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Cysteamine Decreases Low-Density
_ipoprotein Oxidation, Causes Regression
of Atherosclerosis, and Improves Liver and
Muscle Function in Low-Density Lipoprotein
Receptor—Deficient Mice

Feroz Ahmad "=, PhD; Robert D. Mitchell, PhD; Tom Houben "=, PhD; Angela Palo ', MSc;
Tulasi Yadati “*/, MSc; Andrew J. Parnell "/, BSc; Ketan Patel, PhD; Ronit Shiri-Sverdlov, PhD;
David S. Leake "=, PhD

BACKGROUND: We have shown previously that low-density lipoprotein (LDL) can be oxidized in the lysosomes of macrophages,
that this oxidation can be inhibited by cysteamine, an antioxidant that accumulates in lysosomes, and that this drug decreases
atherosclerosis in LDL receptor—deficient mice fed a high-fat diet. We have now performed a regression study with cysteam-
ine, which is of more relevance to the treatment of human disease.

METHODS AND RESULTS: LDL receptor—deficient mice were fed a high-fat diet to induce atherosclerotic lesions. They were then
reared on chow diet and drinking water containing cysteamine or plain drinking water. Aortic atherosclerosis was assessed,
and samples of liver and skeletal muscle were analyzed. There was no regression of atherosclerosis in the control mice, but
cysteamine caused regression of between 32% and 56% compared with the control group, depending on the site of the
lesions. Cysteamine substantially increased markers of lesion stability, decreased ceroid, and greatly decreased oxidized
phospholipids in the lesions. The liver lipid levels and expression of cluster of differentiation 68, acetyl-coenzyme A acetyl-
transferase 2, cytochromes P450 (CYP)27, and proinflammatory cytokines and chemokines were decreased by cysteamine.
Skeletal muscle function and oxidative fibers were increased by cysteamine. There were no changes in the plasma total
cholesterol, LDL cholesterol, high-density lipoprotein cholesterol, or triacylglycerol concentrations attributable to cysteamine.

CONCLUSIONS: Inhibiting the lysosomal oxidation of LDL in atherosclerotic lesions by antioxidants targeted at lysosomes
causes the regression of atherosclerosis and improves liver and muscle characteristics in mice and might be a promising
novel therapy for atherosclerosis in patients.
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ardiovascular disease is the leading cause of
death in the world. Atherosclerosis is the un-
derlying cause of most cardiovascular diseases,
including coronary artery disease thrombotic strokes
and peripheral arterial disease. Atherosclerotic lesions
are sites of lipid deposition and chronic inflammation.

Inflammation participates in atherosclerosis during initi-
ation and throughout all stages of lesion development.
Atherogenesisinvolves accumulation of plasma-derived
lipoproteins and inflammatory cells (monocyte-derived
macrophages, T lymphocytes, and mast cells) into the
subintimal space following endothelial activation. Lipids
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CLINICAL PERSPECTIVE

What Is New?

e The large clinical trials of antioxidants to treat
cardiovascular disease have been disappoint-
ing; we have shown previously that low-density
lipoprotein can be oxidized in the lysosomes of
macrophages and that this can be inhibited by
cysteamine, an antioxidant that accumulates in
lysosomes.

e (Cysteamine reduces atherosclerotic lesion
formation in low-density lipoprotein receptor—
deficient mice fed a high-fat diet.

e We now show that cysteamine causes the re-
gression of existing atherosclerotic lesions in
low-density lipoprotein receptor—deficient mice
by 32% to 56% and substantially increases
markers of stability in the lesions, and it also de-
creases lipid levels and inflammatory cytokines
in liver and improves skeletal muscle function.

What Are the Clinical Implications?

e Treatments for patients with atherosclerosis
would ideally cause their existing lesions to re-
gress and become more stable.

e (Cysteamine has these effects in mice and has
beneficial effects on nonalcoholic steatohepati-
tis and skeletal muscle.

e Antioxidants, such as cysteamine, that accu-
mulate in lysosomes and inhibit low-density li-
poprotein oxidation in these organelles should
be tested in clinical trials of cardiovascular dis-
ease and nonalcoholic steatohepatitis.

Nonstandard Abbreviations and Acronyms

NASH nonalcoholic steatohepatitis
TA tibialis anterior

from retained apolipoprotein B—containing lipoproteins
are taken up by activated macrophages by phagocy-
tosis, pinocytosis, and through receptors (eg, cluster of
differentiation [CD] 36 or LDL receptor-related protein
[LRP]), transforming them into macrophage-derived
foam cells.? The death of foam cells eventually leads to
a lipid-rich necrotic core under a collagen-rich fibrous
cap, which stabilizes the plaque and prevents access
of the bloodstream to its thrombogenic core. The ad-
vanced lesions are vulnerable to rupture, leading to
thrombosis, which can occlude the arteries supplying
the heart, causing a myocardial infarction, or the brain,
causing a thrombotic stroke. The likelihood of plaque
rupture depends on a complex balance between the
composition (stability) of the plague and the presence
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of external stimuli, such as inflammation, mechanical
or shear stresses, and hyperglycemic episodes.

Cells involved in the atherosclerotic process secrete
and are activated by proinflammatory cytokines, such
as tumor necrosis factor (TNF)-a, interleukin-1f3, inter-
leukin-6, and chemokine ligand 2 (CCL2) (monocyte
chemoattractant protein-1 [MCP-1]). Interleukin-1(3 and
TNF-a can regulate the expression of adhesion mole-
cules involved in early and late leukocyte recruitment.®
The Canakinumab Anti-Inflammatory Thrombosis
Outcomes Study (CANTOS) trial recently showed
that limiting the bioavailability of interleukin-13 using a
monoclonal antibody reduced clinical cardiovascular
events by 15% in a trial of >10 000 patients who had
recently experienced a heart attack and had high CRP
(C-reactive protein) levels.*

Dietary cholesterol is also a trigger of hepatic inflam-
mation and might be involved in the evolution of the
inflammatory process during atherosclerosis.® The in-
flammatory processes related to the uptake of lipopro-
teins or modified lipoproteins® occur in both arteries and
liver; and the production of inflammatory cytokines by
macrophages in atherosclerotic lesions and by Kupffer
cells, the resident macrophages of the liver, contributes
to atherosclerosis and nonalcoholic steatohepatitis
(NASH).” The activation of Kupffer cells increases the
release of lipid peroxidation products and cytokines,
which generate oxidative stress.” Recent investigations
have indicated that lysosomal cholesterol accumulation
in Kupffer cells contributes to the inflammatory response
during NASH.8 The presence of inflammation in a fatty
liver is the key feature of NASH and precedes further
disease progression. As macrophages play a pivotal
role in both atherosclerosis and NASH, it has been sug-
gested that pharmacological intervention should involve
targeting macrophage activation directly.®

The generation of proinflammatory molecules has
paracrine actions and affects nonvascular tissues at
numerous sites around the body, including skeletal
muscle. The impact of atherosclerosis on skeletal mus-
cle and vice versa has been extensively studied.’® A
large body of evidence has not only shown that skeletal
muscle function can modify progression of atheroscle-
rosis''? but also that atherosclerosis has a negative
impact on both the structure and function of skeletal
muscle.’® Indeed, epidemiological studies have shown
that attenuation of muscle mass and function is as-
sociated with subclinical atherosclerosis.'* Therefore,
atherosclerosis treatment should bring about improve-
ments not only to the primary site of the lesions but
also to indirectly affected parts of the body, including
the liver and skeletal muscle.

Multiple studies suggest that the presence of lyso-
somal cholesterol accumulation in macrophages, and
not the total amount of intracellular lipids, is critical
for the observed inflammatory response.’®'® We have
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shown that lysosomes in macrophages are a site of
low-density lipoprotein (LDL) oxidation.'” Seven days
after taking up mechanically aggregated (vortexed) LDL
or sphingomyelinase aggregated LDL, mouse J774
or human THP-1 macrophage-like cells and human
monocyte-derived macrophages generated ceroid in
their lysosomes.'”~"® Ceroid (lipofuscin) is a polymer-
ized product of lipid oxidation found within foam cells
in atherosclerotic lesions.?%?' The lysosomal oxidation
of LDL is catalyzed by oxidation-reduction active iron
present in the lysosomes of macrophages through the
generation of hydroperoxyl radicals at the lysosomal
pH of 4.5.18:2223 This oxidation is inhibited by cysteam-
ine (2-aminoethanethiol),’® an antioxidant that accumu-
lates in lysosomes.?* Cysteamine is used in patients
for the lysosomal storage disease cystinosis, caused
by the absence of the lysosomal cystine transporter
cystinosin.?® Recently, we have shown that cysteamine
reduces atherogenic conditions caused by lysosomal
LDL oxidation, such as lysosomal dysfunction, cellular
senescence, and secretion of various proinflammatory
cytokines, such as interleukin-13, TNF-a, and inter-
leukin-6, and chemokines, such as CCL2, in human
macrophages.'?

Preventing the progression of atherosclerosis or in-
ducing regression of atherosclerotic plaques is central
to strategies aimed at improving cardiovascular prog-
nosis.?®2” We have recently shown that cysteamine
decreases the development of atherosclerosis in LDL
receptor—deficient mice fed a high cholesterol diet after
8 weeks!'? at a dose equivalent to that given to patients
with cystinosis.?® However, treatments for atheroscle-
rosis are given to patients who already have the dis-
ease, and we have therefore performed a regression
study of cysteamine on existing atherosclerotic lesions
in mice and assessed its effects on hepatic inflamma-
tion and skeletal muscle function.

METHODS

The data that support the findings of this study are
available from the corresponding author on reason-
able request.

Chemicals and Reagents

Chemicals and reagents were purchased from
Sigma-Aldrich  (Dorset, UK) or Fisher Scientific
Ltd (Loughborough, UK), unless otherwise stated.
Solutions were prepared using ultrapure water gener-
ated from a Barnstead Nanopure system.

Animals and Diets

All procedures complied with the Animals (Scientific
Procedures) Act 1986 and were approved by the
Research Ethics Committee of the University of
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Reading. Nine-week-old female LDL receptor-deficient
mice (Charles River, Margate, UK) were fed with nor-
mal laboratory chow for a week. Sixty animals were
divided into 3 groups and fed cholate-free high-fat diet
(Diet W; SDS, Horley, Surrey, UK) containing cocoa
butter (15%, w/w) and cholesterol (0.25%, w/w) for
8 weeks to induce atherosclerosis. One group was eu-
thanized for baseline measurements. The remaining 40
mice were switched to a normal chow diet and divided
into 2 groups to receive no cysteamine or cysteam-
ine (Cysteamine.HCI; Sigma) at 2.2 mmol/L (equivalent
to that given to patients with cystinosis; ie, 42 mg of
the free base mg/kg body weight/day?®2° in purified
water [of high electrical resistivity, 15 MQ-cm]) as drink-
ing water, which was changed every day to ensure the
availability of cysteamine.'® At the end of 8 weeks, the
mice were weighed and euthanized.

Blood and Tissue Collection

Blood was taken immediately by cardiac puncture
with EDTA as anticoagulant. The chest cavity was cut
open to expose the heart and 10 mL of PBS at pH 7.4
was slowly perfused through the circulatory system by
placing the needle of the PBS-loaded syringe into the
left ventricle with a cut in the right atrium as the outlet.
The PBS flush was continued until the perfusate com-
ing from the vena cava was clear. The perfusion was
then changed to 4% (w/v) paraformaldehyde to fix the
heart. Blood samples were centrifuged, and plasma
aliquots were stored at —80 °C for the measurement of
lipid profile with an ILab600 chemical analyzer with kits
supplied by Instrumentation Laboratory.3°

Quantification of Atherosclerosis
Atherosclerotic lesion severity was assessed by both
en face analysis of the aorta and serial sections from
the aortic root. The heart, aortic root, aortic arch, and
descending aorta were dissected as described previ-
ously.®! The dissected hearts were fixed with 4% (w/v)
paraformaldehyde, cryopreserved in sucrose, and em-
bedded in optimal cutting temperature (OCT) before
sectioning.3! The aortic root was serially sectioned into
10-um sections from where the aortic sinus appeared
until the point where valve bases were shrunken, but
still visible. Four sections per slide were saved, result-
ing in a total of 20 slides saved. Every other slide was
stained with Oil Red O, Harris hematoxylin, and Light
Green, for lesion analysis, as described previously.?
For en face analysis of aorta area containing athero-
sclerotic plaques, aortas were perfused and postfixed
in 4% (w/v) paraformaldehyde. The whole aortas (from
the sinotubular junction to aortic bifurcation) were dis-
sected out under a dissection microscope and rinsed
with saline to remove the blood. All adventitial adipose
tissue was removed by careful dissection. The aortas
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were opened longitudinally, pinned to a Petri dish filled
with Sylgard 184 silicone elastomer (Dow Corning),
and then stained with Oil Red O for neutral lipids using
a previously published method.33

The lesions were quantified by drawing around the
digital images of the lesions using Imaged and measur-
ing their areas, using a scale with a known distance.
The lesion areas were expressed as percentage area
in the aortic root, and the en face was covered by le-
sions in the aortic arch and in the rest of the thoracic
plus abdominal aorta.

Aortic Root Composition

To measure the percentage of infiltrating mono-
cytes/macrophages, the aortic root sections were
treated with the anti-monocyte+macrophage anti-
body (Abcam) followed by Alexa Fluor 568 second-
ary antibody (Thermo, A-11077). Smooth muscle cells
were stained with a-actin (Sigma-Aldrich) followed by
secondary Alexa Fluor 488 (Thermo, A-11078), and
collagen was detected by Picrosirius Red.®* The sec-
tions were stained with anti-mouse CD206 antibody
(BioLegend, 141709) and anti-mouse CD86 antibody
(BioLegend, 105002) to quantify anti-inflammatory and
proinflammatory macrophage phenotypes, respec-
tively.3% The necrotic core was defined as the anuclear
area (negative for hematoxylin and eosin staining).®®

Ceroid

The aortic root sections were processed for the quan-
tity of ceroid present in the lesions.?>?3” The sections
mounted on glass slides were treated with xylene for
10 minutes to extract the free lipids. The slides were
then treated with 60% (v/v) isopropanol for 5 minutes,
followed by Oil Red O for 10 minutes to stain for ceroid.
Excess stain was removed by washing with 60% (v/v)
isopropanol, and images were taken using a Zeiss
AxioSkop system and analyzed by Imaged software.

Oxidized Lipids

The sections of aortic roots were stained for oxidized
phospholipids with the EO6 mouse monoclonal anti-
body (IgM) (Avanti).®® Endogenous peroxidase activity
was blocked with 0.3% hydrogen peroxide in PBS for
15 minutes. After blocking nonspecific binding sites
for 30 minutes (2% [w/v] BSA and 0.1% Triton X-100 in
PBS), slides were incubated with EOQ6 dilution (1:100)
overnight at 4 °C. The slides were washed 3 times with
PBS and treated with a fluorescent secondary anti-
body (Alexa Fluor 488 goat anti-mouse; 1:200) over-
night at 4 °C. Slides were washed and images were
taken using a Zeiss AxioSkop system. The percentage
of positively stained areas was quantified by Imaged.
Two aortic root sections were scrapped from the glass
slides, and lipids were extracted for high-performance
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liquid chromatography analysis using methanol and
hexane.'®° Lipid species were separated by reverse-
phase high-performance liquid chromatography in a
Waters C18 column (250x4.6 mm, 5 pumol/L particle
size, 5-um guard column) with an Agilent 1100 high-
performance liquid chromatography system. Total
cholesterol and 7-ketocholesterol were detected at
234 nm using an acetonitrile/2-propanol/water mobile
phase (50/48.8/1.2, by volume) and a flow rate of 1 mL/
min. The identities of the peaks were confirmed and
quantified using commercially available standards.

Hepatic Gene Expression Analysis

Total RNA was isolated from mouse liver. Frozen liver
was homogenized with 1 mL TRI Reagent (Sigma
Aldrich, St. Louis, MO) and 1-mm glass beads in a
closed tube for 30 seconds at 5000 rpm. Chloroform
(200 mL) was added; and after centrifugation, an
aqgueous phase was visible and transferred to a new
tube. Then, isopropanol (0.5 mL) was added; and on
centrifugation, an RNA pellet was formed. This was
washed with 1 mL 70% (v/v) ethanol. After centrifuga-
tion, the supernatant was removed, and the pellet was
dissolved in the appropriate volume of diethyl pyrocar-
bonate sterile water. All samples were always kept on
ice, and RNAse-free materials were used. Afterwards,
the RNA concentration and RNA quality were deter-
mined with a NanoDrop ND-1000 spectrophotometer.
Total (RNA, 500 ng) from each subject was converted
into first-strand cDNA with the iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA). Subsequently, changes in
gene expression of inflammatory markers were deter-
mined using quantitative polymerase chain reaction
(Applied Biosystems, 7900HT) with SensiMix SYBR
with Fluorescein (Bioline) and 10 ng of cDNA. For each
gene, a standard curve was generalized from a serial
dilution of a cDNA pool. To normalize the amount of
cDNA, 2 household genes were used (in our case, cy-
clophilin A and S12). Primer sets were developed with
Primer Express 2.0 (Applied Biosystems, Foster City,
CA) using default settings. Primer sequences can be
found in Table S1. Data from quantitative polymerase
chain reaction were analyzed according to the relative
melting curve method.

Skeletal Muscle Analysis

Dissection of the tibialis anterior (TA) was performed
under oxygenated Krebs’ solution (95% O, and 5%
CO,). Under circulating oxygenated Krebs’ solution,
one end of a silk suture was attached to the distal
tendon of the TA and the other to a force transducer
(FTOQ). The proximal tendon was secured in the ex-
perimental chamber by a silk suture. Silver electrodes
were positioned on either side of the TA. A constant
voltage stimulator was used to directly stimulate the
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TA, which was stretched to attain the optimal muscle
length to produce maximum twitch tension. Tetanic
contractions were invoked by stimulus trains of 500-
ms duration at 20, 50, 100, and 200 Hz. The maxi-
mum tetanic tension was determined from the plateau
of the frequency-tension curve. Following dissection,
the muscle tissue was immediately frozen on liquid
nitrogen—cooled isopentane and mounted in optimal
cutting temperature compound (TAAB O023) cooled
by dry ice/ethanol.

Histochemistry was performed on 10-um cryo-
sections. Succinate dehydrogenase, dihydroethidium
(DHE), and hematoxylin and eosin staining as well as
morphometric analysis of muscle fiber size were per-
formed as previously described.*®

Statistical Analysis

Data are presented as mean+SEM of at least 3 in-
dependent experiments of 17 to 20 mice within each
group. Comparisons between control and treated sam-
ples were analyzed by 1-way ANOVA with Dunnett or
Tukey post hoc tests or, where appropriate, by t-tests.
Differences were considered significant at P<0.05.

RESULTS

Animal and Blood Analysis

In this regression study, the baseline mice were eu-
thanized after 8 weeks on a high-fat diet, whereas
the other 2 groups were continued with or without
cysteamine treatment for another 8 weeks on normal
chow. The weight of the mice continued to increase a
little for another 8 weeks compared with the baseline
group mice; however, there was no significant differ-
ence in the weights of the cysteamine (2.2 mmol/L in
drinking water) and noncysteamine (control) mice at
the end of the experiment (Figure 1). After 8 weeks
on the chow diet, there was a substantial decrease in
the plasma total cholesterol and triacylglycerol, LDL
cholesterol, and high-density lipoprotein cholesterol
concentrations compared with the baseline group.
Cysteamine treatment did not have any effect on these
concentrations (Figure 1).

Effects on Existing Atherosclerosis
Cysteamine Reduces Existing Atherosclerosis in
Mice

We quantified atherosclerotic lesions in whole aor-
tas by en face analysis and in aortic root sections by
Oil Red O staining (Figure 2). There was no regres-
sion of atherosclerosis in the control group over the
8 weeks on a normal chow diet. The en face analysis
of whole aorta showed that cysteamine treatment
significantly reduced the preexisting atherosclerosis
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in the aortic arch and abdominal plus thoracic re-
gions of the aortas (Figure 2A through 2C). The le-
sion area in the aortic arch was 14+6% of the total
area in the cysteamine-treated mice compared with
23+8% in the control mice (a reduction of 39%;
P<0.05) and 27+9% in the baseline mice (a reduc-
tion of 48%; P<0.05). Cysteamine reduced lesions in
the thoracic plus abdominal area of the aortas from
3.32£0.6% to 1.4+0.2% (a reduction of 56%; P<0.05)
compared with the control mice and from 2.2+0.3%
to 1.4+0.2% compared with the baseline mice (a re-
duction of 34%, although this was not statistically
significant) (Figure 2C). The lesions in the root of the
aorta were 31+6% in the cysteamine group com-
pared with 46+7% in the control group (a reduction
of 32%; P<0.05) and 47+6% in the baseline mice (a
reduction of 33%; P<0.05) (Figure 2D and 2E).

Cysteamine Increases Markers of Stability in
Atherosclerotic Plaques

To assess markers of stability in the atherosclerotic le-
sions, we stained the aortic root sections to measure
the percentage of lesions occupied by monocytes/
macrophages (stained by anti-monocyte+macrophage
antibody), smooth muscle cells (a-actin), and collagen
(Picrosirius Red). Cysteamine substantially reduced
the percentage area occupied by monocytes/mac-
rophages by 38% compared with the non-drug-treated
control mice (P<0.05) and by 52% compared with the
baseline mice (P<0.001) (Figure 3A). To determine the
phenotype of the lesion macrophages, we stained
aortic root lesions with CD86 (proinflammatory mac-
rophage marker) and CD206 (anti-inflammatory mac-
rophage marker). Cysteamine reduced the area of the
lesions occupied by proinflammatory macrophages by
61% compared with the area occupied by proinflam-
matory macrophages in the baseline mice (P<0.001)
and by 55% compared with the control mice (P<0.001)
(Figure 3B). The percentage area occupied by anti-
infammatory macrophages increased significantly
(P<0.001) in both untreated (by 146%) and cysteamine-
treated (195%) mice compared with the baseline mice
(Figure 3C).

The percentage area occupied by smooth muscle
cells was greatly increased by cysteamine by 85% com-
pared with the non—cysteamine-treated mice (P<0.01)
(Figure 3D). Cysteamine increased the mean collagen
content by 8% compared with the control group, al-
though this was not statistically significant, and by 38%
compared with the baseline mice (P<0.001) (Figure 3E).
We measured the changes to the lesion necrotic cores
by measuring the size of acellular areas in hematox-
ylin and eosin—stained sections (Figure 3F). The per-
centage area occupied by necrotic cores decreased
greatly from 14+1.6% in the baseline mice to 4+0.8% in
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Figure 1. Effect of cysteamine on body weights and plasma lipids in low-density lipoprotein

(LDL) receptor-knockout mice.

A, Plan of the study. Sixty female LDL receptor-deficient (LDLr"-) mice were divided into 3 groups and
fed a high-cholesterol diet (HCD) for 8 weeks to induce atherosclerosis. One group was euthanized for
baseline measurements. The remaining 40 mice were switched to a normal chow diet and divided into
2 groups to receive no cysteamine (control) or cysteamine at 2.2 mmol/L in drinking water for 8 weeks.
Body weight of the mice and plasma lipids were measured at the end of the study. Cysteamine has no
effect on the body weights (B); the levels of plasma lipids (C-F) were reduced after switching the mice to
a normal chow diet, and cysteamine had no effect on them. There were 17 to 20 mice in each group, and
the horizontal line shows the group mean+SEM. Data were analyzed by ANOVA, followed by the Tukey
post hoc test. HDL indicates high-density lipoprotein. **P<0.001 vs the baseline group, ***P<0.0001 vs

baseline group.

the cysteamine-treated mice (P<0.01) and to 10+3.0%
in the control mice (not significant) (Figure 3F).

A marker of lesion stability is the ratio of smooth mus-
cle cell to monocyte/macrophage areas, and this was
increased by cysteamine by 3-fold compared with the
control group (P<0.001) and by 3.6-fold compared with
the baseline group (P<0.001) (Figure 3l). The ratio of col-
lagen to monocyte/macrophage areas, another marker

J Am Heart Assoc. 2021;10:e017524. DOI: 10.1161/JAHA.120.017524

for lesion stability, was increased 1.9-fold by cysteamine
compared with the controls (P<0.001) and by 2.9-fold
compared with the baseline group (P<0.001) (Figure 3H).

Cysteamine Reduces Levels of Oxidized Lipids
in Aortic Root Lesions

We have previously shown that cysteamine prevents
lysosomal oxidation of LDL in human macrophages.*!
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Figure 2. Cysteamine reduced existing atherosclerosis in low-density lipoprotein receptor-deficient mice.

A, Representative images to show atherosclerotic lesions in the aorta of baseline, control, and mice treated with cysteamine (2.2 mmol/L
in drinking water) stained with Oil Red O. Bar=500 pm. Data points show lesion areas in individual mice in each group in the aortic arch
(B) and the rest of the thoracic plus abdominal aorta (C) of baseline, control, and cysteamine-treated mice. Representative images
to show atherosclerotic lesions in the aortic root (D) and lesion areas in individual mice (E). There were 17 to 20 mice in each group,
and the horizontal line shows the group mean+SEM. Data were analyzed by ANOVA, followed by the Tukey post hoc test. *P<0.05,

**P<0.01, ***P<0.001.

To investigate the effect of cysteamine on lipoprotein
oxidation in vivo, we measured the levels of ceroid,
oxidized phospholipids, and 7-ketocholesterol in the
atherosclerotic lesions. Ceroid, a complex of protein
associated with oxidized lipids, is commonly ob-
served in human atherosclerotic lesions.?>%? After
washing the “soluble” lipids away with xylene, the
aortic root sections were stained for ceroid with Oil
Red O. The levels of ceroid in the aortic root con-
tinued to increase when the mice were switched to
a normal chow diet (P<0.05), but this increase was
prevented by cysteamine (P<0.05 compared with
the control group) (Figure 4A and 4B). Cysteamine
greatly decreased immunofluorescence staining with
the EO6 monoclonal antibody, which detects oxi-
dized phospholipids,®843 by 73% compared with the
control group (P<0.001) and by 77% compared with
the baseline group (P<0.001) (Figure 4C and 4D).
When adjusted for levels of total cholesterol in aortic
root sections, cysteamine reduced 7-ketocholesterol
levels by 24% compared with the untreated control
mice (P=0.05) (Figure 4G).

J Am Heart Assoc. 2021;10:e017524. DOI: 10.1161/JAHA.120.017524

Cysteamine Reduces Lipids and Inflammation
in the Liver

The mean total hepatic cholesterol in the cysteamine-
treated mice was much less than in the baseline mice
(P<0.01) and the control mice (but of borderline signifi-
cance when compared with the control mice, P=0.057)
(Figure 5A). The triacylglycerol levels were reduced in
both the cysteamine-treated mice (P<0.001) and the
untreated mice (P<0.05) compared with the baseline
group, although the decrease appeared to be greater
with cysteamine treatment (Figure 4B). The expression
of CYP27 and ACATZ2 (acetyl-coenzyme A acetyltrans-
ferase 2) was decreased in the mice treated with cy-
steamine compared with the control mice (Figure 5C
and 5E). CYP7AT expression was elevated during the
regression phase but was not affected by cysteamine
(Figure 5D).

Cysteamine treatment reduced the expression of
CD68 (a marker for hepatic monocytes/macrophages)
compared with both control and baseline mice
(Figure 5F), suggesting that cysteamine reduced he-
patic inflammation. We therefore measured the effect
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of cysteamine on various proinflammatory genes in
liver (Figure 5G through 5K). There was a substantial
reduction in the expression of proinflammatory cyto-
kines, such as TNF-a and interleukin-18, by cysteamine

J Am Heart Assoc. 2021;10:e017524. DOI: 10.1161/JAHA.120.017524

compared with the untreated mice. Cysteamine also
reduced the expression levels of chemokines, such
as CCL2 (MCP-1) and CCL5 (RANTES) compared
with both untreated and baseline mice. The hepatic
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Figure 3. Effect of cysteamine on atherosclerotic plaque composition.

Sections from the aortic root were stained for monocytes/macrophages, cluster of differentiation (CD) 86, CD206, smooth muscle cells
(SMCs), collagen, and hematoxylin and eosin (H&E), and the staining was quantified. Quantitation and representative photomicrographs
of anti-monocyte+macrophage antibody (MOMA-2) (monocytes/macrophages) (A), CD86 (B), CD206 (C), actin (SMCs) (D), Picrosirius
Red (collagen) staining (E) and H&E (F) in transverse sections from the aortic root of baseline, control, and cysteamine-treated mice and
percentage of acellular area. G and H, The ratio of collagen/macrophage areas and ratio of SMCs/macrophage areas were calculated
as markers of lesion stability. Horizontal bars represent the group mean+SEM for 10 to 12 mice in each group. Data were analyzed by
ANOVA, followed by the Tukey post hoc test. a-SMC indicates a-smooth muscle actin. *P<0.05, **P<0.01, ***P<0.001.

expression of serum amyloid A1, a short-term phase
protein released by liver cells in response to inflamma-
tion, was reduced during the regression phase (P<0.05)
and was reduced further by cysteamine (P<0.01).

Effects on Skeletal Muscles

Skeletal muscle is sensitive to oxidative stress.
Cysteamine appeared to have increased the skeletal
muscle mass exemplified by the TA, but the increase
was of borderline statistical significance compared
with the control (P=0.06) and baseline (P=0.08) mouse
groups (Figure 6D). We investigated the impact of cy-
steamine on muscle function by examining contraction
parameters. There was a significant increase in twitch
force in the cysteamine group compared with baseline
values (Figure 6A). The tetanic force and specific force
were increased in the cysteamine group when com-
pared with either the baseline group or the control group
(Figure 6B and 6C). We next examined cellular reasons
that may underpin the improved function. We found that
the percentage of aerobic fibers deploying oxidative
metabolism, judged by quantifying the number of succi-
nate dehydrogenase—positive fibers, was increased by
cysteamine compared with the control group (Figure 6E
and 6F). We examined the muscle for the presence of
regenerating fibers based on the assumption that hy-
percholesterolemia or its sequelae will induce fiber
death and then initiate a repair process. Indeed, we
found a surprising high level of regenerated fibers, iden-
tified by centrally positioned nuclei after 8 weeks on
the high-fat diet. The number of regenerating fibers de-
creased following the withdrawal of the high-fat diet but
was not significantly affected by cysteamine (Figure 6G
and 6H). We also determined the effect of cysteamine
on muscle fibrosis. The degree of fibrosis was relatively
high in the baseline group and remained so in both the
cysteamine-treated and control groups (Figure 61 and
6J). Finally, assessment of reactive oxygen species ac-
tivity through DHE intensity showed that cysteamine
significantly reduced the reactive oxygen species levels
in the muscles by 52% compared with the control mice
(P<0.001) (Figure 6K and 6L).

DISCUSSION

We have previously shown that inhibiting lysosomal
oxidation of LDL with cysteamine inhibits secretion of

J Am Heart Assoc. 2021;10:e017524. DOI: 10.1161/JAHA.120.017524

proinflammatory cytokines in human macrophages*'
and decreases the development of atherosclerosis in
LDL receptor—deficient mice.'®

In the current study, we have shown that cysteam-
ine causes the regression of atherosclerosis in LDL
receptor—deficient mice, a model more appropriate
for the treatment of human disease. Atherosclerosis in
the aortic root, arch, and remaining thoracic plus ab-
dominal aorta was significantly reduced by cysteamine
(Figure 2), in the absence of any changes in plasma
lipoprotein concentrations (Figure 1). At the end of the
regression phase, there were reductions of 32% in
the lesions in the aortic root, 39% in the aortic arch,
and 56% in the rest of the aorta compared with the
control group. Cysteamine reduced the area occu-
pied by monocytes/macrophages in the aortic root by
38% compared with the control group (Figure 3A) and
greatly reduced the levels of proinflammatory factors
(Figure 3B).

Cysteamine also increased markers of stability in
the atherosclerotic lesions. The areas occupied by
smooth muscle cells and collagen were increased
by 85% (P<0.001) and 8%, respectively, whereas
acellular necrotic areas were reduced by 2.5-fold
compared with the control group (Figure 3D through
3F). The ratio of smooth muscle cell/monocyte/mac-
rophage areas was increased by 3-fold, and the
ratio of collagen/monocyte/macrophage areas was
increased by 3.5-fold (Figure 3G and 3l). If similar ef-
fects were to occur in human atherosclerotic lesions,
it should make them less liable to fissure, causing
thrombosis, myocardial infarctions, and thrombotic
strokes.

Foam cells in atherosclerotic lesions contain an
advanced oxidation product of polymerized lipids and
protein known as ceroid.?® We have previously shown
that macrophages generate ceroid in their lysosomes
when they oxidize LDL in these organelles and that
cysteamine inhibits its formation."'® Herein, we have
shown that cysteamine significantly reduced ceroid
levels by 30% in the aortic root during the regression
phase (Figure 4A and 4B). In addition, mice treated with
cysteamine had only 8% of their lesion area stained
with EQ6 for oxidized phospholipids as against 28%
seen in the control group (Figure 4C and 4D). In addi-
tion, there were reduced levels of 7-ketocholesterol in
aortic lesions of mice treated with cysteamine com-
pared with the control mice (Figure 4E and 4G). These
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Figure 4. Effect of cysteamine on lipoprotein oxidation in aortic lesions.

A and B, Quantitation and representative images to show ceroid levels in the atherosclerotic lesions. C and D, Quantitation and
representative images to show immunofluorescence staining with the EO6 monoclonal antibody against oxidized phospholipids. E
Representative high-performance liquid chromatography chromatograms of aortic root lesions of baseline, control, and cysteamine-
treated mice. F, Chromatogram of 10 umol/L 7-ketocholesterol (7-KC) standard at 234 nm. G, Ratio of 7-KC/total cholesterol (TC) in
the aortic lesions. There were 17 to 20 mice in each group, and the horizontal line shows the group mean+SEM. Data were analyzed
by ANOVA, followed by the Tukey post hoc test. *P<0.05, ***P<0.001.
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Figure 5. Effect of cysteamine on hepatic cholesterol levels and inflammation.

The mean total hepatic cholesterol (A) and triacylglycerol (B) levels were reduced by cysteamine compared with the baseline mice.
Total RNA was isolated from mouse liver, and gene expression of various cholesterol-metabolizing enzymes and proinflammatory
proteins was measured. The increased expression of CYP27 and ACAT2 (acetyl-coenzyme A acetyltransferase) in the control
mice was reduced by cysteamine (C and E). CYP7AT expression was elevated during the regression phase but was not affected by
cysteamine (D). Cysteamine treatment reduced the expression of hepatic proinflammatory markers: cluster of differentiation (CD) 68,
tumor necrosis factor (TNF)-q, interleukin (IL)-18, CCL5, CCL2, and serum amyloid A1 (SAA1) (F-K). Horizontal bars represent group
the mean+SEM for 17 to 20 mice in each group. Data were analyzed by ANOVA, followed by the Tukey post hoc test. Rel. indicates

relative. *P<0.05, **P<0.01, ***P<0.001.

results indicate that cysteamine prevents the lysosomal
oxidation of lipoproteins to form oxidized lipids and ad-
vanced oxidation products, like ceroid. In line, it was
demonstrated that, in patients with cystinosis, longer
durations of cysteamine treatment were associated
with decreased vascular calcification.**

Cysteamine has been shown to sometimes in-
crease the glutathione levels in cells,*>4® and this might
possibly be another mechanism by which cysteamine
causes the regression of atherosclerotic lesions, but
this remains to be proven.

Cysteamine had anti-inflammatory effects in the
liver. The expression of proinflammatory cytokines

(TNF-a and interleukin-18), chemokines (CCL5 and
CCL2), and serum amyloid A1 was reduced substan-
tially by cysteamine (Figure 5). Cysteamine also reduced
substantially the expression of CD68 (macrosialin), a
marker for monocytes and macrophages, suggesting
lower numbers of monocytes/macrophages in the liver.
Unlike the plasma lipid levels, the hepatic cholesterol
and triacylglycerol levels were significantly reduced by
cysteamine. To investigate this further, we measured
the expression of various cholesterol-metabolizing
enzymes. The expression of CYP27 and ACAT2 was
reduced substantially by cysteamine, whereas there
was no effect on CYP7A1. CYP27 encodes for sterol

J Am Heart Assoc. 2021;10:e017524. DOI: 10.1161/JAHA.120.017524 11
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Figure 6. Effect of cysteamine on skeletal muscles.

Muscle contraction was measured through ex vivo assessment of tibialis anterior (TA) twitch (A), tetanic force (B), and specific
force (C). D, TA weights normalized to body weights. E, Qualitative changes in muscle function were evaluated by staining for
succinate dehydrogenase (SDH). F, Quantification of stained SDH fibers. Hematoxylin and eosin—stained sections (G) were used to
see muscle regeneration by calculating the percentage of fibers with centrally located nuclei (arrows) (H). | and J, Muscle fibrosis
was calculated by staining for collagen deposition (Picrosirius Red) in TA. DHE-stained sections (K) and quantification of DHE (L)
are shown. Horizontal bars represent group mean+SEM for 17 to 20 mice in each group. Data were analyzed by ANOVA, followed
by the Tukey post hoc test. *P<0.05, **P<0.01, ***P<0.001.
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27-hydroxylase, mainly expressed by hepatic mac-
rophages, which is responsible for the conversion of
cholesterol into oxysterols (precursors of bile acids).*
Hepatic ACAT2 encodes for acyl-coenzyme A/choles-
terol transferase, which is responsible for esterification
of cholesterol.*® The hepatic expression levels of both
CYP27 and ACAT2 might be lower in the cysteamine
group as a consequence of the reduced hepatic cho-
lesterol to be metabolized and esterified.

Cysteamine decreased the expression of CYP27,
which is found mainly in hepatic macrophages, with no
effect on CYP7A1 levels, which is found primarily in he-
patocytes, suggesting that cysteamine has effects pri-
marily on macrophages (Figure 5). CYP27 initiates the
alternative bile acid synthesis pathway.*® CYP7A1 en-
codes for the enzyme cholesterol 7a-hydroxylase, which
is the rate-limiting enzyme in the synthesis of bile acids
by the classic pathway.*>®° Hepatocyte growth factor
signaling pathway inhibits cholesterol 7a-hydroxylase
and bile acid synthesis in human hepatocytes, and
increased expression has been shown to prevent ath-
erosclerosis® and hepatic inflammation.®? In our study,
CYPT7A1 expression was increased by switching the
mice from a high-fat to a normal chow diet.

Inflammation and oxidative stress both attenuate
mitochondrial and skeletal muscle function in several
pathological conditions, including diabetes mellitus and
atherosclerosis.>® A systemic inflammatory environment
can lead to accelerated disease progression by inter-
fering with mitochondrial function in skeletal muscle,
which leads to increased production of reactive oxygen
species. This has 2 major consequences: it leads to an
attenuation of muscle function and promotes further
rounds of inflammation.®* Herein, we show that cys-
teamine increased the function of skeletal muscle. We
propose that this effect might be attributable to changes
in mitochondrial activity as there was an increase in the
number of oxidative fibers following treatment. This
might increase the capacity of the mice to undertake
prolonged exercise, and if replicated in patients expe-
riencing clinical symptoms attributable to atherosclero-
sis, it might help to increase their exercise capacity.

Conclusions

The finding that cysteamine caused the regres-
sion of atherosclerosis and substantially increased
markers of stability in atherosclerotic lesions in LDL
receptor—deficient mice adds to the evidence that the
oxidation of LDL in the lysosomes of macrophages
is important in atherosclerosis. Inhibiting lysosomal
LDL oxidation by antioxidants directed to these or-
ganelles might be a novel therapy for atherosclerosis
in patients. Cysteamine also had lipid-lowering and
anti-inflammatory effects in the liver and might be a
possible therapeutic approach for NASH. In addition,

J Am Heart Assoc. 2021;10:e017524. DOI: 10.1161/JAHA.120.017524
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cysteamine increased skeletal muscle function and the
proportion of aerobic fibers.
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Table S1. Primer sequences for hepatic qPCR.

Gene Primer Forward Primer Reverse

Cyp27 | CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC
Cyp7al | CATTACAGAGTGCTGGCCAAGA CGCAGAGCCTCCTTGATGAT

Acat2 ACCAATTCCAGCCATAAAGCA GGTTTAATCCAAGTTCTTTAGCTATTGC
Cd68 TGACCTGCTCTCTCTAAGGCTACA TCACGGTTGCAAGAGAAACATG

IL18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA

Tnfa CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC

Ccl5 GGAGTATTTCTACACCAGCAGCAA GCGGTTCCTTCGAGTGACA

Ccl2 GCTGGAGAGCTACAAGAGGATCA TCTCTCTTGAGCTTGGTGACAAAA
Saal GGCTGCTGAGAAAATCAGTGATG TCAGCAATGGTGTCCTCATGTC




