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kg~ week~1 for 6 weeks does not lead to cardiac functional decline or changes
in cardiac carbohydrate metabolism, assessed with hyperpolarized [1-'3Clpyruvate
magnetic resonance spectroscopy (MRS). We now set out to assess whether there
are any signs of liver damage or altered liver metabolism using this subclinical model.
We found no increase in plasma alanine aminotransferase (ALT) activity, a measure
of liver damage, following DOX treatment in rats at any time point. We also saw no
changes in liver carbohydrate metabolism, using hyperpolarized [1-'3C]pyruvate MRS.
However, using metabolomic analysis of liver metabolite extracts at the final time point,
we found an increase in most acyl-carnitine species as well as increases in high energy
phosphates, citrate and markers of oxidative stress. This may indicate early signs of
steatohepatitis, with increased and decompensated fatty acid uptake and oxidation,
leading to oxidative stress.

Keywords: hyperpolarized 13C, metabolomics, liver, doxorubicin, chemotherapy, toxicity, MRI

INTRODUCTION

Doxorubicin (DOX) is a widely used chemotherapeutic agent for both solid and haematological
malignancies. DOX’s cardiotoxic side-effects are well known (Moslehi, 2016) and limit the use of
DOX despite its excellent anti-cancer action. The mechanism(s) for this toxicity are still poorly
understood, although mitochondrial dysfunction has been implicated as a key contributor to
cardiac functional decline (Tokarska-Schlattner et al., 2006). Hyperpolarized magnetic resonance
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imaging (MRI) and MR spectroscopy (MRS) can assess cardiac
metabolic fluxes in vivo both in pre-clinical models and in
patients (Timm et al.,, 2018). We have previously shown in a
rat model of DOX-cardiotoxicity, that high dose DOX (3 mg
kg~! for 5 weeks) leads to cardiac systolic dysfunction, which
is preceded by a decrease in cardiac carbohydrate metabolism,
assessed by hyperpolarized [1-'*C]pyruvate MRS. However,
using a low dose of DOX (2 mg kg~! for 6 weeks) we
showed that there are no changes in cardiac carbohydrate
metabolism and only mild cardiac systolic impairment, which
were compensated by increased heart rate and thus led to normal
cardiac index, a body-weighed adjusted measure of cardiac
output (Timm et al., 2020).

However, cardiotoxicity is not the only side-effect of DOX, and
hepatotoxicity associated with DOX-treatment in cancer-patients
has also been known for decades (Aviles et al., 1984). DOX
is metabolised in the liver by cytochrome P450 and carbonyl
reductases (Kassner et al., 2008; Bains et al., 2010). The molecular
mechanisms of DOX-induced hepatotoxicity are thought to be
due to oxidative stress through reactive oxygen species (ROS)
production, which occurs during DOX metabolism in the liver
and which leads to inflammation and mitochondrial dysfunction
(Prasanna et al, 2020). This eventually causes hepatocyte
death and leakage of hepatic enzymes into the circulation.
Therefore, DOX-induced hepatotoxicity has previously been
assessed by liver serum biomarkers such as serum glutamic
oxaloacetic transaminase (GOT) and serum glutamic pyruvic
transaminase (GPT) in patients (Damodar et al., 2014) or
alanine aminotransferase (ALT) in mice (Nagai et al., 2015).
The aspartate aminotransferase (AST):ALT ratio is used in
patients as part of the liver function test, and this should be
<1 in healthy individuals. Nevertheless, these serum biomarkers
indicate cellular damage, and thus a late stage in hepatotoxicity.
Since mitochondrial dysfunction is thought to precede those
changes, measurements of hepatocyte metabolism may offer an
earlier indication of hepatotoxicity or give more assurance that a
given dose of DOX is not causing mild liver toxicity.

Doxorubicin has been shown to increase adipose tissue
lipolysis and decrease hepatic fatty acid metabolism, thereby
inducing hepatosteatitis (Renu et al., 2019), which may lead to
oxidative stress and cellular damage. Hyperpolarized magnetic
resonance imaging (MRI) and spectroscopy (MRS) can be used
to assess hepatic carbohydrate metabolism (Merritt et al., 2011),
however, there are currently no markers of long chain fatty
acid metabolism available for hyperpolarized '*C MRS. We
therefore set out to assess if the serum biomarker ALT and
hyperpolarized MRS of the in vivo liver can shed light on
late and early hepatotoxic effects of DOX, respectively, in our
low-dose rat model. We furthermore performed metabolomic
analysis of liver tissue to assess both aqueous metabolites and
acyl-carnitines, to complement carbohydrate metabolism MRS
data with measurements of fatty acyl-CoAs to assess also lipid
metabolism. This allowed us to measure not only in vivo
real-time carbohydrate metabolism in the rat liver, but also
generate a comprehensive list of metabolite changes, including
fatty acyl-carnitines, thereby assessing early changes in fatty
acid metabolism.

METHODS
Animal Work

All animal experiments conformed to Home Office Guidance on
the Operation of the Animals (Scientific Procedures) Act, 1986
and were approved by local and national ethical review. Age and
weight-matched male Wistar rats (~8 weeks, ~250 g starting
weight) were divided into two groups and treated weekly for
6 weeks with iv injections of either sterile saline (n = 12) or
2 mg kg~! doxorubicin (Apollo Scientific) dissolved in sterile
saline (DOX, n = 12). The volumes of both saline and DOX were
matched. Rats were weighed twice weekly during the study. At
weeks 1, 3, and 6 and at least 48 h after the preceding injection rats
were anaesthetized with 2% isoflurane in oxygen (2 L/min) and
underwent echocardiography and saphenous blood sampling.
At these timepoints and during the same anaesthesia rats also
underwent hyperpolarized [1-'*C]pyruvate MRS. At the end of
the week 6 scans rats were terminally anaesthetised (increase of
isoflurane to 5%) and livers rapidly excised and freeze-clamped
with liquid nitrogen-cooled Wollenberger tongs.

Echocardiography

Transthoracic echocardiography was performed using a Vivid
I echocardiography system (GE Healthcare) with an 11.5 MHz
phased array 10S-RS paediatric probe. Left ventricular (LV)
diameters were obtained from a short-axis view in M-mode at the
level of the papillary muscles in diastole (LVd) and systole (LVs).
LV ejection fraction (EF) was calculated as (LVd-LVs)/LVd x 100
[%] and fractional shortening was calculated as (LVd-LVs) x 100
[%]. 2D-guided pulsed-wave Doppler recordings of LV inflow
were then obtained from the apical 4-chamber view to measure
the ratio of the early diastolic velocity of mitral inflow (E) to the
early diastolic velocity of mitral annular motion (E’), a preload
independent reflection of left ventricular filling pressure.

Aminotransferase Assay

Presence of alanine aminotransferase (ALT) indicative of hepatic
damage was assayed in rat plasma from weeks 1, 3, and 6
using an ABX Pentra 400 clinical chemistry analyzer (Horiba
ABX Diagnostics).

Hyperpolarized Magnetic Resonance

Spectroscopy

Real-time metabolic flux measurements in the liver were assessed
with hyperpolarized [1-'*C]pyruvate MRS, performed on a
7 T preclinical MRI system (Varian) as previously described
(Timm et al., 2020). The [1-3C]pyruvate was polarised on an
alpha prototype hyperpolarizer (Oxford Instruments) at 1.4 K
for 35 min, until the build-up reached the plateau phase.
Polarisation levels were not measured prior to injection. After
dissolution, 1 mL of 80 mM [1-!3C]pyruvate was manually
injected into the tail vain over 10 s, ensuring a constant
rate of injection as far as permissible by manual injection.
A slice-selective MR spectrum (10 mm slab) was acquired
from the liver region (180 acquisitions, 1 s TR, 15° Gaussian
excitation pulse, 8 kHz bandwidth) using a 72 mm dual-tuned
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(*H/3C) birdcage volume transmit coil and a two-channel !3C
surface receive coil (Rapid Biomedical). Multi-coil data were
reconstructed via the whitened singular value decomposition
method (Rodgers and Robson, 2010). The first 30 s of spectra
following the appearance of the pyruvate peak were summed
and quantified using AMARES/JMRUI as previously described
(Vanhamme et al., 1997).

Metabolomics

Metabolites were extracted from 50 mg samples of the freeze-
clamped liver with 2:1 chloroform:methanol using metal-
bead containing tubes and a Precellys tissue homogenizer
(Bertin Instruments, Montigny-le-Bretonneux, France). Water
was added to the extracts (20% v/v) and samples centrifuged
to separate aqueous and lipid fractions. Metabolomic analysis
of aqueous metabolites and acyl-carnitines was performed with
liquid chromatography tandem mass spectrometry (LC-MS/MS)
as previously described (Wang et al., 2015).

Statistics

Echocardiography, hyperpolarized MRS and ALT data were
analysed using a 2-way ANOVA with Tukey’s HSD correction
for multiple comparisons. Metabolomic data were analysed
using Student’s ¢-test (for each individual metabolite). Statistical
significance was considered at p < 0.05.

RESULTS

Low-Dose Doxorubicin Does Not Cause
Liver Damage or Affect Cardiac Function
in Rats

Age and weight-matched male Wistar rats were treated for 6
consecutive weeks iv with either sterile saline (n = 12) or 2 mg
kg~! DOX (Figure 1A). At weeks 1, 3, and 6 there was no sign
of liver damage, assessed by plasma ALT activity (Figure 1B).
Rats also underwent echocardiography at weeks 1, 3, and 6, and
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FIGURE 1 | Low-dose doxorubicin does not cause liver damage or affect cardiac function in rats. (A) Study outline. Rats were treated weekly iv for 6 weeks with
either sterile saline (n = 12) or 2 mg kg™ doxorubicin (n = 12). Two to four days after the first, third and last injection rats underwent echocardiography and
saphenous blood sampling. At the 6 weeks timepoint rats also underwent hyperpolarized [1 -18C]pyruvate MRS, after which rats were terminally anaesthetised and
livers collected and freeze-clamped with liquid nitrogen-cooled Wollenberger tongs. (B) Plasma alanine aminotransferase (ALT) concentration. Echocardiography
data displaying as systolic parameters: (C) cardiac left ventricular ejection fraction, (D) fractional shortening; and as diastolic parameters E/E’ of (E) septum and (F)
wall side of the left ventricle. Data are shown as mean =+ standard deviation.

Frontiers in Physiology | www.frontiersin.org

3 January 2022 | Volume 12 | Article 782745


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Timm et al.

Hepatic Metabolic Effects of Doxorubicin

this showed no significant changes in either systolic or diastolic
function at any timepoint (Figures 1C-F).

Low Dose Doxorubicin Does Not Affect

Hepatic Carbohydrate Metabolism

All rats underwent hyperpolarized [1-13C]pyruvate MRS at weeks
1, 3, and 6. A 10 mm slab over the liver revealed resonances
of [1—13C]pyruvate, as well as downstream metabolites [1-
13C]lactate, [1-13C]bicarbonate and [1-!*C]alanine (Figure 2A).
The [1-3C]lactate signal was derived from 3C label-
exchange between the endogenous lactate pool and injected
hyperpolarized [1-'3C]pyruvate through lactate dehydrogenase
(LDH; Kettunen et al., 2010), [1-3C]bicarbonate was derived
from oxidative decarboxylation of [1-!*C]pyruvate through
pyruvate dehydrogenase (PDH) (Schroeder et al, 2008) and
[1-13CJalanine was derived through ALT activity from [1-
BC]pyruvate. There were no changes in the metabolite to
pyruvate ratio of either [1-!3C]lactate or [1-'3*C]bicarbonate
at any time point (Figures 2B-C). The average values and
standard deviations for metabolite ratios at each timepoint were
as follows: The lactate:pyruvate ratios for saline control and DOX
were 0.82 £ 0.24 and 1.00 = 0.29 at week 1; 0.91 £ 0.37 and
0.82 £ 0.24 at week 3, 0.73 = 0.25 and 1.00 £ 0.30 at week 6,

respectively. The bicarbonate:pyruvate ratios for saline control
and DOX were 0.06 & 0.3 and 0.06 & 0.01 at week 1, 0.07 & 0.02
and 0.07 £ 0.04 at week 3, 0.05 £ 0.3 and 0.06 £ 0.03 at week
6, respectively. At the week 1 timepoint there was a significant
increase in [1-'3C]Jalanine labelling in the DOX group (saline
control 0.52 & 0.13, DOX 0.74 + 0.22), however, this was not
seen at the other timepoints (week 3: saline control 0.70 &£ 0.33,
DOX 0.66 + 0.23; week 6 saline control 0.54 + 0.25, DOX
0.84 4 0.31) (Figure 2D).

Low Dose Doxorubicin Leads to
Changes in Hepatic Metabolites and

Increased Acyl-Carnitines

After the hyperpolarized MRS scans at week 6, rats were
sacrificed and livers excised for metabolomic analysis.
Supplementary Table 1 shows average values and standard
deviations of all quantified aqueous metabolites in both the saline
and DOX groups, and p-values are given for group comparisons
(Student’s t-test). A total of 15 metabolites were increased
in the DOX-treated liver [6-phosphogluconate, ADP, ATP,
betaine, cAMP, CDP, citrate, creatine, GDP, oxidised glutathione
(GSSG), GTP, ornithine, serine, UDP, and UDP-glucose],
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FIGURE 2 | Hyperpolarized [1-18]pyruvate does not reveal alterations in hepatic carbohydrate metabolism after low-dose doxorubicin treatment. (A) All 24 rats
received an injection of hyperpolarized [1-'3]pyruvate at weeks 1, 3, and 6 for magnetic resonance spectroscopy of downstream metabolites. Example spectrum of
30 s of spectral data, starting from the first appearance of pyruvate, in a 10 mm slab covering the liver. The resonance between pyruvate and bicarbonate is a '3C
urea phantom and the resonance between lactate and alanine is pyruvate hydrate, a break-down (non-metabolic) product of pyruvate. (B) Lactate:pyruvate ratio, (C)
bicarbonate:pyruvate ratio and (D) alanine:pyruvate ratio. Data are shown as mean =+ standard deviation. Statistical comparison was performed by 2-way ANOVA,
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FIGURE 3 | Low dose doxorubicin leads to changes in some hepatic metabolites. Aqueous metabolites in rat liver extracts. Data are shown as fold-change
concentration compared to saline group (average concentration set to 1). Error bars indicate standard error of the mean. Group averages and standard deviations
are given in Supplementary Table 1. Statistical comparison of individual metabolites was performed using student’s t-test. *o < 0.05, $p < 0.01.

while only three were decreased with DOX (asymmetric
dimethylarginine, cytidine monophosphate and methionine)
(Figure 3). Supplementary Table 2 shows average values and
standard deviations of all quantified acyl-carnitine species in
both the saline and DOX groups, and p-values are given for
group comparisons (Student’s ¢-test). There was an increase in
free carnitine and acetyl-carnitine in the DOX group (Figure 4),
as well as increases in most short chain (C3-C10), medium chain
(C10-C15) and long chain (>C15) acyl-carnitines. None of the
acyl-carnitine species were decreased upon DOX-treatment.

DISCUSSION

The main limitation of DOX is its severe cardiotoxicity. We
have previously shown in a clinically-relevant rat model of DOX-
cardiotoxicity, that hyperpolarized [1-!3C]pyruvate MRS serves
as an early detection tool for this toxicity (Timm et al., 2020),
and that a low-dose of DOX does not lead to changes in cardiac
carbohydrate metabolism. However, cardiotoxicity is not the
only side-effect of DOX, with hepatotoxicity also being a major
concern (Damodar et al., 2014). We therefore set out to assess
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Supplementary Table 2. Statistical comparison of individual metabolites was performed using student’s t-test. *o < 0.05, $p < 0.01.

liver metabolism in a low-dose DOX model to establish whether
we would be able to observe any changes in hepatic metabolism
at a dose that shows no cardiac dysfunction in rats. We found
that at 2 mg kg~ ! for 6 weeks, there was no significant decrease
in cardiac function and that there was no indication of overt liver
damage, assessed by plasma ALT activity. We could not detect
an effect of low dose DOX on hepatic carbohydrate metabolism,
using hyperpolarized [1-13C]pyruvate MRS, with the exception
of an increased alanine:pyruvate ratio at week 1. However, power
calculations determined that 15 rats would be required in each
group to determine a difference in alanine:pyruvate ratio at
6 weeks with a power of 80% and a-error of 0.05. A larger cohort
of animals may thus allow for small differences in hepatic alanine
labelling from hyperpolarized [1-1*C]pyruvate to be detected.
Nevertheless, as MRS data show great variability, this unlikely to
be a viable tool to assess early toxic effects of doxorubicin on the
liver in patients.

Our metabolomic data revealed an increase in 6-
phosphogluconate (6PG), an intermediate in the Pentose
Phosphate Pathway (PPP), and an increase in oxidised
glutathione (GSSG). Glutathione is a major intracellular
antioxidant (Ballatori et al., 2009), and PPP-derived NADPH
keeps the glutathione pool in its reduced (GSH) form (Couto
et al, 2016). DOX-induced hepatotoxicity is thought to
involve ROS production (Prasanna et al, 2020), and GSH
can ‘scavenge those ROS by reducing them with glutathione
peroxidase, while being itself oxidised to the GSSG disulfide
(Couto et al,, 2016). An increase in 6PG may thus represent
an attempt to counteract oxidation of GSH to GSSG by ROS,
and thus reflect early signs of toxic damage on the liver. In fact,
supplementation of cystathionine as a glutathione precursor has
previously been shown to alleviate DOX-induced hepatotoxicity
(Kwiecien et al., 2006).

We furthermore found an increase in hepatic creatine and
a decrease in methionine. Creatine is synthesised in the kidney
and liver, but the last step, methylation of guanidinoacetate acid,
which requires methionine, is mostly performed in the liver
(Da Silva et al., 2009). An increase in creatine and a decrease
in methionine may therefore reflect increased hepatic creatine
synthesis. Livers from DOX-treated rats also had increased
ornithine concentrations, which is part of the hepatic urea cycle
(nitrogen excretion). Rats on DOX-treatment lose weight over
time (Timm et al., 2020), and an increase in hepatic urea cycle
may reflect enhanced protein breakdown and nitrogen excretion.

Surprisingly, we found an increase in high energy phosphates
in livers from DOX-treated rats (ADP, ATP, GDP, GTP, UDP), as
well as an increase in citrate. This may reflect an increase in TCA-
cycle activity. Since we saw no changes in PDH flux in these rats
using hyperpolarized MRS, suggesting no change in carbohydrate
oxidation, which may reflect an increased proportion of fatty acid
oxidation contributing to ATP synthesis. Interestingly, we also
found that most acyl-carnitine species were increased in the liver.
Fatty acids enter the mitochondria for oxidation in the form of
acyl-carnitine esters (Longo et al., 2016), and an increase in these
acyl-carnitines may explain higher liver energetics and citrate
levels. However, elevation of plasma acyl-carnitines (especially
long-chain) are also associated with non-alcoholic fatty liver
disease (NAFLD) in patients (Enooku et al., 2019), and an
increase of long-chain acyl-carnitines in liver tissue is associated
with non-alcoholic steatohepatitis (NASH; Pérez-Carreras et al.,
2003). An increase in acyl-carnitines in livers of DOX treated
rats may therefore also reflect early signs of steatohepatitis. We
furthermore found increased concentrations of aceto-acetyl-CoA
(AcAcCoA), a metabolite in ketone body synthesis. Ketone bodies
are made in the liver when there is excess oxidation of fatty
acids, and an increase in AcAcCoA may thus support the notion
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that increased levels of acyl-carnitines are maladaptive in DOX-
treated rats, signalling early signs of fatty liver disease.

Overall, we have shown that a low dose of DOX that shows
no cardiac side effects in rats appears to also not cause overt
liver cellular damage or changes in carbohydrate metabolism that
could be observed with hyperpolarized [1-!*C]pyruvate MRS.
However, we found that low-dose of DOX leads to an increase in
antioxidant-defence mechanisms in the liver, reflecting potential
early oxidative damage. We also found an increase in most
hepatic acyl-carnitine species with DOX-treatment, which may
reflect increased adipose lipolysis and hepatic fatty acid uptake.
Since we also saw a high energy state and increased citrate
concentrations in those livers, this suggests that fatty acid
oxidation may be enhanced in the liver upon DOX treatment.
This may be compensatory, but since DOX treatment can lead to
steatohepatitis, increased hepatic acyl-carnitine species may serve
as an early sign of excess lipid accumulation in the liver.
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