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Abstract

By 2040, the number of cancer survivors in the U.S. is expected to reach an unprecedented 26 million.
Doxorubicin (Dox) is a frontline chemotherapy for various cancers, but cardiomyocyte damage is a well-
documented side effect. As a result, cancer survivors who received Dox face a 37% higher likelihood of
developing heart failure post-treatment, and no therapy can substantially reduce that risk. REV-ERB is a
nuclear hormone receptor that plays a critical role in cardiac function, and abundant evidence suggests
that increasing its activity may be cardioprotective during chemotherapy treatment. To verify this
hypothesis, we examined the clinical potential of a novel REV-ERB agonist, SLU-PP-1799 (1799) in a
mouse model of induced cardiomyopathy. C57BL/6 mice were assigned to one of three groups (n =
8/group) and treated for 3 weeks: saline + vehicle (healthy control group), Dox + vehicle, and Dox +
1799. We evaluated the molecular changes associated with Dox-induced heart failure via gPCR. Our
results show that 1799 attenuated the Dox-induced inflammatory response through the NLRP3
inflammasome and /L-6 pathway. Additionally, it modulated the Nox4 and Mtck genes, suggesting the
possibility of an exercise-mimetic, adaptive response and mitochondrial preservation. These findings not
only deepen our understanding of the cardioprotective role of REV-ERB but also highlight a novel
therapeutic approach that could improve the quality of life for millions of cancer survivors.
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Introduction

The rate of cancer survival has risen significantly in recent years and is expected to continue
improving (Cancer Facts & Figures 2025, 2025). The number of cancer survivors in the United
States is projected to grow by over five million, reaching a record high of 26 million by 2040
(Tonorezos et al., 2024). However, as cancer becomes more treatable, many patients continue to
bear the long-lasting burdens of their treatment, even after achieving remission.

Since their introduction in the 1960s, anthracyclines like Dox have played a crucial role in

cancer chemotherapy (Martins-Teizeria et al., 2020). Their potency and effectiveness in treating
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a wide range of cancer types are well-established (Kciuk et al., 2023). However, their toxicity
extends beyond cancer cells, leading to iatrogenic effects in vital organs, especially the heart.
Dox-induced Cardiotoxity

Irreversible cardiomyopathy is a major risk of anthracycline-based cancer treatment, limiting
its use and exposing survivors to life-threatening complications. Doxorubicin (Dox), known as
the “red devil chemo,” is the most commonly used anthracycline, recognized for its color and
severe, dose-dependent side effects (Kciuk et al., 2023). Even at low doses (<250 mg/m?),
patients experience aortic stiffness and reduced left-ventricular function (Drafts et al., 2013).
Swain et al. (2003) found that congestive heart failure (CHF) incidence increases from 5% at 400
mg/m? to 48% at 700 mg/m?, showing a near tenfold rise in CHF risk with a relatively low dose
increase.
Mechanisms Underlying Dox-induced Cardiotoxicity

Doxorubicin induces cardiotoxicity through multiple redundant mechanisms that collectively
damage cardiomyocytes and impair cardiac function. The two predominant mechanisms are
Topoisomerase I (Top II) inhibition and reactive oxygen species (ROS) production (Kciuk et al.,
2023).
REV-ERB

REV-ERB is a nuclear receptor (NR), a family of transcription factors that helps orchestrate
a wide variety of vital physiological processes — namely, circadian rhythm, metabolism,
inflammation, and more (Burris et al., 2023). SLU-PP-1799 is a novel REV-ERB agonist that
can bind REV-ERB with higher affinity and elicit more potent effects than heme, its natural
ligand. REV-ERB is strictly a transcriptional repressor and is unique for its key role in regulating
the circadian rhythm. REV-ERB acts as a timekeeper, regulating the core circadian clock
through the rhythmic changes in the relative abundance of REV-ERB bound to its response
elements. At the highest level, the circadian rhythm is comprised of two major components, the
positive and negative arms. These operate in opposition to one another in alternating 12-hour
cycles such that when the positive arm is expressed, the negative arm is repressed and vice versa.
REV-ERB is known to suppress the positive arm and initiate the negative arm through the
repression of transcription of its target gene, BMALI. BMALI forms heterodimers with proteins
like circadian rhythm output cycles kaput (CLOCK) and neuronal PAS domain protein 2 (Npas2)

to direct neuroendocrine changes associated with the circadian rhythm (Burris et al., 2023).
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Role in cardiac function.
The circadian rhythm regulates cardiovascular function, influencing heart rate, blood pressure,
and endothelial function. REV-ERB activation improves cardiovascular outcomes by modulating
inflammation, promoting cardiac remodeling, inhibiting hypertrophy, suppressing fibrosis, and
reducing heart failure risk (Crnko et al., 2019). However, its role in Dox-induced cardiotoxicity
remains largely unexplored. Given its protective effects in other heart conditions, we
hypothesized that the synthetic REV-ERB agonist SLU-PP-1799 would mitigate Dox-induced
cardiotoxicity. Our goal was to investigate its cardioprotective mechanisms and effectiveness in
abrogating Dox-induced cartiotoxicity. Our findings suggest that SLU-PP-1799 could safeguard
the heart during chemotherapy on a molecular level, calling for further exploration on a

functional level.

Methods

Animal model

In our study, we investigated the effects of 1799 on (Dox)-induced cardiomyopathy using a
C57BL/6 mouse model. Mice (n = 8/group) were randomly assigned to one of three groups over
a three-week treatment period: saline + vehicle, Dox + vehicle, and Dox + 1799. The saline +
vehicle group served as the healthy control, receiving saline as the chemotherapeutic intervention
and a vehicle solution as the chemoprotective agent. The Dox + vehicle group were treated with
Dox to induce cardiomyopathy, along with the vehicle solution to assess the cardiotoxic effects
of Dox in the absence of any protective intervention. The Dox + 1799 group received Dox in
combination with 1799, aiming to evaluate the potential cardioprotective effects of 1799 against
Doxorubicin-induced cardiomyopathy

All mice used in our study were male “adults” aged 4-6 months. They were maintained on a
12-hour light/dark cycle with unrestricted access to a commercially available standard chow diet
and purified water. The solutions were administered intraperitoneally at the same time each day
according to the time of day in which REV-ERB is most highly expressed. Accordingly, the
vehicle and 1799 were administered at ZT 6-8 when REV-ERB mRNA levels peak in mice
hearts (Song et al., 2022). The saline and Dox were administered shortly after when REV-ERB

driven effects would be highly active.
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Chemotherapeutic agent

Doxorubicin was sourced in its solid form and reconstituted in ultra-pure water to be stored
at -20°C. The stock solution was diluted with sterile saline to achieve a final concentration of 0.4
mg/mL for injections. Mice were weighed daily and the dosage they received was based on total
body weight. The Dox-treated groups received a daily dose of 4 mg of Dox per kilogram of body
weight. The mice averaged a cumulative dose of 84 mg/kg after three weeks of treatment — an
equivalent cumulative dose of 259 mg/m? in adult humans (Saadh et al., 2020).
Quantitative PCR (qPCR)

mRNA was extracted from the heart tissue using the Direct-zol RNA purification kit. The
purified mRNA was then reverse transcribed into cDNA for qPCR analysis to evaluate relative
changes in gene expression across the three treatment groups. The quantification (Cq) values of
three commonly used and validated reference genes — 36b4, Hdgf, and Nsdl — were averaged
for each treatment groups and used for normalization. To confirm that these reference genes
remained stable across experimental conditions, a one-way ANOVA was performed to compare
differences in their expression across the groups.

We selected target genes that function as either master transcription factors or rate-limiting
enzymes in key pathways of Dox-induced cardiotoxicity. However, we intentionally excluded
the TOP II inhibition mechanism from our investigation, as it is fundamental to Dox’s anti-

cancer efficacy.

Results

IL6 and Nirp3 are two key pro-inflammatory genes linked to cardiotoxicity and
chemoresistance. As depicted in Figure 5a—b, the Dox + vehicle group showed marked
overexpression of both these genes. However, co-administration of SLU-PP-1799 completely
suppressed this upregulation, restoring 116 and Nlrp3 expression to near-baseline levels. These
findings show that REV-ERB activation has a potent anti-inflammatory effect and may protect
the heart by mitigating inflammatory signaling triggered by Dox exposure.

Furthermore, Nox4, a gene encoding the mitochondrial isoform of NADPH oxidase, was
upregulated in both Dox-treated groups compared to the healthy control group (Figure 6).
Contrary to our expectations, the Dox + 1799 group showed slightly higher Nox4 expression

than the Dox + vehicle group. Another unexpected finding was the expression of Ckmt1, which
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encodes mitochondrial creatine kinase: it showed a fivefold increase in the Dox + vehicle group
compared to the healthy control group (Figure 7).

Of all the molecular pathways analyzed, biomarkers associated with Dox uptake, calcium
handling, and iron dysregulation did not show significant changes across experimental groups,
indicating that REV-ERB is not a major player in these pathways under Dox exposure. Instead,
our results show that REV-ERB’s cardioprotective effects are primarily linked to inflammation,
with the mitochondrial energy balance pathway acting in a subtle, more nuanced, and less-

straight-forward manner.

Table 1. Target genes, Mechanistic implications, and Statistical Significance in qPCR Analysis

Gene Major mechanistic Implication Statistical Significance (* indicates p <.05)
Abch4 Dox Uptake (Fonoudi et al., 2024) No
Apln ROS (Chen et al., 2022) No
Cptla Energy Homeostasis (Carley et al., 2024) No
Cyte Energy Homeostasis (Yuan et al., 2020) No
Egrl Calcium Dysregulation (Fonoudi et al., 2024) No
Egrl Calcium Dysregulation (Khachigan, 2021) No
Hfe Iron Dysregulation (Fonoudi et al., 2024) No
IL6 Inflammation (Kanno & Hara, 2020) .
Len2 Iron Dysregulation (Jang et al., 2022) No
Mapki Calcium Dysregulation (Fonoudi et al., 2024) No
Mapk3 Calcium Dysregulation (Fonoudi et al., 2024) No
Micki Energy Homeostasis (Kabir et al., 2022) *
Nfe212 ROS (Fonoudi et al., 2024) No
Nlrp3 Inflammation (Maayah et al., 2020) *
Nos3 ROS (Fonoudi et al., 2024) No
Nox4 ROS (Zeng et al., 2024) *
Nppa Highly conserved marker of cardiac stress (Horsthuis et al., 2008) No
Nrf2 ROS (Zhao et al_, 2023) No
Ppargcla ROS (Liu et al., 2019) No
Rin3 Calcium Dysregulation (Fonoudi et al., 2024) No
Tiam ROS (Ostaphan et al., 2020) No
Zfps21 ROS (Cassandri et al., 2017) No
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Inflammatory Biomarkers
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Figure 5(a-b). Relative fold expression measured by qPCR normalized and compared to housekeeping genes as a
control: m36b4, mHdgf, and mNsd; * indicates p value < .05
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Figure 6. Relative fold expression measured by gPCR normalized and compared to housekeeping genes as a
control: m36b4, mHdgf, and mNsd; * indicates p value <.05.
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Figure 7. Relative fold expression measured by qPCR normalized and compared to housekeeping genes as a
control: m36b4, mHdgf, and mNsd; * indicates p value < .05.

Discussion

With 40.5% of Americans being at risk of a cancer diagnosis (American Cancer Society,
2025) and anthracycline-based regimens being used in 30% of breast cancer, 60-70% of elderly
lymphoma, and 50-60% of childhood cancer cases (Giordano et al., 2012; Nabhan et al., 2015;
Chihara et al., 2016), the development of cardioprotective strategies is more urgent than ever.
This study is the first to demonstrate the cardioprotective effects of REV-ERB agonism against
Dox-induced toxicity. Our key finding was that SLU-PP-1799 completely suppressed the
overexpression of /L-6 and NLRP3, major drivers of Dox-induced cardiac inflammation.
Anti-inflammatory Driven Cardioprotective Potential

IL-6.

Inflammation drives Dox-induced cardiotoxicity, with pro-inflammatory factors linked to its
pathogenesis (Zhu et al., 2011; Saleem et al., 2011). /L-6 is a potent mediator in the innate
immune response and cellular stress reaction (Pecoraro et al., 2016). While acute /L-6 expression
is cardioprotective, chronic elevation is pathogenic, worsening cardiotoxicity as seen in figure 8

(Fontes et al., 2015).
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Figure 8. The contrasting effects of short-term and long-term exposure to /L-6 in a cardiomyocyte. The
transition from acute expression to chronic expression causes decreased contractility, hypertrophy, and loss of
function (Fontes et al., 2015).

Additionally, short-term /L-6-mediated inflammation aids cancer treatment, but chronic
inflammation promotes tumor growth and metastasis. /L-6, a key TME cytokine, is
overexpressed in most tumors, with persistent signaling driving tumorigenesis. Mittal et al.
(2016) found an inverse correlation between baseline /L-6 levels and Doxorubicin response in
advanced breast cancer patients.

NLRP3.

The NLRP3 inflammasome plays a key role in cardiovascular diseases, including Dox-induced
cardiotoxicity. Its activation, which causes /L-1/ and IL-18 upregulation, coincides with cardiac
decline (Singla et al., 2019). Similar to /L-6, IL-1/ and IL-18 contribute to carcinogenesis and
chemoresistance — /L-1/ enhances Dox resistance in breast cancer cells (Mendoza-Rodriguez et
al., 2017), while /L-18 is overexpressed in Dox-resistant lines (Yao et al., 2011). REV-ERB may
counteract cardiotoxicity while simultaneously boosting Dox’s efficacy. To explore this, our
future studies will perform RNA sequencing on heart samples, focusing on inflammation-related

genes. This will allow us to assess global changes in inflammatory gene expression, instead of
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just changes in our pre-selected genes. This will provide us with a bigger picture understanding
of which inflammatory pathways are activated.
Hypothesis: Excersise Mimetic Response

Inflammation and ROS form a cycle where each exacerbates the other. Therefore, it was
surprising that the Dox + 1799 group showed reduced inflammation alongside increased Nox4,
the main mitochondrial ROS source. While Nox4 generates ROS, it also signals antioxidant
responses, similar to what happens during exercise. It is established that REV-ERB activation
mimics exercise by stimulating Nrf2 (Billon et al., 2022), so elevated Nox4 may reflect a REV-
ERB-driven adaptive response.

A study on Nox4-overexpressing mouse hearts found increased antioxidant gene expression
via Nrf2 (Brewer et al., 2011). This suggests Nox4 may enhance antioxidant defenses, mitigating
Dox-induced oxidative stress through a REV-ERB-mediated, exercise-like effect.

Hypothesis: Compensatory Response to Energy Depletion

The Dox + vehicle group showed a fivefold increase in CkmtI expression, which encodes
mitochondrial creatine kinase, a key enzyme in energy homeostasis. This enzyme transfers
phosphate from ATP to creatine, forming phosphocreatine, which buffers energy by regenerating
ATP when demand exceeds supply (Guimaraes-Ferreira, 2014). Studies show that artificially
overexpressing CkmtI can attenuate Dox-induced cardiotoxicity (Gupta et al., 2013). Therefore,
our results were unexpected.

The lack of deviation from baseline CkmtI expression in the Dox + 1799 group may indicate
that Ckmt1 overexpression in the Dox + vehicle group reflects impaired mitochondrial ATP
production as a compensatory response, which was not needed with REV-ERB activation.
Unpublished data in our lab suggests REV-ERB enhances mitochondrial ATP production. To
investigate this further, we will assess mitochondrial content and mitochondrial DNA expression

to determine if the Dox + vehicle group shows significantly more mitochondrial impairment.

Conclusion
In summary, mechanisms of cardioprotection via REV-ERB agonism with SLU-PP-1799
against Dox-induced injury may be mediated through reduced inflammation and enhanced
mitochondrial function. These findings suggest that REV-ERB activation could safeguard the

heart and calls for further exploration. In addition to a transcriptome-wide RNA sequencing
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analysis, future studies will implement a functional assessment of cardiac function via
echocardiography and a tissue level assessment using H&E staining. These added measurements

will provide context and help us to better understand the molecular data.
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