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BACKGROUND: Doxorubicin and other anthracyclines are crucial cancer treatment drugs. However, they are associated with 
significant cardiotoxicity, severely affecting patient care and limiting dosage and usage. Previous studies have shown that low 
carbon monoxide (CO) concentrations protect against doxorubicin toxicity. However, traditional methods of CO delivery pose 
complex challenges for daily administration, such as dosing and toxicity. To address these challenges, we developed a novel 
oral liquid drug product containing CO (HBI-002) that can be easily self-administered by patients with cancer undergoing 
doxorubicin treatment, resulting in CO being delivered through the upper gastrointestinal tract.

METHODS AND RESULTS: HBI-002 was tested in a murine model of doxorubicin cardiotoxicity in the presence and absence of 
lung or breast cancer. The mice received HBI-002 twice daily before doxorubicin administration and experienced increased 
carboxyhemoglobin levels from a baseline of ≈1% to 7%. Heart tissue from mice treated with HBI-002 had a 6.3-fold increase 
in CO concentrations and higher expression of the cytoprotective enzyme heme oxygenase-1 compared with placebo con-
trol. In both acute and chronic doxorubicin toxicity scenarios, HBI-002 protected the heart from cardiotoxic effects, including 
limiting tissue damage and cardiac dysfunction and improving survival. In addition, HBI-002 did not compromise the efficacy 
of doxorubicin in reducing tumor volume, but rather enhanced the sensitivity of breast 4T1 cancer cells to doxorubicin while 
simultaneously protecting cardiac function.

CONCLUSIONS: These findings strongly support using HBI-002 as a cardioprotective agent that maintains the therapeutic ben-
efits of doxorubicin cancer treatment while mitigating cardiac damage.
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Despite the wide use and demonstrated efficacy 
of anthracyclines in cancer, cardiac toxicity from 
these drugs limits dosing and causes substantial 

cardiac morbidity. Anthracyclines, such as doxorubi-
cin, have been used for over 45 years and are among 
the most effective anticancer treatments ever devel-
oped. This class of drug continues to be used as the 
standard of care against more types of cancer than 
any other class of chemotherapeutic agents, with indi-
cations including leukemia and Hodgkin’s lymphoma, 

as well as cancers of the breast, stomach, lung, thy-
roid, bladder, and soft tissue.1–4 Perhaps most compel-
ling is that many novel immunotherapies and tyrosine 
kinase inhibitors are more effective when combined 
with doxorubicin.5–7 However, anthracyclines induce 
life-threatening and irreversible cardiotoxicity, which 
can appear immediately or years after treatment.8,9 
Unfortunately, 10% to 75% of cancer survivors suffer 
from chronic cardiovascular issues in later life caused 
by the cumulative toxicity of their cancer therapy.1,8,9,10 

Correspondence to: Leo E. Otterbein, PhD, Harvard Medical School, Beth Israel Deaconess Medical Center, Center for Life Science, 3 Blackfan Circle, EC/
CLS 603, Boston, MA 02215. Email: lotterbe@bidmc.harvard.edu; and Rodrigo W. Alves de Souza, PhD, Harvard Medical School, Beth Israel Deaconess 
Medical Center, Center for Life Science, 3 Blackfan Circle, EC/CLS 602, Boston, MA 02215. Email: ralves1@bidmc.harvard.edu

This article was sent to Rebecca D. Levit, MD, Associate Editor, for review by expert referees, editorial decision, and final disposition.

Supplemental Material is available at https://​www.​ahajo​urnals.​org/​doi/​suppl/​​10.​1161/​JAHA.​123.​032067

For Sources of Funding and Disclosures, see page 12.

© 2024 The Authors and Hillhurst Biopharmaceuticals, Inc. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article 
under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original 
work is properly cited, the use is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

D
ow

nloaded from
 http://ahajournals.org by on M

ay 6, 2024

https://orcid.org/0000-0003-4401-9048
mailto:
https://orcid.org/0000-0003-0087-646X
https://orcid.org/0000-0002-0563-0509
https://orcid.org/0000-0002-7900-0825
mailto:
mailto:lotterbe@bidmc.harvard.edu
mailto:ralves1@bidmc.harvard.edu
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.123.032067
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha
http://crossmark.crossref.org/dialog/?doi=10.1161%2FJAHA.123.032067&domain=pdf&date_stamp=2024-05-03


J Am Heart Assoc. 2024;13:e032067. DOI: 10.1161/JAHA.123.032067� 2

Alves de Souza et al� Oral CO Prevents Doxorubicin Cardiotoxicity

Moreover, ≈5% of patients treated with anthracyclines 
have shown evidence of congestive heart failure or a 
significant dose-dependent decline in left ventricular 
(LV) function.11,12 This damage to the heart causes pa-
tient morbidity and limits anthracycline dosing, which 
ultimately affects cancer management. There are no 
effective treatments to limit doxorubicin-induced car-
diotoxicity other than the iron chelator dexrazoxane, 
the use of which is restricted by the US Food and Drug 
Administration only for patients with advanced breast 
cancer on high doses of doxorubicin.13

Previous work has shown that low-dose carbon 
monoxide (CO; ≈12%–15% carboxyhemoglobin) pro-
tects the cardiomyocyte from cell death and supports 
overall cardiovascular health in numerous cardiac-
focused studies such as those addressing transplant, 
right heart hypertrophy, and vascular stenosis.14–16 
Moreover, CO increases the sensitivity of cancer cells 
to genotoxins, such as doxorubicin or camptothe-
cin, by up to 1000-fold while sparing normal cells in 
cancer-laden tissue.17 Endogenous CO is generated in 
the body by the cytoprotective heme oxygenase (HO) 
enzymes that are responsible for the degradation of 

heme.18 In humans, normal carboxyhemoglobin lev-
els are 0.5% to 1.5% of total Hb (hemoglobin) bound 
to CO.19 Despite the demonstrated toxicity associated 
with higher doses of CO,20 extensive research con-
ducted by numerous groups over the past 2 decades 
has resulted in approved clinical testing of low levels of 
CO20 (NCT00094406, NCT02425579, NCT03799874, 
NCT04870125, NCT03926819). These efforts are based 
on a plethora of preclinical evidence that CO, when used 
at low concentrations, offers remarkable beneficial ef-
fects in a variety of preclinical models of disease.21 The 
clinical safety and tolerability of CO have been tested in 
23 Phase I and Phase II clinical trials using inhaled and 
carrier molecule-bound CO,22,23 and overall conclu-
sions showed no electrocardiogram or neurocognitive 
changes versus placebo when CO treatment increased 
the carboxyhemoglobin up to ≈12%.

The cellular mechanisms of the cytoprotective action 
of CO are not well defined but include induction of protec-
tive and antiapoptotic genes, mitochondrial biogenesis, 
alterations in cellular bioenergetics, and the promotion 
of tissue repair.18,21,24 Despite such promising data, the 
difficulty of administering CO has proven to be chal-
lenging. All 23 completed clinical studies with CO and 
most in vivo studies have used inhaled CO (iCO), CO-
releasing molecules, or CO conjugated to a PEGylated 
Hb.15,25,26,27,28 Administration of iCO, CO-releasing mol-
ecules, or PEGylated CO-Hb has been in development 
for years and, although offering potential value to the 
patient, has not yet been shown to be suitable for home 
use or chronic, long-term administration.29–32 Thus, oral 
administration of HBI-002, which is a liquid drug prod-
uct containing CO with Generally Regarded as Safe ex-
cipients, per the Food and Drug Administration, avoids 
many of the challenges associated with other methods 
of CO delivery and provides a platform for outpatient 
administration, appropriate dosing, and compliance. In 
this light, a Phase I safety study in healthy adults has 
been completed with the oral liquid drug product con-
taining CO at the dose used for the work presented here 
and showed no adverse events of clinical significance 
(www.​clini​caltr​ials.​gov, NCT03926819). Here, we tested 
the ability of HBI-002 to protect against doxorubicin-
induced cardiotoxicity without interfering with doxo-
rubicin effects on tumor growth. We find that HBI-002 
recapitulates the cardioprotective characteristics and 
anticancer effects associated with low-dose CO inhala-
tion and, importantly, obviates the concerns associated 
with other modes of CO administration.

METHODS
The data that support the findings of this study are avail-
able from the corresponding or first authors (ralves1@
bidmc.harvard.edu) upon reasonable request.

RESEARCH PERSPECTIVE

What Is New?
•	 HBI-002, an oral liquid product, increases car-

boxyhemoglobin levels and offers safe delivery 
of carbon monoxide into the heart tissue.

•	 HBI-002 not only protected the heart from dox-
orubicin cardiotoxic effects but also boosted 
the sensitivity of mammary tumors  to doxoru-
bicin without compromising the chemotherapy 
efficacy.

What Question Should Be Addressed 
Next?
•	 Further studies utilizing large animals would 

enhance our understanding of the safety and 
efficacy of carbon monoxide across all stages 
of anthracycline-induced cardiotoxicity, provid-
ing excellent relevance and clinical potential for 
HBI-002 to be used in cancer patients under 
anthracycline therapy.

Nonstandard Abbreviations and Acronyms

CO	 carbon monoxide
HBI-002	 oral liquid product containing 

carbon monoxide
HO-1	 heme oxygenase-1
iCO	 inhaled carbon monoxide
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Animals
Ten- to 12-week-old male C57BL/6 and female Balb/c 
mice (Jackson Laboratories) were housed under spe-
cific pathogen-free conditions with 12-hour day/light 
cycles. All mouse procedures were approved by the 
Beth Israel Deaconess Medical Center Institutional 
Animal Care and Use Committee (#083–2021).

Oral CO Therapy
HBI-002 is a novel oral liquid product consisting of CO 
as well as Food and Drug Administration-defined gen-
erally recognized as safe components. Vehicle control 
was the same formulation without CO. Vials of HBI-002 
and vehicle, supplied by Hillhurst Biopharmaceuticals, 
Inc, were administered to mice by oral gavage, as pre-
viously reported.33 HBI-002 was given at 20 mL/kg, 
divided into 2 doses of 10 mL/kg, 1 hour apart, due 
to the maximum dose volume limit to maximize the 
concentration and duration of CO exposure. Initially, 
we tested the effects of 2 weeks (5 d/wk) of HBI-002 
on healthy animals with hearts harvested 24 hours 
after the last dose to assess changes in body mass, 

cardiac function, and heart HO-1 expression (4–8 mice 
per group). Next, HBI-002 was tested in combination 
with doxorubicin. In doxorubicin regimens, the second 
HBI-002 dose preceded doxorubicin administration by 
10 minutes. For chronic studies ±tumor burden, this 
dosing regimen continued throughout the doxorubi-
cin treatment regimen (Figure 1, A to D). HBI-002 was 
dosed to achieve ≈7% peak carboxyhemoglobin lev-
els. Control groups received vehicle or HBI-002 with-
out doxorubicin administration.

Measurement of CO Levels
To evaluate the pharmacokinetics of CO, 4 male mice 
per time point were given 2 doses of HBI-002, 1 hour 
apart (10 mL/kg per dose), and the blood was obtained 
from a lethal cardiac puncture under anesthesia. Blood 
collection occurred at baseline and subsequent time 
points of 10, 15, and 60 minutes following the first ad-
ministration of HBI-002. After 60 minutes, the animals 
received a second dose (10 mL/kg), and blood sam-
ples were again collected at 70, 80, and 120 minutes 
after the initial administration. All blood was placed into 

Figure 1.  Experimental design of HBI-002 treatment in doxorubicin-treated mice.
HBI-002 effects in acute (A) and chronic (B) doxorubicin regimen models. Lewis lung carcinoma (LL/2) (C) and mammary tumor (D) 
models treated with doxorubicin in combination with HBI-002. Illustration created using BioRe​nder.​com.
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1-mL BD syringes filled with 100 U of heparin and run 
on an ABL80 FLEX CO-OX blood gas analyzer. The 
concentration of CO in heart tissue was measured in 8 
mice per group, as previously described.34

Doxorubicin Treatment Regimens
Doxorubicin HCl (D1515, Sigma-Aldrich) regimens 
were designed to mimic that used in humans, with 
a recommended therapeutic dose of 60 to 75 mg/
m2 every 21 days in patients with cancer.35 We tested 
both an acute toxicity regimen (single dose at 20 mg/
kg, IP; ≈60 mg/m2; 3–7 mice per time point or group) 
with blood and hearts harvested at 1 hour, 24 hours, 
and 7 days after doxorubicin (Figure 1A) and a chronic 
dose regimen where a cumulative dose was adminis-
tered via injections administered intraperitoneally every 
48 hours for 10 doses (2 mg/kg, for a cumulative dose 
of 20 mg/kg, ≈60 mg/m2; 4–12 mice per group) for 
18 days (Figure  1B). For chronic studies, the animals 
were then euthanized 6 weeks after their last doxoru-
bicin administration. The chronic dose was also used 
in the context of a tumor burden, as described later. 
The presence of doxorubicin-induced cardiomyo-
pathy was confirmed by mRNA quantification of the 
cardiac dysfunction markers (BNP [brain natriuretic 
peptide]: Nppb; ANP [atrial natriuretic peptide]: Nppa; 
cardiac troponin-T: Tnnt; and β-MyHC [beta-myosin 
heavy chain]: Myh7) and measurement of cardiac 
function by echocardiography compared with control 
vehicle-treated mice (discussed later). Blood serum for 
biochemical analyses and the ventricles was carefully 
collected, frozen in liquid nitrogen, and stored at −80 
°C until analysis.

Cancer Cell Lines and Tumor Cell Injection
The 4T1 murine breast cancer (ATCC, CRL-2539) and 
Lewis lung carcinoma (LL/2, ATCC, CRL-1642) cell lines 
were cultured in high-glucose (4.5 g/L) DMEM supple-
mented with 10% fetal bovine serum (Thermo Fisher 
Scientific) at 37 °C and 5% CO2. For LL/2 cells, we 
injected 106 cells into the flank of 8 to 13 C57BL/6 male 
mice per group. For the 4T1 mammary tumor model, 4 
Balb/c female mice per group were orthotopically inoc-
ulated with 2×105 cells in the fourth inguinal mammary 
fat pad (100 μL/mouse) (Figure 1C and 1D). Once the 
animals from both models had a palpable solitary mass 
(≈day 5), they were randomized into groups and placed 
in the study. LL/2 and 4T1 tumor mice models received 
a treatment consisting of 5 doses of doxorubicin (4 mg/
kg, IP), administered every other day. During doxoru-
bicin and non-doxorubicin treatment days, mice were 
administered HBI-002 or vehicle as described. Mice 
were randomly enrolled into 1 of the 4 groups, with 
sham as a control, LL/2 or 4T1 tumor, placebo (vehicle) 
as negative controls, and HBI-002 as the therapeutic 

arm: (1) control; (2) LL/2 or 4T1; (3) doxorubicin+ vehicle 
(10 mL/kg); and (4) doxorubicin+HBI-002. Body weight 
was determined periodically, and tumor volume was 
measured with a digital Vernier caliper. Tumor volume 
was calculated using the following equation: tumor vol-
ume (mm3)=[length×width×height]/2, where the height, 
length, and width are in millimeters. The doxorubicin 
protocol lasted for ≈10 days after cancer cell inocula-
tion. LL/2 mice were euthanized at ≈21 days and 4T1 
mice at ≈28 days postinoculation for tumor and cardiac 
harvest.

Echocardiography
Heart structure and function assessment were per-
formed using echocardiography (Vevo 770, Visual 
Sonics, Toronto, Canada) under isoflurane (2% v/v) an-
esthesia. Animals assigned to acute doxorubicin regi-
men, LL/2, and 4T1 tumor models were subjected to 
echocardiography before and after each experimental 
protocol (Figure  1A, 1C and 1D). For chronic doxo-
rubicin regimen, echocardiography was performed 
before doxorubicin initiation, after the last doxoru-
bicin dose, and at the end of the protocol (Figure 1B). 
Interventricular septum thickness in systole and dias-
tole, LV inner dimensions (LVID) at systole and diastole, 
LV posterior wall thickness at systole and diastole, LV 
end-systolic and end-diastolic volume, and ejection 
fraction (EF) were assessed. LVID at diastole and sys-
tole were used to calculate the fractional shortening 
as follows: fractional shortening (%)=[(LVID diastole – 
LVID systole)/LVID diastole]×100. All myocardial struc-
tures were manually measured in accordance with 
the leading-edge method of the American Society of 
Echocardiography.36 The examiner (R.W.A.d.S.) was 
blinded to the group’s allocation.

Biochemical Analyses
Serum creatine kinase, lactate dehydrogenase), and 
cTnI (cardiac troponin-I) were used for the evaluation 
of tissue and myocardial damage. Serum creatine ki-
nase and lactate dehydrogenase were analyzed on an 
IDEXX Catalyst DX analyzer (IDEXX Laboratories). cTnI 
was determined by ELISA (MBS766175, MyBioSource) 
according to the manufacturer’s instructions.

Histological Analysis
Heart specimens were fixed overnight in a 4% para-
formaldehyde solution at pH 7.4. Following fixation, the 
hearts were embedded in paraffin and subsequently 
sectioned serially at a thickness of 5 μm. Routine his-
tological examination was performed by staining the 
sections with hematoxylin and eosin, enabling visu-
alization of tissue architecture and cellular morphology 
using a light microscope. Additionally, select sections 
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were stained with Sirius red to evaluate collagen dep-
osition. To ensure unbiased analysis, all histological 
assessments were carried out by a single observer 
(R.W.A.d.S.) blinded to the identity of the studied mice.

Reverse Transcription Quantitative 
Polymerase Chain Reaction
Total RNA was extracted from heart ventricles using 
TRizol reagent (Invitrogen) following manufacturer’s 
instruction. Reverse transcription was performed 
using a High-Capacity cDNA synthesis kit (Thermo 
Scientific). After cDNA synthesis, reverse transcrip-
tion quantitative polymerase chain reaction for target 
and endogenous genes (Table 1) was run separately, 
and amplifications were detected using QuantStudio3 
(Applied Biosystems, Foster City, CA) using Maxima 
SYBR Green/ROX qPCR Master Mix (Thermo 
Scientific). Fold-change was calculated through the 
ΔΔCt method.

Immunoblotting
Protein extraction, quantification, preparation, and 
immunoblotting experiments were performed as pre-
viously described.37 Mitochondrial oxidative phos-
phorylation complexes (OXPHOS, ab110413), Hmox1 
(ab13243), and Gapdh (ab9485) primary antibodies 
were purchased from Abcam. Secondary specific anti-
bodies were goat antimouse IR800 and goat antirabbit 
IR680 and IR800 (LICOR). Membranes were scanned 
using the Odyssey infrared imaging system (LICOR).

Statistical Analysis
Statistical analysis was performed using GraphPad 
(GraphPad Prism version 9, GraphPad Software, La 
Jolla, CA). The Shapiro–Wilk normality test was used 
to assess the data distribution. Statistical data were 
tested for normal distribution and homogeneity. In 
the HBI-002 studies, for the comparisons between 
3 groups, an unpaired 2-tailed Student’s t test was 
performed. Two-way ANOVA with repeated measures 
was used when the effects of experimental factors 
were analyzed at different time points. In the HBI-
002±doxorubicin±cancer studies, 1-way ANOVA with 
Tukey’s post hoc test was performed. No statistical 
methods were used to predetermine the sample size. 
All results are depicted as mean±SEM, and P values 
<0.05 were considered significant.

RESULTS
HBI-002 Administration Increases CO 
Levels in the Blood and Heart
Administration of HBI-002 to mice showed no change 
in body mass or cardiac function after 2 weeks of daily 
dosing at 20 mL/kg, PO (Figure 2A and 2B). HBI-002 
allows for precise dosing at defined intervals, unlike 
iCO, which requires consideration of breathing rate 
and depth of inspiration. Upon a single gavage of HBI-
002 (10 mL/kg), carboxyhemoglobin levels surged from 
≈1% to 4.3±0.4%. To maximize the concentration and 
duration of CO exposure, we administered a second 

Table 1.  Primer Sequences for RT-qPCR mRNA Analysis

Target PCR primer sequence 5′ → 3′ Product size (bp) GenBank accession #

Hmox1 F: CAGAA​GAG​GCT​AAG​ACCGCC 52 NM_010442

R: AGCTC​CTC​AAA​CAG​CTC​AATGT

Nppa F: GATCT​GAT​GGA​TTT​CAA​GAACCTG 65 NM_008725

R: ACCTC​ATC​TTC​TAC​CGG​CATC

Nppb F: TTTGG​GCT​GTA​ACG​CACTGA 113 NM_001287348

R: CACTT​CAA​AGG​TGG​TCC​CAGA

Myh7 F: CCTGC​TGT​TTC​CTT​ACT​TGCT 84 NM_080728

R: CCAGG​CCT​GTA​GAA​GAG​CTGTA

Tnnt F: AGCCC​ACA​TGC​CTG​CTTAAA 115 NM_011619

R: TCTCG​GCT​CTC​CCT​CTGAAC

Gpx4 F: CATTG​GTC​GGC​TGC​GTGAG 80 NM_008162

R: TTAAG​TAA​GCG​GCT​CAG​ACGG

Ptgs2 F: TGAGT​ACC​GCA​AAC​GCTTCT 74 NM_011198

R: CAGCC​ATT​TCC​TTC​TCT​CCTGT

Hprt1 F: CAGTC​CCA​GCG​TCG​TGATT 138 NM_13556

R: GCAAG​TCT​TTC​AGT​CCT​GTCCAT

Actb F: CCTTC​TTG​GGT​ATG​GAA​TCCTGT 86 NM_007393

R: GAGGT​CTT​TAC​GGA​TGT​CAACG

bp indicates base pairs; RT-qPCR, reverse transcription quantitative polymerase chain reaction.
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dose of HBI-002 (10 mL/kg; cumulative dose of 20 mL/
kg), which resulted in higher carboxyhemoglobin levels 
(7.4±1.4%) within 10 minutes postgavage (Figure  2C). 
HBI-002 presented a half-life of ≈30 minutes, similar to 
studies involving iCO.38,39 To test if oral HBI-002 dos-
age also resulted in effective tissue distribution with in-
creased CO concentrations in the heart, perfused heart 
tissue samples were collected 10 minutes after gavage. 
Similar to carboxyhemoglobin levels, the CO concen-
trations, determined by gas chromatography, rose 
from 7.0±0.2 pmol CO/mg to 31.6±4.6 pmol CO/mg 
(Figure 2D). Collectively, these results show that HBI-
002 is a reliable method for oral delivery of CO that re-
sults in rapid diffusion into the blood and cardiac tissue 
with minimal impact on animal body mass and heart EF.

HBI-002 Treatment Prevents Doxorubicin-
Induced Cardiotoxicity in Mice
Exogenous administration of CO or induction of en-
dogenous CO by increased HO-1 activity is potently 

cardioprotective.15,21,24 As an example of the importance 
of HO-1 in the protection of the heart, transgenic expres-
sion of human HO-1 in pigs confers resistance to xenograft 
rejection,40 brain injury,41 doxorubicin cardiotoxicity,27 and 
ischemic heart disease.42 We and others have shown the 
cytoprotective benefits of CO22,43,44,45 and the effect of 
low-dose CO to protect cardiomyocytes from cell death 
and maintaining overall cardiovascular health.16,18,24,46 We 
tested the ability of HBI-002 administration and release 
of CO to upregulate HO-1 expression in the heart and 
observed a nearly 4-fold induction in HO-1 mRNA and 
2-fold increase in HO-1 protein compared with vehicle 
control-treated mice (Figure 2E and 2F).

Common biomarkers used for diagnosing myocar-
dial injury are creatine kinase, lactate dehydrogenase, 
and cTnI.27,47 Administration of doxorubicin to mice rap-
idly and reproducibly increases cardiac injury markers in 
both blood (Figure 3A and 3B) and tissue. Given previous 
reports that iCO can protect against doxorubicin toxic-
ity, we tested whether HBI-002 given before doxorubi-
cin would attenuate the increase of these markers. We 

Figure 2.  HBI-002 delivers CO and shows no adverse effects on body mass or cardiac function.
Body mass (A) and ejection fraction (B) measured by echocardiography in healthy mice after 2 weeks of daily HBI-002 (20 mL/kg per 
day) or vehicle dosing (5–10 mice per group). C, Kinetic of carboxyhemoglobin levels after the first and second doses of HBI-002 
(20 mL/kg per day). Data represent mean±SEM at each time point; *P<0.05, **P<0.01, ***P<0.001; 4 mice per time point. D, Heart 
CO concentrations (pmol/mg) were measured by gas chromatography in samples collected 15 minutes after HBI-002 or vehicle 
administration (8 mice per group). HO-1 mRNA expression (E) and protein expression with representative immunoblots (F) in the heart 
after 2 weeks of daily HBI-002 administrations (4–5 mice per group). Mean±SEM; *P<0.05, **P<0.01, ***P<0.001. CO indicates carbon 
monoxide; COHb, carboxyhemoglobin; HBI-002, oral liquid product containing carbon monoxide; HO-1, heme oxygenase-1; ns; no 
significant difference; and RQ, relative quantification.
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observed that HBI-002 effectively prevents doxorubicin-
induced elevations in creatine kinase and lactate de-
hydrogenase (Figure  3C and 3D), within 1 hour after 
doxorubicin administration and attenuates higher cTnI 
levels after 7 days (Figure 3E). We next evaluated cardiac 
function before and 7 days after acute doxorubicin ad-
ministration, and in agreement with the serum markers, 
HBI-002 attenuated doxorubicin-elicited deterioration in 
cardiac function as shown by a significant decrease in 
fractional shortening and EF when compared with vehi-
cle controls (Figure 3F and 3G). Finally, we evaluated the 
expression of heart stress markers, including β-MyHC, 
a known upregulated gene in conditions such as car-
diac failure or hypertrophy,48,49 and TnnT, a myocardial 
injury biomarker,50 following doxorubicin treatment, both 

in the presence and absence of HBI-002. We found that 
HBI-002 prevented doxorubicin-induced upregulation 
of β-MyHC and TnnT mRNAs, compared with vehicle-
treated controls (Figure 3H). Collectively, the reduction 
in serum and cardiac tissue markers associated with 
HBI-002 administration was coupled with an increased 
survival rate (Figure 3I), showing that HBI-002 given be-
fore a high dose of doxorubicin protects the heart and 
increases survival rate.

HBI-002 Attenuates the Chronic 
Cardiotoxic Effects of Doxorubicin
Motivated by the acute doxorubicin findings, we next 
tested the effects of HBI-002 in a doxorubicin regimen 

Figure 3.  HBI-002 prevents acute doxorubicin toxicity.
Serum creatine kinase (A), and lactate dehydrogenase (B) levels at different time points after acute doxorubicin injection (20 mg/
kg per IP). Data represent mean±SEM. *P<0.05, **P<0.01, ***P<0.001 vs baseline; 3 to 5 mice per time point. HBI-002 attenuated 
doxorubicin-induced increases in serum creatine kinase (C), lactate dehydrogenase (D), and cTnI (cardiac troponin-I) levels (E) 1 hour 
after a single dose of doxorubicin (20 mg/kg, IP) for creatine kinase and lactate dehydrogenase, and 7 days for cTnI. HBI-002 prevented 
doxorubicin-induced cardiac dysfunction after 7 days, evidenced by less fractional shortening (F) and ejection fraction (G). H, HBI-
002 decreased doxorubicin-induced upregulation of the cardiac dysfunction markers β-MyHC and TnnT. I, HBI-002 improved overall 
survival. Data represent mean±SEM; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; 4–7 mice per group. DOX indicates doxorubicin; β-
MyHC, beta-myosin heavy chain; HBI-002, oral liquid product containing carbon monoxide; ns, no significant difference; RQ, relative 
quantification; and TnnT, cardiac troponin T.
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in mice that recapitulates chronic cardiomyopathy ob-
served in patients.35 Treatment with this doxorubicin 
regimen (10 doses at 2 mg/kg, IP) resulted in a decrease 
in EF (29.6%) and fractional shortening (31.9%), as as-
sessed by echocardiography 3 and 9 weeks following 
the initial doxorubicin dosing (Figure 4A and 4B). At the 
conclusion of doxorubicin dosing, doxorubicin-treated 
mice displayed the prototypical cardiac remodeling, 
evidenced by decreases in both interventricular sep-
tum thickness in systole and LV posterior wall thick-
ness at systole, and increases in both LVID systole and 
LV end-systolic volume. In contrast, animals treated 
with daily dosing of HBI-002 (see Figure  1) showed 
significant attenuation in the elevation of the LVID sys-
tole and LV end-systolic volume (Table 2). In addition, 
molecular markers of cardiac dysfunction showed that 
HBI-002 prevented doxorubicin-induced upregulation 
in the expression of the cardiac stress-response mark-
ers, including ANP, BNP, and β-MyHC (Figure 4C).48,49 
Qualitative analysis of histopathologic changes in the 
heart in response to chronic doxorubicin administra-
tion showed that HBI-002 given before doxorubicin 
attenuated doxorubicin-induced cardiomyopathy, as 
reflected in less inflammatory cell infiltration and depo-
sition of fibrotic tissue (Figure 4D). Moreover, consid-
ering the well-characterized effects of doxorubicin 
on mitochondrial dysfunction,3,27,47,51 we found that 
doxorubicin downregulates protein expression of all 
mitochondrial complexes, and HBI-002 prevented this 
decrease (Figure S1).

Effects of HBI-002 on Doxorubicin-
Induced Cardiotoxicity in the Presence of 
a Tumor Burden
Breast and lung tumor incidence represents a signif-
icant proportion of total cancers seen clinically, and 
treatment of these patients continues to depend on 
traditional chemotherapies. Thus, to further assess 
the benefits of HBI-002 in protecting the heart, we 
next evaluated the role of HBI-002 in combination 
with doxorubicin in the context of murine Lewis lung 
carcinoma (LL/2) and 4T1 mammary tumors. Animals 
harboring a tumor burden were exposed to a regimen 
of HBI-002 (20 mL/kg, p.o.) ±doxorubicin (injected 
10 minutes after HBI-002 treatment). Doxorubicin ad-
ministration was highly effective at reducing LL/2 lung 
tumor growth as expected, and importantly, this ef-
fect on tumor growth was not influenced by the ad-
ministration of HBI-002 (Figure 5A and 5B). HBI-002 
decreased doxorubicin-induced increases in ANP, 
BNP, and β-MyHC compared with vehicle controls 
(Figure 5C). In contrast, HBI-002 enhanced the sen-
sitivity of the 4T1 tumor to doxorubicin (Figure 5D and 
5E). This enhanced benefit of CO is similar to our pre-
vious report that showed that iCO sensitized tumors 

to doxorubicin nearly 1000-fold.17,52 Importantly, and 
in agreement with the LL/2+doxorubicin model, HBI-
002 also protected the heart against doxorubicin tox-
icity in the presence of a 4T1 tumor burden, preventing 
β-MyHC upregulation and improving cardiac function 
(Figure 5F and 5G). These results strongly support the 
use of HBI-002 to deliver CO at low doses of CO that 
elicit cardioprotective effects and, in certain cancers, 
simultaneously enhance the chemotherapeutic benefit 
of doxorubicin.

HBI-002 Attenuates the Expression 
of Markers of Doxorubicin-Induced 
Ferroptosis
Although the cytoprotective mechanism of action 
of HBI-002 and CO remains unclear, CO has been 
shown to prevent normal cell death.17,18,24 It has been 
suggested that ferroptosis, a recently discovered form 
of programmed cell death, plays a crucial role in the 
development of anthracycline-induced cardiomyopa-
thy.53 Ferroptosis is driven in large part by the exces-
sive accumulation of prooxidant iron in the cell, which 
leads to lipid peroxidation and protein damage. In re-
sponse to doxorubicin, there is a significant increase 
in HO-1 expression in cardiomyocytes and the heart, 
suggesting that one mechanism by which iron accu-
mulates in the cell is through HO-1-mediated catalysis 
of heme.53 We observed that HBI-002 reduced HO-1 
upregulation in cardiac tissue when compared with 
doxorubicin treatment with vehicle (Figure 6A). We next 
analyzed the expression in the heart of prostaglandin-
endoperoxide synthase 2 (Ptgs2/COX2), a biomarker 
of ferroptosis,54 and glutathione peroxidase 4 (Gpx4), 
an antioxidant enzyme and key regulator of ferropto-
sis,55 after a single doxorubicin injection. We found 
that doxorubicin promoted an increase in the expres-
sion of Ptgs2/COX2 mRNA levels and decreased the 
expression of Gpx4 mRNA (P<0.01). HBI-002 treat-
ment abrogated the doxorubicin-induced increase of 
Ptgs2/COX2 and prevented the Gpx4 downregulation 
(Figure 6B). These results could suggest that HBI-002 
protects against doxorubicin-induced cardiac injury, in 
part by reducing ferroptosis.

DISCUSSION
Although the pharmacologic effects of CO are inves-
tigated with extensive data sets from numerous labo-
ratories and animal models,56 a key issue remaining is 
the most effective, safe, and simple modality by which 
the gas can be delivered for therapeutic purposes.21,57 
Before 2019, there were extensive efforts in developing 
metal-based CO-releasing molecules14,15 and organic 
donors that release CO upon exposure to light.21,57 
Although these CO donors hold promise for patients, 
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they have not yet demonstrated suitability for long-term, 
chronic administration, and their development status 
has not yet advanced to human trials.30,31,58,59 Similarly, 
iCO has met significant challenges related to the con-
sistent ability to dose accurately, reliance on com-
pressed gas cylinders, hospital-only administration, 
and genuine concern of inadvertent exposure by hos-
pital personnel responsible for its administration. Here, 

we present HBI-002, a novel oral liquid product con-
taining CO and generally regarded as safe excipients 
designed to overcome the challenges of dosing and 
safety barriers associated with iCO and small metal gas 
carriers. This study shows that HBI-002 is well toler-
ated in murine cancer models, has sound pharmacoki-
netic/dynamic attributes, and is bioavailable (Figures 2 
and 3). HBI-002 delivers low amounts of CO primarily 

Figure 4.  HBI-002 attenuates chronic cardiotoxicity caused by doxorubicin.
HBI-002 (20 mL/kg, PO daily) before doxorubicin (2 mg/kg, IP) administration prevented a reduction in ejection fraction (A) and fractional 
shortening (B) compared with vehicle controls measured at 3 weeks (after cycle) and 9 weeks (post 6-wks) post initiation of doxorubicin 
treatment (5–12 mice per group). C, HBI-002 prevented the upregulation of cardiac dysfunction markers after 8 weeks of doxorubicin 
initiation (4–7 mice per group). D, Representative images and qualitative analyses of hematoxylin and eosin and Sirius red staining 
of heart sections from vehicle+doxorubicin and HBI-002+doxorubicin-treated mice 8 weeks after doxorubicin initiation (3 mice per 
group, magnification images are ×400, and insets are 400% larger). Hematoxylin and eosin insets show inflammatory cell infiltration 
(arrowhead). Accumulation of Sirius red positive staining indicative of fibrotic tissue (arrow). Cardiac dysfunction markers: ANP (atrial 
natriuretic peptide), BNP (brain natriuretic peptide), β-MyHC (cardiac beta-myosin heavy chain). Data represent mean±SEM; *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001; 4 to 12 mice per group. DOX indicates doxorubicin; HBI-002, oral liquid product containing carbon 
monoxide; ns, no significant difference; RQ, relative quantification; and TnnT, cardiac troponin T.
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through the gastrointestinal tract, resulting in highly re-
producible amounts of CO in the blood and heart. CO 
is a highly diffusible molecule, and the carboxyhemo-
globin levels depicted in Figure 2C resulted from the ab-
sorption in the gastrointestinal tract and binding/release 
from hemoglobin, with elimination exclusively occur-
ring through the lungs. Notably, the observed half-life 
is similar to values reported in the literature for inhaled 
CO.38,39 Rigorous nonclinical pharmacology and toxi-
cology studies with HBI-002 have resulted in the com-
pletion of a Phase I US clinical study (www.​clini​caltr​ials.​
gov, NCT03926819; unpublished results). The benefits 
of HBI-002 have previously been reported in mod-
els of sickle cell anemia and Parkinson’s disease.33,60 
Although CO has been shown to be cardioprotective 
against acute doxorubicin toxicity (single acute dose),15 
we present a novel CO delivery modality that offers sig-
nificant advantages. Most importantly, we show the first 
evidence of the efficacy of CO, through HBI-002, in the 
setting of a chronic doxorubicin protocol and associ-
ated toxicity and the presence of a clinically relevant 
tumor burden. Many other agents have been shown to 
mitigate the toxicity of doxorubicin, but this comes with 
the cost of decreasing effects on tumor burden.13,61

Tissue damage results in the release of danger-
associated molecular pattern molecules, including mi-
tochondrial fragments (DNA, formyl peptides) as well 
as heme. It has been recently reported that hemo-
pexin, the heme-scavenging protein found in serum, 
can reduce doxorubicin cardiotoxicity, thus suggesting 
elevations in circulating heme are responsible for some 
of the damaging effects of doxorubicin.62 It is crucial 
to remove heme to prevent the accumulation of iron 
that can lead to inflammation and free radical–driven 

ferroptosis. Multidose of HBI-002 upregulates HO-1 
expression in the heart and, when administered in 
combination with doxorubicin, attenuates tissue in-
jury, pathologic cardiac remodeling, dysfunction, and 
mortality (Figures  3 and 4). Further, CO delivered by 
HBI-002 prevented a decrease in the mitochon-
drial complex expression in the heart after 8 weeks 
of chronic doxorubicin protocol (Figure  S1), likely re-
lated to the maintenance of mitochondrial and cardiac 
function.27 Although we observed changes in protein 
expression, further investigation is required to fully 
comprehend the impact of HBI-002 on mitochondrial 
dynamics, activity, and function. One unknown conun-
drum is whether the activities of HO-1 prevent or pro-
mote ferroptosis, a distinctive process marked by an 
excessive accumulation of free cellular iron, resulting 
in lipid peroxidation and heightened oxidative stress. 
Data presented here would argue that induction of 
HO-1 by doxorubicin would increase iron as heme is 
metabolized, contributing to the activation of ferropto-
sis. Simultaneously, HBI-002 protects the heart but 
increases HO-1. Our interpretation is that the timing of 
HO-1 induction is critical and that prophylactic induc-
tion leads to controlled iron release and appropriate 
accumulation into ferritin, whereas responsive induc-
tion, as observed with doxorubicin toxicity, either re-
flects overwhelming tissue damage or inappropriate 
timing of HO-1 upregulation and iron accumulation in-
dependent of HO-1 activity. Increasing HO-1 with HBI-
002 before doxorubicin allows for the generation of 
protective molecules such as CO, ferritin, and the anti-
oxidant bile pigments that likely result in the cardiopro-
tection observed in this study.63-65 Whether induction 
of HO-1 and endogenous generation of CO and exog-
enously delivered CO act synergistically to protect the 
heart is unclear and is the focus of ongoing studies. 
Regardless, even with our limited data on mRNA lev-
els, a plausible mechanistic hypothesis regarding the 
CO effects on doxorubicin-induced ferroptosis begins 
to emerge. The CO delivered by HBI-002 treatment 
in conjunction with doxorubicin appears to thwart the 
downregulation of Gpx4 and the upregulation of Ptgs2 
levels within the mouse cardiac tissue (Figure 6B). The 
importance of Gpx4 inactivating, an indispensable 
antioxidant enzyme responsible for countering lipid 
peroxides, is well established and is associated with 
the promotion of ferroptosis.53,66 Furthermore, Ptgs2 
is frequently regarded as an indicative marker down-
stream of ferroptosis.67 These collective observations 
suggest that HBI-002 may have the potential to miti-
gate doxorubicin-induced ferroptosis.

Very few, if any, existing therapeutics have the pleth-
ora of protective effects seen with HBI-002-delivered 
CO in limiting cardiotoxicity while simultaneously en-
hancing the anticancer effects of doxorubicin. It is of 
utmost importance to develop novel strategies that 

Table 2.  Cardiac Structure Parameters 8 Weeks After 
Initiation of Doxorubicin and HBI-002 Therapy

Vehicle Vehicle+doxorubicin
HBI-
002+doxorubicin

IVSs, mm 1.37±0.04 1.06±0.06† 1.00±0.15†

IVSd, mm 0.88±0.04 0.78±0.05 0.70±0.10

LVIDs, mm 2.19±0.15 2.73±0.11* 1.95±0.15§

LVIDd, mm 3.54±0.25 3.50±0.11 3.10±0.15

LVPWs, mm 1.35±0.05 0.93±0.07‡ 0.88±0.11†

LVPWd, mm 0.95±0.07 0.73±0.05 0.69±0.09

LV Vol s, μL 17.01±2.6 28.36±2.80* 12.33±2.4§

LV Vol d, μL 48.23±7.0 51.34±4.1 42.18±2.0

Data represent mean±SEM. HBI-002 indicates oral liquid product 
containing carbon monoxide; IVSs and IVSd, interventricular septum 
thickness at systole and diastole, respectively; LV, left ventricle; LVIDs and 
LVIDd, LV inner dimensions at systole and diastole; LVPWs and LVPWd, 
posterior wall thickness at systole and diastole; LV Vol s and LV Vol d, left 
ventricular end-systolic and end-diastolic volume.

*P<0.05 vs vehicle.
†P<0.01 vs vehicle.
‡P<0.001 vs vehicle.
§P<0.01 vs vehicle+doxorubicin. n=5–8 mice/group.
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not only safeguard the heart during cancer therapy but 
also maintain a neutral impact or, ideally, enhance the 
antitumor efficacy of the treatment. HBI-002 not only 
preserves the efficacy of doxorubicin in lung and mam-
mary cancer models but also augments the sensitivity 
of cancer cells to doxorubicin in the 4T1 breast cancer 
model (Figure 5). Although we did not detect a signifi-
cant impact of HBI-002 on the lung cancer model, pos-
sibly attributed to its rapid tumor growth compared with 
the mammary orthotopic model, the effects of HBI-002 
on the mammary tumor model align with our previous 
findings, indicating that exposure to CO enhances the 
sensitivity of prostate cancer cells to doxorubicin, with-
out affecting normal cells.17 Notably, HBI-002 enhanced 
doxorubicin antitumor effects while protecting the heart, 

evident from preserved EF and reduced β-MyHC ex-
pression, a factor known to be upregulated in conditions 
such as cardiac failure or hypertrophy48,49 (Figure 5). As 
such, the enhanced effects of the HBI-002 plus doxoru-
bicin regimen on reduction in tumor size would argue for 
potentially instituting a chemosparing therapy and thus 
further reducing the adverse side effects of doxorubicin 
and potentially other chemotherapeutics.

CONCLUSIONS
In summary, we show that CO administered orally 
via HBI-002 is bioavailable at low levels of carboxy-
hemoglobin and has similar cardioprotective ef-
fects in mice as reported with iCO and CO-releasing 

Figure 5.  Effects of HBI-002 on doxorubicin toxicity in the presence of a tumor burden.
Measurements of LL/2 lung tumor volume (A) and mass (B) ±HBI-002 (20 mL/kg, PO) and ±doxorubicin. Tumor growth was reduced 
by doxorubicin, which was not affected by the presence of HBI-002. Results are mean±SEM of 8 to 13 mice per group. **P<0.01 vs 
LL/2+doxorubicin±HBI-002 group. C, HBI-002 attenuates doxorubicin-induced cardiac dysfunction markers in LL/2 tumor-bearing 
mice compared with vehicle-treated mice (3–9 mice per group). Measurements of 4T1 breast cancer tumor volume (D) and mass 
(E) ±HBI-002 and ±doxorubicin, as previously. Data represent mean±SEM. *P<0.05, **P<0.01 vs 4T1 group. E, HBI-002 enhanced 
the antitumor effects of doxorubicin compared with vehicle control (4 mice per group). HBI-002 preserves ejection fraction (F) and 
prevents β-MyHC (cardiac beta-myosin heavy chain) upregulation (G) in response to doxorubicin therapy. Cardiac dysfunction 
markers: ANP (atrial natriuretic peptide), BNP (brain natriuretic peptide), β-MyHC (4 mice per group). All values are presented as 
mean±SEM; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. DOX indicates doxorubicin; HBI-002, oral liquid product containing carbon 
monoxide; LL/2, Lewis lung carcinoma; ns, no significant difference; and RQ, relative quantification.
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molecules.15,24,27,65,68 Importantly, CO is cardioprotec-
tive while inhibiting tumor growth in the same animal. 
We speculate that CO may have pleiotropic effects on 
cellular mitochondria69,70 and likely regulates a heme-
TLR4 (t oll-like receptor 4) signaling axis in a manner 
that reduces injury and inflammation.71,72 These data 
provide the first evidence showing the potential for 
safe, low amounts of CO delivered via an oral liquid 
drug product containing CO that can be used as an 
adjuvant therapeutic option to limit acute and chronic 
cardiomyopathy in patients with cancer under anthra-
cycline therapy. Given that HBI-002 has completed a 
phase I trial, it could be available in the short term for 
further study in controlled delivery amounts, thus al-
lowing for clinical research in patients with cancer at 
risk for developing chemo-induced cardiac injury.
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