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Ageing is a complex, multifactorial pro-
cess which cannot be fully explained by
molecular mechanisms.

The physicochemical intracellular envi-
ronment provides a backdrop to all mo-
lecular mechanisms.

Yeast replicative ageing is associated
Cellular ageing described at the molecular level is a multifactorial process that
leads to a spectrum of ageing trajectories. There has been recent discussion
about whether a decline in physicochemical homeostasis causes aberrant phase
transitions, which are a driver of ageing. Indeed, the function of all biological mac-
romolecules, regardless of their participation in biomolecular condensates, de-
pends on parameters such as pH, crowding, and redox state. We expand on the
physicochemical homeostasis hypothesis and summarise recent evidence that
the intracellular milieu influences molecular processes involved in ageing.
with changes in multiple physicochemi-
cal parameters, including the pH of the
cytosol, vacuole, and cell cortex, as well
as redox state and organellar crowding.

Changes in physicochemical parameters
impinge on aspects of the molecularly
defined hallmarks of ageing, including
loss of protein homeostasis, genome in-
stability, and mitochondrial function.

A change in physicochemical parame-
ters during ageing is an aspect that
emerges as a potential contributor, or
even driver, of age-related diseases.

1European Research Institute for the
Biologyof Ageing,University ofGroningen,
University Medical Center Groningen,
Groningen, The Netherlands
2Cellular Protein Chemistry, Bijvoet Centre
for Biomolecular Research, Faculty of
Science, Utrecht University, Utrecht, The
Netherlands

*Correspondence:
s.mavrova@rug.nl (S.N. Mouton) and
l.m.veenhoff@rug.nl (L.M. Veenhoff).
Exploring the physicochemical perspective of ageing
What molecular mechanisms underlie cellular ageing is one of the major questions remaining un-
answered in biology. Several molecular mechanisms implicated in ageing have been identified [1]
and categorised into 12 ageing hallmarks [2,3]. However, a unifying molecular theory of ageing is
currently lacking [4–6]. Such a single theory may not exist because what extends lifespan dramat-
ically in some species only has a moderate effect on lifespan extension in others [7]. This is, for
example, the case with the insulin/IGF-I signalling (IIS) pathway where a single-gene mutation
leads to a tenfold increase in the lifespan of Caenorhabditis elegans worms [8], whereas the ef-
fects in flies and mice vary between 20% and 40% [9–12].

Interestingly, organisms from isogenic populations (see Glossary) that live in the same environ-
ment can have very different lifespans and ageing phenotypes [13]. This implies that they follow
individual ageing trajectories driven by different underlying mechanisms. Thus, although the ma-
jority of multicellular and some unicellular organisms are subject to ageing, it is evident that there is
not a single molecular pathway that is central to this process. At a molecular level, ageing is in-
deed a complex multifactorial biological phenomenon that is very challenging to uncover.

A valid question is whether there are complementary ways of describing ageing that would help to
understand this process better. A physicochemical perspective may provide such an additional per-
spective. An essay by Alberti and Hyman in 2016 highlights the importance of the physicochemical
parameters of cells and how age-dependent changes in such parameters have the potential to
drive aberrant transitions in biomolecular condensates and subsequent loss of intracellular organisa-
tion [14]. Such transitions are now well linked to the pathology of age-related neurodegenerative dis-
eases, suggesting that a decline in homeostatic mechanisms and changes in physicochemical
parameters might explain several of the observed ageing phenotypes [15].

All biological macromolecules have evolved to function in an environment characterised by param-
eters such as finite volume, viscosity, macromolecular crowding, internal pH, ionic strength,
water activity, osmotic pressure, temperature, redox potential, and ATP availability. Cells employ
mechanisms that regulate many of these parameters, counteract fluctuations, or repair dysfunction
arising from environmental stressors. For example, upon exposure to external stressors such as
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Glossary
Ageing factors: damaged and
lifespan-limiting cellular components
which accumulate in ageing cells. In
yeast they are asymmetrically retained in
the ageing mother cell.
Asymmetric division: a cell division
that produces two unequal cells. In
budding yeast the mother cell retains the
ageing factors and ages progressively
while the daughter cell is 'born' with a full
lifespan.
Cellular: the ratio of dry cellular mass to
total cell volume, usually expressed in
mg/ml.
Excluded volume effect: arises from
the fact that two macromolecules cannot
occupy the same place at the same time
owing to nonspecific steric repulsion. The
part of the total volume that cannot be
occupied by a particular macromolecule is
the excluded volume, and the remaining
part is the available volume. The excluded
volume effect is present in all cases where
the macromolecules freely diffuse and is
modulated by attractive or repulsive
chemical forces.
Fermentative growth: cultures grown
in the abundant presence of glucose,
which yeast cells catabolise to obtain
energy in the form of ATP.
Isoelectric point (pI): the pH at which
the net charge of a protein equals zero.
At pH values below their pI, proteins
have a positive charge, and above the pI
they have a negative charge.
Isogenic population: a population of
individuals with identical genomes.
Yeast cultures represent an isogenic
population because these cultures
originate from a single yeast cell.
Macromolecular crowding: refers to
the fact that all macromolecules together
(protein, RNA, DNA, glycogen, etc.)
occupy a significant fraction of the cell
volume.
Petite phenotype: the absence of
mitochondrial DNA (mtDNA), ormutations
in mtDNA or the nuclear genome, that
drive loss of mitochondrial membrane
potential ΔΨ and cause respiratory
deficiency. These mutants were named
petite after the small appearance of their
colonies and reduced cell size.
Replicative lifespan (RLS): ameasure
of the total number of mitotic divisions a
mother cell can undergo before death.
Respiratory growth: if glucose is not
present in the growth media, yeast use
other non-fermentable carbon sources
such as ethanol or glycerol. The
respiratory chain and the tricarboxylic
suboptimal temperature, proteins unfold and form aggregates which are dealt with by the
proteostasis network. Because the proteostasis network is altered in ageing, this renders cellular
processes more sensitive to the environment in which they take place (e.g., suboptimal tempera-
ture) [16]. In addition, some cellular processes may, by nature, be more sensitive to small changes
in environmental conditions; for example, the thermal stability of proteins varies broadly [17]. In the
event of weakened, deregulated, or overburdened protective mechanisms, we speculate that the
most sensitive processes would be most impacted by fluctuations in the surrounding milieu.

In this review we expand on the physicochemical homeostasis hypothesis and explore broadly
how age-related changes in the physicochemical parameters of cells have consequences for cel-
lular physiology. Such a perspective is, at present, only beginning to emerge for the process of
replicative ageing in yeast. We therefore primarily focus on yeast replicative ageing and addition-
ally discuss findings from different organisms when relevant.

Yeast replicative ageing
The budding yeast, Saccharomyces cerevisiae, is a single-cell organism that reproduces through
asymmetric division. At the start of its lifespan, a single yeast cell buds off a daughter cell
about every 1.5 h. Towards the end of the replicative lifespan, it enters a slow-dividing mode,
termed senescence entry point, and eventually dies [18]. The average number of daughters pro-
duced by a single mother cell is ~25, although there is a large variability within a single population.
The number of divisions amother cell completes determines its replicative lifespan (RLS) [19,20].
Yeast cells can also survive in nutrient-depleted conditions without dividing. These cells also age
and die after a period of time, which is referred to as the chronological lifespan [21], but this is not
the focus of the current review. The lifespan of baker's yeast cells is malleable by genetic interven-
tions, and many genes that expand lifespan in yeast also do so in more complex organisms [22].

During their RLS, mother cells accumulate ageing phenotypes: for instance, cellular and vacuolar
sizes increase dramatically, division frequency slows down, and extrachromosomal rDNA circles
(ERCs) and protein aggregates accumulate (summarised in [16–22]). Because of asymmetric di-
vision, budded-off daughter cells generally do not inherit ageing factors (Figure 1A). Their divi-
sion frequency and lifespan are fully reset; daughter cells are therefore considered to be
rejuvenated and born at the replicative age of zero. This asymmetry breaks down late in the
lifespan of mother cells when daughters are 'born' with reduced lifespan [23].

Why do yeast cells from isogenic populations have different lifespans? Studies using microfluidic
devices [18,24–29] to follow individual yeast cells throughout their life have shown that cells with
identical genomes, grown under the same environmental conditions, have different lifespans. This
spread in lifespan is, in fact, similar to the spread in human population with its wide variety of ge-
nomes and environmental conditions (Figure 1B). The heterogeneity of lifespans may originate
from the stochastic nature of biochemical reactions that drive variability of gene expression,
which in turn causes phenotypic differences [30]. The most convincing and exciting explanation
for the seemingly stochastic nature of yeast replicative ageing currently comes from the finding
that ERC excision from the ribosomal RNA gene array (rDNA) on the genome is a stochastic
event that sets off an ageing trajectory leading to cell death in a fixed number of divisions [31].

We conclude that, even in the simple baker's yeast system, the genes and molecular pathways
involved in ageing so far described can account for only a part of the ageing process, but cannot
fully explain it. A physicochemical perspective may provide a complementary view, and we dis-
cuss this aspect based on reports addressing pH [32–36], redox potential [32], ATP levels [37],
crowding [38,39], and cellular [40] and organellar size [26,33].
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Figure 1. The yeast replicative ageing model. (A) Mitotic divisions in yeast occur through the outgrowth of a daughter
cell in a process termed budding. The replicative age of a yeast cell is defined by the number of individual daughter cells
that it has produced. Baker's yeast divides asymmetrically such that ageing factors, such as extrachromosomal rDNA
circles (ERCs; red circles) and protein aggregates (orange diamonds), are retained in the ageing mother cell. The daughter
cell is rejuvenated and has a full replicative lifespan potential. The asymmetry breaks down later in the lifespan when
daughter cells are born prematurely aged. Most cells become senescent (stop dividing) before they die; the senescence
period can last up to 20–30 h. Yeast cell populations have a wide spread of replicative lifespans, but many laboratory
strains have an average lifespan of ~25 divisions. Nucleus and vacuole are indicated in blue and green, respectively.
(B) Survival curves of humans (blue, http://www.mortality.org, Survival in 2020) and baker's yeast (red) [126]. Humans are
genetically diverse and live under variable conditions, and this contributes to the variability of lifespan. The yeast cells are
genetically identical and they live under identical conditions, but their lifespans are also variable.

Trends in Biochemical Sciences

acid (TCA) cycle in mitochondria are
essential for this process.
Senescence entry point: the
timepoint when yeast cells enter a slow
division mode before they completely
stop dividing, become senescent, and
eventually die.
pH homeostasis in yeast replicative ageing
The systems that regulate cellular pH
Almost every biological process is pH-dependent, and changes in pH homeostasis have been re-
ported in ageing [32–36]. In addition, cytosolic pH acts as a signal to activate key pathways in
ageing – Ras/PKA and TORC1 [41]. We provide a brief introduction to pH regulation and homeo-
stasis in yeast; extensive review of this topic can be found elsewhere [42].

In yeast, two ATP-dependent proton pumps, Pma1 [43,44] and the vacuolar ATPase (V-ATPase)
[45], are responsible for active pH regulation in the cytosol [46]. Pma1 is a P2-type H+-ATPase
that is located at the plasma membrane (PM) and is one of the most abundant proteins
there. It translocates protons out of the cytosol at a rate of 1 H+ per hydrolysed ATP molecule
[47]. The vacuolar-type H+-ATPases are localised on the membranes of organelles in the
Trends in Biochemical Sciences, November 2023, Vol. 48, No. 11 951
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secretory pathway and also pump protons out of the cytosol, thus increasing cytosolic pH
and acidifying the vacuole (the yeast lysosome), the late Golgi apparatus, and endosomes
[45]. Both ATPases are regulated by the availability of glucose and are responsive to cytosolic
pH [41]. In addition, metabolites such as free phosphates and glutathione, and millions of
ionisable groups on the surface of proteins, provide a strong buffering capacity against
changes in cellular pH [33,48].

pH derailment with ageing
All three contributors to pH homeostasis discussed above change in ageing. A whole-cell
proteome analysis shows that the components of the V-ATPase become substoichiometric
in ageing [49]. The levels of Pma1 increase in ageing cells due to asymmetric inheritance
between the mother and the rejuvenated daughter cell [34,50]. The proteome of ageing
cells also has a lower isoelectric point (pI) [33], implying that the buffering capacity may
alter in ageing.

pH values are measured so far with pH-sensitive GFP derivatives or small-molecule dyes. The
earliest pH changes occur in the vacuole; indeed, alkalisation of the vacuole of the ageing mother
is already observable after three divisions [34,35]. The pH near the PM, at the cell cortex, also
changes early in the lifespan, and mother cells have an increasingly alkaline pH [34]. The pH of
the cytosol becomesmore acidic [32], and following single cells inmicrofluidic devices throughout
the lifespan revealed the kinetics of this change [33]. The cytosolic pH decreases progressively
early in ageing, and declines sharply after senescence [33]. Together, this paints a picture in
which the cell cortex and vacuole of ageing yeast cells become more alkaline while the cytosol in-
creases in acidity (Figure 2).

How these pH changes are related was best addressed for the PM and the vacuole. The use of
mutants in which the expression or activity of Pma1 and V-ATPase was altered allowedmeasure-
ments of the effects on vacuolar pH. Clearly, the activities of both are connected because re-
duced Pma1 activity results in a lower vacuolar pH, and the function of the V-ATPase also
regulates Pma1 [34,46]. A mechanistic explanation that has been put forward is competition
4 5 6 7 8
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Figure 2. pH and redox status in yeast replicative ageing. The vacuole and cell cortex already become more alkaline
(pH increases) at the third division. The cytosol progressively becomesmore acidic (pH decreases) during the mitotic lifespan
and acidifies sharply after senescence. Cytosolic acidification leads to an increase in the function of glutathione reductase
Glr1, thus promoting a more reducing glutathione potential despite increasing hydrogen peroxide levels. The age-related
increase in function of the plasma membrane ATPase Pma1 has been proposed to impair vacuolar acidification, which in
turn is proposed to be linked to mitochondrial dysfunction and genomic instability.
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for protons [34]. However, this is difficult to reconcile with the measured decrease in cytosolic pH
[32,33] and the large buffering capacity of the cytosol. An alternative explanation may relate to
ATP levels [32]: the function of both proton pumps is fuelled by ATP hydrolysis, and Pma1 may
therefore limit the function of the V-ATPase by lowering cellular ATP levels to below a threshold
[32]. V-ATPase is indeed sensitive to cellular energy levels, and the complex disassembles rapidly
after glucose deprivation [51]. Data from a population-based study shows that ATP levels de-
crease in mid-aged cells but consecutively increase again [37] (discussed in the ATP section
below). How the cortical and cytosolic pH relate has not been experimentally addressed. Simul-
taneous imaging of all three subcellular locations will be necessary to resolve this dissimilarity in
local pH (Box 1).

Can this physicochemical description help to connect multiple ageing hallmarks?
Work by Gottschling and colleagues was one of the first studies connecting the chemical prop-
erties of the cell to the hallmarks of ageing – mitochondrial dysfunction and genomic instability
[35,52,53]. In an elegant model, pH homeostasis was proposed to be causally related to mito-
chondrial dysfunction and to the production of iron–sulfur clusters required by many DNA repair
enzymes. This model thus connects multiple aspects of biology – protein homeostasis (related to
Pma1 and V-ATPase levels, stoichiometry, and asymmetric inheritance), through metabolism
(mitochondrial function), to genome instability (production of iron–sulfur clusters). The model is
supported by experiments, which show that mitochondrial morphology and membrane potential
ΔΨ are rescued when vacuole acidity is maintained [35], and that improved mitochondrial func-
tion (iron uptake) can rescue the respiratory deficiency in cells with impaired V-ATPase activity
[36,54]. Even though there are some inconsistencies that require additional experimental work
(Box 1), changes in cellular pH homeostasis appear throughout the lifespan of yeast cells, and im-
proving pH maintenance seems to have the potential to extend lifespan by influencing multiple
hallmarks of ageing.
Box 1. Experimental challenges to better resolve the relationship between pH homeostasis, mitochondria,
and genome stability

Although a large number of experiments indicate that pH homeostasis is causally involved in ageing and connects the mo-
lecular ageing hallmarks of mitochondrial dysfunction and genome instability, there are ambiguities that need to be ad-
dressed in future studies. First, the current evidence connecting loss of pH homeostasis to mitochondrial phenotypes
derives in part from strains that more readily lose their mitochondrial DNA, the so-called petite phenotype
[18,35,54,121,122]. Compared to other strains, such cells may more frequently follow an ageing trajectory that is domi-
nated by the effects of mitochondrial dysfunction. It was previously shown that loss of vacuolar acidity causes mitochon-
drial dysfunction, most likely through increased cytosolic amino acid concentrations [35]. Recent studies show that loss of
vacuolar acidity leads to reduced iron bioavailability [36,54] owing to impaired vacuolar import of amino acids and in-
creased cytosolic cysteine concentrations. High cytosolic cysteine then exerts toxic effects through increased oxidative
stress which disrupts iron–sulfur clusters in proteins [54]. Indeed, in vacuole-impaired and aged cells, iron supplementation
[36] or overexpression of the amino acid transporter AVT1 can rescue mitochondrial dysfunction and extend lifespan [54].
However, there are other causes of mitochondrial dysfunction in ageing [122], suggesting that the vacuole–mitochondria
axis is a major contributor to age-related mitochondrial dysfunction in yeast cells with a particular genetic background, but
is unlikely to be the only one. In addition, vacuolar dysfunction likely impacts on ageing cell physiology beyond its effects on
mitochondrial fitness [123]. Further experiments will be necessary to prove that lifespan extension through improved vac-
uolar acidity is mediated by preserved mitochondrial membrane potential in yeast strains that are not S288C-derived. For
example, the lifespan-extending effect of improved V-ATPase function should be lost in mutants lacking mitochondrial
DNA. In addition, key experiments showing that improved pH homeostasis extends lifespan through reducing age-asso-
ciated loss of mitochondrial ΔΨ and a subsequent decrease in DNA damage have not yet been done. Finally, the reported
difference in cortical and cytosolic pH needs to be better experimentally addressed where cortical, cytosolic, and vacuolar
pH aremonitored simultaneously in single cells at high temporal resolution combinedwith interventions at the Pma1 and V-
ATPase level. Such simultaneous monitoring of multiple parameters at the single-cell level has now become within reach
given the dramatically improvedmethods of imaging and image analysis for tracking thousands of individual cells over their
lifespan [126].

Trends in Biochemical Sciences, November 2023, Vol. 48, No. 11 953
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Redox homeostasis in yeast replicative ageing
The oxidising or reducing potential of the intracellular environment, termed redox potential, is
influenced by several molecular species including reactive oxygen species, antioxidant enzymes,
and redox couples. Cellular redox systems are enzymatically regulated and are not in equilibrium
with each other [55], and some redox reactions are pH-dependent [56]. Disrupted redox
homeostasis is implicated in several age-related diseases such as cancer and cardiovascular
and neurodegenerative diseases [57,58]. As discussed, in replicatively aged yeast cells undergo-
ing fermentative growth (on glucose), the pH decreases towards the end of the RLS [32,33].
Concomitantly, the ageing cytosol also becomes more reducing [32], as measured using the
ratiometric roGFP-Grx1 sensor [59] to determine the glutathione redox potential. The direction
of this change may come as a surprise because H2O2 levels increase with ageing [32]
(Figure 2). The explanation given is that the function of the main glutathione reductase Glr1
reaches its optimal activity in the acidifying ageing cytosol. Thus, as pH decreases, the cytosol
of old cells becomes more reduced, rendering old yeast cells more resistant to oxidative
stress. This is an excellent example of how age-related changes in chemical parameters of the
cell (i.e., pH) regulate protein activity, culminating in a change in redox state and impinging on
resistance to oxidative stress. The physiological consequences of such regulation during ageing
at the global proteome level are largely unknown.

Another redox couple – NAD+/NADH – has been shown to play an important role in ageing [60].
The oxidised form of nicotinamide dinucleotide (NAD+) is consumed by NAD+-dependent en-
zymes, most prominently by poly(ADP-ribose) polymerases (PARPs) and sirtuins. Although the
exact role of the sirtuin Sir2 in lifespan extension has been debated over the past 20 years, it is
clear that its functions are tightly connected to redox homeostasis and ageing [61–63]. Sir2 is a
NAD+-dependent deacetylase that regulates a multitude of cellular functions and acts as a meta-
bolic sensor in the cell [64]. Its functions related to the genome include acetylation of histones
and a wide range of transcriptional regulators, as well as repression of recombination in the
rDNA locus [62]. Yeast Δsir2 mutants have a shorter lifespan due to, among other causes, in-
creased accumulation of ERCs [31,62]. In addition, Sir2 is repressed by NADH, and lowering the
levels of NADH has the potential to extend lifespan [61]. Finally, yeast cells undergoing respiratory
growth have longer lifespans, higher division frequency, and enter more slowly into senescence
compared to cells grown under fermentative conditions [32]. Although there might be other rea-
sons for these phenomena, it is noteworthy that respiration favours higher NAD+/NADH ratios [65].

Despite the many open questions, current knowledge of redox state regulation in ageing yeast
illustrates connections between pH homeostasis in the cytosol and redox homeostasis that im-
pinge on oxidative damage and genome stability.

ATP levels in yeast replicative ageing
ATP is traditionally thought of as the main energy currency of the cell that fuels many cellular pro-
cesses. In a very different perspective, more recent findings highlight the ability of ATP to maintain
protein solubility [66–68]. In a study from 2017, Patel and colleagues showed that ATP has the
characteristics of a biological hydrotrope [66]. How ATP works to solubilise proteins and whether
it should be considered to be a hydrotrope or a biological aggregation suppressor has been fur-
ther explored and debated [69–74]. Regardless of the exact mechanism, the ability of ATP to en-
hance the solubility of endogenous and pathological proteins [68], to modulate properties of
biomolecular condensates [66,75], and its millimolar concentration in the cell (much higher than
is required for enzymatic activity) [67] make ATP a crucial parameter for the physicochemical
state of the cell. Furthermore, cellular ATP levels have the ability to impact on other physicochem-
ical parameters or/and their effects in the cell [51,69,76,77].
954 Trends in Biochemical Sciences, November 2023, Vol. 48, No. 11
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As pH homeostasis declines [32,33] and protein aggregation occurs [78], it is relevant to ask
whether ATP levels are stable during ageing. Currently, single-cell data on ATP levels in RLS
are not available. However, a population-based metabolome analysis of batch-aged yeast cells
grown in minimal media shows a substantial decrease in ATP of up to 80% in mid-aged cells,
followed by an increase towards the end of lifespan [37]. In such population-based studies it is
difficult to judge whether these changes occur in cells during the mitotic phase of the RLS or
after senescence. In addition, the late-life increase in ATP levels in these data may represent a
long-lived subset of cells. From single-cell studies we know that such cells do not enter senes-
cence and generally remain healthy for the entirety of their lifespan [29,33]. In contrast to replica-
tive ageing, a study on chronological ageing showed that ATP levels are maintained [79].

In mammals, the ATP levels in aged brains from an Alzheimer's disease (AD) mouse model are
reduced compared to wild-type mice [80], and high ATP concentrations in the eye lens are nec-
essary to keep the high protein content soluble [69,77]. Interestingly, aggregation-induced
cataractogenesis is a common condition associated with ageing, and ATP levels in this specific
organ might decrease in an age-dependent manner. We speculate that a decrease in the ATP
concentration will have widespread effects on cellular function through its solubilising effects
and by fuelling enzymatic conversions including disaggregases and proton pumps, and it may
therefore connect to all hallmarks of ageing.

Crowding homeostasis and yeast replicative ageing
Understanding macromolecular crowding and cellular density
Macromolecular crowding is an inherent property of the cell. Cells are highly crowded with mac-
romolecules which occupy up to 40%of the total cell volume [81,82]. Single molecular species do
not occur at very high concentrations in cells, but all macromolecules together (protein, RNA,
DNA, glycogen) occupy a significant fraction of the cell volume. The crowding effect is also
known as the excluded volume effectwhich arises from the fact that twomacromolecules can-
not occupy the same place at the same time owing to nonspecific steric repulsion. How much of
the total volume is available to a particular solute species depends on its concentration, size, and
shape relative to the rest of macromolecules occupying the same space (termed background
species) [83]. A relevant explanation of crowding effects in biology can be found elsewhere [84].

Cellular density is a term that is related to crowding and it refers to the ratio of dry cellular mass
to total cell volume. Variousmethods are available to estimate crowding or density levels. For den-
sity measurements, perhaps the best and most direct method is refractive index tomography, al-
though other methods have been applied [85,86]. Macromolecular crowding can be estimated
from diffusion coefficients with labelled dextrans [87] and globular proteins [88], total biopolymer
fractions [89] or using Förster resonance energy transfer (FRET)-based sensors [90]. Crowding
on the scale between 10 and 100 nm was termed mesoscale crowding [38], the degree and ef-
fects of which have been determined by tracking genetically encoded fluorescent foreign particles
with sizes between 20 and 100 nm [38,76,91,92]. Exposing cells to hyper- or hypo-osmotic con-
ditions is the most accessible way to induce a change in macromolecular crowding, and a
hyperosmotic shock leads to intracellular water loss and cell shrinkage, thus increasing crowding.
In addition to osmotic stress, it has been inferred that mechanical pressure [93], carbon starvation
[92,94], modulation of the mTORC1 pathway [38], and gene dosage [39] can alter crowding in
yeast.

How is crowding regulated in cells?
Macromolecular crowding plays an essential role in the process of phase separation [95], and
mismanaged phase-separated compartments have been implicated in many age-related
Trends in Biochemical Sciences, November 2023, Vol. 48, No. 11 955
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diseases [15]. However, how eukaryotic cells regulate crowding, which genes are involved in its
regulation, and the range of optimal crowding levels remain largely unknown. Evidence from sev-
eral recent studies shows that crowding-induced condensate formation can be part of the mech-
anism for regulating crowding homeostasis in mammalian cells [96–99]. Most recently, it was
shown that WNK1 [with no lysine (K)1] forms condensates upon hyperosmotic stress [96]. Ob-
servable cluster formation results in the regulation of ionic concentrations and cell volume, making
WNK1 a sensor and a regulator of macromolecular crowding. WNKs are a unique type of kinases
that are conserved in multicellular organisms but are not present in most unicellular eukaryotes
such as yeast. All cells down to prokaryotes, however, have the ability to restore cell volume
and osmolyte imbalances after exposure to hyperosmotic conditions [100,101]. Altogether, it is
likely that crowding is genetically regulated across different organisms.

Crowding derailment with ageing
What do we currently know about the homeostasis of crowding in ageing yeast cells? A study
from Neurohr and colleagues [39] addressed cellular density in cell-cycle arrested and aged
yeast cells, as well as in senescent human fibroblasts. This study reports that when yeast
cells grow beyond a particular volume (>200 fl) they suffer dilution of the cytoplasm, which
leads to a reduced transcriptional and translational capacity and difficulties in re-entering the
cell cycle. This relationship between cell size, density, and the cell cycle is proposed to also
apply to ageing yeast cells as they also reach this proposed critical volume threshold of 200
fl and also have reduced cell density. Although this is an attractive interpretation, there may
be additional considerations to take into account to fully resolve the relationship between cel-
lular density and ageing (Box 2). We followed single yeast cells in a microfluidic device [24], ex-
pressing a FRET-based sensor which reports on macromolecular crowding [33,90,102]. This
showed that, although macromolecular crowding on average remains the same between the
young and old cell population, there is an increased spread in crowding levels in old cells.
We observed a 4% increase in crowding read-out in short-living cells, whereas longer-living
cells maintained their crowding levels [33]. Compared to the ~25% increase induced by severe
osmotic shock, we speculate that 4% may actually be a significant change to the physiology of
the cells. Further characterisation of the dynamic range of the crowding sensor will be neces-
sary to confirm the scope of such changes.

Overall, a description of crowding in ageing is beginning to appear, but a definitive answer to the
question of how crowding is regulated and how it plays a role in the molecular aspects of ageing
Box 2. Experimental challenges to better resolve the relationship between cell size, density and senescence
entry

A recent study has linked increased cell size to cellular density and entry into senescence in both yeast and mammalian
cells [39]. In this study, the authors performed a series of experiments showing that yeast cells larger than a threshold of
200 fl have a lower density, have difficulties in re-entering the cell cycle, and are inefficient in mounting transcriptional re-
sponses, phenotypes that are also characteristic of aged cells. Indeed, aged cells that become larger than 200 fl are se-
nescent. The hypothesis is that DNA becomes limiting in aged cells and, as a result, the cytoplasm becomes diluted.
However, interpreting cytosolic volume from cell size is complex because large and fragmented vacuoles of old cells oc-
cupy a significant fraction of the cell volume [26,33], potentially leading to an overestimation of cytosolic volume. Further-
more, aged cells have a larger fat content [33,124,125] – lipid droplets increase 7.2-fold in replicatively aged yeast cells
[33,125] – and the contributions of vacuoles and lipid droplets that are low-density structures [48] will lead to an underes-
timation of the cytosolic density. Several experiments could provide answers. Accurate cytosolic volumemeasurements in
a large ageing cell population at high temporal resolution could pinpoint whether increasing cytosolic volume precedes en-
try into senescence. In addition, crowdingmeasurements in aged cells were so far only performedwith a FRET sensor [33].
Single-particle tracking of fluorescently labeled foreign particles such as genetically encoded multimeric nanoparticles
(GEMs) [38] or viral non-structural protein assemblies GFP-μNS [76,91] may also be used in ageing. However, owing to
the organellar crowding that occurs in ageing [37], such experiments may report on confinement rather than on crowding.
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awaits further experimentation. Uncovering which mechanisms regulate crowding will be an im-
portant first step.

Cellular and organellar volume
Volume derailment in aging
Differences in cell size and its regulation have been topics of interest in the field of cell biology for
more than a century [103]. Extensive reviews of recent findings on cell size regulation in yeast and
other organisms can be found elsewhere [104,105]. Cytosolic volume has so far been mostly ex-
trapolated directly from the cell volume, without taking into account the contribution of other or-
ganelles occupying intracellular space. In the case of yeast, a large vacuole is one of the most
prominent features of aged cells. Other types of cells have different subcellular compartments
that take up cytoplasmic volume, such as yolk in oocytes or large lipid droplets in adipocytes.
Thus, cytosolic volumes have rarely been estimated with the necessary precision in ageing re-
search or otherwise.

Vacuoles and nuclei of aged yeast cells grow larger such that the cell becomes more crowded
with organelles, which we termed 'organellar crowding' [33]. Based on our estimates we find
that the cytosolic volume, relative to total cell volume, decreases by 25% in mid-aged cells [33].
The exact impact of the relative increase of membrane surface area was not studied, but may in-
clude the formation of aberrant organellar membrane contact sites. The smaller distance between
organellar membranes is also predicted to particularly slow down the diffusion of larger cellular
components and particles such as messenger ribonucleoproteins (mRNPs) and lipid droplets.
There is generally a strong correlation between nuclear and cellular size [106–108], and ageing
yeast cells are not an exception [33]. However, it is predominantly vacuolar volume that increases
with ageing. Based on studies on yeast mutants [109], we speculate that the growing vacuoles
could be a driver of increasing cell size with ageing.

Connection to other ageing hallmarks
The currently described changes in cell size, macromolecular crowding, and organellar crowding
are cartooned in Figure 3. Future studies will need to clarify the impact of these changes on
molecular aspects of yeast replicative ageing. We speculate that increased organellar crowding
[33] may intersect with the loss of vacuolar acidity and TORC1 signalling, as follows. Early in
ageing, mTOR activity could contribute to loss of vacuolar function, leading to vacuolar expansion
[110], and vacuolar expansion leads to increased organellar crowding [33]. This may inducemore
PM–vacuole contacts, which in mammals are known to promote high mTORC1 activity
[111,112]. The increased mTOR activity then further inhibits vacuole acidification through V-
ATPase disassembly [110]. Such TOR hyperactivity is a mechanism universal to cellular ageing
across species [113].

In humans, it has been shown that myocytes in men but not women grow much larger to com-
pensate for the age-related decrease in myocyte numbers and thus maintain ventricular wall
thickness [114,115]. Cardiovascular disease is one of the most prevalent causes of death in age-
ing men. In addition, human and murine haematopoietic stem cells (HSCs) increase in size during
ageing, and enlarged HSCs have decreased stem cell potential [116].

Overall, volume alterations are a prominent and widespread phenotype of aged cells in differ-
ent tissues and species, but the physiological consequences of volume alterations have not
yet been extensively studied. Future studies will need to address questions specifically
about cytosolic volume, limiting pools of cytoplasmic components, and aberrant membrane
contact sites.
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Figure 3. Volume and crowding in yeast replicative ageing. (A) Images of a young yeast cell and an old yeast cell that
shows a particularly strong increase in organellar crowding obtained through correlative light and electron microscopy
(CLEM). Reproduced, with permission, from [33]. The old cell comes from a population with a replicative age of ~13
divisions. Nuclei (N) are coloured in orange, vacuoles (V) in blue, mitochondria (M) in red, and lipid droplets (LDs) in yellow.
Scale bars are 500 nm. (B) In yeast replicative ageing the total cell volume steadily increases. In aged cells most of the
intracellular space is occupied by large and fragmented vacuoles, which results in an increase in organellar crowding and
possibly extended membrane contacts. Macromolecular crowding is maintained remarkably well in the majority of cells.
Oversized old cells have reduced cellular density, possibly owing to the accumulation of low-density structures such as
vacuoles, membranes, and lipid droplets.
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Outstanding questions
Are age-related changes in the physi-
cochemical aspects of aging, as ob-
served in yeast, conserved in human
cells?

How do single-cell perspectives on yeast
age-related changes in organellar
crowding, viscosity, ionic strength, os-
motic pressure, redox potential, and
ATP availability complement those al-
ready provided for pHandmacromolecu-
lar crowding?

How do the age-related alterations in
physicochemical parameters interre-
late with each other?

Can the physicochemical perspective
more broadly unite seemingly unrelated
molecular ageing phenotypes?
Concluding remarks
In this review we provide a summary of the important physicochemical parameters for cellular
function and examine the experimental evidence for age-related changes in these parameters.
Theoretically, a change in such parameters will have a global impact on cellular physiology, and
indeed in several cases the data support this.
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An overview of the physicochemical parameters in the context of yeast replicative ageing are
cartooned in Figure 4. In short, vacuoles first become excessively large [26,33], more alkaline,
and dysfunctional [35,36]. Whereas the vacuole loses acidity early in ageing, the cytosol acidifies
moderately during the mitotic lifespan and sharply after senescence [33]. This promotes the
function of Glr1, thus creating a more reducing environment in replicatively aged fermenting
cells [32]. The decline of vacuolar acidity was proposed to drive loss of mitochondrial ΔΨ through
cysteine-mediated toxicity [54], and mitochondrial dysfunction in turn is implicated in nuclear
genome instability [35,36]. Old cells grow larger, and growth rate correlates negatively with
lifespan [40], but the relationship between this growth in cell size, the crowding or density of
the cytosol, and ageing is not fully resolved [33,39].

In the future, it will be relevant to address other important parameters at a single-cell level, namely
cytosolic ATP, viscosity, and ionic strength in ageing yeast cells, as well as to obtain precise mea-
surements of cytosolic volume. These parameters impinge on many fundamental cellular proper-
ties and functions such as the formation of membraneless organelles, phase transition, diffusion,
and metabolism.
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Figure 4. The physicochemical aspect of ageing – an overview. Graphical representation of currently known age-
related changes in key physicochemical parameters and how they interplay with the molecularly defined ageing hallmarks.
In yeast replicative ageing, vacuoles become excessively large, more alkaline, and dysfunctional, whereas the cytosol
becomes more acidic. The vacuole loses acidity early in ageing, but the cytosol acidifies moderately during the mitotic
lifespan and the pH decreases sharply after the cells become senescent. This cytosolic acidification contributes to a more
reducing environment in replicatively aged cells. The decline of vacuolar acidity and function has been proposed to drive
loss of mitochondrial membrane potential (ΔΨ) through cysteine toxicity; mitochondrial dysfunction, in turn, is implicated in
decreasing nuclear genome stability maintenance [52]. The total cell volume increases dramatically; however, most of the
intracellular space is occupied by large and fragmented vacuoles. Macromolecular crowding, on the other hand, is
maintained remarkably well in the majority of cells. However, oversized old cells have reduced cellular density [39],
possibly due to the accumulation of low-density structures such as vacuoles, membranes, and lipid droplets.
Abbreviations: GSH, reduced glutathione; GSSG, oxidised glutathione.

Trends in Biochemical Sciences, November 2023, Vol. 48, No. 11 959

Image of &INS id=
CellPress logo


Trends in Biochemical Sciences
Are the physicochemical aspects of ageing valid for the study of human ageing? It is likely that dif-
ferent parameters are derailed in different types of cells and tissues. For example, cells of the eye
lens might struggle with a decline in ATP levels [69,77], whereas neurons might be subject to ly-
sosomal dysfunction [117]. Ageing stem cells also increase in cell size [116], and themaintenance
of stemness is dependent on functional lysosomes and mitochondria [118–120].

From the relatively small number of studies reviewed here we can conclude that it is important to con-
sider intracellular physicochemical parameters, especially in the context of ageing, because homeo-
static mechanisms decline. This will provide a more global approach than the conservative strategy
of looking at separate molecules and pathways. Furthermore, incorporating a physicochemical de-
scription into previously established ageing mechanisms has the potential to unite the currently rich
but fragmented knowledge in the ageing field. Indeed, changes in the physical and chemical param-
eters of the cell will impinge on all hallmarks of ageing, andmapping this using novel experimental ap-
proaches could be transformative for the field (see Outstanding questions).
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