due to an increased expression of the NADase 
CD38 in different tissues during aging that alters T cell polarization and 
survival [157]. Indeed, the CD38 knockout restores NAD+ and mito-
chondrial function in old mice [157]. 

Mitophagy is a process that takes place in potentially cellular damage 
situations such as oxidative stress, hypoxia, MMP loss or accumulation 
of unfolded proteins, in order to remove damaged mitochondria through 
autophagosomes [158]. Mitophagy delays immune cell senescence by 
maintaining mitochondrial fitness [159]. Several stress-induced 
mitophagy pathways for each of the mentioned situations have been 
reviewed elsewhere [158]. Loss of MMP in damaged mitochondria leads 
to the stabilization of PTEN-induced putative kinase 1 (PINK1) on the 
outer mitochondrial membrane, allowing it to recruit the E3 ubiquitin 

ligase Parkin, which leads damaged mitochondria into autophagosomes 
for its consequently degradation. In addition, in vitro inhibition of MFN1 
and MFN2 fission proteins inhibits Parkin-induced mitophagy support-
ing that mitochondrial fission is necessary for mitophagy [160]. 

The importance of mitophagy in homeostasis, activation, differenti-
ation, metabolism and function of T cells is deeply reviewed elsewhere 
[161]. As expected, these processes are altered in aging leading to the 
accumulation of damaged mitochondria in T cells (Fig. 3) [4,64,162, 
163]. Depletion of autophagy-related genes (Atg), such as Atg5, in T 
cells results in impaired T cell survival, mitochondrial dysfunction and 
disrupted metabolic functions that have a negative impact on the re-
sponses to antigen and TCR-induced proliferation [164,165]. Alterations 
of mitophagy may be due to age-related signaling disturbances in T cells 
such as dysfunctional TCR activation [166], low production of IL-2 
[167] or altered MAPK p38 signaling [76]. Mitochondria are the 
preferred content of autophagosomes in resting T cells whereas acti-
vated T cells tend to exclude them from the autophagosomes [164] 
suggesting a highly important role of mitophagy in regulating quiescent 
long-lived T cells. Congruently, senescent cells present increased mito-
chondrial mass resulting from a decrease in mitophagy, which has also 
thought to be a compensatory mechanism against the mitochondrial 
decline [5]. In addition, the mechanistic target of rapamycin (mTOR), 
which inhibits mitophagy [168], is upregulated both in aging [169] and 
in a T cell senescent induction mice model through the knockout of 
RIPK1 specifically in CD4+ T cells [170]. 

Defective mitophagy and mitochondrial turnover contribute to the 
impairment of immune response and inflammaging in CD4+ T cells of 
older individuals [64]. Compounds that promote mitophagy, such as 
spermidine, increase the lifespan of human PBMCs [171]. While the 
endogenous spermidine decreases in humans with age, its supplemen-
tation recovers autophagy in T cells, enhancing the vaccine response 
[172]. In addition, spermidine improves the mitochondrial function of 
aged CD8+ T cells [173]. 

Altered mitophagy during aging deeply contributes to 
mitochondrial-mediated T cell dysfunction observed in aged T cells 
[174,175]. 

8. Mitochondrial dysfunction impact in regulated cell death of 
old T cells 

One of the consequences of age-associated mitochondrial dysfunc-
tion is the alteration of regulated cell death (RCD) pathways such as 
apoptosis or pyroptosis, which will be comment in the following section. 
Following TCR stimulation, there is a massive clonal expansion that 
produces millions of T cells which are eliminated in the later resolution 
phase of the inflammatory process. This reduction to basal levels of T 
cells is mediated by cytokine withdrawal and CD95/Fas apoptotic 
pathway [176]. 

Lymphocytes from elderly subjects overexpress the CD95/Fas 
apoptotic molecules favoring an apparent mitochondrial independent 
apoptosis pathway [177]. However, CD95 ligation activates the 
Fas-associated protein with a death domain (FADD) that mediates the 
split of Bid, a Bcl-2 family member. Upon cleavage, Bid translocates into 
the mitochondria promoting the release of CytC to the cytosol [178]. 
Once in the cytosol CytC conforms the apoptosome by its association 
with Apaf-1 (apoptotic protease-activating factor 1), caspase 9 and ATP. 
This complex can proteolytically activate the caspase 9 leading to the 
activation of the caspase cascade, thus starting the degradation phase of 
apoptosis [179]. The changes and the impact of apoptosis during aging 
have been deeply reviewed elsewhere [180]. Regarding T cells, 
decreased MMP of CD8+ T cells cultured with tumor cells induces the 
progressive destruction of both inner and outer mitochondrial mem-
brane, leading to the release of CytC and promoting CD8+ T cells 
apoptosis [174]. Another mitochondrial-released protein related to 
apoptosis is the apoptosis-inducing factor (AIF) which, upon apoptosis 
induction, translocates from the mitochondria into the nucleus 

J.I. Escrig-Larena et al.                                                                                                                                                                                                                        



Seminars in Immunology 69 (2023) 101808

7

producing chromatin condensation and a dramatic DNA fragmentation 
[181]. The mitochondrial outer membrane permeabilization also allows 
the translocation of AIF to the cytosol, promoting apoptosis in T cells 
[182]. 

These data suggest that the mitochondria-mediated apoptosis path-
ways in T cells may be altered upon aged-related mitochondrial 
dysfunction, specially through the disruption of membrane perme-
ability, promoting excessive apoptosis in T cells. 

9. Causes of age-associated mitochondrial dysfunction in T cells 

The origin of mitochondrial dysfunction is a combination of the 
accumulation of alterations in the mtDNA and the age-linked disruption 
of a proper mitochondrial turnover [4]. As mentioned, mtDNA is much 
more vulnerable to damage than nuclear DNA due to its high replicative 
index, the oxidative environment and lack of protective proteins like 
histones [20]. With aging, rounds of cellular division through homeo-
static proliferation in naïve T cells and through clonal expansion in 
activated T cells, increase the incidence of mtDNA alterations conse-
quently disrupting the function of mitochondrial membrane complexes, 
altering the NAD+/NADH ratio, reducing the MMP, altering the respi-
ratory capacity and augmenting the production of ROS [4,5]. 

In addition, during aging the mitochondrial turnover mechanisms, 
both mitochondrial biogenesis and mitophagy, are compromised [64], 
promoting the accumulation of damaged mitochondria that leads to 
mitochondrial stress and compromises T cell function, consequently 
leading to a vicious loop of inflammation. The accumulation of 
dysfunctional mitochondria allows the release of mitochondrial com-
ponents to the T cell cytoplasm promoting inflammatory pathways such 
as cyclic GMP-AMP synthase - cGAMP interactor (cGAS-STING) or the 
inflammasome and altering others such as the NF-κB, contributing to 
inflammation and/or pyroptosis [183,184]. 

Although mtDNA damage and mitophagy deterioration are the most 
probable contributors to the origin of the mitochondrial dysfunction, is 
feasible to think that other age-linked events are contributing to this 
fact. A proper NAD+/NADH ratio and NAD pool is required for the 
correct function of mitochondria. During aging, there is an increment in 
the expression and function of the NAD+ degradative enzyme CD38 in 
several immune cells, including the myeloid and lymphoid pool. These 
augmented CD38+ cells result in the disruption of the NAD+/NADH 
ratio and the NAD+ depletion contributing to mitochondrial dysfunction 
[157,185,186]. In addition, accumulation of genomic DNA alterations 
activates PARP1, an NAD+-dependent enzyme, that contributes to NAD+

consumption, misbalancing the optimal NAD+/NADH ratio and NAD 
pool and contributing to mitochondrial dysfunction [5]. 

In addition to NAD+/NADH misbalance, the aged environment in 
which T cells are embedded may also contribute to mitochondrial 
dysfunction. Although mitochondrial dysfunction has classically been 
proposed as cause of senescence [187], the plethora of molecules pro-
duced by senescent tissues included in the SASP, such as ROS, 
damage-associated molecular patterns (DAMPs) and pro-inflammatory 
cytokines might feedback the disruption of mitochondrial function in 
T cells. ROS and other DAMPs are well known activators of NF-κB [64]. 
This pro-inflammatory pathway promotes mitochondrial dysfunction in 
rat and human muscle and it is implicated in the regulation of mito-
chondrial function and mitochondrial dynamics [188,189]. Several in-
flammatory cytokines secreted by senescent cells as part of the SASP, 
such as IL-6 and IFN-γ, alter mitochondrial function in T cells. IL-6 
contributes to CD4+ T cell metabolic switch for their differentiation 
toward Th2 and Th17 [190]. In addition, IL-6 facilitates the formation of 
mitochondrial supercomplexes promoting mitochondrial membrane 
hyperpolarization and increasing the levels of mitochondrial Ca2+ while 
minimizing mitochondrial ROS production [191]. IFN-γ reduces mito-
chondrial respiration and dampers the maintenance of stem-like T cells 
[192]. 

Therefore, together with mtDNA damage and mitochondrial 

turnover alteration, the age-related unbalance of NAD+/NADH ratio and 
the SASP-enriched environment potentially cause and accelerate mito-
chondrial dysfunction in old T cells. 

10. Mitochondrial contribution to inflammaging 

For many years, studies have shown that mitochondria are tightly 
associated to inflammation [184]. Due to its prokaryotic origin, mito-
chondria are one of the main sources of DAMPs [193]. The release of 
intra-mitochondrial components into the cytoplasm activates intracel-
lular signalling receptors, leading to the activation of immune responses 
and to the consequent release of pro-inflammatory molecules such as 
IL-6, IL-1β or TNF [194]. Signalling by mitochondrial DAMPs 
(mtDAMPs) progressively increases with age, owing to the disruption of 
mitochondrial permeability associated to aging [93]. mtDAMPs include 
mitochondrial molecules such as cardiolipin, SMAC, N-formyl peptides, 
Tfam, ROS or mtDNA. The latter has been postulated as a major driver of 
inflammaging, since circulating mtDNA increases with age in humans 
and its plasma levels correlates with those of pro-inflammatory cyto-
kines [195]. Indeed, the measurement of plasma mtDNA levels is 
considered an aging biomarker in HIV patients, since mtDNA plasma 
concentration is increased during aging in HIV patients and correlates 
with defective cognitive functions [196]. In the same line, mtDNA 
contributes to the progression of T-cell mediated autoimmune diseases 
[14]. High concentrations of mtDNA detected in sera of patients with 
psoriasis and in synovial liquid of patients with rheumatoid arthritis 
worsen disease prognosis [197]. 

mtDNA contributes to both the activation of cGAS-STING pathway 
and the assembly of the inflammasome, two independent signalling 
cascades through which mitochondrial dysfunction promotes acute in-
flammatory responses (Fig. 4). Release of mtDNA fragments into the 
cytosol triggers the activation of cGAS which binds to the adaptor pro-
tein STING and leads to the production of type I interferons, such as IFN- 
β1, and proinflammatory cytokines, such as TNF or IL-6 [198]. The 
activation of cGAS-STING pathway contributes to CD8+ T cell activation 
[199] and Treg suppression function [200]. However, this pathway is a 
driver of inflammaging through a positive loop involving ROS produc-
tion [201] and it negatively affects the function of T cells increasing cell 
death, reducing proliferation and increasing the type I interferon, TNF 
and IL-6 production [199,202,203]. Cytosolic mtDNA, specially the 
oxidized mtDNA, also activates NLRP3 promoting the assembly of the 
inflammasome, a structure that leads to the activation of caspase I and 
therefore leading to the release of active IL-18 and IL-1β by the pyrop-
totic cell death [204]. T cell pyroptosis has been described in HIV and 
RA patients, which share the common features of premature T cell aging 
[14]. The importance of cGAS-STING signalling versus the inflamma-
some assembly by mtDNA is influenced by cellular bioenergetics [184]. 

Besides mtDNA, other mtDAMPs contribute to inflammaging (Fig. 4). 
The IMM lipid cardiolipin, responsible for the curvature of the mito-
chondrial cristae, is important for the optimal NLRP3 signalling and 
inflammasome formation [205]. Importantly, its presence in the IMM is 
required for a proper CD8+ T cell response against infections in mice 
[206], suggesting that delocalization of the IMM toward the cytosol due 
to mitochondrial dysfunction activates the inflammasome and is detri-
mental for T cell function. SMAC (second mitochondria-derived acti-
vator of caspase) is another mtDAMP that is translocated to the cytosol 
both in pro-apoptotic and pro-inflammatory contexts. It inhibits IAP 
(inhibitor of apoptosis protein) and switches NF-κB signalling from the 
canonical to the non-canonical pathway [207]. Interestingly, SMAC 
mimicking through pharmacological approaches has an immunomodu-
latory effect by reprogramming Th17 CD4+ T cells towards Th2 CD4+ T 
cells [208]. Finally, N-formyl peptides are potent neutrophil activators 
[193], although the contribution of aged T cells to this activation is not 
described yet. 

These facts localize mtDAMPs as dual source of inflammaging, both T 
cell intrinsic and T cell extrinsic. 
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11. Concluding remarks 

In the last 30 years the key role of mitochondrial activity in the 
regulation of aging has been stablished in species ranging from yeast to 
mammals. Recent evidences started to identify tissues and organs whose 
mitochondrial activity is especially important to regulate aging and how 
different tissues and cells can communicate with each other. The accu-
mulation of damaged mitochondria in old T cells alters the function of 
this important immune cell type resulting in increased vulnerability to 
infections, autoimmune diseases, cancer, reduced vaccination efficiency 
and contributing to inflammaging and age-related multimorbidity. 

The most evident consequence of the age-associated mitochondrial 
dysfunction is the metabolic dysregulation that forces T cells to be more 
dependent on fermentation of pyruvate to lactate. This glycolytic shift of 
age-associated T cells impacts their stemness and effector function 
contributing to the accumulation of short-lived effector T cells. The 
increment of ROS production and oxidative stress by damaged mito-
chondria also contribute to T cell differentiation and activation. Alter-
ation of mitochondrial dynamics restrains the metabolic switch needed 
for T cell activation and dampers the Ca2+ buffering by mitochondria, 
impairing the formation of the immune synapse and promoting unde-
sired effects such as Ca2+ mediated apoptosis. 

Functional deterioration of T cells during aging generates a myriad of 
T cell pools that are denominated as age-associated T cells (Taas). These 
Taas increase with aging and contribute to age-associated diseases either 
by an excessive inflammatory profile, promoting inflammaging and 
autoimmune diseases, or by an inefficient function, leading to infections, 
cancer progression or accumulation of senescent cells. Thanks to 
scRNAseq technology the transcriptomic differential features of Taas (e. 
g. natural killer-like CD8+ T cells, cytotoxic CD4+ T cells, exhausted T 
cells or activated Tregs) have been described allowing their identifica-
tion and functional characterization [209]. However, whether 
age-related mitochondrial decline affects to all these subpopulations 
equally remains to be elucidated. 

Along this work, the different mitochondrial dysfunction processes 
are presented separately. It is important to understand that all of them 
are interconnected increasing the complexity of understanding and 
potentially intervene in this important hallmark of aging. Further 
research is needed to go deeper on the knowledge of molecular mech-
anisms and functional consequences of age-associated mitochondrial 
decline, especially in T cells, with the final goal to design strategies to 

delay T cell dysfunction in old people and its wide consequences in 
immunity, cancer and age-related multimorbidity. 
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M. Mittelbrunn, Glycolysis – a key player in the inflammatory response, FEBS J. 
287 (2020) 3350–3369, https://doi.org/10.1111/febs.15327. 

[31] A.A. Shestov, X. Liu, Z. Ser, A.A. Cluntun, Y.P. Hung, L. Huang, D. Kim, A. Le, 
G. Yellen, J.G. Albeck, J.W. Locasale, Quantitative determinants of aerobic 
glycolysis identify flux through the enzyme GAPDH as a limiting step, Elife 3 
(2014), e03342, https://doi.org/10.7554/eLife.03342. 

[32] N. Ron-Harel, D. Santos, J.M. Ghergurovich, P.T. Sage, A. Reddy, S.B. Lovitch, 
N. Dephoure, F.K. Satterstrom, M. Sheffer, J.B. Spinelli, S. Gygi, J.D. Rabinowitz, 
A.H. Sharpe, M.C. Haigis, Mitochondrial biogenesis and proteome remodeling 
promote one-carbon metabolism for T cell activation, Cell Metab. 24 (2016) 
104–117, https://doi.org/10.1016/j.cmet.2016.06.007. 

[33] E.L. Pearce, E.J. Pearce, Metabolic pathways in immune cell activation and 
quiescence, Immunity 38 (2013) 633–643, https://doi.org/10.1016/j. 
immuni.2013.04.005. 

[34] M. Peng, N. Yin, S. Chhangawala, K. Xu, C.S. Leslie, M.O. Li, Aerobic glycolysis 
promotes T helper 1 cell differentiation through an epigenetic mechanism, 
Science 354 (2016) 481–484, https://doi.org/10.1126/science.aaf6284. 
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