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Cave adaptation favors aging resilience in
the Mexican tetra
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All animals age, but the rate of aging across species varies widely. The environmental pressures and
molecular factors underlying this remarkable diversity in aging across species remains largely
enigmatic. The Mexican tetra, Astyanax mexicanus, provides an intriguing new model to study how
adaptation to different environments alter aging. This species exists as the river-dwelling surface fish,
living in food and light rich environments, and the blind cave-adapted cavefish, thriving in dark,
nutrient-limited, caves. How adaption to these extreme environments alter aging in this species
remains unknown. Here, we compared aging markers between surface and cavefish populations,
focusing on morphological, behavioral changes, and molecular signatures. We found aging markers
weremore pronounced in surface fish, but less distinct in aged cavefish.We also observed that insulin
receptor mutation is limited in its impact to increase lifespan in cavefish. Instead, metabolic shifts,
particularly in mitochondrial function, may contribute to cavefish’s extended longevity.

Aging is a complex biological process characterized by a gradual decline in
physiological functions, ultimately leading to death. This chronological
aspect of life has captivated humanity throughout history, driving many to
seek ways to halt or reverse this process. Although aging is a ubiquitous
phenomenon among species, suggesting a highly conserved biological
underpinning, there exists remarkable diversity in lifespan and aging pat-
terns across the animal kingdom. Generally, larger animals tend to live
longer than smaller ones, though numerous exceptions exist. For instance,
rats typically live about three years, whereas squirrels and naked mole-rats
can thrive for up to twenty-five years1. Outside of mammals, there exists an
even wider variety, for example, some sea urchin species can live for cen-
turies, while certain fish live only long enough to reproduce before dying2,3.

The reason why evolution favors variations in longevity is largely
unknown. Predator-free environments, such as caves, often harbor species
with longer lifespans than their surface-dwelling counterparts. However,
pinpointing species-specific aging signatures and linking them to selective
pressures is challenging, due to the huge diversity of combined aging
indicators across species. Signs of aging include loss of reproductive capa-
city, morphological decay, cellular senescence, telomere attrition, and oth-
ers, each contributing uniquely to the aging narrative across species4,5.
Furthermore, aging tends to increase biological vulnerability to stressors,
leading to a decreased capacity to maintain physiologic homeostasis and
thereby increasing the risk of mortality6,7.

Some species appear to mitigate some of the detrimental effects of
aging. Evidence from long-lived vertebrate species indicates a combination

of longevity-favoring traits, such as increased antioxidant and repair sys-
tems, enhanced regenerative capacity, metabolic slowdown, and main-
tenance of lower body temperatures tominimize oxidative stress8. Fasting is
among the most researched anti-aging interventions; however, the
mechanisms by which caloric restriction extends lifespan are not fully
understood. The Insulin and Insulin-Like Growth-Factor Signaling path-
way (IIS) is a prime candidate for lifespan extension9. Multiple evidence
shows that manipulating the IIS pathway to reduce insulin activity (insulin
resistance) consistently extends lifespan inworms,flies, andmammals10,11.A
single mutation reducing insulin signaling is sufficient to double lifespan in
C. elegans andD.melanogaster9,12. However, this effect is less pronounced in
mice and other mammals. Long-lived mouse models with markedly
reduced insulin signaling under dietary restriction often display increased
insulin resistance and increased glucose tolerance13–15. Additionally, reduced
insulin sensitivity is a risk factor for hyperglycemia and diabetes16, making it
counterintuitive that insulin resistance would extend lifespan. These para-
doxes on the link between insulin resistance and aging raise questions about
whether the IIS pathway alone is sufficient as an evolutionarily conserved
modulator of aging. Thus, identifying alternative vertebrate models holds
promise for shedding light on insulin signaling and other specific regulators
of aging.

In this study, we present the Mexican Tetra, Astyanax mexicanus, as a
unique study system for exploring the intersection of environmental factors
and metabolic changes during aging. This species exhibits two major
morphs—surface and cave-dwelling—that significantly differ in selective
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pressures affecting survival, metabolism, and insulin signaling17–20. The
surface fish inhabit environments rich in food but fraught with predators,
while the cave-adapted forms reside in almost predator-free zones with
limited or seasonally restricted food supplies, conditions that theoretically
favor longer lifespans. Indeed, laboratory studies have shown that cavefish
live longer than surface fish and exhibit a transcriptional profile similar to
younger individuals of their species21,22. Additionally, cavefish possess a
mutation in the insulin receptor that induces insulin resistance22, potentially
linking this genetic alteration to their increased longevity.

Here, we explored morphological and behavioral signs of aging in
young and aged individuals ofAstyanaxmexicanus and assessed the impact
of the cavefish insulin receptor mutation on longevity using the zebrafish
model. We found a slight increase in lifespan in zebrafish that were
genetically engineered to carry the cavefish allele, suggesting that additional
mechanisms beyond insulin signaling may be contributing to the age-
defyingmechanisms of cavefish. Furthermore, protein andmetabolic assays
indicates that metabolic shifts in mitochondrial activity may underlie these
age-related differences. Collectively, the molecular markers of metabolic
adaptation may contribute to the aging-related resilience and enhanced
health span in the cavefish.

Results
Morphological signs of aging are reduced in cavefish
To systematically study aging in Astyanax mexicanus, we compared mor-
phometric data from 30 laboratory raised surfacefish and 30 cavefish across
three different age groups: young (2 years),middle-aged (6 years), and old (9
years). We measured standard length, body weight, and spine curvature
(Fig. 1).

Consistent with known patterns of continuous growth throughout
their lifetimes, both morphs exhibited increased standard lengths at older
ages (Fig. 1E). Similarly, body weight also increased with age in cavefish,
however in surface fish we found that the old individuals showed a 28%
decrease in body weight from 6 to 9 years of age (Fig. 1F).

Given the association between kyphosis (abnormal curvature of the
spine) and body wasting across several organisms including zebrafish23, we
quantified the kyphosis angle inAstyanax mexicanus (Fig. 1G). We did not
observe abnormal spine curvature in 2- or 6-year-old surface and cavefish.

However, the 9-year-old surface fish showed significant degrees of kyphosis
(Fig. 1H). Intriguingly, we did not detect visible kyphosis in the old cavefish,
aligningwith prior observations that cavefish exhibit slower aging processes
(Riddle 2018, Lloyd 2024).

Swimming behavior is affected with age
Cavefish show a robust range of swimming patterns24–27. To evaluate the
impact of aging on swimming performance and assess if the observed
morphological changes would affect swimming behavior, we captured
digital videos of young and aged cavefish and surface fish. Using animal
tracking software, we measured the maximum swim velocity and total
distance traveled, using frame-by-frame distances captured in each (x,y)
coordinate position (Fig. 2A–E).

Our analysis was done in two timepoints, short multiple 10min
intervals (to represent mean velocity/distance) and total measurements,
over 4-h collected at a similar time across experiments (represented by total
velocity/distance). Within the 10min interval, our analysis revealed a trend
towards reduced mean velocity in aged surface fish compared to young
surface fish, (0.060 versus 0.020 ± 0.045m/s; p = 0.6412), however, this was
not statistically significant (Fig. 2B). Mean velocity did not change with age
in the cavefish (0.065 versus 0.054 ± 0.011m/s; p = 0.9866. Similarly, mean
distance traveled was not significantly reduced in both surface fish and
cavefish with age (38.37 versus 14.77 ± 23.60m; p = 0.6600, Fig. 2C).

Over the entire 4-hour time interval, we observed a significant differ-
ence in maximum speed represented by total velocity between surface fish
and cavefish as well as in an age-dependentmanner. Young surface fish had
the highest speed traveled compared to the old surface fish (0.100 versus
0.021 ± 0.079m/s; p = <0.0001, Fig. 2D). This maximum speed was also
significantly higher in the young cavefish (0.100 versus 0.042 ± 0.058m/s;
p = 0.0003, Fig. 2D). Remarkably, however, both total velocity and total
distance traveled significantly decreased with age in the surface fish (1460
versus 502.5 ± 957.8m; p = 0.0190), but not in the cavefish (849.7 versus
1061 ± 211.3m; p = 0.8246, Fig. 2D, E).

Telomere length and fin regeneration varies with age
To study cellular markers of aging in Astyanax mexicanus, we measured
telomere lengths across ages in both surface and cavefish. Telomeric DNA
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Fig. 1 | Body condition changes in aged fish. Young surface fish. (A) and cavefish
(B) compared with older fish (C) and (D) respectively. Visible spine deformity
(kyphosis) was only observed in old surface fish (C’) compared to cavefish (D’).
Measurements of Standard length (E) and Body weight (F) indicate body wasting in
old surface fish. (G) Graphic for quantification of spinal deformity Kyphosis angle

and (H) Measurements of kyphosis angle across different aged cavefish and surface
fish. n = 9–10 for surface and cavefish per timepoint. Data are represented as
mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not
significant.
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comprises repeat sequencesat the endof chromosomes, that protect animals
from age-related degradation and damage4,28 and has been proposed as a
good biomarker for biological age across different organisms including
fish29,30. Remarkably, we observed that telomere length did not change sig-
nificantly with age in eithermorph (Fig. 2F), however, in line with previous
observations31, telomere length was markedly shorter overall in cavefish
than in the surface fish, suggesting that telomere lengthmay be unrelated to
delayed aging in cavefish.

Aging and telomere length are known to play critical roles in tissue
repair in other teleost fish30,32,33. To establish this relationship inAstyanax, we
performed a caudal fin regeneration assay to assess the regeneration process
at the different ages. Consistent with previous results, all animals had the
potential to regenerate theirfins (Fig. 2G), with rapid growth observedwithin
the first 9-days-post-amputation (dpa) (Fig. 2G-H). By this time, more than
30% of the fin was regenerated, with young surface fish regenerating 38% of
their fin, and old surface fish achieved 31% regeneration. While the cavefish
regenerated 33% and 31% of their fin in young and old fish, respectively.
Althoughwe did not observe a significant difference in regeneration between
surface and cavefish, surfacefish varied in their regenerative capacitywith age
(Fig. 2H). Specifically, by the end of our observation at 20 dpa, young surface
fish achieved 60% of their finwhereas the old surface fish reached only about
49% of their original size. The young cavefish achieved 48% while the old
cavefish reached 42% of their original fin size. These results underscore that
while surfacefish exhibit age-relateddecline in theirfin regeneration capacity,
cavefish show less of these age differences.

Lifespan extension in Zebrafish with insramutation
To study the molecular mechanisms of the observed differences between
cavefish and surface fish aging, we focused on the potential role of insulin
signaling in these fish. Our previous research revealed a codingmutation in
the insulin receptor gene (insra) in cavefish, leading to higher blood sugar
and reduced insulin signaling22. Given that reduced insulin signaling is
linked to longevity in other species, we reasoned that the mutation could
underly aspects of the age protective phenotypes in cavefish.

To test this, we took advantage of the engineered zebrafish carrying the
cavefish P211L insra allele at the endogenous locus (Fig. 3A)22 to measure
the effect of this mutation on lifespan in fish (Fig. 3B-G). We observed that

zebrafish carrying at least one allele of the cavefish insulin receptormutation
showed significantly extended lifespan compared to zebrafish homozygous
for the wild-type (WT) allele (median lifespan = 470 days vs. 446 days;
p = 0.0136) (Fig. 3B). This finding was confirmed in another independent
experiment (Fig. 3E). The differences in lifespan between both cohorts,
particularly evident in the control groups, may be attributed to adjustments
in rearing conditions mainly in the feeding routines within our laboratory.

Insulin mutation effect on lifespan was also observed in a sex-
dependent manner. In the first cohort, mutant females lived significantly
longer than WT females (median lifespan = 434 days vs. 368 days;
p = 0.0384) (Fig. 3C), while this increase in lifespan was not significantly
observed in either WT or mutant males (median lifespan = 474 days vs.
475 days; p = 0.5784) (Fig. 3D). In the second experimental cohort, this sex
effect was reversed. We observed that lifespan was extended in males car-
rying either one or two copies of the mutant allele (p = 0.0398) (Fig. 3G),
while females did not have any significant increase in lifespan.

Although the mechanisms underlying aging-related insulin resistance
remain unclear, we demonstrate the role of insulin in lifespan extension by
studying zebrafish carrying the cavefish mutation in the insulin receptor.

Aging alters serum protein expression in cavefish
To identify molecular predictors associated with aging in surface fish and
cavefish, we used mass spectrometry to quantitatively profile abundance of
circulating proteins found in the serum of young and old cavefish and
surface fish (2- and 9-years-old). Across both age groups, we reliably
identified 292 unique proteins. Out of these, 109 proteins were significantly
expressed in an age-specific manner, with 54 of these proteins being
expressed differentially in the older groups of both surface and cavefish
populations (Fig. 4A). 13were significantly higher in old surfacefish, and 41
proteins exhibited higher expression levels in cavefish

We observed that in the aged surface fish population, there was
increased expression of apolipoprotein A subclasses (APOA1b and
APOA2), which play crucial roles in lipid transportation and lipoprotein
metabolism. Additionally, peptides involved in iron regulation and oxygen
transport, such as Transferrin-a (TFA) and myoglobin (MB), showed
increased expression levels in aged surface fish. Similarly, levels of Catechol-
O-Methyltransferase Domain (COMTD) and the glycolytic enzyme

Fig. 2 | Swimming performance, telomere length, and caudal fin regeneration in
agedfish. AHeatmaps showing the time spent in each x and y coordinate position of
young and old surface fish and cavefish over a 10-min interval. Measurements of (B)
mean velocity and (C) mean distance traveled in 10 min (D) total velocity and (E)
total distance recorded over 4 h. n = 3 for surface and cavefish per timepoint. F qPCR
quantification of telomere length in caudal fin of cavefish and surface fish.GCaudal

fin regenerates in old and young fish days post amputation (dpa).H Quantification
of the relative outgrowth in the regenerated caudal fin in young and old surface and
cavefish. B-En = 3, (F and H), n = 6–7 for surface and cavefish per timepoint. Data
are represented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns = not significant.
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GAPDH were also higher in older fish compared to the young fish. The
increase in abundance of these protein levels has been associated with age-
related elevation in oxidative stress levels34–36.

In the cavefish population, proteins associated with lipid metabolism,
peptidase regulation and antioxidant function showed increased expression
levels between young and old fish. These include SERPINE1, APOBA,
APOBB.1, HP0, LRG1 and PTGDS. Interestingly, LRG1 has been impli-
cated in slowing down age-related tissue decline through extracellular
matrix remodeling and neovascularization of tissues37,38. It also acts as an
adipokine that mediates systemic anti-inflammatory effects and promotes
insulin sensitivity in humans and mice39.

To establish the biological relevance of these changes, we queried gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases and showed enrichment of proteins in metabolic pathways
(Fig. 4B). Functional annotation showed that specific pathways enriched in

the old surface fish include lipid transport and protease inhibition activities
(Fig. 4C). On the other hand, pathways enriched in the aged cavefish are
involved invitaminbindingactivities andendopeptidase regulation (Fig. 4D).

Aging leads to metabolic reprogramming in cavefish
Given that our proteomic analysis revealed age-related differences in
metabolic regulation between cave and surface fish, we proceeded to eval-
uate the global metabolic activities within the liver, which serves as the key
metabolic hub connecting energy to various tissues. Extensive evidence
shows that the progressive reduction in energy production with age is pri-
marily due to a decline in mitochondrial function40,41, and the disruption of
homeostasis in major biological fuels, including fatty acids, carbohydrates
and amino acids16,42.

Using a variation of the flow cytometry-based method SCENITH™43

(Fig. 5A) which utilizes O-propargyl-puromycin (OPP), we quantified
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Fig. 3 | Longevity analysis of insulin receptor a (insra) mutant zebrafish.
AZebrafish P211L (insra)mutation using CRISPR/Cas9 strategy. Target site located
in exon 3 and specific SNP exchange denoted with a star, adapted from22. B Survival

curve of wildtype (WT), homozygote mutants (insra -/-) and heterozygote
(insra+ /-), in females (C) and males (D). Repeat experiment in independent
cohort (E–G).
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Fig. 4 | Serum proteomic analysis in cavefish and surface fish populations. A Differential expression of proteins in young and old cavefish compared with surface fish.
BKeymetabolic pathways highlighted in old fish of bothmorphs. (C) Enriched pathways in old surface fish and (D) old cavefish. n = 3 for surface and cavefish per timepoint.
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protein translation at a single-cell level from liver tissue. This method
indirectly measures relative ATP production by measuring overall protein
synthesis through OPP integration43. demonstrated that treating cells with
inhibitors of either glucose metabolism or mitochondrial respiration
directly impacts protein translation, which can be measured through the
mean fluorescence intensity (MFI) of OPP integrated into overall intracel-
lular protein. The amount ofOPP ismeasured through click chemistrywith
a Picolyl azide conjugated to Alexa Fluor 647. This method allowed us to
assess (1) glycolysis vs mitochondrial respiration and (2) glucose depen-
dence vs fatty acid and amino acid oxidation (FAAO) to generate ATP in
liver cells from young and aged animals.

SCENITH technology revealed that surface fish reliance on glucose
significantly increased with age (Fig. 5C) while FAAO decreased sig-
nificantly in olderfish (Fig. 5D).Under normal conditions, glucose and fatty
acid metabolism are synchronized to provide ATP through oxidative
metabolism. However, during aging, metabolism is dramatically remodeled
from oxidative process to anaerobicmetabolism44. Althoughmitochondrial
dependence (Fig. 5E) and glycolytic capacity (Fig. 5F) did not change
between young and old surface fish, the heightened glucose demand, cou-
pled with elevated serum levels of glucose and lipid metabolism proteins,
may correspond with increased anaerobic energy production, and drive the
age-related effects observed in surface fish.

In contrast, cavefish exhibited a reduced dependence on glucose and
glycolytic capacity with age. Notably, mitochondrial activity and fatty acid
oxidation (FAAO) were significantly elevated compared to younger fish.
Since fats are exclusively oxidized to produce ATP42, this enhanced oxida-
tion and increased mitochondrial metabolism could imply increase energy
production in aged cavefish, to support essential biological processes.

Together, these findings reinforce that the cavefish have finely
modulated bioenergetics at the cellular level, which are crucial for main-
taining optimal function and mitigating age-related stress and tissue
damage. In contrast, surface fish lack these protective mechanisms, leading
to more significant deterioration with age.

Discussion
Cavefish can live long, healthy lives despite their altered physiology, raising
the fundamental question of whether they experience aging or exhibit signs
of age-related decline. Aging involves molecular damage and metabolic
consequences shaped by environmental interactions, making Astyanax
mexicanus a valuable model for studying these processes across different
morphs of the same species. Our study reveals that distinct hallmarks of
aging5 are also modified in Astyanax, providing valuable insights into the
unique aging dynamics.

While aged surface fish display clear signs of aging, such as spinal
deformities and reduced swim performance, cavefish populations of com-
parable age do not exhibit these effects. Reduced body weight and spinal
curvature, commonly associated with aging, are often linked to body
wasting and dysregulation of bone integrity45–47. In humans, bone integrity
depends on the interaction between bones and muscles, which supports
efficient physical movement48,49. Although not extensively explored in this
study, the observed decline in physical activity and spinal curvature in aged
surface fish may reflect age-related deterioration of bone integrity, high-
lighting a potential avenue for future research.

With advancing age,metabolic disorders including type 2 diabetes and
insulin resistance become increasingly prevalent. Insulin signaling, an
evolutionarily conserved regulator of longevity, functions across species
fromworms to rodents.However, themechanismsunderlying aging-related
insulin resistance remain poorly understood. A key paradox lies in the
response of pancreatic cells, which compensate for impaired insulin-
stimulated glucose uptake by increasing insulin secretion to mitigate
hyperglycemia50,51. Interestingly, cavefish exhibit reduced insulin-binding
levels despite elevated blood glucose22, raising questions about the role of
pancreatic cell mass expansion in this process. This expansion is driven by
increased nutrient availability, particularly glucose and fatty acids51,52.
Investigating how pancreatic cell adaptation influences insulin sensitivity in
cavefish could offer valuable insights into potential longevity benefits,
despite their persistent hyperglycemia.
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Fig. 5 | Metabolic reprogramming of energy source in old and young fish.
A SCENITH protocol adapted analyze dependence on different ATP synthesis
pathway in liver cells. B Cytometry data on liver cell populations measuring viable
liver cells in young and old cavefish.C–FBioenergetic analysis showing that pathway

dependence varies between young and old fish in both surface and cavefish. n = 3, for
surface and cavefish per timepoint. Data are represented as mean ± SD, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.
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Age-related declines in physical activity are often linked to a pro-
gressive reduction in energy production. Under normal conditions, glucose
and fatty acid metabolism are tightly coordinated to generate ATP. How-
ever, during aging anddisease, this balance canbe significantly remodeled to
maintain energy stability, by prioritizing one fuel source over another44. This
metabolic shift involves the regulation of fatty acid and glucose uptake,
storage, and oxidation53. In our study, we found that aged surface fish
increasingly relied on glucose as their primary energy source. However,
neither glycolysis nor fatty acid oxidation showed an age-related increase.
Instead, this heightened glucose dependencewas coupled by elevated serum
levels of glucose and lipidmetabolism proteins, suggesting a greater reliance
on anaerobic energy production. Cellular shift toward increased glucose
oxidation has been closely associated with mitochondrial dysfunction and
tissue damage54, further underscoring its potential impact on aging-related
metabolic decline.

In contrast, cavefish exhibit increased mitochondrial activity in the
liver with age, accompanied by enhanced fatty acid oxidation. Since fats are
exclusively metabolized through oxidation to generate ATP42, this suggests
that aged cavefish may sustain or even enhance energy production over
time. Interestingly, since cavefish are known to show elevated levels of
reactive oxygen species (ROS)17,55, their potentially harmful effects, typically
associated with heightened mitochondrial activity, appears to be mitigated
by an upregulation of circulating anti-inflammatory and antioxidant adi-
pokines. This highlights a possible protective mechanism against oxidative
stress in aging cavefish.

Taken together, our study highlights cavefish’s unique resilience to
resist age-related changes despite their altered physiology. We show that
insulin signaling plays a limited role in extending lifespan in cavefish, and
that distinct reprogramming of energy sources with age, coupled with
molecular signatures in circulating proteins, may explain the more pro-
nouncedmarkers of agingobserved in surfacefish. Extensive studies into the
mechanistic regulators are needed to fully determine the extent of the cel-
lular and molecular changes associated with cavefish aging.

Methods
Ethics statement
All animal studies and methods were performed in accordance with
approved animal protocols from the institutional Animal Care and Use
Committees (IACUCs) at the Stowers Institute for Medical Research. All
methods described here for Astyanax experiments were approved on pro-
tocol 2024-175, while zebrafish were approved on protocol 2024-168.
Housing conditions meet federal regulations and are accredited by AAA-
LAC International.

Astyanax husbandry
Surface fish, and Pachón cavefish morphs of A. mexicanus maintained
under the same laboratory conditions were used in this study. They were
kept in polycarbonate recirculating aquaculture racks (Pentair Aquatic Eco-
Systems), with a 14:10-h light:dark photoperiod. Each rack system is
equipped with mechanical, chemical, and biological filtration and UV dis-
infection. Adult fish were fed three times per day during non-breeding
weeks andone timeperdayduring breedingweeks onadietofMysis shrimp
(Hikari Sales USA) and Gemma 800 (Skretting USA). Water quality para-
meters are monitored daily and were conducted similar to56.

Zebrafish husbandry
Zebrafish housed in polycarbonate fish tanks were placed on racks (Pentair
Aquatic Eco-Systems) with a 14/10 h light/dark photoperiod. Racks are
supplied by two recirculating aquaculture systems with mechanical, che-
mical and biological filtration, and UV disinfection. Water quality para-
meters are maintained within safe limits (upper limit of total ammonia
nitrogen range, 0.5mg l− 1; upper limit of nitrite range, 0.5mg l− 1; upper
limit of nitrate range, 40mg l− 1; temperature set-point, 28.5 °C; pH, 7.60,
specific conductance, 500 μS cm−1; dissolved oxygen, >85%). Water
changes range from 20% to 30% daily (supplemented with Instant Ocean

Sea Salt). Adult zebrafish are fed twice daily with one feed of hatched
Artemia (first instar) (Brine Shrimp Direct) and one feed of Zeigler Adult
Zebrafish Diet (Zeigler Bros). Embryos up to 5 days after fertilization were
maintained at 28.5 °C in E2 embryo media.

Morphological measurements
Body weight was obtained by placing animals dried on paper towels to
remove excess water and weighing the animal on a tared scale. Other
morphological measurements were obtained in ImageJ. Astyanax standard
length was measured as a line drawn from the tip of the snout to the end of
the central caudal fin ray (excluding the length of the caudal fin). Kyphosis
angle was measured by taking the highest dorsal point of the outward
curvature of the spine, a line drawn parallel to the standard-length line, and
the angle between this line and the dorsal aspect of the caudalmuscular was
measured as the Kyphosis angle (Fig. 1G).

Zebrafish insra P211L genotyping
To genotype mutant animals, genomic DNA was extracted from zebrafish
tail fin clips and used to amplify the insra locus, as previously described by22.
Briefly, the following oligonucleotide primers were used, forward:
GCACCCTTACACCCTTACATGA; and reverse: TACCGCTCAGCAC-
TAATTTGGA; to target 700 bp product size. PCR reactions containing 1×
LAPCRBuffer II (Clontech), 2.5mMMgCl2, 0.4mMdNTPmix, 0.4 μMof
each forward and reverse primer and 0.05 units of TaKaRa LA Taq DNA
Polymerase (Clontech) were conducted in a 12.5-μl volume. The thermal
cycling conditions were: initial denaturation at 94 °C for 2min, followed by
35 cycles of 94 °C for 30 s, annealing temperature 52 °C for 30 s and72 °C for
1min. A final elongation step was performed at 72 °C for 5min. PCR
products were diluted tenfold and sequenced directly on a 3730XL DNA
Analyzer (Applied Biosystems) using the sequencing primer GGTGG
AGTTGATGGTGGTATAG.

Video Tracking and swim performance
Three surface fish and cavefish were placed individually in a 3-L water tank
with continuous water circulation, modified to have internal acetal panels
on front, bottom, and rear for improved video tracking. Fish were then
recorded for 4 h beginning at the same time each day per experiment. The
camera was positioned directly in front the tank. Prior to recording videos,
animals were placed for 3 days to acclimatize to the arena. For each animal,
digital video was captured at 30 frames per second and saved asmkv files. A
fine-tuned Mask R-CNN model57 was trained in Python using 250 frames
randomly selected from the collections of 12 videos. The custommodel was
used to segment the fish in every frame to save the center-of-mass (x, y) and
the bounding box of each fish. The (x, y) coordinates were used to calculate
the velocity at each frame and the swimming distance. Calculations were
performed in Python using numpy58, pandas59, and scikit-image60.

Caudal fin regeneration assay on adult fish
For the caudal fin regeneration assay, both young and old cavefish and
surface fish were anesthetized using 500mg/L MS222. Approximately
2mmoffin tissuewas removed from the base of the caudal peduncle using a
razor blade. Images of the cavefish fins were captured before amputation
and at various days post-amputation (dpa) according to the experimental
design. The fin tissue was preserved and processed as required for each
experiment.Once thefish recovered from theprocedure, theywere returned
to recirculating water for the remainder of the experiment. Each fish was
individually housed, tracked and imaged to monitor regeneration progress
over time. The percentage of fin regeneration was calculated by dividing the
area of regrowth by the original fin area.

Telomere length experiment and qPCR
Telomere lengthwasmeasured from the caudal fin of young and old surface
fish and cavefish by using real time quantitative PCR (61,62. A fewmillimeters
fromthe ventral lobe of the caudalfinwere collectedand immediately stored
in -70 °C or stored in 80 µl of lysis buffer (Promega). A total of 50mg of fin
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samples were homogenized in Z742682 BeadBug™ 6 microtube homo-
genizer (MerckKGaA,Darmstadt,Germany)with ceramic beads.DNAwas
extracted following the Promega Maxwell® RSC Tissue DNA isolation Kit.
Weused the followingprimers tomeasure telomere length31. TEL–Forward
(F) 5′-CGGTTTGTTTGGGTTTGGGT TTGGGTTTGGGTTTGGGTT-
3′, Reverse (R) 5-GGCTTGCCTTACCCTTACCCTTACCCTTACCCT-
TACCCT-3′ and single copy gene used as reference (OCA2; forward (F)
CAAGAACACTCTGGAGATGGAG, reverse (R) ACGCAGCTCGT-
CAAAGTT). Primers were designed in the second exon and the amplicon
was 109 bp in length. PCR was carried out using SYBR Green PCRMaster
Mix (Applied Biosystems). The expression levels of TELwere normalized to
the levels of a single-copy gene oca2 (ENSAMXG00000012753) following
recommendations of 63 as allows us to estimate the relative average telomere
length. All qRT-PCR assays were undertaken at the same time under
identical conditions and performed in triplicate.

Proteomics sample preparation
Serum samples collected from animals fasted overnight and immediately
dissected following euthanization via submersion in ms222 (500mg/L),
were frozen in liquid nitrogen, and stored at -80°C until further processing.
For sample preparation, two-phase metabolite extraction was employed
using methanol and chloroform. The non-extractable residue was collected
and speed-vac to dryness. Pellets were reconstituted in buffer containing
90ul 8M urea, 100mM Tris-HCl pH 8.5, incubated with 5mM TCEP
(tris(2-carboxyethyl) phosphine) vortexed, sonicated and incubated in a
thermomixer for 30min at 37 °C prior to enzymatic digestion. Digestion
was done using 0.1 μg endoproteinase Lys-C or 6 h at 37 °C. The con-
centration of urea was reduced to 2M using 100mM Tris-HCl, pH 8.5.
CaCl2 was added to 2mM final concentration. Samples were incubated at
37 °C overnight with 0.5 μg trypsin shaking and reactions were quenched
with formic acid (5% final concentration).

Mass spectrometry analysis and peptide detection
100ul digest was loaded onto a 3-phase column and eluted from the column
using a 10-step Multidimensional protein identification technology
(MudPIT) as previously described64. Mass spectrometry was performed
using an Orbitrap Elite Hybrid mass spectrometer in positive ion mode.
Resulting raw files were converted to .ms2 files using the in-house software
package RAWDistiller v. 1.0. The ProLuCID search algorithm was used to
match spectra to a database containing 39383 Astyanax mexicanus protein
sequencesNCBI (NCBI 02/26/2021 release) and 426 common contaminant
protein sequences. The result files from the ProLuCID search engine were
processed with DTASelect (v 1.9)65 to assemble peptide level information
into protein level information. Our in-house software, swallow and sand-
martin (v 0.0.1), worked with DTASelect to select Peptide Spectrum Mat-
ches such as the FDRs at the peptide and protein levels were less than 1%.

Peptides and Proteins detected in these samples were compared using
CONTRAST65. By combining all runs, we applied filtration criteria of fold
change > 2.0 and P value < 0.05 (proteins had to be detected by at least 2
peptides) to identify significantly differentially expressed proteins (DEPs).
Proteins that were subsets of others were removed using the parsimony
option in DTASelect after merging all runs. Proteins that were identified by
the same set of peptides (including at least one peptide unique to such
protein group to distinguish between isoforms) were grouped together, and
one accession number was arbitrarily considered as representative of each
protein group. Protein abundances across all runs and samples were
assessed by calculating the normalized spectral abundance factor (NSAF)
using our in-house quantitative software (NSAF7, v 0.0.1)66. FDRs calcu-
lated by NSAF7 for these samples were less than 1% at all levels.

ATP Generation Pathway Analysis
Investigating ATP generation was performed similarly to the SCENITH
assay as described in43, except that the Click-iT™Plus OPPAlexa Fluor™ 647
Protein Synthesis Assay Kit (ThermoFisher Scientific, Cat#: 10458) was
used. Oligomycin (Fisher Scientific, Cat#: 41-105) and 2-deoxy-glucose

(Fisher Scientific, Cat#: AC111980050) were bought separately. Briefly,
isolated liver single cells were harvested and homogenized into 2mls of 1x
PBS and filtered through a 70 µm mesh filter. Isolated cells were then
separated into four groups of cells treatedwithdrug inhibitors using thefinal
concentration as follows: control (20 µM OPP (C)), oligomycin (20 µM
OPP and 1 µM Oligomycin A (O)), 2-deoxy-glucose (20 µM OPP and
100mM 2-deoxy-glucose (DG)), and combination of 2DG and O (2DGO)
in addition to OPP. Cells were incubated thus for 30min at 37°C. Subse-
quently, cells were washed, fixed with 3.7% PFA and permeabilized with
0.5% Triton X-100 OPP integration was then measured using the picolyl
azide conjugated toAlexaFluor 647 (AF647) according to theClick-iT™Plus
OPP Alexa Fluor™ 647 Protein Synthesis Assay Kit protocol. Cells were re-
suspended in 1X PBS containing 0.1 µg/mL DAPI.

Finally, data acquisition was performed using the Cytek Aurora flow
cytometer (Cytek) with high-throughput sampler. Unstained cell controls
were used for autofluorescence extraction for each time point andmetabolic
inhibitor treatments (C, 2DG, O, DGO). Samples were unmixed using
reference controls using the SpectroFlo Software v2.2.0.1. The unmixed FCS
files were used for data processing and analysis using FlowJo v10.0.0. Cells
were gated on FSC-A/SSC-A to gate out debris, then on FSC-A/FSC-H to
identify single-cells and lastly onDAPI+AF647+ , andmeanfluorescence
intensity (MFI) of OPP AF647 in this population was then measured.
Comparisons in OPP AF647 MFI was then performed by exporting data
into GraphPad Prism. Calculations used to derive SCENITH parameters
then performed according to the methods described by Arguello et al.

Quantification and Statistical analysis
Data are presented as mean ± standard error of the mean (SEM) as marked
unless specified differently. Multiple group comparison statistical sig-
nificance was analyzed using an ordinary one-way or two-way ANOVA
where appropriate, followed by Sidak’s or Dunnett’s correction. Zebrafish
survival was plotted using Kaplan–Meier survival curves, statistical sig-
nificance was determined via the log-rank test. P-values < 0.05 were con-
sidered statistically significant represented as *p < 0.05, **p < 0.01,
***p < 0.001. The number of animals included in each experiment are
indicated in the figure legend. Except for the proteomic analysis, all
experiments were performed in at least 2 independent experiments. All
statisticswere executedusing theGraphPadPrismsoftwarepackage (10.3.1).

Data availability
Original data underlying thismanuscriptmay be accessed from the Stowers
Original Data Repository at https://www.stowers.org/research/
publications/libpb-2496, at MassIVE under ascension number
MSV000095901 (https://massive.ucsd.edu/ProteoSAFe/private-dataset.jsp?
task=91d683b1a959423d96fc5a58a1570448) and/or are available from the
corresponding author on reasonable request.
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