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BACKGROUND Trametinib is a MEK1 (mitogen-activated extracellular signal-related kinase kinase 1) inhibitor used in

the treatment of BRAF (rapid accelerated fibrosarcoma B-type)–mutated metastatic melanoma. Roughly 11% of patients

develop cardiomyopathy following long-term trametinib exposure. Although described clinically, the molecular land-

scape of trametinib cardiotoxicity has not been characterized.

OBJECTIVES The aim of this study was to test the hypothesis that trametinib promotes widespread transcriptomic and

cellular changes consistent with oxidative stress and impairs cardiac function.

METHODS Mice were treated with trametinib (1 mg/kg/d). Echocardiography was performed pre- and post-treatment.

Gross, histopathologic, and biochemical assessments were performed to probe for molecular and cellular changes. Hu-

man cardiac organoids were used as an in vitro measurement of cardiotoxicity and recovery.

RESULTS Long-term administration of trametinib was associated with significant reductions in survival and left ven-

tricular ejection fraction. Histologic analyses of the heart revealed myocardial vacuolization and calcification in 28% of

animals. Bulk RNA sequencing identified 435 differentially expressed genes and 116 differential signaling pathways

following trametinib treatment. Upstream gene analysis predicted interleukin-6 as a regulator of 17 relevant differen-

tially expressed genes, suggestive of PI3K/AKT and JAK/STAT activation, which was subsequently validated. Trametinib

hearts displayed elevated markers of oxidative stress, myofibrillar degeneration, an 11-fold down-regulation of the apelin

receptor, and connexin-43 mislocalization. To confirm the direct cardiotoxic effects of trametinib, human cardiac orga-

noids were treated for 6 days, followed by a 6-day media-only recovery. Trametinib-treated organoids exhibited re-

ductions in diameter and contractility, followed by partial recovery with removal of treatment.

CONCLUSIONS These data describe pathologic changes observed in trametinib cardiotoxicity, supporting the explo-

ration of drug holidays and alternative pharmacologic strategies for disease prevention. (J Am Coll Cardiol CardioOnc

2022;4:535–548) © 2022 Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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C utaneous malignant melanoma is a
form of skin cancer that develops
from pigment-producing melano-

cytes. In the United States, melanoma is the
fifth most common cancer, with nearly
200,000 adults diagnosed annually.1,2 The
prognosis for patients with metastatic stage
IV melanoma is poor, with a 5-year survival
rate of roughly 30%.3 Approximately 60% of
melanomas harbor activating mutations in
BRAF (rapid accelerated fibrosarcoma B-
type), a serine/threonine protein kinase,
leading to constitutive activation of the
mitogen activation protein kinase pathway.4

Roughly 90% of BRAF mutations involve the
substitution of glutamic acid for valine at
amino acid 600. As such, the BRAF inhibitors dabrafe-
nib, vemurafenib, and encorafenib are routinely used
to treat patients with unresectable stage III or stage IV
BRAF-mutated metastatic melanoma.5 The use of
vemurafenib as monotherapy in metastatic mela-
noma was associated with a relative reduction of
63% in the risk for death and of 74% in the risk for
either death or disease progression compared to
dacarbazine.6 Although promising, BRAF inhibition
quickly leads to compensatory activation of MEK1
(mitogen-activated extracellular signal-related kinase
kinase 1), promoting drug resistance.5 As such, the
MEK1 inhibitors trametinib, cobimetinib, and binime-
tinib have been approved for concomitant use in pa-
tients with advanced disease.

Concurrent BRAF/MEK1 inhibition has led to dra-
matic improvements in response rate, progression-
free survival, and overall survival in comparison
with historical treatments.7 Clinical data suggest the
use of MEK1 inhibitors may be limited by cardiovas-
cular toxicities, such as systemic hypertension, car-
diomyopathy, venous thromboembolism, atrial
fibrillation, and QT interval prolongation.5,8 Of note,
roughly 11% of patients treated with trametinib
develop cardiomyopathy, defined as a reduction in
ejection fraction >10% as determined by echocardi-
ography.9 Evidence suggests that MEK1/ERK1/2
(extracellular signal-regulated protein kinase 1/2)
signaling is critical for cardiomyocyte homeostasis
and cardiac stress responses; however, the cellular
and molecular changes that occur during MEK1
inhibitor–induced cardiotoxicity have not yet been
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characterized.8,9 Understanding the mechanisms of
MEK1 inhibitor cardiotoxicity may prove beneficial in
implementing early screening tools and/or adjuvant
therapies for prevention.5 In this study, we used
in vitro and in vivo tools to determine the histo-
pathologic changes associated with trametinib car-
diotoxicity, as well as the underlying mechanisms
involved.

METHODS

Details on animal methods, as well as histology, cell
culture, analytical techniques, and statistics are
available in the Supplemental Appendix. All experi-
ments on mice were approved by the Institutional
Animal Care and Use Committee of the Medical Uni-
versity of South Carolina. A total of 40 mice (1-5 per
cage) were kept in a 12-hour light/dark cycle with food
and water ad libitum. Control mice received an open-
source diet (D11112201) produced by Research Diets.
Starting at 2 months of age, experimental mice
received the same base diet supplemented with
trametinib (10 mg/kg of food). On average, 20-g
animals consumed 3 g of food per day, amounting to
1 mg/kg/d of trametinib. No differences in food con-
sumption were noted between groups. All data are
presented as mean � SD. Statistical analysis was per-
formed using Prism 9 (GraphPad Prism Software). For
normally distributed data, unpaired data were
compared using Student’s t-test or 2-way analysis of
variance (ANOVA) with the Bonferroni post hoc test for
multiple pairwise comparisons. For nonparametric
data, the Mann-Whitney U test was used. Survival was
compared using the log-rank test. Values are P < 0.05
were considered to indicate statistical significance.

RESULTS

HEALTH EVALUATION OF MICE. Body weights and
detailed clinical observations were made thrice
weekly. Endpoint criteria included noticeable signs of
toxicity or 20% body weight reduction. The survival
rate of trametinib-treated mice was markedly lower
compared with vehicle (Figure 1A). Upon euthanasia,
88% of mice (16 of 18) exhibited reductions in body
weight, consistent with clinical findings (Figure 1B).10

Terminal complete blood counts were assessed for
signs of immunotoxicity. Trametinib-treated animals
exhibited leukocytosis, with marked neutrophilia and
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FIGURE 1 Trametinib Treatment Promotes Changes in Survival and Routine Health Measurements

(A) Comparison of survival curves demonstrated a statistically significant reduction in survival (69.4 days) in trametinib-treated animals

(n ¼ 15-20/group). (B) Trametinib-treated animals experienced a significant weight reduction following long-term treatment. Data were

analyzed using a 2-way analysis of variance with a Bonferroni test (n¼ 10/group). (C) Complete blood counts were procured and normalized to

vehicle control (n ¼ 5/group). Data were analyzed using unpaired Student’s t-tests. Data are represented as mean fold change.

Bas ¼ basophils; Eos ¼ eosinophils; Hb ¼ hemoglobin; Hct ¼ hematocrit; Lym ¼ lymphocytes; MCH ¼ mean corpuscular hemoglobin;

MCHC ¼ mean corpuscular hemoglobin concentration; MCV ¼ mean corpuscular volume; Mon ¼ monocytes; MPV ¼ mean platelet volume;

Neu ¼ neutrophils; Plt ¼ platelets; RBC ¼ red blood cells; Tx ¼ treatment; WBC ¼ white blood cells.
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monocytosis, with no detectable changes in lympho-
cyte count (Figure 1C). These results are consistent
with clinical reports of patients chronically adminis-
tered trametinib.11,12

ECHOCARDIOGRAPHY ASSESSMENT OF LEFT

VENTRICULAR FUNCTION. A comprehensive assess-
ment of the left ventricle by echocardiography was
made prior to treatment at 2 months of age and upon
terminal health assessment. Trametinib-treated mice
exhibited significant reductions in ejection fraction
and fractional shortening (Figures 2A and 2B). Of the
mice treated with trametinib, 57% (4 of 7) exhibited
wall motion abnormalities of the left ventricle
(Figure 2C). Additionally, 28% (2 of 7) exhibited
right ventricular dilation on terminal assess-
ment (Figure 2D).

HISTOLOGIC ANALYSIS. Necroscopic and histologic
analyses were performed on control and trametinib-
treated animals. Grossly, hearts from trametinib-
treated animals appeared normal except for white
lesions observed in 23% of samples (3 of 13). No sig-
nificant histopathologic changes were observed in
most hearts (Figure 3A). Grossly, no changes in
collagen content were observed between groups.
Immunohistochemical analysis examining cardiac
myosin heavy chain confirmed preserved sarcomere
structure (Figure 3B), with evidence of myofibrillar
breakdown (Supplemental Figure 1). As other cancer
therapy cardiomyopathies (eg, doxorubicin) can be
associated with cardiac atrophy,13 we stained hearts
with wheat germ agglutinin, a lectin that binds to
glycoproteins of the cell membrane, allowing quan-
tification of cardiomyocyte cross-sectional area
(Figure 3C). Trametinib mice exhibited an overall
reduction in cardiomyocyte cross-sectional area
(Figure 3D). The reduction in cardiomyocyte size was
proportional to the observed body weight reduction

https://doi.org/10.1016/j.jaccao.2022.07.009


FIGURE 2 Echocardiographic Assessment of Left Ventricular Function

Left ventricular function was assessed on echocardiography at 2 months (pretreatment [Tx]) and upon terminal health assessment (n ¼ 7/group). Comparison of

ejection fraction (EF) (A) and fractional shortening (FS) (B). (C) Representative M-mode images demonstrating wall motion abnormalities exclusively seen in

trametinib-treated animals on terminal assessment. (D) Representative images demonstrating normal parasternal long-axis images on pretreatment assessment, with

right ventricular enlargement on terminal assessment in a fraction of trametinib-treated animals. Data were analyzed using 2-way analysis of variance with a

Bonferroni test. LV ¼ left ventricle; RV ¼ right ventricle.
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(Figure 3E). These data are consistent with
doxorubicin-induced cardiotoxicity, in which car-
diomyocytes size decreases occur concomitantly with
weight loss. Next, we probed whole-heart tissue
lysate for markers of cell death and inflammation
using western blot analysis (Figure 3F). No changes in
active caspase-3, a marker of apoptosis, or RIP3K, a
marker of necrosis, were observed in a majority of
hearts. Significant changes were observed in CD38, an
M1 proinflammatory macrophage marker, and CD206,
an M2 reparative macrophage marker, in the
absence of changes in neutrophil markers (Figures 3F
and 3G).14 Specifically, CD38 was elevated and
CD206 was reduced, suggestive of M1 macro-
phage polarization.

In a subset of hearts (23% [3 of 13]), we observed
myocardial vacuolization (Figure 3H), a reversible
morphologic manifestation of cardiotoxicity.15 Addi-
tionally, 23% of hearts (3 of 13) demonstrated intra-
myocardial calcification (Figure 3I). These lesions
exhibited an increase in RIP3K staining in the absence
of TUNEL positivity, suggestive of a necrotic process.
In examining tissues from all other major organ sys-
tems, no noticeable gross or histologic changes were
appreciated (Supplemental Figure 2). These data, in
the presence of heart failure, suggest cardiomyopathy
may be responsible for the observed symptoms of
terminal illness, such as poor body score, lethargy,
and hunched posture.

TRANSCRIPTOMIC ANALYSIS OF TRAMETINIB-INDUCED

CARDIOTOXICITY. To further examine the cellular
and molecular changes that occur in the setting of
trametinib-induced cardiotoxicity, bulk RNA
sequencing was performed on murine cardiac tis-
sue. In this experiment, 435 differentially expressed
genes were identified among a total of 57,719 genes
in Advaita Knowledge Base (Figure 4A). One hun-
dred sixteen were pathways found to be signifi-
cantly affected. Of note, PI3K/AKT and JAK/STAT
signaling were among the top over-represented
pathways discovered (Figures 4B and 4C). Down-
stream genes of these pathways are associated with
the regulation of cell survival, cell cycle progres-
sion, DNA repair, cell growth, and metabolism
(Figure 4C). Following Bonferroni correction, 4 up-
stream regulators predicted as activated were
discovered (Figure 4D). Of the 20 genes known to
be regulated by interleukin (IL)-6, 17 genes were
differentially expressed in our dataset, consistent
with IL-6 activation of the PI3K/AKT and JAK/STAT
pathways (P ¼ 6.70 � 10�4). Following Bonferroni
correction, several changes in biological function
(n ¼ 297), molecular function (n ¼ 19), and cellular

https://doi.org/10.1016/j.jaccao.2022.07.009


FIGURE 3 Histopathologic Analysis of Trametinib-Treated Hearts

(A) Movat’s pentachrome staining of trametinib-treated hearts showed no differences between groups. (B) Cardiac myosin heavy chain (MHC) staining confirmed

normal sarcomeric architecture between groups. (C) Wheat germ agglutinin (WGA) and myosin heavy chain (MF20) staining of cardiac tissue demonstrated (D) a

reduction in cardiomyocyte cross-sectional area in the trametinib group prior to normalization (E), with no differences observed when normalized to body weight (BW).

(F) Western blot analysis examining markers for immune cells and cell death. No changes in markers of cell death or antineutrophil elastase (ANE) were observed.

(G) CD38 was elevated, whereas CD206 was reduced. Data were compared using unpaired Student’s t-tests. (H) Myocardial vacuolization and (I) calcification were

seen in a small subset of trametinib samples. Von Kossa staining confirmed calcification. Calcific regions stained positive for RIP3K in the absence of TUNEL positivity.

N ¼ 5-6/group.

J A C C : C A R D I O O N C O L O G Y , V O L . 4 , N O . 4 , 2 0 2 2 Beck et al
N O V E M B E R 2 0 2 2 : 5 3 5 – 5 4 8 Mechanisms of MEK1 Inhibitor Cardiotoxicity

539
components (n ¼ 29) were observed (Supplemental
Figures 3A to 3C). An upstream chemicals analysis
was performed to identify chemicals with related
transcriptomic changes (Figure 4E). Of note, doxo-
rubicin was identified as an upstream chemical,
with 80% of changes in downstream differentially
expressed genes consistent with findings from our
dataset (P ¼ 4.36 � 10�13) (Figure 4F). These data
suggest a strong relationship between doxorubicin-
and trametinib-induced cardiotoxicity.
ELEVATED IL-6 ACTIVATES PATHWAYS ASSOCIATED

WITH MITOCHONDRIAL BIOGENESIS, MITOPHAGY, AND

OXIDATIVE STRESS. Differentially expressed genes
from our RNA sequencing experiment suggest proin-
flammatory cytokine activation of PI3K/AKT and JAK/
STAT signaling pathways. To validate this prediction,
we performed a 40-cytokine array on plasma pro-
cured from control and trametinib-treated animals.
Results confirmed elevated IL-6, as well increases in
CXCL11 and CXCL13 (Figure 5A). An enzyme-linked
immunosorbent assay further confirmed statistically
elevated plasma IL-6 levels (110.6 � 127.4 pg/mL)
(Figure 5B). There was considerable variability in
plasma IL-6 levels, ranging from 0.0 to 326 pg/mL.
IL-6 transcripts were not statistically increased in our
dataset, suggesting extracardiac production of the
cytokine. Next, we probed cardiac tissue lysate for the
presence of activated ERK1/2, STAT3, and AKT
(Figure 5C). Trametinib significantly reduced cardiac
ERK1/2 activation, as indicated by a reduction in
ERK1/2 phosphorylation (Figure 5D). Additionally,
trametinib-treated animals exhibited increased

https://doi.org/10.1016/j.jaccao.2022.07.009
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FIGURE 4 Transcriptomic Analysis of Hearts Following Long-Term Trametinib Exposure

(A) Volcano plot: 435 significantly differentially expressed (DE) genes represented by expression change (x-axis) and the significance of the change (y-axis).

Up-regulated genes are shown in red and down-regulated genes in blue. (B) Top 10 pathways plotted by over-representation on the x-axis (pORA) and total pathway

accumulation on the y-axis (pAcc). Pathways are represented by a single dot, with dot size corresponding to the size of the pathway it represents. (C) Diagram depicting

major over-represented pathways overlayed with the computed perturbation of each gene. (D) Top upstream regulators predicted as activated. Of note, interleukin-6

was predicted to be present. (E) Of note, doxorubicin was identified as a related upstream chemical, with 80% of changes in downstream DE genes being consistent

with findings from our dataset (P ¼ 4.356 � 10�13). N ¼ 3/group. FC ¼ fold change; NSC ¼ non-small-cell.
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FIGURE 5 Elevated IL-6 Activates Pathways Associated With Oxidative Stress

(A) Forty-cytokine panel demonstrating elevations in interleukin (IL)-6, CXCL11, and CXCL13 (n ¼ 2/group). (B) IL-6 enzyme-linked immunosorbent assay confirming

statistically elevated plasma levels. Data were compared using a Mann-Whitney U test (n ¼ 6/group). (C) Cardiac tissue western blots examining phosphorylated

ERK1/2 (pERK1/2), total ERK1/2 (tERK1/2), phosphorylated STAT3 (pSTAT3), total STAT3 (tSTAT3), phosphorylated AKT (pAKT), total AKT (tAKT), AKT3, and GAPDH.

(D) pERK1/2 was reduced in trametinib-treated animals. pSTAT3 and pAKT1/2 were elevated. Total protein changes were detected in STAT3 and AKT3. No changes in

tERK1/2 and AKT1/2 protein were observed. Significant differences were observed in pERK1/2:tERK1/2, pSTAT3:tSTAT3, and pAKT:tAKT ratios. No difference was

observed in pAKT:tAKT (n ¼ 6/group). (E) Changes in mitochondrial genes were detected. Data are represented as z-scores in a heat map (n ¼ 3/group). (F) Oxyblot

analysis demonstrating increased protein carbonylation, a marker for oxidative stress, in trametinib heart lysate (n ¼ 6/group).
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activation of STAT3 and AKT, as previously predicted.
Interestingly, long-term trametinib exposure led to
significant elevations in total STAT3 and AKT3 pro-
tein levels.

Given the observed statistically significant eleva-
tions in AKT3 total protein and IL-6, we probed our
Advaita dataset for mitochondrial Gene Ontology
annotations. AKT3 is a regulator of mitochondrial
biogenesis, whereas IL-6 activates autophagy and
mitophagy.16,17 Significant elevations in genes asso-
ciated with mitochondrial biogenesis (11 genes),
autophagy (7 genes), and mitophagy (6 genes) were
observed (Figure 5E). In addition to PI3K/AKT acti-
vation, previous studies have shown that mitogen
activation protein kinase inhibition promotes distur-
bances in mitochondrial bioenergetics, leading to
increased oxidative phosphorylation, mitochondrial
respiration, and oxidative stress.18-20 We observed
significant changes in the expression of antioxidant
genes (11 genes) and genes associated with response
to oxidative stress (19 genes). Next, we examined
cardiac tissue lysate for the presence of protein
carbonylation, a well-established marker of oxidative
stress. Trametinib tissue lysate demonstrated
elevated levels of protein carbonylation, suggestive
of pathologic oxidative tissue modification
(Figure 5F).

TRANSCRIPTOMIC CHANGES ASSOCIATED WITH

DISTURBANCES IN CARDIAC FUNCTION. Tran-
scriptomic changes associated with cardiac contrac-
tion and function were assessed. Twelve
differentially expressed genes were identified that
directly affect cardiac inotropy, as well as 2 genes



FIGURE 6 Molecular and Cellular Changes Affecting Cardiac Function

(A) Transcriptomic changes relating to cardiac function (n ¼ 3/group). Changes in genes related to inotropic action (n ¼ 12), adrenergic

signaling (AS) (n ¼ 2) calcium signaling (n ¼ 1), extracellular matrix (ECM) tensile strength (n ¼ 6), focal adhesions (n ¼ 11), and ECM

remodeling (n ¼ 5) were discovered. Data are represented as z-scores in a heat map. (B) The apelin receptor (Aplnr/APJ) was our top hit from

RNA sequencing. A log fold change of �11.31 in APJ expression was observed in trametinib-treated hearts. (C) Western blot analysis showing

a 2-fold reduction in APJ protein levels (n ¼ 6/group). Data were compared using an unpaired Student’s t-test. (D) Immunohistochemical

(IHC) analysis demonstrating a loss of APJ at the surface of cardiomyocytes (n¼ 4/group). (E) IHC stains examining N-cadherin and connexin-

43 (CX43). N-cadherins remain present at the intercalated discs between cardiomyocytes. CX43 mislocalizes to the lateral surface of car-

diomyocytes (n ¼ 5/group). a-Tub ¼ a-tubulin; FC ¼ fold change; FDR ¼ false discovery rate; MF20 ¼ myosin heavy chain; MHC ¼ myosin

heavy chain.
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associated with adrenergic signaling and 1 gene
associated with calcium signaling (Figure 6A). Several
transcriptional changes in extracellular matrix (ECM)
genes were observed. Of note, changes in tensile
strength (6 genes), focal adhesions (11 genes), and
ECM remodeling (5 genes) were discovered. Inter-
estingly, transcription of fibrillar collagen genes were
reduced, a finding that is atypical for drug-induced
cardiomyopathy, in which increased collagen
production and interstitial fibrosis are commonly
observed. These changes, taken together, may
explain the reduction in systolic function observed
with long-term trametinib exposure.

Next, we followed up on our top hit from RNA
sequencing: the apelin receptor (APJ) (P ¼ 8.37 �
10�30). The APJ is a G protein–coupled receptor
expressed within the myocardium and vascular
endothelium, known for regulating cardiac myocyte



FIGURE 7 Trametinib-Treated Human Cardiac Organoids

Trametinib promotes partially reversible changes in human cardiac organoid (hCO) morphology and reduces contraction amplitude and fibroblast content. (A) Timeline

summarizing hCO fabrication (day 4 [D4] to D0), maturation (D0-D4), drug treatment (D4-D10), and hCO recovery (D10-D16). (B) Representative images of hCO at

D10 and D16. (C) Trametinib promotes a reduction in hCO diameter at D10, with partial size recovery observed at D16. (D) Trametinib treatment reduces contraction

amplitude at D10, with partial recovery by D16. (E) Trametinib-treated hCO demonstrated a reduction in fibroblast content, with recovery of fibroblast content by D16.

All statistical analysis was performed using unpaired Student’s t-tests. N ¼ 10/group. A was made using BioRender.
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contraction, cardioprotection, and vascular homeo-
stasis.13,21 Down-regulation of the apelin/apelin
receptor system has been extensively characterized
in doxorubicin-induced cardiotoxicity.13,20,21

Furthermore, APJ knockout mice demonstrate accel-
erated myocardial damage, protein carbonylation,
and mitochondrial dysfunction with doxorubicin
administration.20 Consistent with doxorubicin-
induced cardiomyopathy, a log fold change of �11.31
in APJ expression was observed in trametinib-
treated hearts (Figure 6B). Additionally, a 2-fold
reduction in APJ protein levels was observed
(Figure 6C), with a loss of receptor presence on the
surface of cardiomyocytes (Figure 6D). Next, we
examined the major cardiac gap junction proteins
N-cadherin and connexin-43 (CX43) to probe for
deficits in cell-to-cell communication. Trametinib-
treated hearts demonstrated normal N-cadherin
staining within the intercellular space of the
myocardial cells (Figure 6E). In addition, hearts from
trametinib-treated animals exhibited extensive CX43
mislocalization to the lateral surface of car-
diomyocytes. A reduction in N-cadherin/CX43
colocalization was appreciated, potentially explain-
ing the wall motion abnormalities present on func-
tional assessment.

TRAMETINIB ALTERS HUMAN CARDIAC ORGANOID

MORPHOLOGY AND REDUCES CONTRACTION

AMPLITUDE. Human cardiac organoids (hCOs) have
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been used for modeling common cardiac pathologies
and drug-induced toxicities.22,23 To assess the direct
cardiotoxic potential of trametinib, hCOs were
treated with trametinib for 6 days (Figure 7A). A dose
of 40 nM was selected as the treatment dose to mirror
plasma levels found in patients actively undergoing
trametinib treatment.24,25 After 6 days of treatment,
organoid diameter was significantly reduced
compared with vehicle controls (Figures 7B and 7C).
To investigate if trametinib altered hCO function, we
examined fractional area change (contraction ampli-
tude) after trametinib treatment. Trametinib signifi-
cantly reduced fractional area change in the hCOs
(Figure 7D). Given the gross reduction in diameter and
function, we questioned whether hCO morphology
was altered. hCOs treated with 40 nM trametinib had
significantly reduced vimentin expression per area
compared with vehicle controls, indicating a reduc-
tion in fibroblast content (Figures 7E and 7F).

TRAMETINIB-INDUCED CARDIOTOXICITY IS PARTIALLY

REVERSIBLE INhCOs. Given the cardiotoxicity profile of
trametinib in patients, there is a strong interest in
understanding if the toxicity is reversible. To this end,
hCOs were treated with trametinib for 6 days and then
allowed to recover in drug-free media for 6 days. Upon
6 days of recovery, hCO diameter was still reduced
compared with vehicle controls (P¼ 0.060) (Figures 7B
and 7C). Although fractional area change was still
significantly reduced compared with vehicle controls
on day 16, the initial functional effects of trametinib
treatment on hCOs had significantly improved
compared with fractional area change after 6 days of
trametinib treatment (Figure 7D). To determine if hCO
morphology changed upon recovery, we examined
the a-sarcomeric actinin and vimentin content on day
16. Vimentin expression per area was no longer sig-
nificant compared with vehicle controls, indicating a
rebound in the fibroblast content of the hCOs
(Figures 7E and 7F).

DISCUSSION

More than 1million Americans are currently livingwith
melanoma.2 For patients with BRAF-mutated meta-
static melanoma, MEK1 inhibitors have dramatically
improved patient survival and outcomes. Despite
impressive efficacy, the long-term use of MEK1 in-
hibitors has been limited by cardiovascular toxicity.
The exact mechanisms of trametinib-induced car-
diotoxicity remain elusive, presenting challenges in
predicting or preventing adverse events in patients.

In this study, several cellular and molecular
changes that occur in the setting of trametinib-
induced cardiotoxicity were unveiled (Central
Illustration). Findings from this study suggest that
trametinib promotes immunotoxicity, leading to
expansion of the proinflammatory CD38 monocyte
population. These cells are likely in part responsible
for the observed elevations in IL-6, a potent activator
of the PI3K/AKT and JAK/STAT signaling pathways.
Studies have characterized IL-6 as a pleiotropic
cytokine, providing a cardioprotective benefit in the
short term while contributing to pathologic remod-
eling in the long-term.26 Activation of PI3K/AKT and
JAK/STAT signaling promotes hypertrophy, cell sur-
vival, and DNA damage repair. Our data in hCOs
suggest that trametinib treatment promotes car-
diomyocyte atrophy, a finding that is consistent with
our in vivo data. Additionally, a reduction in hCO
fibroblast content was observed following long-term
trametinib exposure. IL-6, as well as other circu-
lating factors, may prevent fibroblast cell death
in vivo, explaining the absence of these observations
in our animal model (Supplemental Figure S4).
Clinical trials are ongoing examining the efficacy of
tocilizumab, an anti-IL-6 receptor monoclonal anti-
body, in the treatment of trametinib-induced py-
rexia.27 Results from the trial may help further
characterize IL-6 as either a cardioprotective or
pathologic effector in the setting of trametinib-
induced cardiotoxicity. Patients with trametinib-
induced pyrexia had statistically elevated IL-6
levels.25 Retrospective studies examining the inci-
dence of cardiomyopathy in the presence of pyrexia
may also help illustrate the role of IL-6 in
trametinib-induced heart failure. In the event IL-6 is
a driver of trametinib-induced cardiac remodeling
and oxidative stress, tocilizumab may emerge as an
effective strategy in preventing heart failure and
drug resistance.

In addition to immunotoxicity, trametinib-treated
animals demonstrated transcriptomic and protein-
level changes consistent with increased mitochon-
drial turnover and oxidative phosphorylation, as well
as reduced cardiac function. Transcriptional changes
in genes associated with inotropy, adrenergic
signaling, calcium signaling, ECM tensile strength,
focal adhesions, and ECM remodeling were observed.
Taken together, these data represent complex
changes in signaling, ECM environment, and overall
cardiac structure, explaining the decline in cardiac
function following long-term MEK1 inhibition. Of
note, CX43 mislocalization was observed in the hearts
of trametinib-treated animals. CX43 is the primary
gap junction protein in the myocardium and exhibits
increased mislocalization to the lateral surface of
cardiomyocytes in the setting of various cardiac

https://doi.org/10.1016/j.jaccao.2022.07.009
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pathologies.28-30 Specifically, CX43 lateralization is
associated with atrial fibrillation, conduction abnor-
malities, and reduced ejection fraction.30,31 These
data may explain the high incidence of arrythmias
observed in trametinib-treated patients. In addition
to CX43 mislocalization, trametinib and cobimetinib
inhibit KCNH2 (Kv11.1) or the human ether-ago-go
(hERG) channel.32,33 hERG conducts potassium out
of the cardiac cell during repolarization. Inhibition of
hERG can cause QT interval prolongation and is
associated with an increased risk for arrhythmias.8

Thus, a need exists for novel MEK1 inhibitors
devoid of hERG interactions.
Following withdrawal of trametinib, hCO function
and morphology began to trend toward baseline.
These data suggest trametinib-induced cardiotoxicity
may be reversible, consistent with clinical reports
suggesting most patients achieve recovery in left
ventricular function.34 Studies examining the use of
drug holidays (brief treatment breaks) and the inci-
dence of adverse events, as well as the impact on
treatment efficacy, are warranted. Drug holidays may
help abrogate cardiac remodeling and drug resistance
if implemented properly. In addition to assessing the
use of tocilizumab and drug holidays, antioxidant
drugs, such as dexrazoxane, may warrant clinical
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investigation to assess for efficacy in the prevention
of trametinib-induced cardiotoxicity.

Last, 10% to 15% of trametinib-treated patients
develop hypertension.35 Perturbance of 2 key path-
ways that signal through MEK/ERK has been hy-
pothesized to play a role trametinib-induced
hypertension: vascular endothelial growth factor/ni-
tric oxide and renin-angiotensin-aldosterone. More-
over, it has been suggested that nitric oxide
production may be impaired by blocking MEK1. Our
transcriptomic data suggest, by activation of AKT,
that nitric oxide production may be compensated for
via downstream up-regulation of endothelial nitric
oxide synthase (Figure 4C, Supplemental Figures 5A
and 5B). Future studies examining nitric oxide
levels may yield beneficial data. IL-6, in the setting of
systemic inflammation, has been shown to regulate
angiotensin II–mediated hypertension.36 Interest-
ingly, transcription of angiotensin-converting
enzyme 2, a known regulator of blood pressure ho-
meostasis by inhibiting the renin-angiotensin-
aldosterone system, was statistically elevated (log
fold change ¼ 5.95) (Supplemental Figure 5C). In the
context of statistically elevated plasma IL-6, future
studies should examine angiotensin-II levels in pa-
tients following long-term trametinib exposure.
STUDY LIMITATIONS. Trametinib-treated animals
were not tumor bearing. Cancers, such as melanoma,
promote changes in immunologic function and thus
may reduce or amplify the toxicologic effects
observed. Additionally, post-treatment echocardiog-
raphy was performed on the onset of toxicities or at
120 days of treatment, whichever came first. For an-
imals that underwent echocardiography before
120 days of treatment, an age-matched wild-type
control was used in comparison. Serial echocardio-
graphic and transcriptomic analyses were not per-
formed. These data may have provided insight on
exactly when left ventricular function was in a state
of decline to inform future preclinical studies of
rescue or dose adjustment.

One limitation of the organoid model is that on the
basis of the present model, not every aspect of
trametinib-induced heart failure can be mimicked
with the organoids. Furthermore, the organoids do
not contain inflammatory cell and use immature hu-
man induced pluripotent stem cell cardiomyocytes.
The goal of using hCOs was to assess the direct car-
diotoxic potential of trametinib in the absence of
systemic exposure. Our data suggest that hCOs are an
exciting new tool that allows researchers to study
the cardiotoxic potential of drug candidates on
human-derived cell populations. Another limitation
was the use of trametinib-incorporated food. Drug-
incorporated food was used to eliminate the need
for daily injections or oral gavage of drug, minimizing
stress on the animals. The use of trametinib-
incorporated diet may have increased the risk for
toxicities; however, the animals demonstrated histo-
pathologic, molecular, and cellular changes consis-
tent with previously reported data. The impact of
trametinib on mitochondrial function and overall
cardiac collagen content was not examined in vivo.
Future studies should examine these changes using
advanced techniques such as tissue electron micro-
scopy. The absence of data on blood pressure is a
limitation. The development of hypertension in the
animals could have induced M2-M1 polarization and
changes in ECM remodeling transcriptomics. Addi-
tionally, 14 different complete blood count tests were
compared. Subsequent statistical analyses, such as a
Benjamini-Hochberg to adjust for multiple compari-
sons, could have been used to correct for multiple
comparisons. Future studies should evaluate the
intrinsic molecular factors driving trametinib-
induced cardiomyocyte atrophy. Last, in vivo
reversibility studies would have helped confirm the
reversibility of the observed functional deficits. Un-
fortunately, we did not have Institutional Animal
Care and Use Committee approval to perform
reversibility studies in vivo, as a reduction in ejection
fraction and onset of toxicologic findings were end-
points of the study.

CONCLUSIONS

These data define a unique pathology: drug-induced
heart failure in the absence of interstitial fibrosis.
Pedersen et al37 argued against the clinical signifi-
cance of ejection fraction reduction in patients with
melanoma treated with BRAF/MEK inhibitors; how-
ever, recent data suggest the incidence of trametinib-
induced cardiomyopathy is underestimated and
patients may benefit adjuvant therapy and/or
improved screening tools for prevention.5 Data from
this study motivate studies investigating our hy-
pothesis that early intervention may prevent irre-
versible damage. Moreover, this may be coupled with
systematic cardiac assessment to better determine
cardiac risk at baseline and longitudinally.
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