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Abstract

Background and Purpose: Statins are competitive inhibitors of 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase (HMGCR), and exert adverse
effects on mitochondrial function, although the mechanisms underlying these effects
remain unclear. We used a tamoxifen-induced Hmgcr-knockout (KO) mouse model, a
multi-omics approach and mitochondrial function assessments to investigate whether
decreased HMGCR activity impacts key liver energy metabolism pathways.
Experimental Approach: We established a new mouse strain using the Cre/loxP sys-
tem, which enabled whole-body deletion of Hmgcr expression. These mice were

crossed with Rosa26¢™

mice and treated with tamoxifen to delete Hmgcr in all cells.
We performed transcriptomic and metabolomic analyses and thus evaluated time-
dependent changes in metabolic functions to identify the pathways leading to cell
death in Hmgcr-KO mice.

Key Results: Lack of Hmgcr expression resulted in lethality, due to acute liver damage
caused by rapid disruption of mitochondrial fatty acid B-oxidation and very high accu-
mulation of long-chain (LC) acylcarnitines in both male and female mice. Gene
expression and KO-related phenotype changes were not observed in other tissues.
The progression to liver failure was driven by diminished peroxisome formation,
which resulted in impaired mitochondrial and peroxisomal fatty acid metabolism,
enhanced glucose utilization and whole-body hypoglycaemia.

Conclusion and Implications: Our findings suggest that HMGCR is crucial for main-

taining energy metabolism balance, and its activity is necessary for functional

Abbreviations: ALT, alanine transaminase; ChREBP, carbohydrate-responsive element-binding protein; CPT1, carnitine palmitoyltransferase-1; FAO, fatty acid oxidation; FDR, false discovery
rate; HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; NEFA, non-esterified fatty acid; PCA, principal component analysis.
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1 | INTRODUCTION

The enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase (HMGCR) catalyses the rate-limiting step of sterol and iso-
prenoid biosynthesis (Alexander et al., 2021, 2017). HMGCR cataly-
ses HMG-CoA conversion to mevalonate and can be competitively
inhibited by statins, which are widely prescribed to prevent the pro-
gression of atherosclerosis and coronary heart disease because they
reduce blood cholesterol levels (Goldstein & Brown, 2015; Newman
et al, 2019). To treat high cholesterol levels, approximately 25% of
the older adult population worldwide has been prescribed statins.
However, statin treatment induces several adverse effects, including
hepatotoxicity and myopathy, which are the more common reasons
for treatment termination (Mollazadeh et al, 2021; Newman
et al., 2019; Penson et al., 2022). Despite the adverse effects, statins
are broadly and increasingly prescribed, and a high number of
patients taking statins are at risk of side effects (Colantonio
et al., 2019; Virani et al., 2017). The molecular mechanisms, particu-
larly the biochemistry, underlying the different side effects induced
by statins remain poorly understood. To date, studies have shown
that statin-induced myopathy is associated with the inhibition of
complexes  (Schirris
et al,, 2015). Changes in fatty acid oxidation (FAO) in mitochondria

and peroxisomes have not yet been assessed in animal models with

mitochondrial  electron  transfer chain

Hmgcr knocked out.

The heart, skeletal muscles and liver largely depend on fatty acid
metabolism in mitochondria and peroxisomes. Dysfunctional mito-
chondrial FAO is related to several diseases, such as inherited fatty
acid oxidation disorders (FAODs) (Knottnerus et al., 2018; Merritt
et al., 2018), heart failure and myocardial infarction (Dambrova
et al.,, 2022), and to certain drug treatments, such as nonsteroidal
anti-inflammatory drugs that cause liver injury (Begriche et al., 2011;
Di Pasqua et al., 2022; Pessayre et al., 2012), by inducing the accu-
mulation of long-chain (LC) fatty acids and their metabolic
intermediates.

LC acylcarnitines are fatty acid metabolites that are synthesized
from carnitine and LC acyl-CoA by the mitochondrial enzyme
carnitine palmitoyltransferase-1 (CPT1), which support the transport
of LC fatty acids to mitochondria where they are oxidized
(Dambrova et al., 2022; Shriver & Manchester, 2011). Decreased
mitochondrial fatty acid metabolism in different pathological states,
such as during starvation in patients with FAOD or with myocardial
ischaemia, increases the levels of LC acylcarnitines (Ahmad
et al,, 2016; Liepinsh et al., 2016; McCoin et al., 2015; Wanders
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mitochondrial B-oxidation. Moreover, statin-induced adverse reactions might be res-

cued by the prevention of LC acylcarnitine accumulation.

HMG-CoA reductase, mitochondria, Rosa26°™ mice, statins, tamoxifen-induced knockout

What is already known

e Statins inhibit HMGCR and exert adverse effects.
e Deletion of HMGCR in mice resulted in the acquisition of
a profoundly negative phenotype.

What does this study add

o Deletion of HMGCR induces mitochondrial dysfunction
and accumulation of long-chain acylcarnitines.

e HMGCR activity is crucial for functional fatty acid
B-oxidation.

What is the clinical significance

o Statin-induced adverse reactions might be rescued by the

prevention of long-chain acylcarnitine accumulation.

et al., 2020). High levels of LC acylcarnitines induce cell death
because they inhibit oxidative phosphorylation and induce reactive
oxygen species (ROS) production (Liepinsh et al., 2016; Primassin
et al, 2008; Tominaga et al., 2008). In inherited FAODs character-
ized by very high levels of LC acylcarnitines, patients exhibit cardiac,
skeletal muscle and liver damage that can lead to sudden death
(Begriche et al., 2011; Di Pasqua et al., 2022; Pessayre et al., 2012;
Wanders et al., 2020).

Tissue-specific Hmgcr-knockout (KO) mouse models have been
previously developed, and studies based on these models have
revealed the acquisition of a profoundly negative phenotype after
Hmgcr gene KO in the liver, muscle, adipose tissue, p cells or T cells
(De Giorgi et al., 2020; Lacher et al., 2017; Osaki et al., 2015; Takei
et al, 2020; Yeh et al.,, 2018). In previous studies, the critical role
played by the mevalonate pathway in cell survival was identified
(Lacher et al., 2017; Nagashima et al., 2012). Liver-specific dolichol
depletion was found to be at least partially responsible for endo-
plasmic reticulum (ER) stress. However, because the ER is structur-
ally connected to all metabolically active organelles, including

mitochondria and peroxisomes (Di Cara et al., 2023), and actively
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participates in lipid metabolism, ER stress might be induced by a
strong metabolite-related stimulus, such as lipid overload. Lacher
et al. (2017) demonstrated that Hmgcr-KO resulted in protein
deficiency in the prenylation pathway and that Hmgcr was
indispensable for the survival of T cells. Moreover, tissue-specific
KO of Hmgcr in B cells, liver cells or adipose tissue cells led to organ
failure and affected the turnover of energy substrates and energy
homeostasis throughout the whole body (De Giorgi et al., 2020;
Lacher et al, 2017; Osaki et al., 2015; Takei et al, 2020; Yeh
et al., 2018). However, to date, the intracellular changes in the
energy metabolism pathways of Hmgcr-KO animals have not been
characterized.

To elucidate the pathways related to the detrimental effects
observed in Hmgcr-KO mice and, in particular, to understand the
mechanism underlying the negative phenotype acquired by patients
taking statins, we established a new mouse strain using the Cre/loxP
system, which enabled whole-body deletion of Hmgcr expression.

6 mice and treated with

These mice were crossed with Rosa2
tamoxifen to delete Hmgcr in all cells. We performed transcriptomic
and metabolomic analyses, and thus evaluated time-dependent
changes in metabolic functions, to identify the pathways leading to
cell death in Hmgcr-KO mice. We demonstrate that Hmgcr-KO mice
develop early-onset lethal liver failure associated with dysfunction
of mitochondrial FAO of LC fatty acids in the liver, which leads
to the accumulation of LC acylcarnitines and disturbed cellular

metabolism.

2 | METHODS

21 | Generation of Hmgcr floxed mouse line

The Hmgcr floxed mouse line (C57BL/6N-Hmgcremitelem/Lelem) a5
created by CRISPR/Cas9-mediated genome engineering (Cyagen Bio-
sciences Inc., Guangzhou, China). The gRNA to mouse Hmgcr gene,
the donor vector containing loxP sites, and Cas9 mRNA were co-
injected into fertilized mouse eggs to generate targeted conditional
KO offspring. FO founder animals were identified by polymerase chain
reaction (PCR) followed by sequence analysis, which were bred to
wild-type mice to test germline transmission and F1 animal

generation.

2.2 | Generation of Hmgcr-KO mice

LoxP sites around exon 5 of the Hmgcr gene enable the Cre-
mediated excision for a functional Hmgcr-KO. Homozygous mice are
used for maintenance and for cross-breeding with Cre-expressing
R0sa26" (B6.129-Gt(ROSA)26Sor™cre/ERT2TYi/ ) mice (The Jackson
Laboratory). The mice have no phenotype unless cross-bred with
Cre-expressing mice and are treated with tamoxifen. Homozygous
Rosa26™ mice were used for cross-breeding with floxed

Hmgcr mice.

2.3 | Genotyping

Mice were approximately 14 days old when tail biopsies were taken
for genotyping. Genomic DNA was extracted from tail biopsies, and
PCR analysis was conducted to amplify a 217-bp (homozygote),
157-bp (wild-type) and 217/157-bp (heterozygote) region using HOT
FIREPoI® Blend Master Mix Ready to Load with 12.5-mM MgCl,,
5x (Solis BioDyne, Tartu, Estonia), and with the following primer sets:
forward GGTGTTTCAGTGCGTGTTCATTTAC and reverse AAGCCT-
CATGAAACCCAGATTGAC. The following thermocycler programme
was used: 95°C for 15 min; then 95°C for 20 s; 58°C for 45's; 72°C
for 1 min for 33 cycles; then 72°C for 10 min and hold at 4°C. The
PCR product was separated on 2% agarose gels run at 90V for
60 min.

Next, homozygous Hmgcr floxed mice were bred with homozy-
gous Rosa26™ mice, resulting in a new double-mutant mouse line
called  B6.Cg-Gt(ROSA)26S0r<tmicre/ERT2ITy  >Hmgcr<emiLclem>/Lclem
(Hmgcr-KO). Those double-mutant heterozygote mice were used for
future breeding until we found double-mutant homozygote males and
females, which were used to maintain the mouse line. Hmgcr<LoxP>
locus genotyping was performed as described above. B6.129-Gt
(ROSA)26S or tmil(cre/ERT2)Tyj/J) locus was genotyped using the
same PCR parameters, but the primer set for genotyping the wild-type
allele was forward CTGGCTTCTGAGGACCG and
CCGAAAATCTGTGGGAAGTC (product size of 198 bp) and mutant
allele forward CGTGATCTGCAACTCCAGTC and reverse AGG-
CAAATTTTGGTGTACGG (product size of 150 bp).

reverse

24 | Experimental animals

Animal studies are reported in compliance with the ARRIVE guidelines
(Percie du Sert et al., 2020) and with the recommendations made by
the British Journal of Pharmacology (Lilley et al., 2020). Experimental
procedures were performed in accordance with the guidelines
reported in the EU Directive 2010/63/EU and local laws and policies.
All procedures were approved by the Latvian Animal Protection Ethi-
cal Committee of the Food and Veterinary Service in Riga, Latvia. A
total of 25 adult (with added 10 females for 5 day experiment) 12-
week-old male and female mice were used in the experiment:

LoxP/LoxP_R05326WT/WT) and

LoxP/LoxP _

12 floxed (7 females and 5 males; Hmgcr
13 Hmgcr conditional KO (8 females and 5 males; Hmgcr
Rosa26%" W), All animals were housed under standard conditions
(21-23°C, 12-h dark-light cycle), with unlimited access to standard
food (R70 Lactamin AB, Mj6lby, Sweden) and water in an individually
ventilated cage housing system (cage size 38 x 19 x 13 cm, Allen-
town, Inc., Allentown, NJ, USA). Each cage contained bedding consist-
ing of EcoPure™ Shaving's wood chips (Datesand, Cheshire, UK),
nesting material and a wooden block from TAPVEI (Paekna, Estonia).
For enrichment, transparent tinted (red) nontoxic durable polycarbon-
ate Safe Harbor Mouse Retreat (Animalab, Poznan, Poland) was used.
Mice were housed with three to five animals per standard cage. The

floxed and KO mice were housed separately.
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2.5 | Tamoxifen treatment
To induce the Hmgcr gene KO, we used tamoxifen in the chow
(A155T70212, ssniff Spezialdisten GmbH) at a dose of 210 mgkg™?*
of tamoxifen citrate-containing chow that, according to food intake
data, is equal to a dose of 14 mg-kg ™.

2.6 | Blood and organ collection

To detect changes in alanine transaminase (ALT), the blood was col-
lected (20-30 pl) from the tail vein 2-3 days before tamoxifen treat-
ment for male and female mice. After initiation of tamoxifen therapy,
blood was collected on Days 5-7 for female mice and on Days 5, 7,
9 and 11 for male mice. Animals were humanely euthanized by decap-
itation to collect tissues and organs for further study when ALT was
above 200 IU in Hmgcr-KO animals. Accordingly, tissues were taken
for female mice (KO and floxed) from 5 to 7 days after the start of
tamoxifen therapy and for males from 7 to 11 days.

At the endpoint, the following samples were collected: plasma to
study metabolomic and biochemical profile; liver for transcriptomic,
metabolomic, biochemical, mitochondrial, gene expression and histo-
logical measurements; and skeletal muscles and brain tissue for mito-
chondrial and gene expression measurements.

2.7 | Liver transcriptome analysis

For RNA isolation, a QIAGEN AllPrep DNA/RNA/miRNA (QIAGEN,
Germany) reagent kit was used. A 200 ng of isolated RNA was used
for ribosomal RNA depletion with the MGIEasy rRNA Depletion Kit
(MGI Tech Co., Ltd), followed by library preparation using the
MGIEasy RNA Directional Library Prep Set (MGl Tech Co., Ltd)
according to the manufacturer's instructions. The quality and quantity
of the obtained libraries were evaluated with an Agilent 2100 Bioana-
lyzer system and a Qubit 2.0 fluorometer, respectively. Libraries were
used as templates for DNB preparation, and sequencing was done
with the DNBSEQ-G400RS sequencing platform, using the DNBSEQ-
G400RS High-throughput Sequencing Set (PE 150) (MGI Tech Co.,
Ltd), to provide 150-bp paired-end sequencing reads (approximately
20 million reads per sample).

To determine the whole-transcriptome changes in female and
male KO mice, we performed RNA-sequencing (RNA-seq). Whole-
transcriptome RNA-seq reads were obtained using SOLID 5500x|
paired-end sequencing from Life Technologies. Preprocessing, quality
control, read trimming and filtering were performed with fastp (Chen
et al., 2018). Then, the reads were aligned to the mouse reference
genome (GRCm39) and mapped back to the mouse transcriptome
using the Rsubread package (Liao et al., 2019) on R software (Version
4.2.1). The differential gene expression analysis was performed with
the DESeq2 package (Love et al., 2014). Gene expression data from
Hmgcr-KO samples with |log,FC| > 1 and false discovery rate (FDR) P-
adjusted <0.001 were considered as differentially expressed from the
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floxed group. Enrichment analysis was performed using clusterProfiler
(Wu et al., 2021) based on the Reactome database (https://reactome.
org/) with the ReactomePA package and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (https://www.genome.jp/
kegg/).

2.8 | Detection of endogenous metabolites in
plasma and liver

Blood plasma and liver tissue were collected from animals and profiled
using a commercially available MxP® Quant 500 kit, which detects
630 metabolites from 26 biochemical classes (BIOCRATES Life Sci-
ences AG, Austria). After mice were decapitated, blood was collected
in heparin-coated tubes and centrifuged at 1000 x g and 4°C for
10 min to obtain plasma. Frozen samples were sent to BIOCRATES
Life Sciences AG. Data of all measured metabolites were used as
received; no data correction was applied except for the exclusion of
metabolite data under the level of detection. Further details
regarding the methods used to conduct each assay are available at
https://biocrates.com/. Metabolomic data were normalized using log
transformation and ‘Pareto scaling’ and analysed with MetaboAnalyst
5.0 (Pang et al., 2021).

2.9 | Western blot analysis in liver homogenates
Liver tissues were homogenized (1:10 [w/v]) with a lysing buffer (con-
taining 4-M urea, 140-mM Tris base, 1% SDS, 1% Igepal, Halt™ Prote-
ase and Phosphatase Inhibitor Cocktail and 1-mM dithiothreitol
[DTT]) using an Omni Bead Ruptor 24 homogenizer (Omni Interna-
tional, Kennesaw, GA, USA). The total amount of protein in each sam-
ple was detected using the Lowry method. Each well of the Bolt™ 8%
Bis-Tris Plus gel (Thermo Fisher Scientific, Waltham, MA, USA) was
loaded with 20 pg of protein per sample. Following the manufac-
turer's instructions, a constant voltage (200 V) was used for electro-
phoresis. After electrophoresis, proteins were transferred to a
polyvinylidene fluoride membrane (iBlot®2 PVDF Regular Stacks,
Thermo Fisher Scientific, Waltham, MA, USA), which was blocked
using 5% bovine serum albumin (BSA) dissolved in 1x Tris-buffered
saline (TBS) for 1 h at room temperature. The membranes were incu-
bated overnight with anti-HMGCR [EPR1685(N)] primary antibodies
(Abcam Cat# ab174830, RRID:AB_2749818) at 4°C. After incubation,
the membranes were washed with TBS several times, and then the
secondary antibodies (horseradish peroxidase [HRP]-linked anti-rabbit
IgG antibodies diluted 1:50,000 [Cat# 7074, RRID:AB_2099233, Cell
Signaling Technology, Danvers, MA, USA]) were added to the mem-
brane for 1 h and then washed again with TBS. Mouse anti-actin Ab-5
C4 antibody diluted 1:4000 (Cat# 612656, Lot: 7033721, RRID:AB_
2289199, BD Biosciences, San Jose, CA, USA) was used as house-
keeping in combination with HRP-linked anti-mouse IgG antibody
diluted 1:50,000 (Cat# 7076, RRID:AB_330924, Cell Signaling Tech-
nology, Danvers, MA, USA).
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The membranes were developed using SuperSignal™ West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Scientific,
Waltham, MA, USA). The images were captured with the Azure c600
system and analysed with AzureSpot 2.0 software (Azure Biosystems,
Dublin, CA, USA).

2.10 | Quantitative PCR (qPCR) analysis

Total RNA from mouse liver tissue slices treated with 20-uM palmi-
toylcarnitine for 2 h was isolated using TRI reagent (Sigma-Aldrich,
Schnelldorf, Germany), and the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems™, Waltham, MA, USA) was used to
synthesize a first-strand cDNA. gPCR analysis of gene expression was
performed by adding SYBR® Green Master Mix (Applied Biosys-
tems™) to each sample together with forward and reverse primers
that are specific for glucose-6-phosphate isomerase 1 (GPI1), carnitine
palmitoyltransferase 1a (CPT1A), acyl-coenzyme A oxidase 1 (ACOX1),
pyruvate dehydrogenase kinase, isoenzyme 4 (PDK4), peroxisome
proliferator-activated receptor (PPAR) gamma coactivator-1 alpha
(PGC1a), Hmgcr C-terminus coding mRNS (HmgcrCt) and Hmgcr
N-terminus coding mRNS (HmgcrNt) primers were applied. Reactions
were performed using Magnetic Induction Cycler (MIC) (Bio Molecular
Systems, Queensland, Australia). According to the manufacturer's
instructions, the reaction conditions were holding 50°C for 2 min and
95°C for 5 min, followed by 60 cycles of 95°C for 15 s, 60°C for 60 s
and the analysis of the melt curve at the end (72-95°C, 0.3°C-s ' to
ensure the specificity of the amplicon). The primer sequences are

available in the supporting information.

211 | Biochemistry assays

Biochemical parameter measurements were performed in plasma and
liver homogenates. Measurements were carried out using commer-
cially available kits according to the manufacturer's instructions.
Reagent kits for cholesterol, triglycerides, glucose and ALT were pur-
chased from Instrumentation Laboratory (Milan, Italy). The non-
esterified fatty acid (NEFA) assay was performed using a kit from
Wako Chemicals Europe GmbH
B-hydroxybutyrate measurements, a kit from BioSystems (Barcelona,

(Neuss, Germany). For
Spain) was used. A reagent kit for the measurement of lactate was
purchased from Roche Diagnostics (Mannheim, Germany). Catalase
was quantified using enzymatic reactions with hydrogen peroxide

(H,0,) and detected spectrophotometrically.

2.12 | Determination of acylcarnitine profile

Determination of the content of acylcarnitines and phytanoylcarnitine
in mouse liver was performed by ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC/MS/MS) as
described previously (Liepinsh et al., 2017) with some modifications.

The Waters Acquity UPLC H-Class chromatograph was coupled to
the Waters Xevo TQ-S tandem mass spectrometer. Chromatographic
separation was performed on the Waters Acquity UPLC BEH Hilic
(2.1 x 100 mm, 1.7 um) column in gradient mode. Solvent A was
10-mM ammonium acetate with 0.2% formic acid in water, and Sol-
vent B was acetonitrile. The initial mobile phase composition was 10%
Solvent A and was linearly increased to 20% Solvent A in 7 min. The
total run time with column flush and re-equilibration was 10 min.
The column temperature was 30°C, and the flow rate was
0.5 ml-min~*. Data acquisition was performed in positive electrospray
jonization (ESI+) and multiple reaction monitoring (MRM) mode. The
ion source parameters were as follows: source temperature of 120°C,
capillary voltage of 2.5 kV, desolvation gas temperature of 600°C, and
desolvation and cone gas flow of 800 and 150 L-h™?, respectively.
Each compound was individually infused to obtain specific MRM tran-
sitions and cone/collision voltages.

The liver sample extraction was performed using homogenization
in buffered KH,PO, solution (pH 4.9) with the following deproteiniza-
tion by acetonitrile/methanol mixture and centrifugation steps (final
weight-to-volume ratio 1:15). Supernatant was further diluted
25 times with acetonitrile/methanol 3:1 (v/v) and subjected to UPLC/
MS/MS.

The concentrations of acylcarnitines were measured against a
nine-point standard curve of C4-C18 and C2-C3 acylcarnitine in the
range of 0.01-20 and 0.1-500 nM in the analytical sample, respec-
tively. The concentration of phytanoylcarnitine was calculated using

the C18 acylcarnitine standard.

213 | Mitochondrial functionality assessment
Mitochondrial respiration measurements were performed at 37°C
using Oxygraph-2k (O2k; Oroboros Instruments, Innsbruck, Austria)
with O2k-Fluo-Modules in MiR0O5 medium (110-mM sucrose, 60-mM
K-lactobionate, 0.5-mM EGTA, 3-mM MgCl,, 20-mM taurine, 10-mM
KH,PO4, 20-mM HEPES, pH 7.1, 0.1% BSA essentially free of fatty
acids and 20-mM creatine). All chemicals for MiRO5 were obtained
from Sigma-Aldrich (Schnelldorf, Germany). Mitochondrial functional-
ity was determined in liver tissue homogenates that were prepared
using a Teflon-glass pestle at a concentration of 80 mg-ml~!
with MiRO5 respiration medium.

Fatty acid oxidation (FAO)-dependent mitochondrial respiration at
LEAK state was measured using 10-uM palmitoylcarnitine and 0.5-mM
malate as substrates (FAO-NADH [FN] pathway). ADP was added to a
concentration of 5 mM to assess respiration in the OXPHOS state.
Pyruvate and glutamate (5 and 10 mM; NADH [N] pathway) were then
added to reconstitute FN pathway-linked respiration. Succinate
(10 mM, S pathway) was added to reconstitute convergent FAO-
NADH-succinate (FNS)-linked respiration. Afterward, titration with
uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was per-
formed in steps of 0.5 UM to assess maximal electron transport system
capacity (ET state). Then, rotenone (Rot) (0.5 uM) and antimycin A
(2.5 uM) were added stepwise to determine the S-linked respiration
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and residual oxygen consumption (ROX), respectively. All substrates
and inhibitors were purchased from Sigma-Aldrich (Schnelldorf,
Germany), except for ADP (Calbiochem, San Diego, CA, USA).

For determination of the contribution of each substrate to the
respiratory rate, the flux control efficiency (J;_y) was calculated
(Equation 1) according to

Jzy=1-Yx/Zx (1)

where Zy is the reference state with high (stimulated or un-inhibited)
flux and Yy is the background state at low flux, upon which the meta-
bolic control variable, X, acts.

214 | Histology

Liver samples were embedded in an optimal cutting temperature com-
pound (Tissue-Tek® O.C.T.™ Compound, Sakura Finetek Europe B.V.,
Alphen aan den Rijn, The Netherlands) and frozen by placing in a dry
ice/isopropanol slurry. Frozen samples were stored at —20°C; 10-um-
thick liver sections were obtained by cutting samples using a Thermo
Scientific™ HM525 NX Cryostat (Thermo Scientific, Waltham, MA,
USA). Slides with sections on Superfrost Plus microscope slides
(Thermo Scientific, Waltham, MA, USA) were stored at —20°C until
staining was performed.

2.15 | Haematoxylin and eosin staining

Liver sections were fixed for 10 min in 96% ethanol. Dried sections
were washed 3-4 times with tap water and stained in Mayer's hema-
lum solution (MilliporeSigma, Burlington, MA, USA) for 2 min. Slides
were washed several times (5 x 2 min) in warm tap water. To remove
excess stain and define nuclei following haematoxylin staining, slides
were dipped in acid alcohol (0.5% HCI in 70% ethanol) and washed in
tap water for 5 min. Cytoplasm was stained after dipping slides sev-
eral times in 0.25% Eosin Y aqueous solution (Gentaur, Kampenhout,
Belgium). Stained sections were washed in tap water, dried, cleared in
xylene and coverslipped using DPX mounting medium (Sigma-Aldrich,
St. Louis, MO, USA). Images were taken with a Leica DMi8 inverted
light microscope (Leica Microsystems, Wetzlar, Germany) using a
Leica HC PL APO 10x/0.45 objective.

216 | Immunohistochemistry

The Immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology. Staining of mouse
liver sections was performed based on the Guide to STED Sample
Preparation (Leica, Germany). Endogenous peroxidase blocking with
0.3% H,0O, was performed after tissue fixation with 4% paraformalde-
hyde solution. The following primary antibodies were used in this
study: rabbit anti-catalase antibody (1:100; #ab209211, RRID:AB_
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3086611, Abcam, Cambridge, UK) and rabbit anti-TOM20 antibody
(1:200; #42406, RRID:AB_2687663, Cell Signaling Technology,
Danvers, MA, USA). Goat anti-mouse IgG Abberior STAR RED anti-
body (1:200; #STRED-1001-500UG, RRID:AB_3068620, Abberior
Instruments, Goéttingen, Germany) was used as a secondary antibody.
Nuclei were stained using DAPI Solution (#62248, Thermo Fisher
Scientific, Waltham, MA, USA). Samples were coverslipped using
ProLong Gold Antifade Mountant (#P36930, Thermo Fisher Scientific,
Waltham, MA, USA). Negative controls, replacing the primary anti-
body with a buffer solution only, were performed to evaluate the
background staining. Imaging was performed on a Leica Stellaris 8
confocal microscope (Leica Microsystems, Wetzlar, Germany) using a
Leica HC PL APO 93x/1.30 GLYC motCORR objective.

217 | Transmission electron microscopy (TEM)

The liver specimens were cut into 1-mm?> tissue blocks and further
processed for TEM using conventional protocols. According to rou-
tine laboratory procedures, the samples were fixed in 2.5% glutaral-
dehyde (#16400, Electron Microscopy Sciences, Thermo Fisher
Scientific, Waltham, MA, USA) in 0.1-M phosphate buffer with 2.3-M
sucrose, pH 7.2, for 4 h at 4°C and then washed several times with a
0.1-M phosphate buffer solution at 4°C. Subsequently, the samples
were postfixed in 1% osmium tetroxide (#19110, Electron Micros-
copy Sciences, Thermo Fisher Scientific, Waltham, MA, USA) for 1 h
at 4°C and washed again with the 0.1-M phosphate buffer solution
at 4°C. Afterward, the samples underwent dehydration in graded
concentrations of ethanol, were stained en block with a 2% alcoholic
uranyl acetate solution at 4°C and were gradually embedded in
epoxy resin (#14120, Electron Microscopy Sciences, Thermo Fisher
Scientific, Waltham, MA, USA) using Beam capsules. Following the
completion of block polymerization at 60°C for 24 h, semi-thin sec-
tions were cut from the blocks with a glass knife to select the appro-
priate region for thinning. Ultrathin 60-nm-thick sections were cut
with an ultra 45° 2.00-mm diamond knife (#DU 4520, Diatome,
Science Services, Germany) using an RMC Boeckeler PowerTome PC
ultramicrotome (#R75840, RMC Boeckeler, Tucson, AZ, USA). The
sections were then collected on Formvar-coated 200-mesh copper
grids (#930245, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
and double stained with 2% uranyl acetate (#22400-2, Electron
Microscopy Sciences, Thermo Fisher Scientific, Waltham, MA, USA)
and lead citrate (#15326, Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany). Finally, the sections were examined with a JEM 1011
transmission electron microscope (JEOL, Japan) at magnifications
ranging from x3000 to x20,000 and captured at a magnification of
x8000.

218 | Materials

Details of materials and suppliers are provided in specific subsections
in Methods.
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219 | Statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2022). Statistical analysis was per-
formed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA,
USA). Two-way analysis of variance (ANOVA) or mixed-effects
models were used to detect multiple factors. Sidak's or Fisher's multi-
ple comparisons tests were used. Differences between two groups
were assessed using Student's t-test. P values less than 0.05 were

considered significant. Data are shown as mean + SEM.

220 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in https://www.guidetopharmacology.org and are
permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander et al., 2021).

3 | RESULTS

3.1 | Hmgcr gene KO is induced in the liver

Hmgcr-KO was induced by feeding Hmger-?/LoP_R0sa26/WT mice

with tamoxifen-supplemented chow for 5 days and compared with

LoxP/LoxP_R6sa26WT'WT  (floxed)  mice

tamoxifen-treated  Hmgcr’
(Figure S1). During a tamoxifen treatment, food intake and body
weight were both decreased in the Hmgcr-KO and floxed mouse
groups (Figure 1a,b). After being subsequently fed with a regular chow
diet, food intake increased in the floxed and Hmgcr-KO groups to the
same levels (Figure 1b). In Hmgcr-KO animals, 5-day treatment with a
low dose of tamoxifen (14 mg-kg~! with chow) was sufficient to
induce gene KO that resulted in the acquisition of a profoundly nega-
tive phenotype within a few days after the cessation of the tamoxifen
treatment. We observed acute liver failure, but no changes in other
tissues (HMGCR expression and organ-specific phenotype). The liver
is likely to be the most negatively affected by this treatment because
of the high bioavailability and high metabolism rate of tamoxifen in
this organ. Notably, the early onset of liver damage in the model may
be a limiting factor for the induction of Hmgcr-KO in other tissues.

To determine the extent of liver damage caused by Hmgcr-KO,
we first confirmed that Hmgcr was effectively abrogated by tamoxifen
treatment in our model, which we accomplished by performing PCR
analysis. In female Hmgcr-KO mice, the average mRNA levels of car-
boxyl (C)-terminal and amino (N)-terminal Hmgcr fragments were sig-
nificantly reduced by as much as sixfold (Figure 1c,d). This reduction
resulted in about a 50% decrease in HMGCR protein levels. In male
Hmgcr-KO mice, the average Hmgcr mRNA level was about threefold
lower than in floxed mice. In addition, a decrease in Hmgcr protein
content in female liver samples was confirmed by western blot analy-

sis (Figure 1e). Because Hmgcr is a rate-limiting step in cholesterol

synthesis, changes in the cholesterol biosynthesis rate might be
expected in Hmgcr-KO animals; however, shortly after Hmgcr was
knocked out, the cholesterol concentration in plasma was decreased
only by 39% in females, whereas the plasma cholesterol level in males
was not (Figure 1f). In addition, the level of cholesteryl ester, the stor-
age form of cholesterol, in the liver of female and male Hmgcr-KO
mice was 30%-60% lower than in floxed female and male mice
(Figure 1h). Thus, neither cholesterol nor cholesteryl ester levels were

depleted at the humane endpoint of the experiment (Figure 1f,g).

3.2 | KO mice develop lethal liver failure

The rapid onset of acute liver failure was observed in both female and
male Hmgcr-KO mice. The lethal phenotype manifested on Days 6-8
in females and on Days 9-11 in males (Figure 2a). The humane end-
points were determined based on clinical observations (general weak-
ness, immobility and reduced body temperature) and ALT plasma
concentration as a marker of liver damage. In female mice,
plasma ALT concentrations 7 days after tamoxifen treatment was ini-
tiated (female endpoint) reached 600 U-L™%. In male mice, the onset
of liver damage (male endpoint) was observed approximately 3 days
after observed in female mice (Figure 2b). In contrast, in the Rosa26°"
or floxed animals, three cycles of tamoxifen treatment (5 days of
treatment + 2 days of normal chow for each treatment) did not
induce any changes in liver function. Liver weight in the female
Hmgcr-KO mice was significantly increased, from 1.0+ 0.1 to 1.4
+ 0.4 g. Liver damage was confirmed by macroscopic observation of
the liver and histological assays (Figure 2c,d), through which pale
patches in the liver or a pale colour across the whole liver were
observed. The histological analysis also revealed profoundly affected
regions in liver tissue adjacent to unaffected cells. This variability in
Hmgcr-KO-induced effects indicated that not all liver cells were
affected simultaneously. Large-scale liver cell death due to apoptosis,
necrosis, cell hypertrophy, microvesicular lipidosis and cystic degener-
ation was observed via a histological analysis of liver slices obtained
from Hmgcr-KO mice. After 5days of tamoxifen treatment, the
Hmgcr-KO mouse liver histology was unchanged (Figure S2a). At
the endpoint, no macroscopic change or obvious cell damage was
observed in non-liver tissues in either female or male Hmgcr-KO mice.
Levels of a muscle damage biomarker (creatine kinase) and a marker
of kidney damage (blood urea) were unchanged in the Hmgcr-KO

mice.

3.3 | Blood and liver biochemical analyses reveal a
systemic energy metabolism crisis

In addition to liver damage markers, we measured the levels of bio-
chemical markers in plasma and liver to evaluate changes in fatty acid
and glucose metabolism at the experiment endpoint, to understand
the effect of Hmgcr-KO on the liver and whole body. NEFA concen-
trations were increased in Hmgcr-KO mouse liver and plasma by 30%
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FIGURE 1 Tamoxifen treatment induced lower expression of Hmgcr. (a, b) Tamoxifen-containing chow intake was slightly lower, thus
inducing a temporary decrease in the body weight of floxed and knockout (KO) mice. (c, d) Gene KO was confirmed by a decrease in Hmgcr
mMRNA levels of C-terminal and N-terminal fragments and () Hmgcr protein content in the liver of KO animals. (f-h) A deficiency of Hmgcr protein
led to a decreased content of cholesterol and cholesteryl esters in the plasma and liver. Plasma and liver tissue samples were collected from
floxed and KO male and female mice at the endpoint (Days 7-10). Data are shown as the mean + SEM (n = 5-8 mice per group). *P < 0.05,
versus the corresponding sex of floxed mice, one-way analysis of variance (ANOVA) followed by unpaired t-test post hoc analysis. C-term mRNA,
carboxyl-terminus of messenger ribonucleic acid; F_Flox, floxed female; F_KO, knockout female; M_Flox, floxed male; M_KO, knockout male; ND,
normal diet; N-term mRNA, amino-terminus of messenger ribonucleic acid; TAM, tamoxifen diet.

and 200%, respectively, suggesting a decreased capability of the liver
to metabolize fatty acids (Figure 2e,f). This finding was in line with the
observation indicating that the triglyceride content in the liver was
increased from 7-fold to 13-fold (Figure 2g). Under fasting conditions,
the liver plays a major role in generating and supplying glucose to the
circulatory system to maintain the functions of glucose-dependent tis-
sues such as the brain. In Hmgcr-KO mice, we did not observe signifi-
cantly lower food intake (Figure 1b), indicating that changes in liver

biochemistry, not the fasting status, affected the levels of glucose and

fatty acids in plasma. Lower hexose and lactate contents were
observed in the livers of the Hmgcr-KO mice, suggesting increased
carbohydrate utilization in the liver as a reason for reduced systemic
glucose availability (Figure 2i,j). The glucose concentration in Hmgcr-
KO mouse plasma was significantly lower than in floxed mouse
plasma (Figure 2k). In four out of eight female Hmgcr-KO mice, the
glucose concentration was less than 5 mM (1.5-4.5 mM), suggesting
that changes in liver fat and the carbohydrate metabolism-induced

hypoglycaemia observed at the humane endpoint contributed to the
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lethality of Hmgcr-KO mice. The levels of biochemical markers in
plasma and liver were not changed in Hmgcr-KO mice on Day
5 (Figure S2). Overall, the analysis of biochemical marker levels in
plasma and liver pointed to marked changes in fatty acid and glucose
metabolism in the liver that led to a systemic energy metabolism crisis
in glucose-dependent tissues.

3.4 | Transcriptomic analysis reveals changes in
energy metabolism pathway activity

Further changes in energy metabolism signalling pathways were
explored by transcriptome analysis. Whole-transcriptome RNA-seq
reads showed marked changes in the Hmgcr-KO mouse transcriptome
(Figures 3a and S3a). A principal component analysis (PCA) revealed
that clusters of Hmgcr-KO samples were separate from the other sam-
ples, indicating that Hmgcr was the main factor driving liver transcrip-
tome changes in male and female mice (Figure S3c). Overall, in female
mouse liver, the expression of 3159 genes was up-regulated and that
of 2470 genes was down-regulated (P < 0.001, fold change >2). Com-
pared with female Hmgcr-KO mice, male Hmgcr-KO mice exhibited
fewer changes in gene expression (Figure 3b and S3a). A Reactome
enrichment analysis revealed that the activation levels of several path-
ways were significantly changed in female mice, and the expression of
target genes related to lipid and fatty acid metabolism in mitochondria
and peroxisomes was down-regulated (Figures 3c and S3d-f). All these
findings indicated alterations to energy metabolism pathway activity.

In the liver, the activation of PGCla and PPAR gamma
coactivator-1 beta (PGC1p) facilitates organism adaptation to fasting,
and these effects are mediated via several metabolic modifications,
including those involved in the activation of mitochondrial metabo-
lism, gluconeogenesis, FAO, ketogenesis and bile acid homeostasis
(Besse-Patin et al., 2019; Piccinin et al., 2019). PGC1a is involved in
the activation of several transcription factors that regulate oxidative
metabolism; these transcription factors include PPARx and PPARo,
forkhead box protein O1 (FOXO1), nuclear respiratory factors (Nrfl
and Nrf2) and the lipogenic regulator carbohydrate-responsive
element-binding protein (ChREBP) (Chambers et al., 2013; Puigserver
et al., 2003; Vega et al., 2000; Wu et al., 1999). In the Hmgcr-KO mice,
only the expression of the PPARa target genes was significantly
down-regulated (Figure S3f), whereas FOXO1 and ChREBP target
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genes were not affected. The expression of Nrf pathway genes was
significantly up-regulated in Hmgcr-KO mouse liver. Because lower
PGC1a/PPAR« target gene expression was found in Hmgcr-KO mice
that had low glucose and high fatty acid levels (Figure 2), we can con-
clude that PPARa transcriptional activity was specifically disrupted in
Hmgcr-KO mouse liver.

The progressive form of fatty liver disease, such as nonalcoholic
steatohepatitis (NASH), is to a large extent triggered by hepatic
inflammation (Schuster et al., 2018). In Hmgcr-KO mice, despite high
lipid levels and large areas of tissue damage, the expression of inflam-
matory marker genes such as tumour necrosis factor-a (TNF-a),
interleukin-1p (IL-1p), IL-6 and inducible nitric oxide synthase (iNOS)
was not increased. These findings were in line with the observation of
nominal leukocyte infiltration, as assessed via liver histology
(Figure 2d). In summary, in Hmgcr-KO mice, liver damage was not

characterized by an inflammatory NASH-like pathophysiology profile.

3.5 | Metabolomic analysis points to changes in
mitochondrial and peroxisomal pathway activity

For the identification of changes in liver energy metabolism, we per-
formed metabolomic analysis in plasma and liver samples and found
substantial differences in metabolite concentrations between floxed
and Hmgcr-KO mice. The abundance of 69 and 175 of 551
metabolites changed (|log,FC| > 1, P < 0.01) in the liver and plasma of
female Hmgcr-KO mice, respectively. In total, the abundance of
58 liver metabolites increased, and that of only 11 metabolites
decreased (Figure 3e). As indicated by a PCA, the metabolic profiles
of male and female floxed mice completely overlapped. The PCA
score cluster of the female Hmgcr-KO mouse liver was completely
separated from the other clusters, while the male Hmgcr-KO mouse
liver metabolic profile overlapped with that of the KO female and
floxed mice (Figure 3d). Thus, the metabolic phenotype was substan-
tially different in Hmgcr-KO and floxed female mice, but greater vari-
ability was observed in Hmgcr-KO males. A similar pattern was
observed in the transcriptomic and biochemical analysis data in male
and female mice. The metabolomics analysis revealed changes
in carbohydrate, lipid and amino acid metabolic pathways
(Figure 3e,f). Fatty acids and their metabolism intermediates, namely,

LC acylcarnitines, accumulated at substantially high levels, suggesting

FIGURE 2 Hmgcr deletion induced acute lethal liver failure and disbalance in glucose and fatty acid turnover. (a) According to the Kaplan-
Meier plot, a few days after the induction of Hmgcr-knockout (KO), mice reached the humane endpoint. (b) Acute liver failure was diagnosed by a
substantial increase in plasma alanine transaminase (ALT) levels. (c) Liver damage in KO mice was confirmed by the macroscopic appearance of a
pale liver. (d) The histological analysis of haematoxylin and eosin-stained sections revealed liver cell death. (e, f) Significantly increased
concentrations of fatty acids in KO mouse liver and plasma suggest that liver metabolism shifted towards glucose utilization. (g) In KO mice, liver
excess of fatty acids is converted into triglycerides, causing hepatic steatosis. (h) Lipid export from the liver is decreased and results in the low
plasma triglyceride concentrations observed. (i) Lower content of lactate and (j) depleted hexoses in the KO mouse liver were observed. (k) Low
glucose concentration in plasma suggests elevated carbohydrate utilization in the KO mice liver, causing systemic hypoglycaemia. Plasma and liver
tissue samples were collected from floxed and KO male and female mice at the endpoint (Days 7-10). Data are shown as the mean + SEM

(n = 5-8 mice per group). *P < 0.05, versus the corresponding sex of floxed mice, one-way analysis of variance (ANOVA) followed by unpaired t-
test post hoc analysis. F_Flox, floxed female; F_KO, knockout female; M_Flox, floxed male; M_KO, knockout male; TAM, tamoxifen.
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FIGURE 3 Legend on next page.
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disrupted mitochondrial and peroxisomal functionality. In the metabo-
lomic data, 15 of the 59 metabolites with the greatest increase in
abundance were LC acylcarnitines (Figure 3e). In addition, disruptions
to the polyamine, bile acid, ceramide and glutamate/glutamine profiles
were observed, indicating changes in peroxisomal and ER metabolism
(Figure 3f). Overall, the metabolomic analysis revealed significantly

changed mitochondrial and peroxisomal fatty acid metabolism.

3.6 | Mitochondrial dysfunction

A transcriptome pathway analysis revealed significant differences in
the expression of metabolism-related genes in Hmgcr-KO mouse liver.
Through a detailed analysis of these genes, we found significantly
down-regulated expression by twofold to threefold of mitochondrial
genes related to mitochondrial FAO (Figure 4a). These genes included
those involved in fatty acid transport, acyl-CoA and acylcarnitine syn-
thesis and most of the p-oxidation enzymes (Figure S3d). Similarly,
lower expression of genes related to glutamate metabolism was
observed in the Hmgcr-KO mouse liver. Overall, compared with male
Hmgcr-KO mice, female Hmgcr-KO mice presented substantially lower
mitochondrial metabolism-related gene expression.

Immunohistochemical (IHC) TOM20 staining, for a marker of
mitochondrial mass and metabolic activity, revealed regional and
time-dependent differences in the Hmgcr-KO mouse liver (Figures 4b
and S4b). At the endpoint, most liver cells had lost TOM20-positive
mitochondria, while there were a few other liver regions still carrying
a significant number of TOM20-positive mitochondria (Figure 4b). In
addition, the mitochondria in the Hmgcr-KO animals were smaller and
had lost connection with each other. The early loss of mitochondria in
female Hmgcr-KO mouse liver was observed as early as 5 days after
the tamoxifen treatment was initiated (Figure S4b). Overall, the IHC
findings indicated the presence of highly dysfunctional mitochondria
in the Hmgcr-KO mouse liver.

Folowing IHC analysis, we evaluated whether changes in liver
metabolism are related to disrupted mitochondrial function. High-
resolution respirometry measurements showed that the mitochondrial
respiration rate was markedly lower in female Hmgcr-KO mouse liver

homogenate. At the endpoint in female and male Hmgcr-KO mice, the
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mitochondrial FAO rate (with palmitoylcarnitine as a substrate) was
significantly decreased by twofold to threefold (Figure 4d). A similar
decrease in the mitochondrial respiration rate was observed in the FN
and FNS pathways, suggesting that other pathways did not compen-
sate for the reduced FAO in Hmgcr-KO mice that led to severe cellular
energy deficiency (Figure 4d). The calculated flux control efficiency
indicated that the electron transfer system in the Hmgcr-KO mouse
liver was not disrupted. Therefore, it is likely that some mitochondria
were dysfunctional while other mitochondria were functioning effi-
ciently. A lowered FAO rate was observed in experiments with mito-
chondria from male Hmgcr-KO mouse liver, but this reduction in FAO
rate was compensated by FNS pathway activity (Figure 4d). On Day
5, mitochondrial FAO was reduced only in female Hmgcr-KO mouse
liver, and this was sufficiently compensated by other pathways
(Figure S4a). Overall, the mitochondrial respiration measurements
were in line with IHC findings, which indicated the presence of highly
dysfunctional mitochondria and functional organelles in Hmgcr-KO
mouse liver homogenate at the endpoint, with mitochondria relatively
less affected by Hmgcr-KO on Day 5. Because no other changes were
apparent on Day 5, the dysfunctional mitochondrial FAO could be
considered the main point initiating all detrimental changes that were

observed in Hmgcr-KO mice several days later.

3.7 | Altered ultrastructural appearance of
mitochondria, ER and peroxisomes

Liver damage was confirmed through electron microscopic examina-
tion of Hmgcr-KO mouse liver samples, aligning with the previously
mentioned gross anatomy and routine histopathological findings. Nev-
ertheless, a characteristic feature observed in Hmgcr-KO mice was the
heterogeneity in the alteration of hepatocytes.

Ultrastructural analysis of hepatocyte organelles revealed the
alteration of reactive cytoplasmic organelles, primarily mitochondria,
ER, peroxisomes and lysosomes, as confirmed in Hmgcr-KO mouse
livers. Mitochondria in hepatocytes from Hmgcr-KO mouse liver
appeared to vary greatly in size and shape (Figure 4c and S4c). The
organelles mostly exhibited smooth outlines, and the intermembrane

space was not enlarged. The orientation of cristae varied, and some

FIGURE 3 Transcriptomic and metabolomic analysis revealed alterations in fatty acid metabolism in the liver mitochondria and peroxisomes
of Hmgcr-knockout (KO) mice. (a) The volcano plot shows many statistically significant changes in female KO mice liver transcriptome. (b) A
significant number of liver metabolism genes were affected in the transcriptome of KO mouse liver. (c) Reactome enrichment analysis of the
differentially expressed genes in female floxed and KO mice livers. (d) Score plots of principal component analysis (PCA)-discriminated
metabolites in the liver between the floxed and Hmgcr-KO male and female groups. (e) In the volcano plot of metabolomics data (floxed vs. KO
female mice liver), long-chain (C12-C18:2) and hydroxylated (C14:2-OH-C18:1-OH) acylcarnitines stand out as the most increased metabolites
and cholesterol esters (C14-C22:6) as a group of decreased metabolites. (f) Metabolomic analysis revealed the main metabolism pathways that
were affected in the liver of KO mice. Liver tissue samples were collected from floxed and KO male and female mice (n = 5-8 mice per group) at
the endpoint (Days 7-10). Threshold values for significantly up-regulated and down-regulated genes are |logo,FC| > 1 and P-adjusted <0.001 in
the RNA-sequencing (RNA-seq) analysis of Hmgcr-KO mouse liver compared with floxed mice. Volcano plots of metabolomes show statistical
significance (P value <0.05) versus the magnitude of fold change (FC > 2.0) in floxed and KO female mice livers. Differential expression analysis
was performed on a total of 27,821 genes using R software (Version 4.2.1) with the DESeq2 package. Metabolomic analyses were produced using

MetaboAnalyst 5.0.
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FIGURE 4 Mitochondrial function is markedly decreased in Hmgcr-knockout (KO) mice. (a) Many genes related to mitochondrial fatty acid
metabolism are decreased in KO animal liver. (b) The number of TOM20-positive mitochondria is reduced in KO mice. (c) Hepatocyte
mitochondrial involvement and heterogeneity of appearance were confirmed in both male and female KO mice liver at the ultrastructural level.
(d) High-resolution respirometry shows a significantly lower mitochondrial respiration rate on palmitoylcarnitine (fatty acid oxidation [FAQ]) and
other substrates. (e, f) The content of short- and medium-chain acylcarnitines is not changed. (g, h) Long-chain acylcarnitines and (i) long-chain 3-
hydroxy-acylcarnitines are substantially increased in KO mice livers reaching a very high total long-chain acylcarnitine level. (j) Glutamic acid levels
in female and male KO mice livers were significantly higher. Liver tissue and plasma samples were collected from floxed and KO male and female
mice at the endpoint (Days 7-10). Data are shown as the mean + SEM (n = 5-8 mice per group). *P < 0.05, versus the corresponding sex of
floxed mice, one-way analysis of variance (ANOVA) followed by unpaired t-test post hoc analysis. AC, acylcarnitines; AmA, antimycin A; C14:1,
tetradecenoylcarnitine; C14:1-OH, hydroxytetradecenoylcarnitine; C14:2-OH, hydroxytetradecadienoylcarnitine; C16, hexadecanoylcarnitine;
C16:1, hexadecenoylcarnitine; C16:1-OH, hydroxyhexadecenoylcarnitine; C16:2, hexadecadienoylcarnitine; C16:2-OH,
hydroxyhexadecadienoylcarnitine; C16-OH, hydroxyhexadecanoylcarnitine; C18, octadecanoylcarnitine; C18:1, octadecenoylcarnitine;
C18:1-OH, hydroxyoctadecenoylcarnitine; C18:2, octadecadienoylcarnitine; DAPI, 4’,6-diamidino-2-phenylindole, a nuclear staining dye; F, FAO-
dependent pathway; F_Flox, floxed female; F_KO, knockout female; FA, fatty acids; G, glutamate; LEAKy, substrate metabolism-dependent state
without adenylates; M_Flox, floxed male; M_KO, knockout male; N, NADH pathway; OXPHOS, oxidative phosphorylation-dependent state; P,
pyruvate; PC, palmitoylcarnitine; Rot, rotenone; ROX, residual oxygen consumption; S, succinate; S, succinate pathway; TOM20, staining dye for
the mitochondrial import receptor subunit TOM20; U, uncoupler carbonyl cyanide 3-chlorophenylhydrazone.
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were curved. Certain cristae displayed varying degrees of vacuolation,
and the number of cristae was reduced. The predominant electron
optical density of the mitochondrial matrix was moderate; however,
some organelles exhibited a low density of the mitochondrial matrix.
Notably, enhanced mitochondrial autophagy contributes to autopha-
gosome and pseudo-myelin figure formation. The latter were found
both intracellularly and extracellularly.

Rounded or oval and mostly small-sized structures, commonly
referred to as microperoxisomes, were found in markedly reduced
numbers in both Hmgcr-KO male and female hepatocytes, indicating
an association with the reduction of catalase activity. A moderately
electron-dense, granular matrix, a mostly non-crystalloid core and the
absence of a nucleoid were characteristics of peroxisomes.
Additionally, the disappearance of properly arranged stacks of rough
ER cisternae, contributing to the formation of ergastoplasm and
ensuring sufficiency in peroxisome enzyme synthesis, provides
further evidence of impaired lipid and fatty acid metabolism
(Figure 4c and S4c).

Differently shaped and narrowed cisternae of the ER were
observed close to mitochondria, and some even enveloped them.
However, the formation of parallel-oriented cisternae of the rough
ER, contributing to the creation of the so-called ergastoplasm, was
markedly reduced. Some profiles of the smooth ER were enlarged and
rounded, providing evidence of changes in the ER collectively related
to stress. Along with the increased appearance of pseudo-myelin fig-
ures, these changes were indicative of altered lipid formation (Figure
4c and S4c).

38 |
levels

LC acylcarnitines accumulate at harmful

In the metabolomic analysis, many LC acylcarnitine species were
among the metabolites with the greatest increase in abundance;
therefore, the levels of various acylcarnitine species were measured.
In the livers of female and male Hmgcr-KO mice, the levels of various
short- and medium-chain acylcarnitines were unchanged (Figure 4e,f),
whereas LC acylcarnitine levels in the liver were increased by 8-fold
and 3.5-fold, respectively (Figure 4g,h). A high level of LC acylcarnitine
is an indicator of impaired mitochondrial FAO (Dambrova et al., 2022).
In addition, increased concentrations of LC acylcarnitine damage mito-
chondria. In floxed mice liver, LC 3-hydroxy-acylcarnitines were not
detected, in contrast to the levels in the Hmgcr-KO mice, where the
contents of C14, C16 and C18 3-hydroxy-acylcarnitines were sub-
stantially elevated (Figure 4i). Accordingly, the increase in 3-hydroxy-
acylcarnitine content in Hmgcr-KO mouse liver confirms that dis-
rupted mitochondrial fatty acid f-oxidation is the main functional
change in Hmgcr-KO mouse mitochondria and the reason for the sub-
sequent accumulation of LC acylcarnitines to extremely high levels.
The levels of LC acylcarnitines and 3-hydroxy-acylcarnitines were
increased several fold, similar to their concentrations in mitochondrial
FAOD patients, who present with severe heart, muscle and liver dis-

ease symptoms because of deficiencies in LC 3-hydroxy acyl-CoA

dehydrogenase (LCHAD) and mitochondrial trifunctional protein
(MTP) (Gillingham et al, 2005; Spiekerkoetter et al., 2009). In
Hmgcr-KO mice, the accumulation of LC acylcarnitines led to the rapid
progression of mitochondrial and cellular damage.

In female and male Hmgcr-KO mouse liver, glutamate metabolism
also was altered, as indicated by substantially increased glutamate
levels in the liver, by as much as fourfold (Figure 4j). ALT converts
alanine and glutamate into a-ketoglutarate, which is a substrate in
the citric acid cycle in mitochondria (Lenartowicz & Wojtczak, 1988).
According to the respiration measurements taken in the mitochondria
of Hmgcr-KO mouse liver, the rate of a-ketoglutarate synthesis from
glutamate was probably low. In an alternative pathway, pyruvate is
synthesized from amino acids and is a source of gluconeogenesis. In
Hmgcr-KO mouse liver, a lower level of alanine was in line with an
increased level of glutamate, suggesting that the reaction was shifted
towards pyruvate and glutamate synthesis and away from
a-ketoglutarate synthesis from alanine. However, even stimulated
pyruvate synthesis and gluconeogenesis did not compensate for car-
bohydrate deficiency.

3.9 | Peroxisomal dysfunction

Transcriptomic analysis of Hmgcr-KO mouse livers revealed a substan-
tial decrease in the expression of PGC1la/PPAR« target genes, most of
which are crucial for peroxisome formation and function (Figure 5a).
Compared with the expression of mitochondrial genes, which was
reduced by twofold to threefold, the expression of peroxisomal genes
was down-regulated by as much as 30-fold (Figure S3e). A significant
decrease was observed in the expression of Pex genes, which are
required for peroxisome formation (Okumoto et al., 2020). Further-
more, the expression of peroxisomal PPAR« target genes involved in
fatty acid transport and metabolism was decreased significantly more
than that of PPAR« target genes in mitochondria (Figures 4a and 5a).
In fact, the expression of peroxisomal a and p FAO-related genes was
significantly down-regulated by as much as 15-fold compared with
the expression in floxed mice liver (Figures 5a and S3e). Moreover, the
expression of genes involved in the peroxisome-specific autophagy
(pexophagy) pathway, such as sequestosome 1 (p62/SQSTM1), was
significantly up-regulated. p62 is a receptor that promotes peroxisome
clustering and enhances pexophagy (Germain & Kim, 2020). In the
male Hmgcr-KO mice, the expression of the same peroxisomal genes
was less affected than that in the female Hmgcr-KO mice. The specific
effect of PPAR«a inactivation in the presence of high fatty acid levels
in the liver was explained by the inhibitory effect induced by increased
levels of certain fatty acid intermediates. In a past study, indirect evi-
dence suggested that in the presence of LC acylcarnitines, the PPAR«a
response might be blunted (Chegary et al., 2008). In Hmgcr-KO mice,
highly abundant LC acylcarnitines might be the intermediates that
inhibit PPAR« activity. In the present study, we found that incubation
of liver slices in the presence of palmitoylcarnitine markedly reduced
PPARa target gene expression, specifically peroxisome enzyme
ACOX1 expression (Figure 5b).
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Catalase is the most abundant protein within peroxisomes. IHC
staining of catalase revealed a large loss of peroxisomes in female
Hmgcr-KO mice (Figure 5c¢). In addition to lower catalase expression,
decreased catalase activity was observed in both female and male
Hmgcr-KO mice. Catalase activity in the liver tissues of Hmgcr-KO
mice was reduced by 2.5-fold to 3-fold (Figure 5d). This reduction was
comparable with the decrease observed in catalase gene expression.
In addition to the disappearance of peroxisomes and reduced catalase
activity, activation of the Nrf2 pathway suggested the presence of
oxidative damage in the Hmgcr-KO mouse liver (Tonelli et al., 2018).
We observed marked (up to 50-fold) up-regulation of the expression
of Nrf2 pathway genes, including glutathione S-transferase (isoforms
Al, A2, A5, M3, Mé and P3), glutathione peroxidase (isoforms 2 and
3), sulfiredoxin-1, glutathione reductase and haem oxygenase-1
(Figure 5e).

Phytanic acid is a branched-chain fatty acid that cannot undergo
direct p-oxidation because it must first undergo a-oxidation in peroxi-
somes. We measured the content of phytanoylcarnitine, which is a
marker of peroxisomal dysfunction, in the liver of the Hmgcr-KO mice
(Herzog et al., 2017). In female Hmgcr-KO mice, the content of phyta-
noylcarnitine in the liver was sixfold increased, while in males, an
increase of approximately threefold was observed (Figure 5f), suggest-
ing a substantially decreased peroxisomal a-oxidation rate. In addition,
peroxisomal polyamine metabolism was disrupted, resulting in a signif-
icant increase in the levels of putrescine and spermidine in female
Hmgcr-KO mouse liver (Figure 5g,h). On Day 5, the number of peroxi-
somes, the catalase activity level and the phytanoylcarnitine level in
Hmgcr-KO mouse liver were similar to those observed in control mice;
these results indicated that peroxisome damage was secondary to

mitochondrial dysfunction.

3.10 | ERstress

In previous studies, ER stress has been suggested to be the main
cause of intracellular dysfunction in Hmgcr-KO mice; therefore, ER
stress-induced gene expression and changes in the abundance of sev-
eral ER-generated metabolites were evaluated. Indeed, the mRNA
levels of the canonical ER stress genes Atf4, Atf6, Ddit3 and Trib3

showed a significant 2-fold to 19-fold increase (Figure 6a).

To estimate changes in ER functionality, the content of metabo-
lites synthesized in the ER was evaluated. For example, the de novo
ceramide biosynthesis pathway is activated in the ER when lipid
homeostasis is disrupted (Kim & Bai, 2022; McNally et al., 2022).
Therefore, we measured the ceramide levels and found increased
levels of ceramides and their synthesis precursors, dihydroceramides,
which have been previously associated with ER stress (McNally
et al., 2022). In the female and male Hmgcr-KO mouse livers, the dihy-
droceramide levels were increased by approximately 2.5-fold, while
the ceramide levels were increased by 60%, indicating activation of
the ceramide synthesis pathway (Figure 6b,c). In addition, we
observed a slight decrease in the level of sphingomyelin, which can be
converted into ceramide via the salvage pathway in lysosomes or the
sphingomyelinase pathway in the plasma membrane, Golgi and mito-
chondria (Figure 6d). These data indicate that ER stress can promote
the activation of the ceramide synthesis pathway.

The ER is the major site for the synthesis of diglycerides and tri-
glycerides. In female and male Hmgcr-KO mice, we found that the
triglyceride contents in the liver were increased by 7-fold to 19-fold,
causing severe steatosis, while lower triglyceride concentrations were
present in plasma (Figure 2g,h). These results indicated that triglycer-
ide synthesis in the ER was not affected in Hmgcr-KO mice. Notably,
dysregulation of intrahepatic lipid metabolism in mitochondria led to
steatosis in the Hmgcr-KO mouse liver.

Bile acids are primarily synthesized from cholesterol in the liver
by enzymes located mainly in the ER, with some also present in perox-
isomes, mitochondria and the cytosol (Russell, 2003). The cholic acid
content in the female KO mouse liver was reduced, but the difference
was not statistically significant due to variabilities in the female floxed
group (Figure 6e). The reduced cholic acid content may have been
caused by the reduced availability of cholesterol and down-regulated
de novo bile acid synthesis pathways in Hmgcr-KO mice. Transcrip-
tomic analysis revealed that bile biosynthesis might be inhibited
because the gene expression of enzymes involved in the classical bile
acid synthesis pathway (CYP7A1, CYP8B1 and HSD3B7) and alterna-
tive pathway (CYP27A1, peroxisomal and mitochondrial B-oxidation
enzymes) was down-regulated by as much as 40-fold. Plasma concen-
trations of cholic acid were similar in floxed and Hmgcr-KO animals
(Figure 6f). In contrast, the concentrations of conjugated bile acids,

including taurocholic acid and glycocholic acid, were substantially

FIGURE 5

Hmgcr-knockout (KO) mice livers are lacking peroxisomes and their functionality. (a) In the Hmgcr-KO mice liver, genes related to

peroxisomal formation and fatty acid metabolism are significantly down-regulated. (b) Incubation of control mice liver slices with
palmitoylcarnitine (PC) reduced peroxisome proliferator-activated receptor alpha (PPARa) target gene expression. (c) Very few catalase-positive
peroxisomes were detected in the liver slices of KO mice. (d) A similar decrease was observed in catalase activity. (e) Excessive activation of genes
from the Nrf2 pathway indicates oxidative stress in the livers of KO mice. (f) The increased content of phytanoylcarnitine suggests markedly
decreased peroxisomal a-oxidation. (g, h) Putrescine and spermidine levels were significantly increased in the KO mouse liver because polyamine
metabolism is disturbed. Liver tissue samples were collected from floxed and KO male and female mice at the endpoint (Days 7-10). Data are
shown as the mean + SEM (n = 5-8 mice per group). *P < 0.05, versus the corresponding sex of floxed mice, one-way analysis of variance
(ANOVA) followed by unpaired t-test post hoc analysis. DAPI, 4’,6-diamidino-2-phenylindole, a nuclear staining dye; F_Flox, floxed female; F_KO,
knockout female; Gclc, glutamate-cysteine ligase catalytic subunit; Gpx2 and Gpx3, glutathione peroxidase 2 and 3; Gsr, glutathione reductase;
Gstal, Gsta2 and Gsta5, glutathione S-transferase alpha 1, 2 and 5; Gstm3 and Gstmé, glutathione S-transferase Mu3 and Mué; Gstp3, glutathione
S-transferase Pi3; Hmox1, haem oxygenase 1; M_Flox, floxed male; M_KO, knockout male; Nrf2, nuclear factor erythroid 2-related factor 2; Srxn1,

sulfiredoxin 1.
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increased in the liver and plasma of the Hmgcr-KO animals
(Figure 6g,h). In line with the histological findings, cholestasis may be
a reason for disrupted bile acid turnover. Overall, ER stress in Hmgcr-
KO animals might be a secondary effect of fatty acid metabolism dis-

ruptions in mitochondria and peroxisomes.

4 | DISCUSSION

We have elucidated the pathways related to the detrimental effects
observed in Hmgcr-KO mice, to understand the mechanism underlying
the negative phenotype acquired by patients taking statins. The link
between alterations in HMGCR expression and mitochondrial and
peroxisomal function has not been previously studied in detail. Here,
we show that HMGCR is essential for the mitochondrial B-oxidation
pathway of fatty acids. The loss of HMGCR was characterized by a
very high accumulation of LC acylcarnitines and LC fatty acids at
levels known to cause cell death. These metabolic changes induced
rapidly progressing liver damage, leading to death without apparently
damaging other tissues.

The time-dependent analysis of the development of fatal liver fail-
ure, within Days 5-11, revealed that the primary effect of Hmgcr gene
KO was a reduction in the mitochondrial FAO rate. Any other metabolic
functions, including peroxisomal and ER functionality, at an earlier time
point (Day 5) were not affected by Hmgcr-KO. This outcome suggests
that initial detrimental changes in mitochondrial fatty acid metabolism
were compensated by the oxidation of other substrates that maintained
ATP production in the liver, to prevent energy deficiency and maintain
overall liver functionality. We found a slight increase in plasma ALT con-
centration in female Hmgcr-KO mice on Day 5, suggesting that some
cells had been disrupted at this time point. Furthermore, reduced mito-
chondrial FAO resulted in the accumulation of LC fatty acids, triglycer-
ides and LC acylcarnitines, which are the most harmful of metabolism
intermediates. Our observations are in line with a previous study that
demonstrated lethal outcomes within 6 weeks of age due to distur-
bances in lipid metabolism (shift to lipogenesis and accumulation) and
hypoglycaemia in liver-specific Hmgcr-KO  mice  (Nagashima
et al,, 2012). Detrimental changes in metabolism rapidly induce a severe
phenotype when a certain limit of Hmgcr gene expression is reached;
however, some animals can survive and recover if tissues can overcome
the metabolic crisis (De Giorgi et al., 2020; Nagashima et al., 2012). This

might be an important aspect for the recovery from statin-induced
adverse reactions.

Previous studies have shown that LC acylcarnitines are abundant
in mitochondria, can inhibit pyruvate and lactate metabolism and, at
higher concentrations, inhibit ATP synthesis. Therefore, they are very
harmful fatty acid intermediates (Liepinsh et al, 2016; McCoin
et al., 2015; Tominaga et al., 2008). In female Hmgcr-KO mouse livers,
the LC acylcarnitine levels were increased by as much as 12-fold, which
was comparable with levels found in patients with lethal inherited
FAOD (Begriche et al., 2011; Di Pasqua et al., 2022; North et al., 1995;
Pessayre et al, 2012; Wanders et al., 2020). Depending on which
enzyme or transporter level is deficient, the levels of LC acylcarnitines
in plasma can be elevated by several fold. A comparable increase in LC
acylcarnitines has been measured in skin fibroblasts isolated from
FAOD patients (Okun et al., 2002; Ventura et al., 1999). A distinct fea-
ture of Hmgcr-KO mice in our study was increased levels of hydroxyl-
acylcarnitines that are unique to mitochondrial FAOD patients deficient
in LCHAD, which is an enzyme of MTP. In comparison with other
enzyme deficiencies in FAOD patients, LCHAD (TFP) deficiency along
with cardiomyopathy and liver damage develops long-term irreversible
neuropathic complications, most likely due to the accumulation of toxic
concentrations (as high as 16 uM) of LC 3-hydroxy-acylcarnitines in
patient plasma (Gillingham et al., 2005; Spiekerkoetter et al., 2009).
Overall, mitochondrial damage, energy deficiency and liver cell death
were caused by LC acylcarnitine accumulation and may be attributable
to inhibited LCHAD activity in Hmgcr-KO mouse livers (Figure 7).

Peroxisome biogenesis and degradation are very rapid processes
leading to a peroxisome half-life of 1.5-2 days (Kim & Bai, 2022).
Transcriptomic analysis of Hmgcr-KO mice revealed a significant
reduction in the expression of PGCla/PPAR« target genes that are
important for peroxisomal formation and function. Through IHC anal-
ysis, we found a lower number of peroxisomes, which might have
been due to insufficient formation and accelerated pexophagy. Nota-
bly, LC fatty acids were metabolized to short- and medium-chain fatty
acids by peroxisomal B-oxidation. Hence, peroxisomes can partially
compensate for lower FAO rates in mitochondria (Houten et al., 2020)
to prevent the accumulation of LC fatty acids and their metabolic
intermediates (Liepinsh et al., 2013). In Hmgcr-KO mice, acylcarnitine-
induced lipotoxicity at the endpoint indicated that peroxisomes in
these mice were not formed and could not compensate for mitochon-

drial dysfunction. Moreover, the absence of peroxisomal fatty acid

FIGURE 6

In the Hmgcr-knockout (KO) mice livers, endoplasmic reticulum (ER) stress-related gene expression was increased, but ER lipid

metabolism functions were fully maintained. (a) The levels of canonical ER stress genes showed a significant increase in the Hmgcr-KO mice livers.
(b) Dihydroceramide and (c) ceramide levels were increased, indicating an activated ceramide synthesis pathway. (d) The decreased content of
sphingomyelins can be the result of their conversion into ceramides. (e, f) De novo synthesis of cholic acid is not changed, (g, h) while cholestasis
induces increased levels of conjugated bile acids in KO mice livers. Liver tissue and plasma samples were collected from floxed and KO male and
female mice at the endpoint (Days 7-10). Data are shown as the mean + SEM (n = 5-8 mice per group). *P < 0.05, versus the corresponding sex
of floxed mice, one-way analysis of variance (ANOVA) followed by unpaired t-test post hoc analysis. Atf4 and Atfé, activating transcription factors
4 and 6; Ddit3, DNA damage-inducible transcript 3; F_Flox, floxed female; F_KO, knockout female; Gadd45a, growth arrest and DNA damage-
inducible alpha; Grp78, glucose-regulated protein; Ippk, inositol-pentakisphosphate 2-kinase; Irel, inositol-requiring enzyme 1; M_Flox, floxed

male; M_KO, knockout male; Trib3, tribbles homologue 3.
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Energy metabolism changes in Hmgcr-knockout (KO) mice. The primary effect in the liver of the KO mouse is a reduced

mitochondrial FAOQ rate (see Figure 4) that leads to the accumulation of long-chain acylcarnitines and 3-hydroxy-acylcarnitines (see Figure 4). In
mitochondria, long-chain acylcarnitines inhibit oxidative phosphorylation that results in increased reactive oxygen species (ROS) production
(Liepinsh et al., 2016; Tominaga et al., 2008). Long-chain acylcarnitines leak from mitochondria and can be metabolized in peroxisomes (Houten
et al., 2020; Liepinsh et al., 2013), thus compensating for reduced mitochondrial function. Further accumulation of lipid intermediates disrupts
peroxisome neogenesis by suppressing peroxisome proliferator-activated receptor alpha (PPAR«)/PPAR gamma coactivator-1 alpha (PGCla)
activity (see Figure 5) that leads to increased levels of branched-chain acylcarnitines (e.g., phytanoylcarnitine) (see Figure 5) and H,O,, which
further activate the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway (see Figure 5). Disruptions of peroxisomes accelerate the
progression of cell damage. Increased levels of long-chain fatty acids, acylcarnitines and ROS induce endoplasmic reticulum (ER) stress (see
Figure 6). ABCD1/2 and ABCD3, ATP-binding cassette subfamily D members 1/2 and 3; ACS, acyl-CoA synthetase; CAC, citric acid cycle; CAT,
catalase; CPT1 and CPT2, carnitine palmitoyltransferase 1 and 2; CROT, carnitine O-octanoyltransferase; LC fatty acids, long-chain fatty acids;
LC, long-chain; mito, mitochondria; OXPHOS, oxidative phosphorylation; pex, peroxisome; RXRa, retinoid X receptor alpha; TG, triglycerides;

aKG, a-ketoglutarate; a-ox, a-oxidation; f-ox, f-oxidation.

metabolism led to the accumulation of a peroxisome-specific sub-
strate, phytanoylcarnitine. Hence, we hypothesize that increased
levels of LC acylcarnitines might damage peroxisomes as well as
decrease PPAR« activity. Peroxisomes generate approximately 35% of
H,0, in cells, and therefore, most catalase in a cell is located in perox-
isomes (Kim & Bai, 2022). In the Hmgcr-KO mouse liver, disruption to
peroxisome function leads to a lower antioxidant capacity and higher
oxidative damage in liver cells. Overall, because peroxisomes play an
important role in cell function, liver failure rapidly progresses and
becomes irreversible when peroxisomal metabolic and catalase func-
tions are disrupted.

Previous studies of tissue-specific Hmgcr-KO mice emphasized
ER stress as the central pathological mechanism (De Giorgi
et al., 2020). Because the ER is a major site of protein synthesis and
folding, lipid and steroid synthesis, carbohydrate metabolism and cal-
cium storage, prolonged ER stress might disrupt lipid metabolism and
induce hepatic lipotoxicity (Zhang et al., 2021). In this study, the ER
stress response and changes in corresponding lipid levels were
observed only at the endpoint. The ER contacts mitochondria and per-
oxisomes through multiple sites, and these sites advance the commu-
nication and transfer of metabolites between organelles, ensuring the
regulation of lipid homeostasis and other biological functions such as
apoptosis (Kim & Bai, 2022; Zhang et al., 2021). Therefore, mitochon-
drial metabolic stress as well as peroxisome deficiency can trigger an

ER stress response (Kovacs et al., 2012; Su et al., 2014). In addition,
elevated levels of LC acylcarnitines can be part of lipid overload-
induced ER stress. Considering the time-dependent effects in mito-
chondria, peroxisomes and ER observed in this study, ER stress in the
Hmgcr-KO mouse liver is a late response that is induced after mito-
chondrial and peroxisomal functionality is compromised.

Despite their beneficial effects related to a decrease in high
cholesterol levels, statins also produce adverse reactions primarily
in the liver and skeletal muscles (Newman et al., 2019), while the
mechanisms of statin intolerance are still under investigation.
Previous studies of tissue-specific Hmgcr-KO demonstrated that
enzyme function is a crucial requirement for cell survival, indepen-
dent of cell and tissue type (De Giorgi et al., 2020; Lacher
et al, 2017; Osaki et al, 2015; Takei et al, 2020; Yeh
et al., 2018). Our study provides evidence that Hmgcr enzyme defi-
ciency in the liver leads to mitochondrial and peroxisomal dysfunc-
tion that is initiated by impaired FAO. These findings are in line
with studies showing that mitochondrial dysfunction and the mani-
festation of abnormal lipid metabolism are important hallmarks of
statin-associated skeletal muscle damage (Mollazadeh et al., 2021).
The severity of statin-induced effects on mitochondrial functional-
ity depends on statin bioavailability in the respective tissue
(Christiansen et al., 2021) and a combination of factors such as

genetics, age and polypharmacy.
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Statin-induced myopathy is more frequent in patients with CPT2
mutations (Vladutiu et al., 2006). The CPT2 mutation can cause mito-
chondrial  FAOD and the accumulation of LC acylcarnitines
(McCormick & Chirila, 2021). Fasting and exercise are thought to
accelerate statin-induced tissue injury (Deichmann et al., 2015; Parker
et al., 2012), and both fasting and exercise can cause an increase in LC
acylcarnitine levels (Dambrova et al., 2022). Statin treatment may
lower the respiratory capacity of mitochondrial complexes and fatty
acid p-oxidation via inhibited HMGCR activity and can therefore
result in a direct increase of LC acylcarnitine levels in tissues. Female
Hmgcr-KO animals showed marked mitochondrial dysfunction, includ-
ing altered FAO at an early time point, followed by a marked accumu-
lation of acylcarnitines at the endpoint, suggesting detrimental events
and consequences similar to those induced by statins. Thus, mito-
chondrial B-oxidation dysfunction, which contributes to elevated
levels of LC acylcarnitines, may be an important mechanism determin-
ing the progression and severity of statin-induced tissue damage.

In conclusion, the livers of Hmgcr-KO mice showed rapid disrup-
tion of mitochondrial fatty acid B-oxidation, leading to the harmful
accumulation of LC acylcarnitines. Further progression of liver failure
was induced by abrogated mitochondrial and peroxisomal fatty acid
metabolism, enhanced glucose utilization in the liver and whole-body
hypoglycaemia. HMGCR activity is thus mandatory for mitochondrial
functionality to maintain energy metabolism balance; accordingly,
statin-induced adverse reactions might be rescued by the prevention
of acylcarnitine accumulation. This study suggests that further
research on LC acylcarnitine accumulation in patients taking statins

should be performed.
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