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Ketogenic diets composed of long-chain and ®
medium-chain fatty acids induce cardiac fibrosis
in mice
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ABSTRACT

Purpose: Heart diseases are the leading cause of death worldwide. Metabolic interventions via ketogenic diets (KDs) have been used for decades
to treat epilepsy, and more recently, also diabetes and obesity, as common comorbidities of heart diseases. However, recent reports linked KDs,
based on long-chain triglycerides (LCTs), to cardiac fibrosis and a reduction of heart function in rodents. As intervention using medium-chain
triglycerides (MCTs) was recently shown to be beneficial in murine cardiac reperfusion injury, the question arises as to what extent the fatty acid
(FA)-composition in a KD alters molecular markers of FA-oxidation (FAO) and modulates cardiac fibrotic outcome.

Methods: The effects of LCT-KD as well as an LCT/MCT mix (8:1 ketogenic ratio) on cardiac tissue integrity and the plasma metabolome were
assessed in adult male C57/BL6NRJ mice after eight weeks on the respective diet.

Results: Both KDs resulted in increased amount of collagen fibers and cardiac tissue was immunologically indistinguishable between groups.
MCT supplementation resulted in i) profound changes in plasma metabolome, ii) reduced hydroxymethylglutaryl-CoA synthase upregulation, and
mitofusin 2 downregulation, iii) abrogation of LCT-induced mitochondrial enlargement, and iv) enhanced FAO profile. Contrary to literature,
mitochondrial biogenesis was unaffected by KDs. We propose that the observed tissue remodeling is caused by the accumulation of 4-hydroxy-2-
nonenal protein adducts, despite an inconspicuous nuclear factor (erythroid-derived 2)-like 2 pathway.

Conclusion: We conclude that regardless of the generally favorable effects of MCTs, they cannot inhibit 4-hydroxy-2-nonenal adduct formation

and fibrotic tissue formation in this setting. Furthermore, we support the burgeoning concern about the effect of KDs on the cardiac safety profile.
© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION
SIGNIFICANCE STATEMENT
Cardiovascular diseases (CVDs) are the leading cause of deaths
worldwide (WHO 2022). Heart failure is the clinical manifestation of
various forms of CVD and is characterized by the accumulation of

The recent drive to apply dietary measures to fight cardiac disease
and risk factors requires a thorough examination and reevaluation of
respective animal models. We show strong evidence that rodent

models differ in their response towards KD from each other, fatty extracellular matrix proteins (fibrotic tissue formation) and decreased
acid content or ketogenic ratio are secondary for fibrosis induction, ventricular compliance [1]. In heart failure, proteins of the fatty acid
and previous data has to be carefully reevaluated. Because we oxidation (FAO) pathway are downregulated, and the myocardium
observed cardiac remodeling already after eight weeks, we strongly loses the ability to upregulate FAO upon increased fatty acids (FA)
advise that KD interventions in preclinical studies be reduced to a supply [2—4]. The deleterious outcome of derangements in FAO is not

shorter duration to allow for laboratory versus practice comparisons.

surprising as recent data in humans shows that ~ 85% of cardiac ATP
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production derives from FA, ~6.4% from ketone bodies (KBs, e.g.
beta-hydroxy-butyrate [B-OHB]), ~4.8% from amino acids, and
~2.8% from lactate [5].

Ketogenic diets (KDs) have been used for decades to treat epilepsy in
children and have been recently evaluated as safe in an epileptic
treatment setting [6,7]. Furthermore, KDs are used for patients with
diabetes and Parkinson’s disease, and are the focus of adjuvant cancer
therapy [8—11]. Ketogenic diets reduce insulin and glucose signaling,
and an increase in 3-OHB mediates positive effects on health span and
life span in rodents [12,13]. Beta-hydroxy-butyrate suppresses
oxidative stress, induces mitochondrial adaption and resilience, and
acts anti-inflammatorily [14—18]. Consequently, an interest in
applying KDs as a therapeutic intervention to treat heart disease is
rapidly emerging since KDs with a high-fat and low-carbohydrate
content can improve CVD by, for example, providing FA for FAQ,
increasing insulin sensitivity, normalizing body weight as well as li-
poprotein levels in people without [14—16,19] and with type 2 dia-
betes [20]. However, it is noteworthy that KD led to hepatic insulin
resistance in mice [21] highlighting the significance of the correct
understanding of the models in place.

Ketogenic diets can be composed of long-chain triglycerides (LCTs;
FA > 12 carbon chains [C12]) and medium-chain triglycerides (MCTs)
with FA < C10. As KDs are composed mainly of fat, the resulting
increase in available FA might be beneficial for organs that rely mainly
on FAO such as the heart. In humans, MCTs induce higher B-OHB
plasma levels than LCTs. In murine models, they exert stronger anti-
inflammatory effects in inflammatory models of the intestine, gut,
and obesity. Ketogenic diets also ameliorate insulin resistance and
reduce signs of cardiomyocyte aging [22—25]. Importantly, MCT-
derived FA octanoate (C8) is beneficial in murine reperfusion injury
due to a slowdown of electron transport, reduced oxidative stress, and
increased signs of long-chain FA B-oxidation [26].

After increased FA uptake, healthy cardiac tissue responds by upre-
gulating peroxisome proliferator-activated receptor-y1 (PPARY1),
mitochondrial uncoupling protein 3 (UCP3), carnitine-acylcarnitine
transferases 1 and 2 (CPT1, CPT2), and carnitine-acylcarnitine
translocase (SLC25A20) [4,27—30]. The levels of FA-carnitine spe-
cies, produced by mitochondrial CPT1, are an important readout for the
metabolic state of the heart, and plasma levels of acyl-carnitines
reflect the cardiac acyl-carnitine profile levels at least in rodents [31].
Cytoplasmic FAs are activated, esterified onto a glycerol backbone, and
incorporated into lipid droplets (LDs). Because lipid accumulation in the
heart is a common cause of heart disease [32], LD storage is crucial to
protect the heart from excessive FA, which in the case of poly-
unsaturated (w-6) FA can get oxidized by e.g. hydroxyl radicals
resulting in highly reactive 4-hydroxy-2-nonenal (4-HNE) aldehyde
species, which covalently bind proteins [33] and alter mitochondrial
protein activity [34,35]. 4-HNE protein adducts show reduced activity,
resulting in cellular dysfunction and tissue damage. Of note, 4-HNE
levels themselves directly correlate with several cardiovascular dis-
eases [36]. In the heart, the LD-coating protein, perilipin 5 (Plin5),
regulates lipases that supply FA from LDs for mitochondrial uptake
[37]. Cardiac-specific Plin5 overexpression leads to lipid droplet
accumulation and cardiac dysfunction in mice [38].

Despite many reported positive effects of KDs, we recently linked MCT-
rich KDs to the inflammatory skin disease, psoriasis, which is a
common comorbidity of CVD [39]. LCT-rich KDs have been shown to
induce cardiac fibrosis via activation of fibroblasts in spontaneously
hypertensive rats, but not in healthy control rats, after four weeks [40].
Other research groups reported reduced mitochondrial biogenesis and

subsequent cardiomyocyte death in rats after 16 weeks of KD feeding
[41]. Further reports made the suppression of regulatory T-cell function
and fibroblast activation in obese mice responsible for cardiac fibrosis
after 12 weeks [42].

Given our new understanding of the adverse effects of LCT-KDs on
cardiac tissue, we hypothesize that the composition and duration of KD
might be crucial for the development of fibrosis. Therefore, we
investigated the effects of MCT supplementation of LCT diets on
murine cardiac tissue and the effect on cardiac FAO—related tran-
scription and translation in healthy adult male mice. For the application
of KD we chose an intermediate time frame of eight weeks and
assessed histological evidence for heart fibrosis, markers of FAQ, the
plasma metabolome, LD population, molecular targets of cardiac
integrity, mitochondrial biogenesis as well as cardiomyocyte ultra-
structure in male C57/BL6NRJ mice.

2. MATERIALS AND METHODS

2.1. Experimental animal model

All animal experiments were approved by the Austrian national authority
according to §§ 26ff. of the Animal Experiments Act, Tierversuchsge-
setz 2012-TVG 2012 (BMWFW-66.006/0008-V/3b/2018). All proced-
ures were in alignment with the directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific purposes.
Male C57/BL6NRJ mice were housed under a 12 h/12 h dark—light
cycle at 23 °C. For the first twelve weeks after birth, the mice were
kept under the same dietary conditions. Afterward, they were separated
into groups of five and three animals for housing and put on different
diets over a period of eight weeks (Supplementary Table 1, Figure 1).
The animals were sacrificed by inhalation of an overdose of Sevoflurane
(Minrad Inc., Bethlehem, PA, USA). To control for levels of ketosis,
[-OHB levels were assessed in plasma using a colorimetric enzymatic
kit (MAKO41-1 KT; Sigma—Aldrich, Vienna, Austria) following the
manufacturer’s instructions. Mice under CR were fed once a day with
80% of the calories of a SD-fed mouse for the last 2 weeks as reported
in [43]. Water was provided ad /ibitum in all groups.

2.2. RNA and protein isolation

RNA was isolated using a guanidine isothiocyanate/phenol method as
described previously [39,44]. Protein was precipitated out of the
organic phase using 750 p isopropanol for 10 min at room temper-
ature (RT). Subsequently, samples were centrifuged for 10 min at
12,000 g at 4 °C. The supernatant was discarded, and the pellet was
washed three times with 1 mL 0.3 M guanidine hydrochloride (GdmCl;
Sigma—Aldrich) in 95% ethanol using an incubation of 20 min at RT
before centrifugation and changing the wash solution. After the third
wash, the washing solution was removed completely, and the pellet
was vortexed in >99.9% ethanol followed by another 20 min incu-
bation at RT to dissolve the rest of the GdmCI out of the pellet. The
pellets were stored in >99.9% ethanol at 4 °C until solubilization.
Proteins were solubilized with 1% SDS solution (in phosphate buffered
saline; Sigma—Aldrich) after drying samples fully in a thermomixer
(50 °C, 400 rpm) with open lids. After breaking the pellet with a
needle, it was incubated for 2 min at 50 °C followed by 8 min at 60 °C.
Then, the protein solution was sonicated three times for 3 s on ice,
incubated for half an hour on ice, and centrifuged before collecting the
supernatant for storage at —80 °C. We additionally, performed protein
isolation using a lysis buffer consisting of radioimmunoprecipitation
(RIPA) buffer and a protease inhibitor cocktail (Sigma—Aldrich), as
previously published [45].
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Figure 1: KDs are not obesogenic and addition of MCT reduces LCT mediated fat depot increase in mice and alters plasma metabolome profile. (A) Graphical pre-
sentation of diet compositions, (B) B-OHB plasma levels, (C) body weight gain %, (D) eWAT depots, (E) Score plot of Partial Least Squares — Discriminant Analysis of untargeted
plasma metabolomics data and (F) Heatmap of selected mouse plasma metabolites with high diet-specific differences based on volcanoplot separation (Figures. S1A—C). Values
are mean -+ SEM from n = 4—5 (B—C), n = 8—13 (D—F) individual mice per group. *P < 0.05, **P < 0.01, ***P < 0.001 versus SD, # versus KD. Statistical significance was
assessed using one-way analysis of variance. -OHB, beta-hydroxy-butyrate; eWAT, epididymal white adipose tissue; LCT, long-chain triglycerides; MCT, medium-chain tri-
glycerides; SD, standard diet; SEM, standard error of the mean.
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2.3. cDNA synthesis and gene expression analysis

Reverse transcription and quantitative reverse transcription (qRT)-PCR
were performed as previously described [39,44]. In brief, RNA integrity
was verified on a TapeStation4200 System, an automated electro-
phoresis tool for RNA quality control (Agilent, Vienna, Austria) and
showed mRNA integrity values > 8. For cDNA synthesis, 2 j1g of RNA
was used and digested with DNase | (Thermo Fisher Scientific, Vienna,
Austria). Reverse transcription was performed using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Vienna,
Austria), random primers, and RiboLock RNase inhibitor (Thermo
Fisher Scientific). Primers for qRT-PCR were designed using NCBI
primer-blast. Primers were designed to span exon—exon junctions and
PCR product size was kept in the range of 80—150 bp to ensure high
primer efficiency, which was checked via the serial dilution of cDNA.
Amplicon sizes were checked on polyacrylamide gels. Primer se-
quences are given in Supplementary Table 2. Quantitative reverse
transcription-PCR was performed on a qTower384 real-time PCR
system (Analytik Jena, Jena, Germany) using Luna (New England
Biolabs, Frankfurt am Main, Germany) master mix. Plates were loaded
in triplicates by an epMotion 5075 (Eppendorf, Vienna, Austria)
pipetting robot using 1:1 diluted cDNA, with a 62 °C annealing tem-
perature. Beta-actin was used as a housekeeping gene. Additionally,
we evaluated the stability of B-actin expression toward transcripts of
ribosomal protein L4.

2.4. Immunoblotting and antibodies

In the supplementary information, uncropped immunoblots are shown.
Western blotting was performed as previously described [45]. In brief,
20 pg of protein diluted in reducing protein loading dye was loaded
onto 0.75-mm thick SDS polyacrylamide gels, consisting of 3.75%
polyacrylamide stacking and 12% polyacrylamide separating gels. A
mini-PROTEAN® Tetra handcast system was used to cast and run the
polyacrylamide gels. As a positive control for UCP3 immunoblots, 5 pg
of recombinant UCP3 was loaded onto each gel [46]. Following elec-
trophoresis, gels were transferred to polyvinylidene fluoride mem-
branes (Amersham Hybond 0.45 um; GE Healthcare, Boston, MA, USA)
for 1 h at 14 V using a semi-dry blotter (Peglab, Erlangen, Germany)
and methanol-containing blotting buffer. The membranes were then
stained with Ponceau S solution to verify successful blotting and to
visualize total protein. After blocking the membranes for 1 h in 2%
bovine serum albumin (BSA; Sigma—Aldrich) blocking solution at RT,
they were incubated with primary antibodies overnight at 4 °C. All
primary and secondary antibodies were diluted with 2% BSA block
solution. Details on antibodies used are given in Supplementary
Table 3.

Semi-quantitative analysis of western blots was done using Software
VisionWorks 8.20 (Analytik Jena). The intensity of the target protein
(ltp) bands representing protein expression was related to the band
intensities of mitochondrial (OGDH or TOM20) or cytoplasmic
(at-tubulin) markers (li) as a cytoplasmic normalization protein
(Iret = Itp/lyk = relative protein amount). These ratios were normalized
membrane internally to at least 3 SD-fed mouse tissues. Every sample
was electrophoresed and transferred to at least two different mem-
branes; the average of normalized values was calculated and used for
statistical analysis.

2.5. Ultrastructure analysis

The apex region of the left ventricle and mid-myocardium was used.
Tissue was fixed in 3% buffered glutaraldehyde (pH 7.4; Merck,
Darmstadt, Germany) and washed with 0.1 M Sorensen phosphate

buffer at pH 7.4. All samples were subsequently postfixed in 1%
osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA)
followed by dehydration in a series of ethanol dilutions (70, 80, 96, and
100%), embedded in Epon resin (Sigma—Aldrich) and polymerized for
48 h at 60 °C. Semi-thin sections (0.8 pm) were stained with toluidine
blue and 2 pm sections with p-phenylenediamine (PPD, Sigma) to
demonstrate LDs. Ultra-thin sections (70 nm) were mounted on copper
grids (Science Services, Munich, Germany) and stained with uranyl
acetate and lead citrate (Sigma). Transmission electron micrographs
were made with EM900 (Zeiss, Oberkochen, Germany). Border regions
of the left ventricle were assessed ensuring well-preserved mito-
chondria due to fast fixative permeation. Using ImagedJ (NIH, Bethesda,
MA, USA) we manually analyzed approximately 400 mitochondria in at
least three independent transmission electron microscopy (TEM) mi-
crographs per mouse. The individual mitochondrial perimeters and
whole micrograph areas were measured. From each PPD-stained
heart tissue, images of two individual sections were taken with
20 x magnification (Axioscope; Zeiss, Vienna, Austria). This region
was subclustered into 3—4 images with 40 x magnification, which
were used for analysis. Lipid droplets visualized by PPD were counted
in the same regions as mitochondria. Approximately 1000 LD counts
per section and per mouse were recorded, and the total area assessed
was used to normalize LD counts. The individual LD perimeters were
analyzed in the same way the mitochondrial perimeter analysis was
done on the exact same TEM micrographs.

2.6. Histology

Transversal cut heart (central region) was used. Samples were fixed in
4% paraformaldehyde in 0.1 M phosphate buffer and embedded in
paraffin. Heart sections (5 um) were cut with a rotary microtome and
fixed on a microscope glass slide. Samples were deparaffinized in a
descending alcohol series, starting with xylene and ending in dH,0.
For picrosirius red staining, sections were incubated in 0.1% pic-
rosirius red solution (Sirius red F3B, Sigma—Aldrich) in 1.3% aqueous
picric acid solution (Sigma—Aldrich) for 60 min. Afterward, specimens
were washed in acidified water and dried, followed by washing in an
ascending alcohol series starting with isopropanol and ending in
xylene. During the washing process, the samples were protected from
direct light irradiation. Stained samples were covered with DePeX
(Merck, Darmstadt, Germany) and kept in the dark.

For Masson trichrome staining, sections were incubated in Bouin’s
solution (Sigma—Aldrich) overnight in a light-protected humidity
chamber. Afterward, the samples were incubated in Weigert’s iron
hematoxylin solution (Sigma—Aldrich) for 5 min, briefly washed in H,0
for 10 min, placed in dH,0, and incubated in Masson-Goldner-I so-
lution (Carl Roth, Karlsruhe, Germany) for 5 min. After 5 min, 1% acetic
acid solution (Sigma—Aldrich) was added for 30 s; the samples were
incubated in Masson-Goldner-Il solution (phosphomolybdic acid - or-
ange G; Carl Roth) for 30 min and in Masson-Goldner-lll (Anilinblue)
solution (Carl Roth) for 6 min. The blue staining solution remained on
the samples while 1% acetic acid solution was added for 2 min. Af-
terward, samples were briefly washed with dH-0, followed by an
ascending alcohol series starting with isopropanol and ending in
xylene. Stained samples were covered with DPX (Merck). For H&E
staining, sections were incubated in Mayer’s hemalum solution (Carl
Roth) for 4 min and briefly washed in H,0 for 10 min. Samples were
then incubated in 1% aqueous eosin (yellowish) for approximately 10 s,
followed by an ascending alcohol series starting with 70% EtOH
(Sigma—Aldrich) and ending in xylene (Sigma—Aldrich). Stained
samples were covered with DPX (Merck).
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2.7. Histological evaluation

Images of each specimen were taken with an Axiocam 503 color
microscope camera (Zeiss) using an Axioscope microscope (Zeiss).
Quantitative analysis of picrosirius-stained collagen fibers was per-
formed as described previously [47].

From each picrosirius red—stained heart tissue, six images were taken
(three of the ventricle, three of the septum) using an objective with
20 x magnification. The images were taken with a polarized light
microscope (Axioscope, Zeiss). The birefringence of polarized light is
extremely specific for collagen. The quantitative analysis of collagen
fibers was performed with images taken by polarized light microscopy
using ImagedJ (NIH). Each image was analyzed using the same eval-
uation criteria. To ensure that only fibrotic collagen was counted, we
used a subtraction method to remove non-collagen elements, blood
vessels, and interstitial space from images. The fiber hue of collagen
was obtained, and the number of green, yellow, orange, and red pixels
(ordered by ascending thickness) relative to the total number of pixels
was calculated to determine the average value for each mouse.
Furthermore, the collagen content was calculated as a percentage of
the area of each image, which was 1920 x 1460 pixels. For data
analysis, thin (green) collagen fibers were taken as these are newly
generated fibers.

2.8. Untargeted metabolomics

Plasma samples were analyzed as recently shown [43] by UHPLC-TOF-
MS/MS using an Exion LC UHPLC system (Sciex, Darmstadt, Germany)
connected to a TripleTOF 6600 mass spectrometer (Sciex) via elec-
trospray ionization (ESI) in negative and positive mode. To extend
metabolite coverage to short-chain carbonyl compounds, additional
derivatization experiments were performed. For derivatization, 40 pul of
the plasma extract was mixed with 20 pl of a solution of 3-
nitrophenylhydrazine (200 mM; 50:50 v/v; ACN/H20) and 20 pl of a
120 mM solution of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
in 6% pyridine (50:50 v/v; ACN/H,0) and reacted for 30 min at 40 °C.
Afterwards, the mixture was diluted with ACN/H,0 (200 pl; 50:50 v/v)
and used directly for UHPLC-TOF-MS/MS analysis [48—50]. Data
analysis of mass spectrometry data was performed using the R pro-
gramming language for statistical computing (version 4.2.2) with
multiple extension packages. Raw mass spectrometry data was con-
verted to the mzML file format using Proteowizard ms convert [51] and
subsequently processed using the xcms package (version 3.20.0) [52].
Peak areas of detected features in the individual samples were used
for the discriminative analysis of differences between experimental
groups by Partial Least Squares—Discriminant Analysis (PLS-DA)
(ropls package, version 1.30.0), while statistical analysis for volcano
plot visualization was performed using the limma package (version
3.54.2) [53]. Figures used in the manuscript were generated using the
ggplot2 package (version 3.4.1).

2.9. Statistics

Data of gene and protein expression were analyzed using GraphPad
Prism software 7 (GraphPad Software, San Diego, CA, USA). Relative
mRNA was calculated using the 2 -Act method, one-way analysis of
variance (ANOVA), with a Kruskal—Wallis test for non-parametric data
and Dunn’s multiple comparisons test was applied. Data from KDs
(LCT, LCT/MCT) and fasting experiments (CR) were compared to a
standard diet (SD), respectively. Protein expression was analyzed with
ordinary one-way ANOVA using Dunnett’s multiple comparisons test.
Outliers were detected using Grubbs’ test; the significance level (alpha)
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was set to 0.05. Significant differences are indicated as: *P < 0.05,
*kPp < 0.01, ***P < 0.001.

3. RESULTS

3.1. KD feeding is not obesogenic and the addition of MCT results
in a distinct plasma metabolome profile

We monitored the body weights of mice throughout the diet treatment
and assessed epididymal white adipose tissue (eWAT) depots at the
end of the 8-week feeding period to exclude obesity induction, a
known cardiac risk factor. The composition of the KD (Figure 1A) was
based on our previous studies [8,39,54]. The ketogenic ratio was set to
8:1 (fat vs. carbohydrates and protein), and the diets were classified as
standard diet (SD), long-chain triglyceride-based KD (LCT), consisting
of mostly C16 and C18 FA, and a mix of 34% medium-chain tri-
glycerides (MCTs) and 66% LCT (LCT/MCT). Medium-chain triglyceride
fat was a mix of 60% C8 and 40% C10 oil (Supplementary Table 1).
Both LCT and LCT/MCT feeding significantly increased levels of plasma
[3-OHB compared to the SD (Figure 1B, LCT: 3.92 + 0.96 mM; LCT/
MCT: 2.83 4 0.89 mM; SD: 0.35 + 0.06 mM). Long-chain triglyceride
and LCT/MCT feeding resulted in a similar body weight gain (Figure
1C). LCT but not LCT/MCT resulted in increased eWAT depots
compared to the SD (Figure 1D). Of note, assessment of food intake
was not reliable as the consistency of the diets lead to mixing with the
embedding material inside the cages.

To validate that MCT addition clearly induces a different metabolic
response in mice, we performed untargeted plasma metabolomics.
Discriminant analysis of metabolomics data showed clear separation
between the groups (Figure 1E), accordingly highly specific metab-
olite clusters between the diet groups were observed (Figure 1F),
clearly indicating different whole body metabolism responses upon
addition of LCT and the addition of MCT compared to SD. Metabolites
upregulated between the groups are shown in Supplementary File
Metabolomics. In alignment with enzymatic [3-OHB determination
(Figure 1B) metabolomics data mirrored [-OHB ratios between
groups (Figure S1D). As expected, both KDs reduced plasma hexose
levels significantly (Figure STE).

3.2. Supplementation with MCTs fails to rescue LCT-derived
fibrosis but decreases cardiac ketogenesis-related HMGCS
expression

To evaluate whether the heart responds to LCT and LCT/MCT diets
differently at the molecular level, we analyzed mRNA transcripts of the
mitochondrial rate-limiting ketolytic enzyme, succinyl-CoA:3-ketoacid-
coenzyme A transferase (Oxct7), and the fate-committing enzyme of
cardiac ketogenesis, hydroxymethylglutaryl-coenzyme A-synthase
(Hmgcs2). Long-chain triglyceride and LCT/MCT feeding resulted in a
significantly reduced mRNA level of Oxct7 and a massive (14-fold)
increase in Hmgcs2 mRNA compared to the SD (Figure 2A). This in-
dicates that the heart tries to produce its own $-OHB, as suggested
previously [55]. Interestingly, immunoblotting for HMGCS protein
showed an increased abundance in samples from LCT compared to
LCT/MCT groups, and no quantifiable amount in the SD-fed cohort
(Figure 2B—C), levels of OXCT1 protein were similar between groups
(Figure 2D—E). We introduced caloric restriction (CR, 80% calories of
SD) to exclude energy deficiencies as a reason for KD related effects.
Mice on CR lost body weight (14.6 4 2.6%, n = 8) and eWAT depots
were diminished accordingly (Figure S2). The cardiac tissue of these
mice showed only a slight (2-fold) increase in Hmgcs2 mRNA
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compared to SD-fed mice which did not translate in detectable levels
of HMGCS protein (Figure 2B—C), but mRNA levels of Oxct1 were
significantly downregulated (Figure 2A) together with OXCT1 protein
(Figure 2D—E).

Because few previous reports linked LCT-KD to fibrosis induction [40—
42], we first assessed tissue integrity by picrosirius red and Masson
trichrome staining (Figure 2F, upper and middle panel). Quantification
of picrosirius red via polarized light microscopy revealed a significant
increase in collagen fibers in the cardiac tissues of LCT- and LCT/MCT-
fed mice compared to SD-fed mice (Figure 2G). We excluded increased
immune cell infiltration as the cause of fibrosis by qualitative in-
spection of hematoxylin and eosin-stained nuclei (Figure 2F, lower
panel) which did not show any apparent differences between the
groups. No significant changes in the amount of collagen fibers in CR
hearts compared to those of animals on an SD were observed
(Figure 2F—G).

3.3. Mitochondrial biogenesis is unaffected by KDs

An LCT-KD was reported to increase sirtuin 7 mRNA levels (Sirt7/
SIRT7) and reduce mitochondrial ribosome protein L24 transcripts
(Mrpl24) resulting in the impairment of mitochondrial biogenesis and
cardiac fibrosis in rats [41]. Interestingly, despite impaired mito-
chondrial biogenesis, cardiomyocytes isolated from LCT-KD- and SD-
fed rats had similar basal and ATP-driven mitochondrial oxygen con-
sumption rates. Accordingly, we re-evaluated the suggested pathways.
Long-chain triglyceride and LCT/MCT-fed mice showed similar tran-
script levels of Sirt7 and Mrpl24 as SD-fed mice (Figure 3A). Tran-
scripts of mitochondrially-encoded cytochrome B (mCytb) and ATP
synthase membrane subunit 6 (mATP6), as indicators of mitochondrial
biogenesis, were not changed upon dietary intervention (Figure 3A).
These data are in line with stable SIRT7 protein levels (Figure 3B).
Transcript levels of Sirt7, Mrpl24, mCytb and mAip6 in CR-fed mice
were on par with SD (Figure S3). Furthermore, we did not detect any
changes in the ratio of mitochondria to myofibrils between the mouse
groups upon KD feeding (Figure 3C—D), or numbers of mitochondria
between the diet groups (Figure 3E). Interestingly we observed a shift
in mean mitochondrial size upon LCT feeding compared to SD which
was abrogated upon MCT addition (Figure 3F—G). Previous reports
connected cardiac mitochondrial enlargement, impaired mitophagy,
and cardiomyopathy to lack of mitofusin 2 (MFN2) [56]. We detected
significantly lower MFN2 protein levels in the LCT group (Figure 3H).
Protein levels of peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1-ot), which positively correlates to mito-
chondrial biogenesis [57] and is reduced in the failing heart [58], were
unaffected in our study (Figure 3l). Mitochondrial optic atrophy 1 (OPA-
1) protein, which is involved in mitochondrial morphology, cytoarchi-
tecture, and heart function [59,60], was not altered between the
groups (Figure 3J). We previously observed a strong increase in
mitochondrial cristae density upon functional maturation in the mouse
heart [45]. Accordingly, we scored mitochondrial cristae density but
did not reveal any significant differences between groups (Figure S4).
Of note, this analysis is limited due to the 2D nature of the micrographs
and mitochondrial heterogeneity. We concluded that mitochondrial
biogenesis was not affected in the hearts of LCT- and LCT/MCT-fed
mice. However, upon LCT-feeding we depicted mitochondrial
enlargement together with lower levels of MFN2, both effects were
dampened upon MCT supplementation.

3.4. MCT addition increased LCT-mediated upregulation of cardiac
FAO markers, plasma acetylcarnitine and palmitoylcarnitine levels
Because a failure of mitochondrial biogenesis cannot explain cardiac
fibrosis upon KD feeding, we hypothesized that alterations of portions
of the FAO pathway or lipid homeostasis may be responsible. We
analyzed transcripts of mitochondrial FA transport proteins (FA > 12C),
Cptia, Slc25a20, and Cpt2, the FA sensor, Ppary1 [4], and an FAO
biomarker in the heart, Ucp3UUCP3 [29,45]. Interestingly, LCT-based
KD induced only the gene expression of Cptia and Ucp3, whereas
LCT/MCT feeding increased Cptia, Cpt2, Ucp3, and Ppary1
(Figure 4A). This is in line with significantly elevated protein levels of
UCP3 upon LCT and LCT/MCT feeding (Figure 4B—C). LCT/MCT tended
to increase UCP3 protein levels more strongly compared to LCT feeding
(P = 0.06). Both KDs significantly elevated SLC25A20 protein levels
(Figure 4D). In line with, the observed molecular changes, levels of free
plasma carnitine dropped upon KD feeding (Figure 4E, left panel).
Strikingly, the addition of MCT to KD significantly elevated levels of
carnitine derivates such as acetylcarnitine and palmitoylcarnitine
(Figure 4E, middle and right panel). CR-fed mice did not show any
upregulation of Cptia or Ucp3/UCP3 (Figures. S5A—C), accordingly,
we exclude reduced energy intake as the trigger of the observed
molecular changes.

The quantification of cardiac LD numbers revealed no difference be-
tween LCT-, LCT/MCT-, and SD-fed mice (Figure 4F, upper panel, 4G).
However, given the changes observed upon plasma metabolome
profiling (Figure 1F) and a tendency towards increased C16:0 species
in the plasma of both KD-fed cohorts (Figure 4H), we took a closer look
at LD depots in the cardiac tissue. Indeed, analysis of heart ultra-
structure showed a significant increase in LD size upon LCT- and LCT/
MCT feeding (Figure 4F, lower panel, 4I-J). In accordance with LD data,
the LD-coating protein and regulator of lipolysis, PLIN5, was 2.1-fold
higher in LCT, and 2.5-fold in LCT/MCT-fed mice compared to SD
(Figure 4K). In summary, the addition of MCT results in an enhanced
cardiac FAO-signature, reflected in the increased plasma abundance of
CPT1-derived carnitine-FA species.

3.5. Cardiac tissue of LCT and LCT/MCT fed mice revealed an
inconspicuous NRF2 pathway but the accumulation of 4-HNE protein
adducts

Elevated mitochondrial activity increases ROS and end products such
as 4-HNE, both strongly connected to cardiac fibrotic tissue formation
[61] and CVD risk [36]. ROS and 4-HNE activate the nuclear factor
(erythroid-derived 2)-like 2 (NRF2) pathway to mount an adaptive
response [62—64]. In line, KD induced a rise in mitochondrial H,0, and
4-HNE levels but finally decreased H,0,, and normalized 4-HNE levels
via constantly elevated NRF2 and heme oxygenase-1 (HO-1) after three
weeks of feeding in mice [65].

LCT-KD feeding showed a slight but significant reduction in cardiac
NRF2 protein levels, MCT supplementation abolished this effect
(Figure 5A). NRF2 target HO-1, induced ubiquitously in response to
oxidative stress [66—69], was not affected by KDs (Figure 5B).
Interestingly, stable HO-1 levels were recently shown to protect from
specific types of myocardial infarction [70]. Stable mitochondrial SIRT3
protein levels are key in the regulation of mitochondrial ROS production
[71—73], SIRT3 was unaffected by KD feeding (Figure 5C). In line,
Sod1 mRNA levels, a highly effective cytoplasmic anti-ROS scavenging
protein, were similarly expressed between the groups (Figure 5D). In
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contrast, we observed a strong increase of 4-HNE protein adducts in
the LCT and LCT/MCT groups (Figure 5E—F and Figure S6). Plasma
analysis revealed elevated 4-HNE precursors C18:2 w-6 upon KD
feeding (Figure 5G). Other moieties such as C18:1 w-9, was elevated
only by LCT feeding (Figure 5H). We exclude an active NRF2 adaptive

10

response in LCT and LCT/MCT fed mouse hearts but revealed elevated
4-HNE protein adducts. We conclude that despite normal ROS, cardiac
tissue w-6 FA availability results in low but constant 4-HNE production
and the accumulation of 4-HNE protein adducts, leading to disrupted
intracellular signaling and the observed fibrotic remodeling.
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4. DISCUSSION

In the current study, we found that KDs composed of LCT and a mix of
LCT and MCT (8:1 ketogenic ratio) induced an increase in collagen fiber
content, LD size, carnitine and FA-profile, Plin5, and 4-HNE adduct
levels, in the heart of young male C57BL6/N mice after eight weeks.
Furthermore, we detected MCT-dependent effects on mitochondrial
size, carnitine-, FAO-, FA-signature, and protein levels of HMGCS and
MFN2. The MCT-related findings support the previously reported
beneficial effects of MCTs in rodents, such as the increase in LCFA B-
oxidation and faster recovery from ischemia [26]. Indeed, the MCT
induced elevated levels of activated FA species in the mouse plasma
(e.g. acetylcarnitine and palmitolycarnitine), ready for mitochondrial
import, support this data. In addition, we observed an LCT-dependent
increase in C18:1 w-9 FA towards SD, which was not present in the
LCT/MCT group. This is especially interesting as the latter FA correlates
with CVD risk and all-cause mortality in humans [74].

Previous data in rats showed that LCT-KDs of a lower 4:1 ketogenic
ratio does not affect hearts after four weeks of feeding [40]. Others
reported the development of cardiac fibrosis after 12 weeks of LCT-KD
feeding (4:1 ketogenic ratio); however, they only analyzed obese mice
with diabetic cardiomyopathy and not healthy controls [42]. Xu and
colleagues reported that 16 weeks of an LCT-KD diet (4:1 ketogenic
ratio) induced fibrosis in rats [41]. Thus, the feeding time frame might
be a more important factor in the onset of cardiac changes than the
ketogenic ratio per se. Mechanistically, You et al. [40] reported that
LCT-KD induces the infiltration of immune cells in spontaneously hy-
pertensive rats, which might contribute to inflammation and fibroblast
activation. The authors showed that fibroblasts are co-activated with
transforming growth factor-B and B-OHB in vitro. Tao et al. [42]
observed reduced regulatory T cell plasma levels and cardiac fibrosis
in the hearts of obese mice with diabetic cardiomyopathy after 12
weeks on a LCT-KD. The induction of fibroblasts by blunting the
Interleukin-33/ST2L axis was discussed. In contrast, pathological
assessment in our study did not reveal differences in the infiltration of
immune cells, such as macrophages and T cells (data not shown), or
an elevated oxidative stress response of proteins upon KD feeding.
NRF2, stabilized by ROS, was even slightly reduced upon KD feeding,
in line with the proposed anti-oxidative effects of 3-OHB [75].

At the molecular level, we excluded the SIRT7/histone deacetylase 2/
mitochondrial biogenesis axis as a mode of action of B-OHB in the
rat heart upon LCT-KD feeding, as reported previously [41]. By using
mitochondrial (mt)DNA/nuclear DNA ratios as a primary readout for
mitochondrial mass, it was reported that B-OHB reduces mito-
chondrial mass in cardiomyocytes thereby producing an energy crisis
in cells. However, basal and ATP-linked oxygen consumption rates
per isolated rat cardiomyocyte, which both depend on the mito-
chondrial number per cell as well as individual mitochondrial activity,
were indistinguishable from SD-fed rat cells, despite a 50% reduced
mtDNA/DNA ratio. We want to stress that i) mtDNA levels can heavily
fluctuate and should not solely be taken to assume mitochondrial
mass [76]; and ii) the suggested response to the chemical uncoupler,
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone does not indi-
cate ATP content, resting respiration, or membrane potential [77]
because it only depicts uncoupled respiration activity. Accordingly,
we suggest the data regarding mitochondrial bioenergetic mea-
surements [41] need to be re-interpreted. Of note, previous reports
showed that -OHB levels heavily fluctuated under a KD in mice over
a day [78], which must be taken into consideration when comparing
studies.
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We observed the induction of molecular markers of mitochondrial FA
import, such as Cpt1, SLC25A20, and UCP3 as a marker of FAO upon
LCT and LCT/MCT feeding. UCP3 was shown to inversely correlate with
UCP2 protein levels upon increased heart maturation [45], and to be
critically involved in cardiac energy homeostasis and FAO [26,79—82].
In addition, we observed that transcription of the mitochondrial rate-
limiting ketolytic enzyme, Oxct1, was downregulated and the fate-
committing enzyme of cardiac ketogenesis, Hmgcs2, was upregu-
lated upon KD feeding. On the protein level, LCT-KD strongly induced
HMGCS, and supplementation with MCT dampened this increase.
Wentz and colleagues showed that chronic exposure to LCT-KD
resulted in a myocardial response that reduced B-OHB utilization
and preserved high rates of FAO but resulted in metabolic inflexibility
[55]. Interestingly, increased HMGCS protein did not result in de novo
cardiac ketogenesis. We speculate that the observed lower HMGCS
protein levels in the LCT/MCT group is a molecular sign of residing
flexibility and full-on FAO, as depicted by high UCP3 levels [45], and
supported by the normal mitochondrial size, MFN2 levels and high
amounts of activated FA-species in plasma. This is in line with the
previously reported benefits of MCTs on LCFA [-oxidation [26].
Furthermore, we assume that this loss of metabolic flexibility of the
heart after long-term KD could be an underlying cause of fibrosis,
which would explain why a shorter 4-week KD period did not induce
fibrosis at all as shown recently [40].

Adding of MCT to diets reduced white adipose tissue depots, in
alignment with [83], where partial LCT replacement with MCT in high-
fat diets led to improved metabolic features commonly associated with
obesity. Furthermore, MCTs boosted mitochondrial UCP3 protein levels
and the general FAO signature was stronger than in LCT-fed mice. Of
note, LCT/MCT exclusively elevated transcripts of the FA sensor,
Ppary 1, which, interestingly, was discussed as an anti-fibrotic, car-
dioprotective protein [30], possibly due to a compensatory mechanism.
We found an LCT/MCT-related trend toward increased UCP3 protein
levels compared to LCT feeding, most likely as a result of stronger
mitochondrial FAO induction as MCT-derived FAs can bypass the
SLC25A20/CPT2 axis. This was shown in leukocytes of patients with a
complete loss of SLC25A20 that were still able to oxidize octanoate
[84]. Octanoyl carnitine was shown to be metabolized in mitochondria
in a CPT2-independent fashion [85]. Although positive and anti-
inflammatory effects of MCTs [22—25] on cardiac health were previ-
ously reported, in our study, both LCT and LCT/MCT diets showed
similar collagen deposition, and LCT/MCT tended to induce LD size
beyond LCT levels. This suggests an increased oxidative burden by, for
example, lipid species, which might be a link to the observed dele-
terious effects of MCTs in our psoriasis study. In this latter study, we
observed increased infiltration of neutrophils and subsequently a
worsened psoriatic response towards imiquimod [39].

Although the results from rodent studies are a cause for concern, the
KD feeding regimen applied to treat epilepsy in children was reviewed
as safe in terms of cardiac parameters [6,7]. In addition, the effects of
a 6-week KD (2:1 ketogenic ratio) were generally favorable with regard
to CVDs in men [19]. This implies that rodent KD ratios are possibly too
high. However, human-like 3-OHB levels are not reached under 8:1
ketogenic ratios.

Ketogenic diets were recently shown to increase health span and life
span in mice [12,13]. However, the critical relationship between FA,
KD, and health was revealed in a recent meta-study that showed
increased mortality when carbohydrates were exchanged for animal-
derived fat and protein in humans [86]. Therefore, one should
cautiously evaluate the KD fat composition and duration.
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Furthermore, our data strongly indicate that the mechanisms pro-
posed in the literature (e.g. immune system stimulated fibroblast
activation vs. cardiomyocyte apoptosis) depend strongly on the model
and animal used. How animal studies can be sensitive to background
is well known, and has been recently shown again by us in an aging
study comparing C57/BL6N and C57/BL6J mice [87]. Future studies
should focus on further variations in FA composition (e.g. reduction in
w-6 FA), time-frame and keto-cycling, as well as single car-
diomyocyte analysis in fibrotic regions. They should also address
structural—functional relationships as well as the in vivo bioenergetic
status of cardiac tissue.
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