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Biodiversity plays a critical role in maintaining the stability of the ecosys-
tem. However, global climate warming has caused species extinction on a
global scale and threatened biodiversity. It is of utmost importance to gain a
comprehensive understanding of the mechanisms that drive biological
extinction and range contraction due to global climate warming. This under-
standing can contribute to mitigating the loss of biodiversity driven by the
climate warming in the 21st century and beyond.

Climate warming, characterized by rising average temperatures and an
increasing frequency of extreme heatwaves, has detrimental effects on
animals, resulting in decreased fitness, increased mortality rates, and short-
ened potential lifespans. These effects significantly contribute to the decline
in animal biodiversity. Heat stress-induced damage to animals is a major
contributor to these severe consequences, involving increased oxidative
stress, immune suppression, and accelerated aging process. Although
sporadic studies have established a link between shortened telomeres (an
aging biomarker) under climate warming and the survival and lifespan of
animals, it is still unknown whether and how climate warming accelerates the
aging of animals at different layers.'

Extensive research in biomedical sciences has explored the processes and
mechanisms of aging in multiple model animals. Animal aging is a multi-

faceted process that occurs at various levels, encompassing reduced survival
and increased mortality at the individual level, compromised immunity at the
physiological level, mitochondrial dysfunction at the subcellular level, and
shortened telomeres at the biomolecular level."” Cellular senescence is
connected to many hallmarks of aging, which is characterized by irreversible
cell cycle arrest alongside preserved metabolic activity and cellular viability.
Senescent cells display several distinct phenotypic changes, such as
increased cell size, cytoplasmic vacuolization, elevated protein and RNA
content, aggregation of endoplasmic reticulum proteins, enlarged and
dysfunctional mitochondria, and impaired lysosomal function.”

Previous studies on the cellular senescence of model animals have identi-
fied numerous biomarkers.® As a result, integrating these biomarkers of cellu-
lar senescence into research on climate warming ecology has emerged as an
innovative approach to comprehending the impact of climate warming on
animals. Drawing upon recent advancements in aging hallmarks and
biomarkers, the following phenotypes or biomarkers can be considered to
assess the effects of climate warming on animal aging: telomere shortening,
epigenetic alterations, cell cycle arrest, mitochondrial dysfunction, and the
senescence-associated secretory phenotype (SASP)*“*(Figure 1):
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Figure 1. Potential phenotypes/biomarkers of cellular senescence that can be employed to detect the effects of climate warming on accelerated aging in animals.
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1. Telomere length is one important biomarker of cellular aging,”** and it
has been utilized as an indicator to investigate the impacts of climate warm-
ing on animal aging.' Telomeres are intricate nucleoprotein structures found
at the ends of linear chromosomes in eukaryotic cells, serving as protective
caps for chromosome ends. Cellular senescence induced by telomere short-
ening can trigger mitochondrial dysfunction, leading to tissue and organ
degeneration and functional decline. Correspondingly, the telomere length
has been identified as a potentially important biomarker for assessing the
impact of climate warming on the survival and life span of animals.’

2. Epigenetic alterations, including altered DNA methylation, abnormal
histone modifications, loss of heterochromatin, and deregulated RNA modifi-
cations, have been established as crucial biomarkers of cellular
senescence.”*” These changes profoundly influence gene expression and
thus cellular function. Age-related epigenetic alterations have been observed
across various tissues and species, indicating their conserved nature in the
aging process and potential utilization for evaluating the influence of climate
warming on animals.

3. Cell cycle arrest is considered to be one of the most well-defined hall-
marks of cellular senescence. Pathways involving P53/P21°"" and
P16™“*/RB have been demonstrated to mediate cell cycle arrest. As such, the
mediators of cell cycle arrest P21°"" and P16™** have been widely used to
monitor cellular senescence, both in vivo and in vitro. This has great potential
in exploring the link between cellular senescence and climate warming.*

4. Mitochondrial dysfunction is not only a prominent hallmark of cellular
aging but also a major driving factor for organ functional decline.** Rising
temperatures can induce mitochondrial dysfunction, leading to various mito-
chondrial diseases as well as nuclear gene mutations involved in maintaining
mitochondria and depressing survival. In addition, mitochondrial dysfunction
such as impaired mitophagy, increased ROS generation, reduced unfolded
protein response, and defects in the electron transport chain have been found
to be associated with compromising normal mitochondrial functions and
accelerating the aging process at both cellular and organismal levels.”*

5. SASP, a highly sensitive and specific biomarker of aging, represents the
phenotype of communication between senescent cells and neighboring cells.
Senescent cells secrete a wide range of proinflammatory cytokines,
chemokines, proteases, etc. SASP-associated proinflammatory cytokines
regulate the cellular microenvironment, leading to chronic inflammation in
aged tissues.”” Prolonged SASP expression contributes to age-related
inflammatory diseases, tissue damage, and accelerated aging. Through
paracrine signaling, SASP can induce aging in neighboring cells, increasing
the number of senescent cells in the organism. Cytokines like interleukin-6
(IL-6), ILTbeta, TNFa and interleukin-8 (IL-8), which have been identified as

components of SASP, can be used in the future for monitoring aging in
animals under climate warming.”

The escalating consequences of global climate warming manifested
through rising average temperatures and more frequent heatwaves, are
posing significant threats to animal survival and lifespan, ultimately threaten-
ing the maintenance of biodiversity. Promisingly, recent progress in aging
research brings us closer to identifying standardized and widely applicable
aging biomarkers in the near future. These advancements not only deepen
our understanding of the intricate network of aging but also yield valuable
insights into the impact of climate warming on animals. Furthermore, they
have significant implications for the exploration of the link between climate
warming and aging, the heterogeneity of climate-driven aging, and the evalu-
ation of conservation strategies, thus facilitating the development of conser-
vation applications. Some therapeutic interventions used in medical care to
decelerate, stop, or reverse aging could also be applied in the future to slow
the aging process in threatened animals under climate warming.
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