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Nothobranchius furzeri: a vertebrate
model for studying cardiac aging and

cellular senescence
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African turquoise killifish (Nothobranchius furzeri) is the shortest-lived vertebrate that can be bred in
captivity, making it an ideal model organism for aging studies. However, whether the animal can be
used for studying cardiac aging and whether cellular senescence contribute to this ageing process
remain unclear. Here, we conducted a longitudinal study on the GRZ strain, aiming to identify
phenotypic and functional markers for cardiac aging. We found that cardiac ageing in GRZ fish can be
measured by comparing fish at 16 weeks to 8 weeks of age, using systemic markers such as body/fin
coloration, body weight, BMI, cardiac ageing markers such as EF, E/A ratio, and swimming capacity,
and cellular senescence markers such as SA-B-gal staining, p15/p16, y-H2A.X, and SASP markers.
Senolytic treatment with D (Dasatinib) and Q (Quercetin) from 12 to 16 weeks mitigated senescence
and decelerated cardiac ageing. Together, our findings established GRZ as a useful vertebrate model

for studying cardiac ageing and related cardiac senescence.

Aging is a complex biological process characterized by a progressive decline
in physiological functions, resulting in gradual deterioration of organ sys-
tems and increased susceptibility to diseases'”. Among these systems, the
cardiovascular system is particularly affected. Cardiac aging involves
structural and functional changes in the heart over time, contributing to a
higher risk of cardiovascular disease in the elderly. To study cardiac aging, it
is crucial to identify phenotypic and functional traits that can be used to
quantify the cardiac aging process, enabling reliable differentiation of bio-
logical age from chronological age, prediction of cardiac aging trajectories,
and assessment the effectiveness of gerotherapeutic strategies. In support of
this goal, international initiatives such as the Aging Biomarker Consortium
(ABC) have been established to coordinate biomarker discovery and vali-
dation efforts*. Decline of echocardiographic measurements of left ven-
tricular function such as ejection fraction and E/A ratio are well-
documented clinical indicators for cardiac diseases, which have been also
associated with cardiac aging™. In humans, exercise capacity via treadmill
assay has been used as an important index for assessing both cardiac diseases
and cardiac aging’. More clinical and molecular features of cardiovascular
aging has been recently reviewed®. Some biomarkers of aging are not only
indicators but also active drivers of the aging process, which are termed as

the “hallmarks of aging™ Among the twelve hallmarks of systemic aging,

eight are proposed to play critical roles in cardiac aging, including dysre-
gulated autophagy, loss of proteostasis, genomic instability, epigenetic
alterations, mitochondrial dysfunction, cell senescence, dysregulated neu-
rohormonal signaling, and inflammation"’.

Cellular senescence is one of the twelve known hallmarks of aging,
referring to a process in which cell permanently stop dividing in response to
stress or damage, accumulating within the body over time’. These senescent
cells subsequentially secret “senescence-associated secretory phenotype”
(SASP) factors that promote inflammation and accelerate the aging process
of the neighboring cells. The accumulation of senescent cells in the heart
could potentially lead to impaired contractility and reduced vascular
function, contributing to age-related cardiovascular decline'’. Examining
expression levels of cell cycle arrest markers such as p21, p27 and SASP
markers such as il-6, il-8, il-10 and tnf-alpha was used to evaluate cellular
senescence' ",

The African turquoise killifish (ATK, Nothobranchius furzeri) is
emerging as a unique vertebrate model in aging research due to its excep-
tionally short lifespan and the conservation of aging-related biomarkers
across vertebrates'*'”. The GRZ strain caught the most attention, because
this is an ATK line with the shortest lifespan that can be completed within
4 ~ 6 months'®. While increased SA-f3-gal staining, oxidative stress, and
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reduced regenerative capacity have been reported in the aged hearts of this
animal model 7", the baseline process of cardiac aging has not been defined.
Thus, in this study, we aim to fill this knowledge gap by carrying longitudinal
studies of the GRZ strain, aiming to identify markers that can reliably
quantify cardiac aging, particularly non-invasive assays that can be con-
ducted in living animals. Additionally, we investigated whether cellular
senescence contribute to cardiac aging in this fish model and whether
eliminating senescent cells exerts gerotherapeutic effects.

Results

Body color, body weight and BMI indices in GRZ killifish during
physiological aging

Prompted by the observation that the body color of aged killifish appears less
vivid than young fish (Fig. 1a), we developed a platform to quantify body
color in this animal. Compared to fish at 8 weeks of age, the body coloration
of both male and female fish declined significantly when they reach 16 weeks
old (Fig. 1b, ¢), with the changes in females milder than in males. The color
differences in male fish can be more easily detected in their fins, as indicated
by quantification of the yellow hues in their tail fins (Fig. 1d, f) or the
coloration of their anal fins (Fig. le, g).

In male fish, their body weight initially increases from 8 weeks to
16 weeks of age, but then reduces at 20 weeks of age (Fig. 2a). Similar
findings were noted in female fish, but the reduction at 20 weeks of age was
not statistically significant (Fig. 2b). These changes are more difficult to
detect by using body length as a phenotyping trait (Fig. 2¢, d), as indicated by
nearly undetectable changes of body length in females. By contrast, these
two-phased changes of body size can be more sensitively detected by using
BMI as a phenotyping index (Fig. 2e, f).

Together, these results suggest that BMI is probably the most sensitive
phenotypic trait that can be used to quantify changes of body size along the
aging process, which is followed by body weight. In addition, coloration
could serve as a useful visual marker of aging in male killifish.

EF, E/A ratio, and swimming capacity changes in GRZ killifish
during physiological aging

A Kkillifish heart appears similar to a zebrafish heart (Fig. S2). To directly
quantify physiological cardiac aging, we first carried out echocardiography
studies. Compared to 8 weeks of age, ejection fraction (EF%) declined sig-
nificantly at 16 weeks of age in both males and females (Fig. 3a, b, for
representative Echo movies, see Supplemental Video). Reduced EF can be
noted in males, but not in females at 12 weeks of age. Despite a trend of EF
reduction at 16 weeks of age, no significant declines in EF were detected at
20 weeks of age compared to 16 weeks old in both male and female. Next, we
performed Doppler echocardiography and revealed a significant increase in
the E/A ratio between 8 weeks vs 16 weeks of age in both male and female.
No significant changes in E/A ratio were noted between 16 weeks and
20 weeks of age (Fig. 3¢, d).

The highest swimming capacity was noted in killifish at 8 weeks of age
in both male and female, which was then declined at 16 weeks of age. Like EF
%, this decline was noted in males starting at 12 weeks of age, but not in
females. No further decline of swimming capacity was noted from 16 weeks
to 20 weeks of age in both sexes (Fig. 3e, f).

Cellular senescence increases during cardiac aging in GRZ
killifish

To determine whether and when cellular senescence occurs during phy-
siological cardiac aging in the killifish, we first stained sectioned hearts to
evaluate the senescence-associated beta-galactosidase (SA-B-gal) activity, a
well-recognized biomarker for cellular senescence. We detected significantly
increased SA-[-gal activity from 8 weeks to 16 weeks of age, while it appears
to be further increased but not statistically significant at 20 weeks of age
compared to 16 weeks (Fig. 4a, b). Next, we carried out immunofluorescence
staining experiments to examine expression of p15/p16, another cellular
senescence marker, and y-H2A.X, a DNA damage marker. Significantly
increased y-H2A.X and p15/p16 staining signals were detected at 16 weeks

of age (Fig. 4c—f), mainly in non-cardiomyocytes rather than cardiomyo-
cytes, as indicated by the poor overlap between y-H2AX signal and the
sarcomeric marker a-Actinin; as well as between the p15/p16 staining and
the cardiomyocyte nuclear marker Mef2. Future studies are warranted to co-
stain these senescence markers with markers for other cardiac cell types such
as fibroblast, endocardial cells and epicardial cells, which could uncover
novel functions of cellular senescence in cardiac aging.

To seek additional evidence for cellular senescence, we conducted
quantitative RT-PCR analysis to determine the expression levels of cell cycle
and senescence-associated secretory phenotype (SASP) related markers. We
noted significantly upregulated expression of p21, il-6, il-8 and tnf-« at 16
weeks old (Fig. 5a-f). Together, these data support the statement that
increased cellular senescence occurs in the heart of African turquoise killi-
fish. Besides accumulated oxidative stress*', cellular senescence could also
contribute to its cardiac aging process.

Senolytic drug treatment with Dasatinib and Quercetin (D + Q) is
effective in decelerating cardiac aging in GRZ killifish

To determine the role of cellular senescence on physiological cardiac aging
in killifish, we assessed the effects of D + Q, a well-established senolytic drug
combination to selectively eliminate senescent cells’. 0.5 mg/kg D and
5 mg/kg Q was administered by oral gavage to male killifish every other day
from 12 weeks to 16 weeks of age that were housed individually in single
tanks. Non-invasive cardiac function and swimming endurance assays were
carried out at 16 weeks and 20 weeks of age, while invasive assays such as SA-
B-gal staining, immunofluorescence staining and qRT-PCR were performed
at 20 weeks of age (Fig. 6a). While D + Q treatment didn’t have any sig-
nificant impact on BMI or body weight (Fig. 6b, ¢), significantly decelerated
cardiac aging, as indicated by more vivid body color, partially rescued EF%,
and restored swimming capacity were detected in treated vs untreated
control group at 16 weeks (Fig. 6d-g). The effectiveness of D + Q treatment
in attenuating cellular senescence was further supported by the detection of
significantly decreased SA-B-gal activity, reduced expression of cellular
senescence marker of p15/pl6 and DNA damage marker of y-H2AX
(Fig. 7a-f), and significant downregulation of SASP transcripts, including
P21, tnf-a and il-6 (Fig. 7g-i) in the D + Q treated group at 20 weeks of age.

Discussion

The primary motivation for establishing the killifish GRZ strain as an ani-
mal model for studying cardiac aging is its short lifespan. Compared to
human, mice and zebrafish with average lifespans of approximately 80 years,
3 years, and 4 years, respectively, the GRZ strain has an average lifespan of
only 4-6 months. Here, we carried longitudinal studies of GRZ and defined
baseline process of cardiac aging. We identified a panel of markers that can
be used to quantify systemic aging, cardiac aging or cellular senescence in
GRZ at 16 weeks of age comparing to fish at 8 weeks of age (Fig. 8).

Our study demonstrates that body color, particularly in male tail fins
and anal fins, can be a convenient visual phenotypic marker for physiolo-
gical aging in the African turquoise killifish. During aging process in
humans, the number of melanocytes is thought to decrease by ~10-20% per
decade, giving rise to the pale skin or patches of hypo-pigmentation asso-
ciated with chronologically aged skin*>*’. This loss of pigmentation corelates
with other physiological declines during the aging process, including
reduced heart function, decreased cardiac contractility, and increased
fibrosis®. Similar correlations have been reported in animal models, such as
rodents and zebrafish®. However, cautions must be exerted when using
body color as a biomarker for ageing, especially in relation to cardiac
function, because color loss can also be triggered by stress, disease, or even
poor housing. It remains to be determined whether the fading down of body
color is a direct consequence of poor circulation resulting from cardiac
dysfunction or a metabolic activity that reflects systemic health.

In both human and animal models, BMI and weight are commonly
used as indicators of overall health, reflecting a balance between muscle
mass, fat distribution, and organ function. In humans, BMI and body weight
are frequently associated with aging-related cardiac dysfunction, with a
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Fig. 1 | Characterization of body color changes in the GRZ killifish during
physiological aging. a Representative images of young and aged male and female
African turquoise killifish showing surface color changes during aging. Scale bar

1 cm. b, ¢ Quantification of body coloration in 8-week-old and 16-week-old killifish.
b Whole trunk RGB[R(0-255)] of male; ¢ whole trunk RGB[R(0-255)] of Female;
d Analysis of tail fin coloration in male killifish. Y-axis: Tail fin Lab[(b-area) pixels].
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e Quantification of anal fin coloration in male killifish. Y-axis: Anal fin Lab [a-mean
(—128,127)]. f, g Representative images of tail fin and anal fin. RGB and LAB color
values were used for precise color analysis. Images were captured under standardized
conditions to ensure consistency and minimize background interference. n =7-9,
One-way ANOVA, Tukey post hoc, *p < 0.05, **p < 0.01.

gradual loss of lean body mass and an increase in body fat often corelating
with deteriorating cardiovascular health®. Incident heart failure (HF) in
older adults is associated with a disproportionate loss of lean mass, parti-
cularly among men. The prognostic implications are significant, with key
sex-specific effects on physical function, frailty, disability, and
pharmacodynamics”*®. Similarly, in rodents, aging results in both a
reduction in body weight and a decline in cardiac performance,

underscoring the interdependence of these factors in the aging process™. In
zebrafish, reduction in growth rate, body weight, and BMI are also asso-
ciated with the onset of cardiac dysfunction™. In the GRZ strain with a short
lifespan, BMI and body weight undergo constant changes along the aging
process, which can be broadly divided into two phases: a growth phase that
peaks at 16 weeks of age, followed by a shrinking phase where both indices
decrease after 16 weeks of age. Interestingly, during the early phase of the
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process before 16 weeks, an ageing GRZ heart manifests a unique feature-
reduced cardiac functions accompanied by increased body size. The tran-
sition from growth to shrinkage at 16 weeks of age likely reflects complex
metabolic and physiological mechanisms, which warrants further investi-
gation. Comparing to body weight, BMI demonstrated greater sensitivity as
a phenotyping index for quantifying the aging process, whereas body length
is the least useful index, as it barely changes with aging. Thus, we recom-
mend BMI over body weight as a phenotypic marker when measuring
physiological aging. Of note, a direct correlation between BMI and heart
function has yet to be established by our present data. Future studies of BMI
inlean vs. obese fish at different ages are warranted, which would deepen our
understanding of the relationship between BMI and cardiac aging.
Cardiac aging in killifish is characterized by a decline in the ejection
fraction (EF) by 16 weeks of age, with males showing an earlier decline at
12 weeks of age. The E/A ratio, which reflects diastolic function, also
exhibited changes. These changes resemble those observed in other species,
including humans, where males tend to experience earlier cardiac function
decline. Both parameters have been previously used to determine the

biological age of the heart in mice and to assess the effectiveness of anti-aging
therapies such as treatment with D + Q™.

In humans, reduced physical performance, particularly in aerobic
capacity, is often linked to age-related cardiac deterioration, probably owing
to diminished cardiac output, reduced oxygen delivery to tissues, and
increased vascular resistance” . This decline in physical endurance is
evident in tasks such as walking or climbing stairs and serves as an early
indicator of heart failure™. Similarly in aging rodents, decreased physical
performance has been linked to reduced cardiac function and compromised
metabolic health™. In zebrafish, swimming tests have been widely used to
assess physical fitness, with declines in swimming endurance linked to age-
related cardiovascular decline”. In the present study, we found that swim-
ming endurance is peaked at 8 weeks of age in the GRZ strain, starts to
decline at 12 weeks of age, significantly declines by 16 weeks of age, and
continues to decrease at 20 weeks of age. Treatment with D + Q rescued the
reduced swimming endurance. Together, these data indicated that swim-
ming endurance can serve as a useful functional marker for quantifying
cardiac aging in killifish.
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At the cellular level, we observed increased SA-[-gal activity and
upregulation of senescence markers such as p15/pl6, y-H2AX, and
inflammatory cytokines like IL-6 and TNF-a in the hearts of aged
killifish. These molecular changes mirror findings in mammalian
models and suggest that cellular senescence plays a crucial role in
cardiac aging. The accumulation of senescent cells leads to impaired
tissue repair and a pro-inflammatory environment, accelerating
functional decline in the heart. Having demonstrated that cellular
senescence did occur during physiological cardiac aging in the killifish
GRZ strain, we went on to test the well-known senolytic drug combi-
nation D 4 Q. Indeed, treatment with this drug combination slowed
the aging process, reduced senescence markers, and improved cardiac
function in the killifish model. Interestingly, certain aging indices at
16 weeks, such as body color and swimming capacity, seems be rescued
to a level that is even better than untreated fish at 12 weeks (Fig. 6d-f).
This data underscored strong contribution of cellular senescence to
cardiac aging, which might already negatively affect fish at 12 weeks of
age. While this observation needs to be further validated and explored
in the future, our findings confirmed that cellular senescence plays a
conserved and significant role in cardiac aging, supporting the use of

GRZ as a sensitive vertebrate model for investigating cardiac cellular
senescence.

The present study has several limitations. First, while we compare
cardiac markers between 8 weeks and 16 weeks of age, this period
represents an early phase when BMI and body weight are still
increasing. This unique phenomenon does not occur in other animal
models with longer lifespans. Second, the present study did not
examine the later phase of cardiac aging that occurs after 16 or even
20 weeks of age, when BMI and body weight begin to decrease. This
later phase is interesting because it corresponds to the most senior
years in humans, e.g. post 65-75 years of age. This phase is more
challenging to study because <20% fish survive to this stage, which
necessitates a significantly larger initial animal population for mean-
ingful data analysis. Third, baseline measurements must be interpreted
in the context of housing and feeding conditions specific to our fish
facility. It is well known that differences in fish density and feeding
regimens can significantly impact the aging process™.

Despite these challenges, we believe that the African turquoise
killifish presents a unique model organism for cardiac aging research,
offering unprecedented opportunities for both pharmacological and
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Fig. 4| Increased cellular senescence during cardiac aging in the GRZ killifish. a, b
Representative images and quantification of senescence-associated beta-galactosi-
dase (SA-B-gal) activity in heart sections from 8 to 16 weeks of age. c-f Repre-
sentative images and quantification of immunofluorescence staining of y-H2A X (a
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DNA damage marker) co-stained with the sarcomere marker a-Actinin and p15/p16
(a cellular senescence marker) co-stained with the cardiomyocyte nucleus marker
Mef2 in heart sections. Scale bars in (a), 100 pm; in (c and e), 20 pm. n = 3-4 animals.
One-way ANOVA, Tukey post hoc, *p < 0.05, **p < 0.01.

genetic studies. Given that a 4-week life in the GRZ strain roughly
corresponds to a 10-year life in human, the killifish GRZ line is a
highly efficient vertebrate model for assessing compounds with
potential gerotherapeutic effects. Beyond its advantage in pharma-
cological studies, the extremely short lifespan of killifish could also
open the door for genetic studies of cardiac aging at an unprecedented
scale. For example, it would be interesting to explore whether the
powerful forward genetic screening approach recently established in
adult zebrafish can be extended to Kkillifish for discovering aging-
associated genes™.

Methods

Animals

The African turquoise killifish (GRZ strain) were maintained under a
14-hour light and 10-hour dark cycle at 28.5 °C and handled with care. We
used a zebrafish circulation system from Aquaneering Inc. to accom-
modate adult killifish. Conductivity is 650-710 micro siemens. After
hatching, baby fish are fed with live brine shrimp in gradually increased
water volume during the first 7 days. Fish after 8 days are put into the
circulation system and fed with brine shrimp 4 times per day. Under
conditions of our fish facility, male GRZ fish started to manifest their
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coloration around 4-5 weeks old post-hatching. To produce eggs, 1 male
and 2 female fish are accommodated in a 2.5 L tank. After fish stop to
spawn, they will be fed 2 times per day. To reduce fish death because of
territorial fights, we housed male fish individually in separate tanks, and
females in groups of <10 fish per 2.5 L medium tank. The animal study
protocol was approved by the Mayo Clinic Institutional Animal Care and
Use Committee (Number: A00003390-18-R23). All animal study proce-
dures were performed in accordance with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996).

Body color quantification

Color quantification of killifish during physiological aging was conducted
according to a previously published method with modification***. We
quantified the color changes by analyzing pictures captured under controlled
conditions ensuring consistent background. (Fig. Sla). The position of
camera was fixed to minimize efforts of calibration”’. Matlab was used to
read the image files and to execute subsequent colorimetric analyses

(Fig. Sla). The background was calibrated to ensure uniformity in color
luminance reflection effect. A color atlas was applied to conform lighting
environment. A surface light source was used to prevent uneven lights.
Besides the RGB record method, Lightness, a-channel, b-channel (Lab) was
applied to minimize the brightness difference produced by the curved body
shape of fish, which helps to ensure consistent color quantification*.
Guided by manually annotated landmarks, the fish photograph is
divided into 17 distinct regions (Fig. S1b), each reflecting a specific area of
interest. The segmentation is performed using the k-means color clustering
method. The diagram provides only a conceptual representation of regional
divisions, and the boundaries shown are approximate indications rather
than precise segmentation delineations, serving as a general framework for
visualization purposes. The coordinates and boundaries of these regions
were determined by annotated points and physiological landmarks on the
fish, respectively. For example, we use K-means clustering algorithm to
separate the yellow tail region of the fish. As the yellow regions change with
age, we adjust the boundaries accordingly when making divisions. The
threshold prediction method defines the boundaries of the yellow region,
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Fig. 6 | Dasatinib and Quercetin (D + Q) senolytic treatment decelerates cardiac
aging in GRZ killifish. a Experimental timeline for D + Q treatment and assess-
ments. D + Q was administered by oral gavage every other day from 12 to 16 weeks
of age. Non-invasive cardiac function and swimming endurance assays were per-
formed at 16 and 20 weeks of age, while invasive assays including SA-[-gal activity,
immunofluorescence staining, and SASP quantitative RT-PCR were conducted
performed at 20 weeks of age. b, ¢ Body weight and BMI measurements in killifish

treated with or without D + Q. d, e body color of the tail fin in male killifish with
D + Q-treated and untreated groups at 16 and 20 weeks of age. d Y-axis: Tail fin
Lab[(b-area) pixels], e Tail fin Lab[b-level(1-3)], classified yellow intensity: 1=weak,
2=moderate, 3=strong (ranges defined in Methods) (f, g) EF% and swimming
capacity in D 4- Q-treated killifish compared to the DMSO control group in killifish
treated with or without D 4+ Q at 16 and 20 weeks of age. n = 4-9, two-way ANOVA,
Tukey post hoc, *p < 0.05, **p < 0.01.

while K-means clustering further refines the segmentation by grouping
similar colors.

RGB and Lightness, a-channel, b-channel (Lab), two color
schemes developed by the International Commission on Illumination
(CIE), were used to measure color values in body (sum of 17 regions in

Fig. S1b), tail fin (region 4), and anal fin (region 3), respectively. RGB
values (0-255) for all pixels, CIELab values. L (Lightness) scaled from 0
(black) to 100 (white); a (green-red axis) ranging from —128 (green) to
127 (red); b (blue-yellow axis) ranging from —128 (blue) to 127 (yel-
low). After comparing mean values and the color area distribution for
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marker expression in GRZ Kkillifish hearts. a, b Representative images and quan-
tification of SA-B-gal activity staining in the D + Q treated hearts compared to
DMSO controls at 20 weeks of age. Scale bar, 100 pm. n = 3, student’s ¢ test. c-f
Representative images of y-H2A.X and p15/p16 antibody immunofluorescent
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n =3, student’s t test. g-i Quantitative RT-PCR analysis of cellular senescence
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*p <0.05, ¥*p < 0.01.
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Fig. 8 | Summary of markers for quantifying car-
diac aging in GRZ Kkillifish. 8 weeks and 16 weeks
have been identified as two time points along the
aging process to measure cardiac aging in the GRZ
killifish line. A panel of markers have been identified
to quantify systemic aging, cardiac aging, and car-
diac senescence processes, respectively.

Young

< 6~8 weeks

Adult  Aging

8-12 weeks

12-16 weeks > 16 weeks old

Cardiac aging markers in ATK

Systemic aging: body color, BMI, body weight

Cardiac aging: EF, E/A, swimming capacity
Cellular senescence: SA-B-gal, p15/16, yYH2AX, SASP

different area, we chose the following parameters because of their
higher sensitivity: R for whole trunk, b-area for tail fin and a-mean for
anal fin.

Echocardiography

Killifish were anesthetized in 0.03% buffered tricaine (MS-222, Sigma
Aldrich) for 3 min to ensure fish manifest stage III anesthesia, as
indicted by loss of equilibrium and no response to tail touch. No fish die
under this protocol, and 100% fish can fully recover within 1 min after
dilution with fresh water. The Vevo 3100 high-frequency imaging
system equipped with a 50 MHz (MX700) linear array transducer
probe (FUJIFILM VisualSonics Inc) was used to measure cardiac
function indices in African turquoise killifish according to a reported
protocol”. Acoustic gel (Aquasonic® 100, Parker Laboratories, Inc)
was applied to the surface of the transducer to ensure adequate cou-
pling with the tissue interface. The MX700 probe was positioned at a
slight angle above a killifish’s chest to capture a two-dimensional view
of the heart. The Vevo LAB 5.6.0 software was used to analyze mea-
surements on systolic and diastolic dimensions of the ventricle,
enabling calculations of ejection fraction and other ventricular func-
tion indices.

E/A ratio Measurement: The E/A ratio was measured using pulsed-
wave Doppler, recording the peak early diastolic filling velocity (E-wave,
cm/s) and the peak late diastolic (atrial) filling velocity (A-wave, cm/s). Left
ventricular ejection fraction (EF%) was calculated from B-mode images
using the formula: [(End-Diastolic Volume (EDV, pL) - End-Systolic
Volume (ESV, uL)) / EDV] x 100. Both EDV and ESV were measured over 3
consecutive cardiac cycles, and the results were averaged.

Swimming tunnel assay

A swim tunnel respirometer (Mini Swim170, Loligo Systems, Danmark)
was used to measure the swimming capacity of turquoise killifish. This
protocol was derived from previous reports”*“. Briefly, turquoise killifish at
designated age were fasted for 24 h before the first swimming capacity
measurement. To evaluate swimming capacity, killifish were transferred,
four to eight fish per group, into the swim tunnel respirometer with an initial
water speed of 9 cm/s for a 20-min acclimation period. Water flow was then
increased in stages of 8.66 cm/s (Ti) every 150 s (Tii) until all killifish were
exhausted. The speeds at the last stage (Uii) and the previous stage (Ui) were
recorded for each individual fish. The critical swimming capacity (Ucrit)
was calculated with the following formula: Ucrit=Ui + [Uiix(Ti/Tii)]. Ucrit
was then normalized to the body length (BL) of the corresponding indivi-
dual. The swimming test was longitudinal, at 8, 12, 16 and 20 weeks of ages,
respectively. For each time point, a single swimming test was performed.

Senescence-associated beta-galactosidase (SA-3-gal) staining
SA-B-gal staining was performed using the Senescence P-Galactosidase
Staining Kit (Cell Signaling Technology, catalog #: 9860) according to the
manufacturer’s instructions, with modifications. Briefly, killifish hearts were
dissected and immediately fixed overnight at 4 °C in 4% paraformaldehyde
(PFA) buffered with PBS. The fixed hearts were embedded in a tissue
freezing medium and sectioned at 8 um using a cryostat (Leica CM3050 S).
The heart sections were further fixed in the provided fixation solution and
stained in the X-gal staining solution from the kit for 5-12 h at 37 °C. X-gal-
stained sections were imaged using a Zeiss Axioplan 2 microscope (Carl
Zeiss). SA-B-gal activity was quantified with MetaMorph software (64-bit)
version 7.10.5.476.

Antibody immunostaining

Heart samples dissected from killifish at designated stages were embedded in
a tissue freezing medium and sectioned at 8 um using a cryostat (Leica
CM3050 S). Sections were air dried for 30 min at room temperature (RT)
and fixed with 4% PBS-buffered paraformaldehyde (PFA) for 7 mins, per-
meabilized with 0.1% Triton X-100 in PBD (1X PBS, 1% BSA, 1% DMSO)
for 45 mins, blocked with 2% sheep serum/PBD for 25 mins, and incubated
with primary antibodies overnight at 4°C. Primary antibody-stained sections
were then washed in PBD for three times and incubated with secondary
antibodies (Alexa Fluor anti-Rabbit 488, ThermoFisher Scientific, catalog
#A11008; Alexa Fluor anti-Mouse 568, ThermoFisher Scientific, catalog
#A11001) at RT for 1 h, washed with PBD for three times and transferred to a
slide with a mounting medium with DAPI (Vector, H-1200). Stained sec-
tions were imaged with a Zeiss Axioplan 2 microscope equipped with
ApoTome and AxioVision software (Carl Zeiss). The following primary
antibodies were used: mouse anti-p16 (1:100, Santa Cruz, catalog #sc-1661),
rabbit anti-yH2AX (phosphor Ser139) (1:200, GeneTex, catalog
#GTX127342), and mouse anti-a-actinin (1:300, Sigma, catalog #A7811).

Quantitative real-time PCR to quantify expression of SASP
markers

Quantitative real-time PCR was used to quantify the expression levels of
senescence-associated secretory phenotype (SASP) markers. Briefly, total
RNA was extracted from an individual African turquoise killifish ventricle at
designated stages using Trizol reagent (ThermoFisher Scientific) following
the manufacturer’s instruction. Approximately 100 ng total RNA was used
for reverse transcription (RT) and cDNA synthesis using Superscript III
First-Strand Synthesis System (ThermoFisher Scientific). Real-time quan-
titative PCR was performed in 96-well optical plates (ThermoFisher Sci-
entific) using an Applied Biosystem VAii 7 System (ThermoFisher
Scientific). Gene expression levels were normalized using the expression
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level of 18 s by ~AACt (cycle threshold) values. Primer information for qRT-

PCR is listed as follows:
p21-F, 5-CGAGCCCTCAGTACTCTAA-3
p21-R, 5-GAGGTTTGTCGGAGAAGAAG-3’
p27-F, 5-GCTCCTCAATCGCCATATT -3’
p27-R, 5-CATACGTCGAAGTGGAAGAC-3’
tnf-a-F, 5-CAGGCTCACAAGAGGTTATT-3
tnf-a-R, 5-CCAGAGGTCAATCTGTCTTATC-3’
i16-F, 5-GGAGGAATTTCAAGGGAACATA-3
i16-R, 5’-CCTCAGGAGAACCATGTAGA-3
iI8-F, 5-~ACAAATCCTGACCACAAGTAG-3
iI8-R, 5~ ATCGTATTCACCATCATGTCTC-3
il10-F, 5-CCTTACAGCATCATGTCTCTC-3’
il10-R, 5-TGGCAGCAGTCGTTTATG-3
18s-F, 5-CCGACATTGACCTCAACAA-3’
18s-R, 5-TGGCTGTATTTGCCATCC-3’

Dasatinib and quercetin (D + Q) administration

Dasatinib (MilliporeSigma) and Quercetin (Sigma Aldrich) administration
were conducted via oral gavage every other day from 12 to 16 weeks of age,
according to the previously published method. The doses are 0.5 mg/kg D
and 5 mg/kg Q, which are dissolved in 1% DMSO". The control group were
gavaged with 1% DMSO solution.

We used the same protocol for gavaging in adult killifish, as we
reported in adult Zebrafish”. In short, killifish were anesthetized in 0.03%
buffered tricaine (MS-222, Sigma Aldrich) for 3 min. The fish mouth was
opened, and a soft 187 catheter tube (Braintree Scientific) was inserted
1.0 ~ 1.5 cm deep to reach the fish stomach. In general, the insertion process
was unobstructed; however, any obstructions encountered were cir-
cumvented by changing the insertion angle. The drug was released in the fish
when the syringe was depressed. The delivery volume was less than 1
11/100 mg body weight.

Data availability

All the data is derived from the self-established databases. The datasets
requested and/or used during all else studies are available from the corre-
sponding author upon reasonable request.
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