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Abstract: Aging is a complex, systemic process often driven by both intrinsic and extrinsic factors. Recent
evidence suggests that secretions from aging organs may influence the function of distant tissues. This study
investigates the impact of liver-derived secretions from oxidatively aged cells on induced pluripotent stem
cell-derived cardiomyocytes (iCMs). Here, we exposed HepG2 liver cells to hydrogen peroxide at varying
concentrations (25–300 µM) and durations with regular intervals to model aging. Post-treatment validation
confirmed increased oxidative stress, lipofuscin accumulation, p21 expression, and senescence, particularly
in the 15-day 100 µM group. Conditioned media from aged HepG2 cultures were then applied to healthy,
differentiated iCMs at various dilutions including undiluted, 1:1, and 1:3 with iCM media. iCMs exposed
to aged liver secretions exhibited significantly increased aging phenotypes, including elevated lipofuscin
and p21 expression, as well as increased senescent cell populations, with the strongest effects observed in
undiluted and 1:1 treatment conditions. While senescence levels peaked at the 1:1 dilution rather than in
undiluted media, a dose-dependent response to secreted stress factors was observed. Control experiments
with untreated liver media showed no significant effects, confirming that the aging phenotypes observed in
iCMs were driven specifically by the secretome of aged liver cells. These findings reveal a clear mechanism
by which hepatic aging can promote cardiac aging and dysfunction, offering insight into liver-heart crosstalk
in the context of human aging.
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1. Introduction

A ging is a complex, irreversible biological process marked by the progressive decline of tissue function
and regenerative capacity across organ systems, resulting in increased susceptibility to disease and

death [1,2]. While intrinsic cellular mechanisms are known to drive many aspects of aging, accumulating
evidence indicates that inter-organ communication (IOC) plays a critical role in systemic aging [3–6]. In
particular, the liver, which plays a central role in metabolism, detoxification, and protein synthesis [7],
may emerge as a key contributor to aging phenotypes in distant tissues through the secretion of bioactive
molecules. With aging, the liver undergoes structural and functional changes, including increased extracellular
matrix deposition, reduced regenerative capacity, and enhanced oxidative stress [8–11]. These changes
are often accompanied by the release of altered secretory profiles, including pro-inflammatory cytokines,
senescenceassociated secretory phenotype (SASP) factors, and extracellular vesicles (EVs) enriched with
aging-related cargo [12–14].

Although the effects of these secreted factors on liver-resident cells have been explored, their potential
impact on extrahepatic tissues, particularly the heart, remains inadequately understood. Cardiomyocytes are
especially susceptible to oxidative and metabolic stress, and research suggests organ crosstalk may contribute
to cardiac dysfunction with age [15]. Studies show that patients with age-related liver diseases such as
cirrhosis and fatty liver disease can develop electrophysiological cardiac abnormalities [16,17] and systolic [18]
and diastolic [19] dysfunction. A range of hepatic mediators, such as extracellular vesicles (EVs), proteins,
microRNAs, miR1, miR7, and miR-122, that are produced and secreted primarily or exclusively by the
liver are believed to influence the cardiovascular system through endocrine mechanisms. Growing evidence
underscores the significant role these liver-derived factors play in the development and progression of various
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cardiovascular diseases, including atherosclerosis, coronary heart disease, thrombosis, myocardial infarction,
heart failure, metabolic cardiomyopathy, arterial hypertension, and pulmonary hypertension [20]. However,
the causal relationship between hepatic aging and heart disease has not been fully elucidated.

Cellular senescence is a stable and generally irreversible form of cell cycle arrest that occurs in response
to a variety of stressors, including DNA damage, telomere shortening, and oxidative stress, and is a core
hallmark of aging [21]. Senescent cells no longer divide but remain metabolically active and often acquire a
SASP profile [22]. In this study, we developed an in vitro platform to model liver aging using HepG2 cells
treated with hydrogen peroxide, a wellestablished method to induce oxidative stress for accelerated aging
[23], in which senescent markers served as our primary indicator of the aged phenotype. The conditioned
media from these aged liver cells were then used to treat human induced pluripotent stem cell-derived
cardiomyocytes (iCMs), where we then assessed the in vitro ‘paracrine’ impact of the aged liver secretome
on cardiac cell aging and/or dysfunction by measuring and confirming aged phenotypes using senescence,
oxidative stress, lipofuscin accumulation, and p21 immunostaining assays. Here, we aimed to delineate the
effect of liver-derived secretions on iCM health and aging. Our study offers new insights into the mechanistic
underpinnings of liver-heart communication in aging and shows potential for therapeutic intervention which
targets inter-organ signaling pathways.

2. Materials and methods

2.1. iPSC cell culture and maintenance

Human skin fibroblast-derived iPS cell line hiPS-K3 cells were kindly provided by Dr. Stephen Duncan
(Medical College of Wisconsin). T-75 flasks were coated with a 1:100 (v/v) dilution of Geltrex™(ThermoFisher
Scientific) in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) and incubated at 37 ◦C for 30 minutes.
Fifteen minutes prior to coating, two 15 mL conical tubes were prepared: one containing 5 mL of mTeSR™Plus
medium (StemCell Technologies) supplemented with a final concentration of 5 µM ROCK inhibitor (StemCell
Technologies), and the other containing 10 mL mTeSR™Plus medium supplemented with a final concentration
of 5 µM ROCK inhibitor. The 10 mL tube was pre-warmed to 37 ◦C. Human induced pluripotent stem cells
(iPSCs; iPS-K3 cell line) were retrieved from liquid nitrogen storage and rapidly thawed in the water bath for 1
minute. The thawed cell suspension was immediately transferred to the 5 mL mTeSR™Plus/ROCK inhibitor
solution and centrifuged at 300 × g for 5 minutes. Concurrently, the Geltrex™solution was aspirated from the
pre-coated flask and aseptically dried. Nine milliliters of the pre-warmed 10 mL mTeSR™Plus medium were
added to the flask. The pellet was gently resuspended in 1 mL of the remaining mTeSR™Plus medium and
transferred to the prepared flask. Media was changed daily for 4 days or until cells reached approximately
70% confluency. Cells were subsequently passaged using ReLeSR™(StemCell Technologies) and expanded as
required, with daily media changes maintained throughout. The iPSCs were seeded at a density of 5 × 105

cells per well onto Geltrex™-coated 24-well plates for differentiation experiments.

2.2. Cardiomyocyte differentiation from iPSCs

Cardiomyocyte differentiation was initiated when iPSCs cultured in Geltrex™-coated 24- well plates
reached >90% confluency, following previously established protocols. All media components and supplements
were freshly prepared on the day of use. From days 0 to 6, differentiation was carried out in cardiomyocyte
differentiation medium without insulin (CM (-)), consisting of 500 mL RPMI 1640 (Gibco, 11875), 10 mL B-27
Supplement minus insulin (Gibco), and 5 mL penicillin-streptomycin (Pen/Strep; Sigma-Aldrich). On day 1
of differentiation the cells were treated with 10 µM CHIR 99021, and the media was replaced with standard
CM (-) within 24 hours. On day four of differentiation, the cells were treated with CM (-) media supplemented
with 5 µM IWP4. On the sixth day, standard CM (-) media was reintroduced. From day 7 onwards, a CM (+)
medium was utilized, which consisted of 500 mL RPMI 1640, 10 mL B-27 Supplement with insulin (Gibco),
and 5 mL Pen/Strep.

2.3. HepG2 culture and artificial aging

HepG2 cells (ATCC) were cultured in complete Dulbecco’s Modified Eagle Medium (DMEM),
prepared by supplementing DMEM (Gibco) with 10% fetal bovine serum (FBS; Invitrogen) and 1%
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penicillin-streptomycin (Pen/Strep; ThermoFisher Scientific). Cells were retrieved from liquid nitrogen
storage and thawed in a 37 ◦C water bath for 1 minute. The thawed suspension was transferred into 5 mL
of pre-warmed complete DMEM and centrifuged at 200 × g for 5 minutes. The resulting cell pellet was
resuspended in 1 mL of fresh medium and transferred into a T-75 flask containing 9 mL of complete DMEM.
Cells were evenly distributed by gentle swirling and incubated at 37 ◦C with 5% CO2. Media changes were
performed every three days until cells reached the desired confluency. For subculturing, cells were rinsed
with phosphatebuffered saline (PBS; Gibco) and detached using 0.05% trypsin-EDTA (Gibco). Following cell
counting via hemocytometer, 1.5 × 105 cells were seeded per well in 24-well plates. After allowing 1–2 days
for cellular adherence and acclimatization, oxidative stress treatments were initiated. Cells were exposed to
hydrogen peroxide (H2O2) at various concentrations and durations to induce aging. The treatment groups
were as follows (Table 1):

Table 1. Oxidative aging treatment plan

Treatment Duration H2O2 Concentration (µM)
21 days 25, 50
15 days 50, 100
7 days 200, 300

Corresponding untreated control groups were maintained for each time point. Media containing the
appropriate H2O2 concentrations were refreshed every two days. At the end of each aging period, conditioned
HepG2 media was collected, labeled, and stored at -20 ◦C for downstream analyses of liver secretome effects.
Cells used for phenotypic aging characterization were fixed at the end of treatment.

2.4. Oxidative stress detection

Oxidative stress in monolayer cultures was evaluated using the CellROX™Green Reagent (Thermo Fisher
Scientific), a fluorogenic probe that emits fluorescence upon oxidation, to detect general levels of reactive
oxygen species (ROS). A 5 µM working solution was prepared by diluting the 2.5 mM DMSO-stabilized stock
into complete DMEM. At the conclusion of the 7-day and 15-day oxidative stress treatments, the existing
culture media were removed and replaced with the CellROX working solution. Cells were incubated at 37
◦C for 30 minutes, followed by three PBS washes. Nuclear staining was performed using a 1 µg/mL Hoechst
solution, and a final PBS wash was completed prior to imaging. Samples were imaged within two hours using
a fluorescence microscope at excitation/emission wavelengths of 485/520 nm. For each sample, a minimum
of five images per well were captured. Quantitative analysis of oxidative stress was performed using ImageJ
by measuring the mean gray value intensity of individual cells.

2.5. Treatment of iCMs with aged liver secretions

After the iCM differentiation period, aged liver-conditioned media were applied to evaluate the impact
of hepatic secretions on cardiac cell aging. iCM media were removed and replaced with varying dilutions of
aged liver media as follows: (1) undiluted aged liver media (DMEM), (2) a 1:1 dilution of aged liver media
with iCM media, and (3) a 1:3 dilution of aged liver media with iCM media. To control for potential effects
of liver media unrelated to aging, parallel treatments using regular (non-aged) liver media were performed
with identical dilution ratios. An additional control group consisted of iCM media alone. All treatments were
applied for a duration of three days. Following the treatment period, iCMs were fixed in 4% paraformaldehyde
and processed for the assessment of aging-associated markers.

2.6. Lipofuscin Granule Staining

Following fixation with 4% paraformaldehyde, HepG2 cells and iPSC-derived cardiomyocytes (iCMs)
were stained using Sudan Black B (SBB) to assess lipofuscin accumulation. The SBB staining solution was
prepared by dissolving 0.7 g of SBB powder (Sigma- Aldrich) in 100 mL of 70% ethanol. The mixture was
covered with Parafilm and stirred overnight at low speed using a magnetic stir bar. The resulting solution was
filtered through 11 cm Whatman circle filter paper to remove any undissolved particles. Prior to staining, cells
were incubated in 70% ethanol for 2 minutes. SBB stain was then applied to each well and incubated for 2–5
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minutes, followed by three washes with 50% ethanol or until the wash ran clear. Images were acquired using
a Nikon Eclipse Ti-U inverted microscope (Bright Field mode) equipped with NIS-Elements imaging software.
Five representative images were captured per well. Quantitative analysis of staining intensity was performed
using ImageJ software.

2.7. Immunofluorescence Staining for p21 Expression

HepG2 cells and iPSC-derived cardiomyocytes (iCMs) were stained for p21 expression using a
monoclonal anti-p21 antibody (Invitrogen, Thermo Fisher Scientific) and the Alexa Fluor™488 Goat
Anti-Rabbit SFX Kit, following standard immunocytochemistry procedures. All media and reagents were
prepared before initiating the staining protocol. Cells were first permeabilized with 0.2% Triton X-100 in PBS
for 15 minutes at room temperature, followed by three washes with 500 µL of PBS. Non-specific binding was
blocked by incubating the cells in 200 µL of 10% goat serum for 1 hour at room temperature. After removal
of the blocking serum, cells were incubated overnight at 4◦C with 200 µL of 10% goat serum containing the
primary antibody (1:300 dilution). Plates were sealed with Parafilm to prevent evaporation during incubation.
The primary antibody solution was removed after 24 hours, and cells were washed five times with 500 µL of
PBS at 5-minute intervals (subsequent steps were performed under low-light conditions). Cells were then
incubated for 2–4 hours at 4◦C with 200 µL of 10% goat serum containing the secondary antibody (1:500
dilution), protected from light with aluminum foil. Following secondary antibody incubation, cells were
washed five times with PBS. The first wash included Hoechst 33342 nuclear stain (1:1000 dilution in PBS),
while the remaining four washes removed excess stain and background fluorescence. Fluorescent imaging
was conducted using a Nikon Eclipse Ti-U microscope equipped with NIS-Elements software. Hoechst and
Alexa Fluor 488 channels were used to visualize nuclei (blue) and p21 (green), respectively. Five images were
acquired per channel per well (ten images total per well). Quantitative analysis of nuclear and p21- positive
cell counts was performed using ImageJ software.

2.8. Senescence-associated β-galactosidase staining

Senescence in HepG2 cells and iPSC-derived cardiomyocytes (iCMs) was assessed using the Senescence
Cells Histochemical Staining Kit (Millipore Sigma, Catalog # CS0030), following the manufacturer’s protocol.
Cells were fixed with 4% paraformaldehyde, the provided staining solution was applied directly to the wells
of HepG2 and iCM plates, and plates were sealed with Parafilm. Samples were incubated overnight at 37
◦C in a non-CO2 incubator. After incubation, the staining solution was removed and replaced with PBS.
Brightfield images were acquired using the Nikon Eclipse Ti-U microscope with Infinity Capture software,
under standard light settings and without color filters. Five images were captured per well. Quantitative
analysis of senescencepositive cells was performed using ImageJ software.

2.9. Statistical analysis

All data were analyzed using Microsoft Excel Data Analysis Toolpak (Version 16.77.1). To assess
significance between control and treatment groups, a two-tailed paired t-test was performed. A one-way
ANOVA with post hoc analysis was used to evaluate differences within treatment groups. Statistical
significance was defined as P < 0.05 for all tests.

3. Results

3.1. Hydrogen peroxide treatment induces aged phenotype in HepG2 cells

A comprehensive analysis of our artificial aging process was conducted by examining the percentage
of lipofuscin granule-positive (LPF+) cells, p21 expression-positive (p21+) cells, and senescent cells in
HepG2 cultures (Supplementary Figure 1) upon several different H2O2 treatments. Treated HepG2s showed
significantly increased % LPF+ cells (Supplementary Figure 1A) under the 7-day 200 µM treatment group (24.5
± 15.7%) compared to untreated controls (9.8 ± 1.7%, p < 0.01). A significant difference between 7-day 200
µM and 21-day 50 µM treatment groups was also shown (p < 0.001). The efficacy of treatment is unclear from
p21 immunostaining results (Supplementary Figure 1B). However, a significant difference in % p21+ HepG2s
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was observed under the 15-day treatment group, where the p21+ HepG2 population was 61.1 ± 4.7% under
100 µM and 36.4 ± 7.2% under 50 µM treatment (p < 0.02).

Figure 1. H2O2 treatment leads to increased p21 expressing cells and cellular waste accumulation in HepG2s.
(A) Bright-field and fluorescence images showing levels of lipofuscin accumulation (left) and p21 expression
(right), respectively, in liver cells receiving 7-day (200 mM H2O2) and 15-day (100 mM H2O2) treatment and
respective controls. (B) HepG2 cell percentage that show lipofuscin accumulation. (C) Percent p21 expressing
HepG2 cells. (* represents statistical significance with p < 0.05, ** represents statistical significance with p <

0.01, *** represents statistical significance with p < 0.001, and n.s. represents no statistical significance) (Scale
bars = 100 mm, inset scale bars = 30 mm) (n = 5)

In addition, 7-day 200 µM treatment (Supplementary Figure 1C) showed an increase in % senescence
(9.9 ± 1.2%) in comparison to the untreated control group (0.8 ± 0.7%, p < 0.02). In this case, the 15-day
100 µM treatment (6.1 ± 1.3%) was less effective than the 7-day 200 µM treatment in inducing senescence.

3.2. Select hydrogen peroxide treatments induce an increase in LPF+ and p21+ HepG2 cells

To validate that aged liver secretions were appropriately derived from senescent HepG2 cells, we
confirmed the presence of aging markers in liver cultures prior to media transfer to iCMs. This step was
essential to eliminate confounding variables that could misrepresent the downstream effects on iCMs. Based
on previous findings, 7-day 200 µM and 15-day 100 µM conditions exhibited their potential for effective
artificial induced aging of HepG2 cells. Consequently, experimentation was refined henceforth to prioritize
these concentrations.

As shown in Figure 1, HepG2 cells treated with hydrogen peroxide for 7 and 15 days exhibited
significantly increased lipofuscin granule accumulation and p21 expression. From quantification, the 15-day
treatment group demonstrated the highest proportion of LPF+ cells (50.2 ± 0.04%), with strong statistical
significance compared to both the 7-day treatment group (p < 0.001) and untreated controls (p < 0.001 and
p < 0.002, respectively) (Figure 1B).

Similarly, p21 expression was significantly elevated in both treatment groups relative to their controls
(Figure 1C), with the 15-day group showing a greater percentage of p21+ cells (27.5 ± 0.06%) compared
to the 7-day group (15.5 ± 0.01%) (p < 0.008). The proportion of senescent cells also increased following
both treatment durations, and representative general oxidative stress levels are indicated in green for
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comparison (Figure 2A). The 15-day H2O2 treatment group exhibited the highest percentage of senescent cells
(34.0 ± 0.02%), showing strong statistical significance compared to the 7-day treatment group (18.8 ± 0.03%,
p < 0.001) and to the corresponding untreated controls (p < 0.001) (Figure 2B). Similarly, cells subjected
to the 15-day 100 µM H2O2 treatment showed the highest levels of oxidative stress, as measured by MFI
(5.8 ± 3.0). This was significantly greater than the MFI observed in the 7-day 100 µM treatment group
(1.5 ± 0.59, p < 0.0001). Furthermore, oxidative stress in the 15-day treatment group was elevated compared
to its untreated control (p < 0.001) (Figure 2C).

Figure 2. Cellular senescence and ROS accumulation significantly increases with the aging treatment in HepG2s.
(A) Bright-field and fluorescence images showing cellular senescence (right) and ROS accumulation in liver cells
receiving 7-day (200 mM H2O2) and 15-day (100 mM H2O2) treatment as well as their respective controls. (B)
Senescent HepG2 cell percentage. (C) Quantified oxidative stress levels as mean fluorescent intensity (MFI)
representing relative ROS accumulation in HepG2 cells. MFI was determined by subtracting background mean
gray value (MGV) from fluorescent MGV was plotted. (*** represents statistical significance with p < 0.001, ****
represents statistical significance with p < 0.0001, and n.s. represents no statistical significance) (Scale bars =
100 mm)

3.3. iCM senescence/waste accumulation not influenced by culture in different control media

Fresh DMEM and untreated liver-conditioned media were applied to untreated iCMs as control
conditions to evaluate the potential effects of solely liver media composition or secretome on aging-related
markers, including senescence and lipofuscin waste accumulation (Figure 3). Results were compared to iCMs
maintained in native media. No statistically significant differences were observed among the control groups in
the % LPF+ cells (Figure 3A). Although a significant increase was observed in senescent cell percentage when
iCMs received untreated liver-conditioned media, this difference was nearing no significance (Figure 3B).
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Figure 3. iCM senescence or waste accumulation are not affected by culture in different control media. (A)
Percent lipofuscin waste accumulation positive and (B) senescent iCMs cultured for 7 days with different control
media. (n.s. represents no statistical significance) (n=3)

3.4. Aging in iCMs is induced by aged liver secretome and is dose-dependent

Varying dilutions of aged liver-conditioned media with standard iCM media were tested to identify
an optimal treatment condition that preserved iCM viability while still enabling the assessment of
aging-associated effects. Specifically, iCMs were treated with undiluted aged liver media (DMEM only),
as well as 1:1 and 1:3 dilutions of aged liver media with iCM media (Supplementary Figures 2 and 3). A
significant dilution-dependent uniform reduction in lipofuscin accumulation was observed (Supplementary
Figure 2A, 3A), and the effect was more pronounced for 15-day treatments (p < 0.001). For both the 7-day and
15-day aged liver media treatments, the highest % LPF+ cells occurred under the undiluted condition, with
progressively lower accumulation levels for 1:1 and 1:3 dilutions. The p21 expression parameter followed
a similar dilution-dependent trend in iCMs (Supplementary Figure 2B, 3B). While % p21+ cells decreased
with increasing dilution of aged liver media, no statistically significant differences were detected between
the 7-day and 15-day treatment groups across the DMEM-only, 1:1, or 1:3 dilutions. Regarding senescence
(Supplementary Figure 2C, 3C), iCMs exhibited a modest reduction in senescent cell proportions when treated
with 1:3 dilution of aged liver media. Interestingly, a substantial peak in senescence was observed under the
1:1 dilution condition in both treatment groups, reaching 40.3 ± 0.02% for the 7-day group and 56.0 ± 0.03%
for the 15-day group.

We then performed further characterization of undiluted aged liver-conditioned media to evaluate its
ability to induce aged phenotypes in iCMs, focusing on waste accumulation (LPF+), p21 expression, and
senescence markers. A significant increase in the percentage of LPF+ iCMs was observed in all groups treated
with aged liver spent media, as shown in Figure 4A. Both 7-day and 15-day treatment conditions resulted in
significantly higher LPF+ cell populations compared to controls (p < 0.01). Notably, iCMs exposed to 15-day
aged liver media exhibited greater LPF+ accumulation compared to those treated with 7-day aged media
(p < 0.01) (Figure 4B). Consistent with waste accumulation data, p21 expression was also elevated in iCMs
treated with aged liver spent media compared to young spent media. Both the 7-day and 15-day treatment
groups using aged spent media yielded significantly increased populations of p21+ cells, visualized as
fluorescent green in Figure 5A. Quantification revealed a statistically significant upregulation in p21 expression
for both treatment durations compared to young spent media, with the 15-day treatment group demonstrating
a more prominent effect (Figure 5B) (p < 0.01, 7-day; p < 0.001, 15-day). Lastly, senescence data mirrors
our findings regarding p21 expression. The increased proportion of stained cells (bluish green) indicates a
discernible qualitative enhancement in senescent cell % from SA-β-Gal activity (Figure 6A). Similarly, aged
liver spent media from each treatment duration group exhibited a more pronounced impact on iCMs compared
to young spent media controls (p < 0.01, 7-day; p < 0.001, 15-day) (Figure 6B).
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Figure 4. Significant increase in cellular waste accumulation in iCMs is observed upon treatment with aged
spent liver media. (A) Bright-field images showing lipofuscin waste accumulation, and percent lipofuscin waste
accumulation positive iCMs treated with young or aged liver spent media. (** represents statistical significance
with p < 0.01, *** represents statistical significance with p < 0.001) (Scale bars = 100 mm) (n = 5)

Figure 5. Percentage of p21 expressing iCMs increases upon exposure to aged liver spent media. (A)
Immunofluorescent images (nuclei, blue; p21, green) and (B) percentage of p21 positive iCMs treated with
young or aged liver spent media. (** represents statistical significance with p<0.01, *** represents statistical
significance with p<0.001) (Scale bars= 100 mm) (n=5)

Figure 6. Incubation with aged liver spent media leads to increased senescence in iCMs. (A) Brightfield images
of senescence and (B) percent senescence in iCMs treated with young or aged liver spent media. (** represents
statistical significance with p<0.01, *** represents statistical significance with p<0.001) (Scale bars= 100 mm)
(n=5)
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4. Discussion

The liver and heart maintain a complex bidirectional relationship, with dysfunction in one organ
significantly impacting the other. This interaction is most commonly discussed under the umbrella of
cardiohepatic syndromes (CHS), which include heart failure-induced liver injury and liver disease-related
cardiac dysfunction [24,25]. However, neither this relationship nor the significance of CHS is fully understood,
particularly regarding aging-related diseases. In this study, we aimed to develop and validate an in vitro model
of oxidative liver aging and investigate its paracrine effects on iCMs. Through hydrogen peroxide-induced
aging of HepG2 cells, we observed hallmark senescence features including increased lipofuscin accumulation
and elevated p21 expression, heightened β-galactosidase activity, and oxidative stress. Our findings from
aging characterizations highlighted the association of lipofuscin granule accumulation with oxidative damage
and aging phenotypes. Lipofuscin accumulation is a well-recognized hallmark of aging and is intricately
linked to oxidative stress and impaired cellular clearance mechanisms [26,27]. Composed primarily of oxidized
proteins, lipids, carbohydrates, and metal residues, lipofuscin granules are autofluorescent, undegradable
by lysosomal enzymes, and progressively accumulate within post-mitotic and slowly dividing cells, which
include both hepatocytes and cardiomyocytes [28,29]. From our preliminary aging experiment, HepG2
cells treated with hydrogen peroxide yielded a higher LPF+ cell population than the untreated samples,
suggesting an accumulation of lipofuscin granules consistent with oxidative damage and aging phenotypes.
A customized platform developed by Gaspar et al. [30] demonstrated the efficacy of hydrogen peroxide
treatment combined with Fenton chemistry in promoting lipofuscin generation. Their protocol utilized a 10 µM
hydrogen peroxide concentration in the cell culture medium with media changes every 48 hours for 10 days to
create sustained oxidative conditions. Flow cytometry analysis revealed increased autofluorescence intensity
indicative of substantial lipofuscin accumulation, achieved without the need for a 40% hyperoxic chamber.
These findings corroborate the efficacy of peroxide-based oxidative induction models, and while more extreme,
support our data obtained from stronger peroxide concentrations without ferrous ion enhancement.

Cellular senescence is induced by p21/p53 pathways, primarily mediating cell cycle arrest in response
to stress signals. p21Cip1/Waf1 is a cyclin-dependent kinase inhibitor (CDKI) encoded by the CDKN1A
gene and is a downstream effector of the p53 tumor suppressor pathway. Upon activation, p21 binds and
inhibits cyclin-CDK complexes effectively halting the cell cycle in G1 or S phase [31]. Additionally, during
cellular (oxidative) stress, p53 is stabilized and transcriptionally upregulates p21, leading to a durable cell
cycle arrest [32]. A study conducted by Zhou et al. [33] incubated isolated cartilage end plate (CEP) cells
with 150 µM hydrogen peroxide to activate the p21/p53 pathway through oxidative stress, and their p21
expression and senescence data were comparable to those within our study. Relative p21 expression was
significantly increased by 7-fold from H2O2 treatment alone. In addition, the inhibition of p53 using Pifithrin-α
was found to prevent oxidative stress-induced senescence. The percentage of SA-β-Gal+ cells was also found
to be markedly increased (20% vs 70%, p < 0.05). Another study reported successful induction of senescence in
normal AML12 hepatic cells [34]. Likewise, a repetitive 750 µM hydrogen peroxide treatment was applied for
5 days and increased mRNA expression of CDKN1A/p21 marker genes was observed compared to control
untreated AML12 cells. Moreover, SA-β-Gal+ cells were increased approximately 8-fold in treated cells
[34], confirming the induction of premature senescence in hepatocytes through repeated hydrogen peroxide
exposure, as expressed in our methods.

Conditioned media from confirmed aged HepG2 cells were introduced to iCMs, and the strongest effect
was observed in undiluted dosages. The aged liver secretome likely contains a variety of pro-aging factors
capable of influencing cardiomyocyte behavior and function. A primary component of this secretome is
the SASP, which includes inflammatory cytokines such as IL-6, IL-1β, TNF-α, IL-8, and TGF-β, as well
as matrix-degrading enzymes like MMPs. These factors can likely promote cellular senescence, fibrosis,
and extracellular matrix remodeling in heart cells, mirroring pathologies observed in aged cardiac tissue
[35,36]. In addition, the secretome may include reactive oxygen species (ROS) and lipofuscin-like aggregates,
which act as damageassociated molecular patterns (DAMPs) [37]. These components have the potential to
elevate oxidative stress in iCMs, triggering stress response pathways and promoting cellular dysfunction.
EVs, particularly exosomes released by senescent liver cells, further contribute to the pro-aging effects
by transporting regulatory molecules such as miR-34a, miR-21 and miR-217 (increased due to oxidative
stress). These miRNAs can modify gene expression in recipient iCMs, impair mitochondrial function, and
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drive senescence-like phenotypes [38–41]. Several studies have also confirmed that such vesicles carrying
miRNAs (among other molecules) are capable of eliciting systemic aging effects [42–44]. Interestingly, while
other markers like lipofuscin and p21 followed a more intuitive dose-dependent pattern, SA-β-Gal activity
was highly favored in 1:1 dilution of conditioned/iCM media, as evidenced by our data. The activity of
β-Galactosidase is typically measured at a pH of 6 [45]. It is plausible that the constituent liver and iCM
media from 1:1 ratios were of dissimilar pH levels, which may have created the optimal pH range ( 6) for
measurement from their combination.

Our study demonstrates that artificially aged liver cells secrete factors capable of inducing aging-like
phenotypes in cardiomyocyte cultures. Using a hydrogen peroxide-based protocol, we successfully modeled
liver aging, characterized by elevated lipofuscin accumulation, increased p21 expression, heightened oxidative
stress, and cellular senescence. Upon transferring aged liver secretome to iCMs, we observed consistent
upregulation of these aging markers, supporting the hypothesis that the aging liver can contribute to cardiac
aging via secretory factors. These findings showcase the influential role of the liver secretome in aging,
thus targeting inter-organ signaling shows promise as an effective therapeutic strategy in age-related cardiac
dysfunction. Future studies for identifying these secreted factors and determining the key factors that drive
this communication and spread of aging will provide important insight to development of novel therapeutic
targets.
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