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Abstract

Background—Oxidative/nitrosative stress and endothelial dysfunction are hypothesized to be
central to cancer therapeutics-related cardiac dysfunction (CTRCD). However, the relationship
between circulating arginine-nitric oxide (NO) metabolites and CTRCD remains unstudied.

Objectives—To examine the relationship between arginine-NO metabolites and CTRCD in a
prospective cohort of 170 breast cancer patients treated with doxorubicin + trastuzumab.

Methods—Plasma levels of arginine, citrulline, ornithine, asymmetric dimethylarginine
(ADMA), symmetric dimethylarginine (SDMA), and N-monomethylarginine (MMA) were
quantified at baseline, 1 month, and 2 months following doxorubicin initiation. Determinants of
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baseline biomarker levels were identified using multivariable linear regression, and Cox regression
defined the association between baseline levels and 1- or 2-month biomarker changes and CTRCD
rate in 139 participants with quantitated echocardiograms at all time points.

Results—Age, hypertension, body mass index, and African American race were independently
associated with =1 baseline citrulline, ADMA, SDMA, and MMA levels. Decreases in arginine
and citrulline, and increases in ADMA were observed at 1 and 2 months (all P<0.05). Overall, 32
participants experienced CTRCD over a maximum follow-up of 5.4 years. Hazard ratios for
ADMA and MMA at 2 months were 3.33 (95% confidence interval [CI] 1.12, 9.96) and 2.70
(95%CI 1.35, 5.41), respectively, and 0.78 (95%CI 0.64, 0.97) for arginine at 1 month.

Conclusions—In breast cancer patients undergoing doxorubicin therapy, early alterations in
arginine-NO metabolite levels occurred, and early biomarker changes were associated with a
greater CTRCD rate. Our findings highlight the potential mechanistic and translational relevance
of this pathway to CTRCD.

Keywords
cardio-oncology; arginine metabolism; nitrosative stress; cardiotoxicity; doxorubicin; trastuzumab

Introduction

Anthracyclines and trastuzumab (Herceptin®) are highly effective in the treatment of HER2-
positive breast cancer, but carry a significant risk of cancer therapeutics-related cardiac
dysfunction (CTRCD) (1,2). Doxorubicin is associated with a dose-dependent risk of heart
failure and cardiomyopathy, and doxorubicin and trastuzumab in combination result in an
increased incidence of cardiotoxicity. Despite extensive research on CTRCD, there remains
a critical need to develop new biomarkers that may yield better understanding of the
involved mechanistic pathways, and, ultimately, more individualized prognosis and
treatment strategies (3).

Oxidative stress has been established as a primary mechanism of doxorubicin-induced
toxicity. Doxorubicin forms a semiquinone moiety that reduces oxygen to superoxide, which
then reacts with several molecules including nitric oxide (NO). This results in the production
of reactive oxygen and nitrogen species, disruption of cellular redox balance, and increased
oxidative/nitrosative stress (4-6). Indeed, previous studies by our group suggest that higher
circulating levels of oxidative stress, as quantified by myeloperoxidase, are associated with
increased CTRCD risk in breast cancer patients (7). However, other studies, such as those
showing that the oxidative effects of doxorubicin may be mediated through topoisomerase-
1B (8), suggest that the involved pathways are likely to be multiple and complex.

Endothelial dysfunction further promotes CTRCD by disrupting normal paracrine
interactions between endothelial cells and cardiomyocytes—through signaling factors such
as NO, vascular endothelial growth factor (VEGF), and neuregulin-1 (9,10)—and by leading
to increases in blood pressure and afterload (11). ErbB2 inhibition from trastuzumab may
exacerbate these effects, resulting in worse oxidative stress and cardiomyocyte and
endothelial cell dysfunction (10,12,13).
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The arginine-NO metabolism pathway, which has been implicated in a variety of
cardiovascular disease states and specifically in anthracycline-induced cardiotoxicity (14),
plays a central role in both cellular oxidative/nitrosative stress and endothelial dysfunction
(Central Illustration). NO is an essential molecular mediator of normally functioning
endothelium, and reductions in NO bioavailability lead to DNA damage, lipid peroxidation,
cardiomyocyte apoptosis, endothelial cell dysfunction, and reduced cardiac contractility
(15,16). L-arginine, a key substrate in NO production, can be alternatively catabolized to
urea or converted to N-monomethylarginine (MMA), which results in nitric oxide synthase
(NOS) inhibition and less NO bioavailability. MMA is a precursor to 2 amino acid
derivatives: asymmetric dimethylarginine (ADMA), which potently inhibits NOS, and
symmetrical dimethylarginine (SDMA), which is inactive against NOS. Prior studies have
demonstrated that increased levels of ADMA, as an inhibitor of endothelial NOS, is a
predictor of cardiovascular mortality in individuals with coronary artery disease (17),
myocardial infarction (18), and heart failure (19), and is an independent risk factor for heart
failure, hypertension, coronary artery disease, diabetes, and renal dysfunction (20).

However, despite the potential relevance of this pathway to CTRCD, to our knowledge, there
have been no studies to date of circulating arginine-NO metabolite biomarkers in cardio-
oncology. Thus, we sought to determine whether arginine-NO metabolites have the potential
to function as informative biomarkers in breast cancer patients treated with doxorubicin. In
this study, we examined the clinical determinants of baseline arginine-NO metabolite levels,
characterized early changes in these metabolites with doxorubicin therapy, and determined
whether these early changes were associated with CTRCD in a longitudinal prospective
cohort of breast cancer patients.

Study Cohort

The study cohort was a subset of the Cardiotoxicity of Cancer Therapy study, an ongoing,
prospective longitudinal cohort study of women with breast cancer recruited from the Rena
Rowan Breast Cancer Center of the Abramson Cancer Center at the University of
Pennsylvania (Philadelphia, Pennsylvania). Inclusion and exclusion criteria were minimal
and have been previously described (21). Treatment regimens were determined by the
treating oncologist, and consisted of either: 1) doxorubicin (240 mg/m?2) and
cyclophosphamide for a total of 4 cycles every 2 weeks, followed by paclitaxel either 4
cycles every 2 weeks, or weekly for 12 weeks; or 2) doxorubicin (240 mg/m?2) and
cyclophosphamide for a total of 4 cycles every 2 weeks, followed by paclitaxel and
trastuzumab (Figure 1). Trastuzumab was prescribed for a total of 1 year at dosages per
standard guidelines.

Each participant completed standardized questionnaires at baseline (prior to initiation of
doxorubicin) and at each subsequent follow-up visit. Clinical data were verified via review
of medical records. The current analysis was limited to participants enrolled between August
2010 and March 2014 with biomarkers measured at baseline and >2 echocardiograms
performed and quantitated. The University of Pennsylvania Institutional Review Board
approved the study, and all participants provided written informed consent.
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Echocardiography and Cardiac Dysfunction Outcomes Definition

Transthoracic echocardiograms were performed by a dedicated sonographer at standardized
intervals according to treatment regimen (Figure 1), digitally archived, and quantitated in a
blinded manner using the TomTec Imaging Systems platform (Unterschleissheim, Germany)
(21). Methods for determining left ventricular ejection fraction (LVEF) are described in
detail in the Online Appendix. The primary outcome measure of CTRCD was a priori
defined as a reduction in LVEF by >10% from baseline prior to chemotherapy, to an absolute
value of <50%. Although there is no universally accepted definition of CTRCD, this
definition has been commonly used in the cardio-oncology literature (22-24).

Measurements of Biomarkers

Blood samples were obtained at baseline, 1 month (following cycle 2 and immediately prior
to cycle 3 of doxorubicin), and 2 months (following completion of doxorubicin) in all
participants (Figure 1). Measurements of plasma levels of arginine, ornithine, citrulline,
ADMA, SDMA, and MMA were performed by stable-isotope-dilution high performance
liquid chromatography with online tandem mass spectrometry using the API 365 triple
quadruple mass spectrometer (Applied Biosystems, Foster, California) with lonics EP 10+
upgrade (Concord, Ontario, California) and Cohesive Technologies Aria LX Series high
performance liquid chromatography multiplexing system (Franklin, Massachusetts);
measurement techniques are described fully in the Online Appendix. Biomarker
measurements were performed in a blinded manner independent from study investigators
and clinical/echocardiographic data.

Statistical Methods

Participant characteristics at baseline were summarized using standard descriptive statistics.
We used multivariable linear regression to test the association between baseline biomarker
levels and clinical and demographic variables. These variables were prespecified and
included age, race, hypertension, hyperlipidemia, body mass index (BMI), systolic blood
pressure, tobacco use, statin use, and other cardiac medication use including angiotensin
converting enzyme inhibitors, angiotensin receptor blockers, and beta blockers. Because
baseline biomarker levels tended to be non-normal, we transformed the data by dividing the
baseline value by the median baseline value and then taking the log of this ratio. The
exponentiated coefficients from the resulting regression model can thus be interpreted as the
expected multiple of the median increase observed per unit change in the clinical variables.
Additionally, because of the large numbers of tests being conducted, statistical significance
was determined based on the Wald test adjusted for multiple comparisons based on the
number of covariates in each model using the Holm method (25).

Next, to characterize biomarker changes in the overall cohort, we calculated the ratio of
biomarker levels at 1 and 2 months relative to baseline, using the Wilcoxon signed-rank test
to determine statistical significance. We then summarized time to first CTRCD event using
Kaplan-Meier methods and used Cox models to determine the association between the
hazard of first CTRCD and individual biomarkers. These survival analyses were restricted to
the subset of participants who had quantitated echocardiography at all time points. In these
analyses, 3 distinct Cox models, each corresponding to a separate biomarker assessment
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(baseline, 1 month, and 2 months), were constructed for the subcohort. We used the log; s-
ratio of the biomarker value at baseline (relative to the cohort median), 1 and 2 months
(relative to baseline) as the independent variable, such that the resulting hazard ratio can be
interpreted as the expected increase in the instantaneous risk of CTRCD from a 1.5-fold
increase in the biomarker ratio (relative either to the median or to the baseline value,
depending on the model). All models were adjusted for treatment regimen as well as any
clinical or demographic variable found to be significantly associated (P <0.05) with baseline
levels of any of the biomarkers. Additionally, to account for correlation between baseline
values and subsequent biomarker changes, 1- and 2-month models were adjusted for the
baseline biomarker level, using the same log; 5-ratio transformation.

Study Population

Baseline cohort characteristics are summarized in Table 1. Briefly, our study cohort included
170 participants with a median age of 48 years and median BMI of 27 kg/m?; 60% were
Caucasian and 29% were African-American. Cardiovascular risk factors such as
hypertension, diabetes, and current/former smoking status were noted in 28%, 8%, and 41%,
respectively. 133 participants (78%) received doxorubicin without trastuzumab, while 37
participants (22%) received combination therapy. Among those who had quantitated
echocardiography at all time points, the median LVEF at baseline was 54% (IQR 50%,
56%). Out of 170 participants in the cohort, 19 individuals died due to progression of cancer
during the first 4 years of follow-up. No individuals died of other causes.

Associations with Baseline Arginine Metabolite Levels

The results of baseline biomarker levels regressed on demographic and clinical
characteristics are shown in Table 2. Age was associated with higher levels of SDMA
(adjusted P = 0.02). African-American race was associated with lower levels of ornithine,
ADMA and MMA (adjusted P = 0.006, P <0.001, and P = 0.01, respectively). Additionally,
the presence of hypertension was associated with higher levels of citrulline (adjusted P =
0.008), while increased BMI was associated with higher levels of ADMA (adjusted P =
0.03). Notably, non-African American (versus Caucasian) race, diabetes, hyperlipidemia,
smoking status, cardiac medications, and statin use were not associated with any of the
baseline biomarker levels (data not shown). No clinical variables were significantly
associated with arginine levels.

Biomarker Changes with Doxorubicin Therapy for the Entire Cohort

Baseline concentrations of arginine-NO metabolite levels are shown in Table 2, and changes
in metabolite levels at 1 and 2 months are shown in Table 3. At 1 month (immediately prior
to the third cycle of doxorubicin for both treatment groups), decreased arginine and citrulline
levels (both P<0.001), and increased ADMA levels (P<0.001) were observed. These changes
persisted at 2 months after a cumulative doxorubicin dose of 240 mg/m? for both treatment
groups (all P<0.001). There were no statistically significant changes in ornithine, SDMA, or
MMA at 1 or 2 months. 2-fold or more increases in biomarker levels at 2 months were
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observed in a small portion (<5%) of individual participants for arginine, citrulline, and
ornithine, but not seen for ADMA, SDMA, and MMA.

Patterns of CTRCD in the Overall Cohort

Association

Quantitated echocardiograms were available at all time points in 139 individuals. Over a
maximum follow-up time of 5.4 years (IQR 1.8, 4.1 years), 32 (23%) participants
experienced CTRCD (Figure 2). Of those individuals experiencing CTRCD, 12 (38%) had
hypertension, 10 (31%) had hyperlipidemia, 4 (13%) had diabetes, 8 (25%) were on cardiac
medications, and the median BMI was 27 kg/m? at baseline. Participants receiving
doxorubicin alone experienced a lower CTRCD rate than those receiving doxorubicin with
trastuzumab. Specifically, 18% of participants (19/108) receiving doxorubicin alone
experienced CTRCD, with the majority of events occurring after therapy was completed
(median 15.8 months; IQR 8.2, 30.7 months). In contrast, 42% of participants (13/31)
receiving both therapies experienced CTRCD, with all events occurring during therapy
(median 7.4 months; IQR 4.9, 9.4 months).

The median decline in LVEF at the time of CTRCD was 12% (IQR 11%, 13%), and the
median absolute LVEF at the time of CTRCD was 43% (IQR 41%, 45%). Following
CTRCD, 19 participants (59%) showed an improvement in LVEF of at least 5%. Overall, 14
of 32 participants (44%) experiencing CTRCD developed heart failure symptoms, as
determined by the treating cardio-oncologist, and 12 of these participants (86%) were either
prescribed a new cardiac medication or had a dose change on an existing cardiac medication.
The remaining 2 participants refused cardiac treatment despite counseling. Seven
participants (22%) experienced temporary dose interruptions and 1 patient (3%)
discontinued therapy early as a result of their CTRCD.

between Individual Biomarkers and Cardiac Dysfunction

Table 4 shows the association between the time to first CTRCD event and the biomarkers at
either baseline or at 1 or 2 months after normalization to baseline. In models adjusted for
treatment regimen, age, race, hypertension, and BMI, baseline biomarker levels were not
significantly associated with CTRCD. However, at 1 month, decreases in arginine were
significantly associated with CTRCD, and at 2 months, increases in ADMA and MMA were
associated with CTRCD (Figure 3). Specifically, each 1.5-fold increase in the arginine ratio
at 1 month was associated with a decreased hazard ratio of 0.78 (95% confidence interval
[CI] 0.64, 0.97), while each 1.5-fold exponential increase in ADMA and MMA was
associated with hazard ratios of 3.33 (95%CI 1.12, 9.96) and 2.70 (95%CIl 1.35, 5.41),
respectively. This level of increase in biomarker values was observed in 7%, 4%, and 6% of
the overall cohort for arginine, ADMA, and MMA, respectively. In the subcohort with
quantitated echocardiography at all time points, missingness in biomarker values was 4% at
1 month and 10% at 2 months. Sensitivity analyses in which missing biomarker data were
replaced with cross-sectional mean values at each time point did not substantially change
model results (data not shown).
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Discussion

Our study is the first to prospectively examine temporal changes in circulating arginine-NO
metabolites in breast cancer patients receiving doxorubicin. We found the measurement of
arginine-NO metabolites feasible, and levels were similar to those reported in other
populations (26). Higher baseline levels of specific metabolites were associated with older
age, hypertension, and higher BMI, which is consistent with previous studies showing these
metabolites as general markers of cardiovascular disease risk (18,20,27). African Americans
had lower baseline levels of ADMA and SDMA, which is consistent with previously
described ethnic distributions that had demonstrated higher redox status in this population
(28-30). However, African Americans also had a slightly greater degree of cardiovascular
comorbidities—including more hypertension (52% vs. 20%), diabetes (16% vs. 4%), and
larger BMI (median 31 vs. 25)—at baseline as compared to Caucasians. We also report
decreases in arginine and citrulline and increases in ADMA across the entire cohort
following doxorubicin administration, consistent with an adverse cardiovascular risk profile
and the pathobiology of anthracycline cardiotoxicity.

The overall CTRCD rate in our cohort was similar to rates observed in other observational
studies of breast cancer patients treated with anthracyclines with or without trastuzumab
(1,31), and comparable to the rate in a recent randomized trial of trastuzumab patients (32).
Participants with CTRCD tended to have mild left ventricular dysfunction, and the
preponderance of those who were symptomatic were treated with cardiac medications.
Importantly, those who experienced decreases in arginine or increases in ADMA or MMA
following doxorubicin administration also experienced a significantly higher CTRCD rate.
Baseline metabolite levels were not associated with CTRCD, suggesting that changes after
doxorubicin treatment may reflect an acute cardiotoxic response. ADMA—uwhich has the
most consistent cardiotoxic profile in our study, showing significant overall increases at 1
and 2 months post-doxorubicin and consistently elevated point estimates for the association
with CTRCD at both time points—is an established clinical marker of vascular endothelial
dysfunction due to its inhibition of endothelial NOS (33). In vitro evidence suggests that
ADMA further contributes to endothelial dysfunction through accelerated endothelial cell
senescence and reduced motility (34,35). Lower arginine bioavailability has also been
demonstrated to be associated with more severe myocardial dysfunction in patients with
chronic heart failure (27).

Interestingly, ADMA and MMA both directly inhibit NOS, making our results consistent
with NOS-dependent endothelial dysfunction being a primary mechanism for doxorobucin-
related cardiotoxicity. This hypothesis is strengthened by data from murine models where
cardiotoxic effects of doxorubicin treatment are mediated specifically through endothelial
NOS (36). Moreover, it is also likely consistent with clinical studies by our group
demonstrating the importance of arterial load to the development of CTRCD in breast cancer
patients (21), as doxorubicin-mediated endothelial dysfunction would be expected to also
worsen afterload through effects on the vasculature.

In vitroand /n vivo data suggest that higher levels of ADMA and MMA can lead to
uncoupling of endothelial NOS oxygen reduction from NO formation, leading to increased
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superoxide formation, peroxynitrite formation, and subsequent oxidative/nitrosative stress
(37, 38). Indeed, one can speculate that doxorubicin-induced oxidative damage leads to a
complex feedback loop where oxidative stress from low arginine levels in combination with
other pathways leads to increased proteolysis and subsequent increases in ADMA and MMA
levels, thus causing reduced NO concentrations, NOS decoupling, and even higher levels of
oxidative/nitrosative injury and endothelial dysfunction. Previous studies in humans have
also demonstrated increased endothelial NOS uncoupling with higher ADMA levels (39),
lending credence to this hypothesis. However, the exact molecular mechanisms of CTRCD
are likely to be quite complex and remain to be fully elucidated.

It is unclear from our findings whether the increased CTRCD risk from post-anthracycline
changes in arginine-NO metabolite levels reflects a direct increase in CTRCD risk or an
increase in susceptibility to CTRCD with subsequent trastuzumab therapy. /7 vitroand in
vivo findings suggest that increases in oxidative stress and endothelial dysfunction with
doxorubicin could be further worsened with trastuzumab (10,12,13), corroborating the
notion of a 2-hit hypothesis (40). However, this study is underpowered to formally examine
interactions between biomarker level and treatment group, and testing this hypothesis in
clinical data remains an important area for further research.

The balance between the effects of arginine-NO metabolites on oxidative/nitrosative stress,
endothelial dysfunction, and cardiotoxicity is highly complex. It not only involves substrate
availability, but also cofactor and enzyme availability, substrate consumption, and transport
system functionality. As such, we recognize that the precise causal role of arginine-NO
metabolites in CTRCD can only be demonstrated by /n vivo or in vitro studies, and with
subsequent confirmation through pharmacologic manipulation of the involved pathways in
humans. Future research to test hypotheses relevant to this pathway—including whether the
use of statins, which have been shown in humans to decrease plasma ADMA levels (41), or
nitrate supplementation, which has been shown in mice to decrease doxorubicin
cardiotoxicity (42), might decrease the risk of CTRCD—is critically needed.

Additional research is also needed to formally test the prognostic potential of these
biomarkers for predicting CTRCD events in individual patients receiving cardiotoxic
chemotherapy. Substantial increases in arginine, ADMA, and MMA levels (i.e. >1.5 fold)
following anthracycline administration were only observed in a small number of individuals
(4-7%). Although the elevations in these metabolites were small, evidence from prior work
suggests that even small modifications in ADMA levels can significantly alter vascular NO
production and vascular resistance (43,44). However, it is likely that the arginine-NO
pathway is only one of many important pathways for the development of CTRCD in breast
cancer patients (Central lllustration), leading one to expect clinical prediction models based
on these metabolites alone to be more specific than sensitive, and emphasizing the need for
multi-marker algorithms to improve sensitivity. Moreover, research into newer markers of
oxidative/nitrosative stress, including myeloperoxidase, isoprostanes, and redox couples;
topoisomerase-11B activity; and fibrosis are essential to integrate and advance our
understanding of the complexities of doxorubicin injury.
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We acknowledge additional potential limitations of our study. First, while our study is 1 of
the larger biomarker studies reported to date in this population, only 32 events occurred. As
a result, our study was powered to detect only large associations and was limited in the
ability to adjust for a large number of potential confounders, with some risk of overfitting of
model estimates. Second, whether fasting may affect levels of NO metabolites is unknown,
and our participants were not fasting prior to blood draw. Third, we focused only on left
ventricular systolic dysfunction. The associations between these metabolites and other
echocardiographic measures such as diastolic dysfunction in this cohort are unknown,
although this is a topic for future research. Fourth, while we utilized the log-ratio
transformation to help normalize biomarker data, not all biomarkers at all time points were
fully normalized following this transformation (data not shown). As a result, there is the
possibility of an increased Type Il error rate for some analyses, although simulation studies
suggest that use of linear regression is unbiased and provides adequate coverage with non-
normal data at sample sizes comparable to our cohort (45). Finally, while the duration of
follow-up with complete echocardiographic data is a major strength of the study (51% of
individuals had at least 3 years of follow-up), the association between late biomarker
changes and late CTRCD remains to be further elucidated.

In conclusion, for patients with breast cancer undergoing doxorubicin therapy, we
determined that the CTRCD rate is associated with early changes in arginine-NO
metabolites, specifically arginine, ADMA, and MMA.. These findings suggest a plausible
mechanistic pathway involving endothelial dysfunction and increased oxidative and
nitrosative stress. Biomarkers of arginine-NO metabolism may have the potential to identify
patients at high risk for cardiac dysfunction from these therapies, and additional research is
warranted to further study their prognostic utility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CONDENSED ABSTRACT

In 170 breast cancer patients treated with doxorubicin * trastuzumab, we examined how
early changes in arginine-nitric oxide metabolites relate to cancer therapeutics-related
cardiac dysfunction (CTRCD). Age, hypertension, body mass index, and African
American race were associated with baseline citrulline, asymmetric dimethylarginine
(ADMA), symmetric dimethylarginine (SDMA), and N-monomethylarginine (MMA)
levels. Decreases in arginine and citrulline, and increases in ADMA occurred with
doxorubicin. Increases in ADMA and MMA at 2 months, and decreases in arginine at 1
month, were associated with increased CTRCD risk over 5.4 years of maximum follow-
up, highlighting the mechanistic and translational relevance of this pathway to CTRCD.
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CLINICAL PERSPECTIVES
Competency in Medical Knowledge

New mechanistic biomarkers can enhance our understanding of the pathophysiology of
doxorubicin and/or trastuzumab cardiac dysfunction, and better inform risk prediction.
While our prior work suggests oxidative stress markers are associated with cardiac
dysfunction, the role of additional key mediators of oxidative and nitrosative stress and
endothelial dysfunction, specifically arginine-nitric oxide (NO) metabolites, remains to
be determined.

Translational Outlook 1

Early changes in circulating levels of specific arginine-NO metabolites (arginine,
ADMA, and MMA) are associated with the development of subsequent cardiac
dysfunction. Additional prospective clinical research is needed to quantify the prognostic
potential of these biomarkers as a component of multimarker statistical models.

Translational Outlook 2

Randomized trial evidence is needed to determine whether pharmacologic manipulation
of this pathway could lead to reduced incidence or greater recovery from cancer
therapeutics-related cardiac dysfunction.
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Figure 1. Biomarker Protocol According to Treatment Regimen

Participants were treated with either doxorubicin or doxorubicin + trastuzumab. ¥denotes

visits when blood samples were collected. *denotes visits when transthoracic

echocardiograms were performed.
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Figure 2. Occurrence of Cancer Therapeutics-Related Cardiac Dysfunction (CTRCD) over Time
Kaplan-Meier plot illustrating the overall incidence of CTRCD in the cohort. The number of

individuals at risk of CTRCD over time is shown below the plot. By 12.1 months (95% ClI
7.8, 25.9), 15% of the cohort experienced CTRCD. The plot is based on the subset of the
cohort with quantitated echocardiography at all time points (N = 139).
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Figure 3. Cancer Therapy Related Cardiac Dysfunction (CTRCD) by Arginine-NO Metabolite
Levels at 2 Months

Kaplan-Meier plots of first CTRCD event for participants below the first quartile (lowest
25%), or above the third quartile (highest 25%), of the biomarker ratio (level at 2 months
versus baseline level). Note that this figure is based on the subset of the cohort with
quantitated echocardiography available at all time points (N = 139).
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Central Illustration. Pathophysiology of NO Production, Arginine Metabolism, and
Anthracycline-Induced Cardiotoxicity

L-arginine (substrate) is oxidized by nitric oxide synthase (NOS) to form citrulline and NO.
Alternatively, L-arginine can be catabolized by arginase to form ornithine or shunted to the
methylation pathway to form N-monomethylarginine (MMA), symmetric dimethylarginine
(SDMA) and asymmetric dimethylarginine (ADMA). Both MMA and ADMA inhibit NOS.
Anthracycline-induced cardiotoxicity occurs through formation of superoxide radical, a
potent cause of oxidative stress, which then interacts with a variety of molecules, including
NO, to produce toxic peroxynitrites that lead to further nitrosative stress. Reductions in NO
can also lead to anthracycline-induced cardiotoxicity by disrupting the beneficial
physiologic effects that NO exerts on normal well-functioning endothelium. Doxorubicin
also results in calcium overload and myofibrillar disarray, topoisomerase-11p inhibition
which may further exacerbate oxidative stress via alterations in the transcriptome; and iron-
mediated generation of oxidative stress.
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Baseline patient characteristics (N = 170)

Clinical Characteristic N (%)*
Age, years [median (IQR)] 48 (41, 56)
Race

Caucasian 102 (60)

African American 50 (29)

Other or unknown 18 (11)
BMI, kg/m? [median (IQR)] 27 (24, 32)
Breast cancer side

Left 78 (46)

Right 81 (48)

Bilateral 11 (6)
Breast cancer stage

Stage 1 29 (17)

Stage 2 94 (55)

Stage 3 45 (27)

Stage 4 2(1)
Left-sided Radiotherapy 58 (34)
Chemotherapy regimen

Doxorubicin 133 (78)

Doxorubicin + Trastuzumab 37 (22)
Hypertension 47 (28)7
Diabetes 13(8)
Hyperlipidemia 40 (24)
Tobacco use

Current 9(5)

Former 61 (36)

Never 100 (59)
Cardiac medications

ACE-inhibitor or ARB 20 (12)

Beta-blocker 15 (9)

Statin 13(8)
LVEF, % [median (IQR)] 54 (50, 56)%

Table 1

Page 19

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BMI, body mass index; IQR, interquartile range; LVEF,

left ventricular ejection fraction.

*
Values are N (%) or median (IQR) if specified.

fl participant had unknown hypertension status.

iBased on the 139 individuals with quantitated echocardiography at all time points.
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Table 3

Changes in arginine-NO metabolite levels at 1 and 2 months following doxorubicin initiation

Ratio of Biomarker Level at 1 Month  Ratio of Biomarker Level at 2 Months

Relative to Baseline Relative to Baseline
Biomarker
(umol/L) Median (IQR) Ratio >1.5T Median (IQR) Ratio >1.5T
Arginine 0.86 (0.70, 1.12) * 6.8% 0.79 (0.64, 1.04) * 9.9%
Citrulline  0.85(0.66, 1.01) * 3.1% 0.80 (0.67, 1.02) * 3.3%
Ornithine 0.94 (0.77, 1.20) 10.5% 0.99 (0.77, 1.27) 13.2%
ADMA 1.05 (0.95, 1.15) * 0% 1.08 (0.99, 1.21) * 4.0%
SDMA 1.01 (0.88, 1.16) 0.6% 1.00 (0.93, 1.14) 0%
MMA 0.97 (0.84, 1.18) 6.8% 1.00 (0.82, 1.17) 6.0%

Abbreviations: ADMA, asymmetric dimethylarginine; IQR, interquartile range; MMA, N-monomethylarginine; SDMA, symmetric
dimethylarginine

*
Median ratio differed significantly from 1.0 (P<0.05) via the Wilcoxon signed-rank test.

7‘A ratio of 1.5 corresponds to the effect size for the hazard ratios presented in Table 4.
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