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ABSTRACT

Background and objective: Metabolic associated fatty liver disease (MAFLD) is associated with abnormal
lipid metabolism. Mitochondrial dysfunction is considered an important factor in the onset of MAFLD,
whereas altered fatty acid composition has been linked to the severity of the disease. Tetradecylthio-
acetic acid (TTA), shown to induce mitochondrial proliferation and alter the fatty acid composition, was
used to delay the accumulation of hepatic triacylglycerol. This study aimed to evaluate how impaired
mitochondrial fatty acid beta-oxidation affects fatty acid composition by incorporating meldonium into a
high-carbohydrate diet.
Methods: C57BL/6 mice (n = 40) were fed high-carbohydrate diets supplemented with meldonium, TTA,
or a combination of meldonium and TTA for 21 days. Lipid levels were determined in liver samples, and
fatty acid composition was measured in both liver and plasma samples. Additionally, desaturase and
elongase activities were estimated. The hepatic activities and gene expression levels of enzymes involved
in fatty acid metabolism were measured in liver samples, whereas carnitines, their precursors, and
acylcarnitines were measured in plasma samples.
Results: The meldonium-induced depletion of L-carnitine and mitochondrial fatty acid oxidation was
confirmed by reduced plasma levels of L-carnitine and acylcarnitines. Principal component analyses of
the hepatic fatty acid composition revealed clustering dependent on meldonium and TTA. The
meldonium-induced increase in hepatic triacylglycerol levels correlated negatively with estimated ac-
tivities of elongases and was associated with higher estimated activities of delta-6 desaturase (D6D;
C18:4n-3/C18:3n-3 and C18:3n-6/C18:2n-6), and increased circulating levels of C18:4n-3 and C18:3n-6
(gamma-linolenic acid). TTA mitigated meldonium-induced triacylglycerol levels by 80% and attenu-
ated the estimated D6D activities, and elongation of n-6 polyunsaturated fatty acids (PUFAs). TTA also
attenuated the meldonium-mediated reduction of C24:1n-9 (nervonic acid), possibly by stimulating
Elovl5 and increased elongation of erucic acid (C22:1n-9) to nervonic acid. The hepatic levels of nervonic
acid and the estimated activity of n-6 PUFA elongation correlated negatively with the hepatic tri-
acylglycerol levels, while the estimated activities of D6D correlated positively.
Conclusion: Circulating levels of gamma-linolenic acid, along with reduced estimated elongation of n-6
PUFAs and D6D desaturation activities, were associated with hepatic triacylglycerol levels.
© 2024 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metabolic associated fatty liver disease (MAFLD) is character-
ized by the accumulation of fat in the liver and encompasses a wide
spectrum of liver damage, ranging from simple hepatic fat
accumulation to steatohepatitis, termed non-alcoholic steatohe-
patitis (NASH) or metabolic dysfunction-associated steatohepatitis
(MASH), progressive fibrosis, and cirrhosis.! MAFLD is one of the
most common chronic liver diseases, with a global prevalence
approaching 30% and showing a rising trend.” Although there were
previously no approved pharmacological therapies for MAFLD,? in
2024, Resmetirom, a liver-directed, thyroid hormone receptor beta-
selective agonist,* did show promise in clinical trials for treating
non-cirrhotic MAFLD with moderate to advanced fibrosis and was
approved by the U.S. Food and Drug Administration.” However,
since the simple accumulation of liver fat is a risk factor for pro-
gression to steatosis and liver failure, identifying early-stage dys-
regulation of fatty acid (FA) metabolism can be an early biomarker
of liver pathology and promote treatment at earlier stages of the
disease.

MAFLD is closely associated with metabolic dysfunction and the
term is therefore more appropriate than the earlier used term non-
alcoholic fatty liver disease.® In particular, mitochondrial dysfunc-
tion is reported to play a central role in both the onset and pro-
gression of the disease.” It has been observed in patients with fatty
liver disease and has been linked to increasing MAFLD severity in
patients with obesity.®° Furthermore, mitochondrial dysfunction is
associated with reduced mitochondrial FA B-oxidation in MAFLD
patients and the induction of MAFLD in mice.®~'? Mitochondrial FA
B-oxidation requires carnitine for the transport of long-chain FAs
into the mitochondria. As the carnitine shuttle is rate-limiting,
hepatic carnitine concentrations regulate the rate of mitochon-
drial FA B-oxidation.”® Additionally, L-carnitine biosynthesis, and
hence, L-carnitine levels and mitochondrial FA B-oxidation capac-
ity, can be reduced by the anti-ischemic drug meldonium (also
known as mildronate),'*!> and meldonium-induces hepatic stea-
tosis in rats.'®!”

Fat accumulation in the liver results from an imbalance between
FA uptake, synthesis, and disposal. Hence, together with reduced
mitochondrial FA B-oxidation and potentially increased hepatic FA
synthesis, the increased delivery and transport of free FAs into the
liver are implicated in the pathogenesis of MAFLD. Free FAs released
from adipose tissue through lipolysis are the major source of tri-
acylglycerol (TAG) stored in the liver,'® and the levels of circulating
free FAs have been associated with the severity of steatosis.'? 2!
Additionally, plasma levels of certain FAs, such as palmitoleic acid
(C16:1n-7), vaccenic acid (C18:1n-7),>> as well as myristic acid
(C14:0), are suggested as potential predictors of MAFLD severity.>>
Notably, in male Wistar rats, the ratio of fat-to-carbohydrate intake
was also found to influence fatty liver and associated FA composi-
tion in plasma and liver, which appeared to involve altered hepatic
lipogenic enzyme activities rather than reduced FA B-oxidation.’*
Moreover, altered activities of elongases and desaturates have
been associated with the severity of MAFLD and the development
of MASH. For instance, Walle et al.'® reported a higher hepatic
16:1n-7/16:0 ratio in MASH, reported as NASH patients, indicating
increased delta-9 desaturation (D9D), and a lower 20:4n-6/20:3n-6
ratio, indicating decreased D5D. A high hepatic C16:1n-7/C16:0
ratio combined with a high C18:1n-9/C18:0 ratio, and a low
C18:0/C16:0 ratio, has also been associated with the progression
from simple steatosis to NASH or MASH, as indicated by Yamada
et al.?®> Furthermore, the C16:1n-7/C16:0 ratio in both serum and
liver tissue has been correlated with the progression of MASH.?®

It is unclear why FA composition in the liver and blood is related
to MASH progression, but the reported changes in FA ratio indices
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suggest that the progression of severity may involve alterations in
hepatic D5D, D6D, and D9D activities, as well as elongase activity
and de novo FA synthesis.'®?4?%2?7 Given the potential significance
of mitochondrial function in the onset of the disease, we aimed to
evaluate how reduced mitochondrial FA B-oxidation affects the FA
composition, as well as estimated elongase and desaturase activ-
ities, by incorporating meldonium into a high-carbohydrate diet.
Tetradecylthioacetic acid (TTA) is a structurally modified FA that
cannot undergo B-oxidation due to the sulfur atom at the 3-position
of the carbon chain. It is known to be a pan-peroxisome pro-
liferator-activated receptor-ligand, and TTA treatment reduces the
levels of TAGs in the liver by inducing mitochondrial proliferation
and mitochondrial B-oxidation capacity. Additionally, TTA is
recognized for inducing changes in FA composition and desaturase
activities.’® 22 We herein demonstrate that TTA attenuates
meldonium-induced steatoses and restores the changes in FA
desaturation and elongation induced by meldonium.

2. Materials and methods
2.1. Ethics approval

The animal study was conducted in accordance with the ethical
guidelines for the use of animals in research, as governed by the
Norwegian Regulations Relating to the Use of Animals in Research,
which follow the Animal Welfare Act. The protocol for animal ex-
periments was ethically reviewed and approved by the National
Animal Research Authority (Project no. FOTS 5071).

2.2. Animals and treatment

Upon arrival, 10-week-old male C57BL/6 ] mice (Taconic Bio-
sciences, Ejby, Denmark) were randomized into Makrolon III cages,
with 2 animals per cage, in an open system under standard labo-
ratory conditions. The environment was maintained at a temper-
ature of 22 + 1 °C, with dark/light cycles of 12/12 h, relative
humidity 55 + 5%, and 20 air changes per hour. The animals had
free access to tap water and feed.

Cages were randomized into 4 groups of 10 mice determined by
the start/killing day and rack placement (www.random.org). After 7
days of acclimatization, all groups were given low-fat diets con-
taining 16% energy from fat, 64% energy from carbohydrates, and
20% energy from protein, supplemented with or without meldo-
nium, kindly provided by Grindex (Riga, Latvia) and/or TTA
(Table 1). Based on average feed intake, the supplemented amount
of meldonium corresponds to 550 mg meldonium/kg body weight/
day, a dose earlier demonstrated to induce steatosis in mice.!” The
amount of TTA corresponds to a dose of 720 mg of TTA/kg body
weight/day, a dose previously demonstrated to modify hepatic lipid
metabolism in mice.>> All mouse groups received the same basic
diet, similar to the Basal diet 5755, with adequate essential FA
content (1.6 g C18:2n-6, 0.15 g C18:3n-3 per 100 g of diet) and only
traces of their long-chain polyunsaturated FA (PUFA) metabolites
(0.01 g C20:4n-6, 0.001 g C20:5n-3, and 0.003 g C22:6n-3 per 100 g
of diet). The remaining individual long-chain PUFAs ranged from
0.040 to 0.001 g per 100 g of diet. Thus, the lipid effect of diet
should be the same in all groups. The only dietary differences were
the added drugs. Feed was provided to the mice in a fixed daily
amount, and leftover feed was removed and weighed daily during
the 21-day experiment. Weight gain was measured twice a week.
All animals were alive at the end of the experiment.

At the time of sacrifice, mice were anesthetized by inhalation of
2%—5% sevoflurane (Abbott Laboratories Ltd., Berkshire, UK) after
fasting for 4 h. Blood was collected from the right ventricle of the
heart into a tube containing 7.5% EDTA. The samples were chilled on
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Table 1
Composition of the experimental diet.
Components glkg
Carbohydrates 679
Cornstarch 397
Dextrose 132
Sucrose 100
Cellulose fiber 50
Protein 225
Casein® 225
Fat 70
Soybean oil 20
Lard 50
Micronutrients 50.5
AIN-93G-MX mineral mix 35
AIN-93G-VX vitamin mix 10

L-cysteine 3

Choline bitartrate 2.5

tert-Butylhydroquinone 0.014
Drugs"

Meldonium (0.306%) 3.06

Tetradecylthioacetic acid (0.4%) 4.0

2 The protein account in casein was 87%, the rest was moisture, ash, and
small amounts of fat and lactose.
b The drugs were added to their respective intervention groups.

ice for about 15 min after which plasma was separated by centri-
fugation and stored at —80 °C until further analysis. Plasma samples
were pooled from 2 to 3 animals to obtain a sufficient volume of
plasma for the analyses described in section 2.3 (n = 4 — 6). The
liver was harvested and stored at —80 °C until further processing.

2.3. Liver and plasma FA composition and lipid levels

Lipids were extracted from pooled plasma samples and 8
randomly selected livers per group according to the Bligh and Dyer
method,>* evaporated under nitrogen and redissolved in iso-
propanol before analysis. FA methyl esters were obtained by
heating the lipids with methanol at 90 °C for 1 h in the presence of
sulphuric acid and analyzed by gas-liquid chromatography (GC-
8000 TOP, Finnigan, USA), as previously described.>> Hepatic lipids
were also quantified enzymatically on a Hitachi 917 system (Roche
Diagnostics GmbH, Mannheim, Germany) using the triacylglycerol
(GPO-PAP) and cholesterol kit (CHOD-PAP) from Roche Diagnostics
(Roche Diagnostics International Ltd, Rotkreuz, Switzerland), and
the phospholipids FS kit from DiaSys Diagnostic Systems GmbH
(Holzheim, Germany).

2.4. Liver enzyme activities

Post-nuclear fractions were prepared by homogenizing 100 mg
liver in 1 mL ice-cold sucrose medium (0.25 mol/L sucrose,
10 mmol/L HEPES (pH 7.4), and 2 mmol/L EDTA as earlier
described.>® Palmitoyl-coenzyme A (palmitoyl-CoA) oxidation was
measured in the post-nuclear fraction as the production of acid-
soluble products from [1—'%C] palmitoyl-CoA in the presence of
1.2 mmol/L L-carnitine as described.>” The post-nuclear fraction
was frozen at —80 °C and later used to measure the activity of acyl-
CoA oxidase 1, palmitoyl (ACOX1) using a coupled assay based on
the hydrogen peroxide-dependent oxidation of leuco-
dichlorofluorescein in the presence of palmitoyl-CoA.>® The pro-
duction of hydrogen peroxide was measured by monitoring the
increase in dichlorofluorescein absorbance using a Varian 23,000
spectrophotometer. Carnitine palmitoyl transferase 2 (CPT2) ca-
pacity was measured after lysis with 0.01% Triton-X using labeled
[methyl-'4C]-L-carnitine, as described by Bremer with
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modifications described by Madsen and Berge and FA synthesis
activity was measured using [“C] acetyl-CoA as described.*?~*!

2.5. Gene expression analysis

Total cellular RNA was purified from the same liver samples
selected for FA composition (Section 2.3), and complementary DNA
was generated as previously described.”* Real-time polymerase
chain reaction (PCR) was performed with Sarstedt 384 well
multiply-PCR plates (Sarstedt Inc., Newton, NC, USA). The following
genes were measured: Cpt2, Acoxl1, stearoyl-CoA desaturase 1
(Scd1), fatty acid desaturase 2 (Fads2), and fatty acid elongase 5
(Elovl5) using probes and primers from Applied Biosystems (Foster
City, CA, USA). Three different reference genes were used:18S ri-
bosomal RNA ((18S, Kit-FAM-TAMRA (Reference RT-CKFT-18s) from
Eurogentec, Seraing, Belgium), glyceraldehyde-3-phosphate dehy-
drogenase (Gapdh, Mm99999915_¢g1, from Applied Biosystems,
Foster City, CA, USA), ribosomal protein lateral stalk subunit PO
(Rplp0, Gene ID 11837, from Thermo Fisher (Fisher Scientific GmBH,
Schwerte, Germany). NormFinder was used to assess the optimal
reference genes, and data normalized to Rplp0 were used (https://
moma.dk/normfinder-software).

2.6. Measurements of plasma levels of carnitines, their precursors,
and acylcarnitines

Plasma levels of L-carnitine, its biosynthetic precursor trime-
thyllysine, and gamma-butyrobetaine, as well as short- and long-
chain acylcarnitines, were analyzed in pooled samples using
high-performance liquid chromatography/mass spectrometry, as
described by Vernez et al.,*> with some modifications of the high-
performance liquid chromatography conditions as described in
detail by Vigerust et al.*>

2.7. Statistical analyses

Data sets were analyzed using Prism Software (GraphPad Prism
9.0.0, San Diego, CA, USA). Unless otherwise stated in the figure
legends, results are presented as means of 8 animals per group. The
Shapiro-Wilk test was used to estimate the normal distribution,
and one-way ANOVA with Tukey’s post hoc test was used to
determine statistical significance among the feeding groups. Two-
tailed P values < 0.05 were considered significant. Pearson corre-
lation coefficients were determined with two-tailed P values and a
95% confidence interval.

3. Results
3.1. TTA attenuates meldonium-induced steatosis

To verify meldonium-induced steatosis and attenuation by TTA,
total levels of TAGs, lipids, FAs, phospholipids, and cholesterol were
measured in the liver. The relative liver weight (hepatic index) was
also determined. Carnitine depletion from meldonium treatment
did not significantly increase the hepatic index (Fig. 1A), but it
doubled the accumulation of total fat in the liver (Fig. 1B). As
described earlier,>® TTA led to an increased hepatic index (Fig. 1A).
As expected, the inclusion of TTA strongly attenuated meldonium-
induced fat accumulation measured as total lipid (Fig. 1B) and total
FAs (Fig. 1C). Hepatic TAG levels reflected the levels of total fat,
although there was an even greater increase by meldonium
(Fig. 1D), whereas the levels of phospholipids and cholesterol were
not significantly increased by meldonium (Fig. 1E—F). Hence, TTA
treatment can counteract meldonium-induced steatosis in mice fed
a high-carbohydrate diet.
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3.2. TTA attenuates meldonium-induced reduction in plasma
concentrations of carnitine and acylcarnitines and stimulates
peroxisomal (-oxidation

Meldonium treatment prevents carnitine biosynthesis by
inhibiting the formation of its precursor y-butyrobetaine from tri-
methyllysine.** In line with this, meldonium treatment led to
reduced plasma levels of y-butyrobetaine and L-carnitine, whereas
the precursor trimethyllysine levels were unchanged (Fig. 2A).
Meldonium treatment inhibits mitochondrial FA oxidation, as L-
carnitine is required for FAs to enter mitochondria.”® In line with
this, we observed reduced plasma levels of acylcarnitine, including
palmitoylcarnitine, in meldonium-treated mice (Fig. 2A), whereas
the hepatic capacity to convert palmitoyl-CoA to acid-soluble
products ex vivo in a L-carnitine supplemented liver homogenate
was not inhibited (Fig. 2A).

TTA is known to target mitochondria, and it has been previously
demonstrated that TTA-mediated stimulation of mitochondrial -
oxidation is associated with increased levels of plasma acylcarni-
tines.>> In line with this, plasma acylcarnitine levels were signifi-
cantly increased in TTA-treated mice (Fig. 2A). TTA was not able to
rescue the meldonium-mediated decrease in neither y-butyr-
obetaine, L-carnitine nor acylcarnitine levels (Fig. 2A). However, the
hepatic capacity to convert palmitoyl-CoA to acid-soluble products
ex vivo in an L-carnitine supplemented liver homogenate was
increased in mice treated with meldonium and TTA in combination

Liver Research 8 (2024) 152—164

(Fig. 2B). In line with this, CPT2 capacity was increased in a similar
manner (Fig. 2B).

Peroxisomal B-oxidation does not require L-carnitine, increased
peroxisomal pB-oxidation may occur in meldonium-treated mice as
observed in meldonium-treated rats.*> We measured the activity
and gene expression of acyl-CoA oxidase 1, palmitoyl (ACOX), the
rate-limiting enzyme of peroxisomal B-oxidation. Both the ACOX
activity and Acox1 mRNA expression were increased in meldonium
and TTA- treated mice (Fig. 2C). Hence, FAs may be shortened by
peroxisomal B-oxidation in the presence of meldonium.

3.3. TTA attenuates meldonium-induced changes in hepatic FA
composition

To investigate the meldonium-induced changes in FA meta-
bolism, we measured FA composition. Principal component ana-
lyses of the FA composition demonstrated a clear separation of the
groups, with PC1 and PC2 explaining 39% and 32%, respectively of
the variance in the liver (Fig. 3A). Samples from mice treated with
or without meldonium are separated along PC1, whereas samples
from mice treated with or without TTA are separated along PC2. n-3
and n-6 FAs with chain lengths C18 and C20, as well as C24:1n-9,
were the main contributors to separation along PC1, whereas
saturated FAs (SFAs), including C20:0 and C23:0 were the main
contributors to separation along PC2. We next calculated the esti-
mated elongase and desaturase activities and prepared a heat map
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Fig. 1. Hepatic lipid levels. Hepatic index (A), and hepatic levels of total lipid (B), total fatty acids extracted from all lipid classes (C), triacylglycerol (D), phospholipids (E), and
cholesterol (F) were measured in C57BL/6 mice fed a high-carbohydrate control diet (HC) or a carbohydrate diet spiked with meldonium (HC + M), tetradecylthioacetic acid
(HC + TTA), or TTA and meldonium (HC + TTA + M) for 21 days. Total liver lipids were calculated as the sum of individual lipid fractions. The bars represent the mean of the
individual values shown as dots. One-way ANOVA with Tukey’s post hoc test was used to determine significant differences between the intervention groups. Different letters

indicate statistical significance (P < 0.05) between groups.
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Fig. 2. Plasma carnitine metabolites and fatty acid oxidation capacity. Plasma metabolites (A), hepatic B-oxidation capacity in presence of carnitine and hepatic mitochondrial
carnitine palmitoyl transferase 2 (CPT2) expression and capacity (B), and hepatic peroxisomal acyl-CoA oxidase (ACOX) expression and activity (C) were measured in C57BL/6 mice
given a high carbohydrate control diet (HC) or a carbohydrate diet spiked with meldonium (HC + M), tetradecylthioacetic acid (HC + TTA), or TTA and meldonium (HC + TTA + M)
for 21 days. The bars represent the mean of the individual values shown as dots. One-way ANOVA with Tukey’s post hoc test was used to determine significant differences between
the intervention groups. Different letters indicate statistical significance (P < 0.05) between groups. Abbreviations: FAs, fatty acids; TTA, tetradecylthioacetic acid.

to visualize how meldonium treatment affected FA composition
and estimated desaturase and elongase activities (Fig. 3B). Most
noticeably, meldonium led to a higher proportion of C18 FAs, as
well as estimated D6D activities, whereas TTA led to a higher
proportion of n-3 and n-6 C20 FAs and higher estimated elongase
activities. Hence, TTA may mediate its effect on preventing steatosis
by attenuating meldonium-induced changes in FA desaturation and
elongation.

3.4. Meldonium-induced steatosis is associated with increased D6D
of FA

To investigate the possible association between FA desatura-
tion and steatosis, we prepared a correlation matrix using the
hepatic TAG levels, the estimated D5D, D6D, and D9D activities,
and associated FAs. The hepatic TAG levels correlated with the
estimated C16 D9ID activity calculated as the C16:1n-7/C16:0 ratio
(D9D C16, r = 0.685, P < 0.0001) and the C18 D9D activity calcu-
lated as the C18:1n-9/C18:0 ratio (C18 D9D, r = 0.895, P < 0.0001)
(Fig. 4A). As expected, C18 DID correlated positively with C18:1n-
9 and negatively with C18:0. C16 D9D correlated positively with
C16:1n-7, but no correlation between C16 D9D and C16:0 was
found. The hepatic C18:1n-9/C18:0 ratio, but not the C16:1n-7/
C16:0 ratio was significantly increased with meldonium
(Fig. 4B). TTA treatment increased the hepatic expression of Scd1,
but neither the hepatic C18:1n-9/C18:0 ratio nor the C16:1n-7/
C16:0 ratio was increased by TTA. Of note, TTA treatment led to
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an increased C18:1n-9/C18:0 ratio in plasma, but the estimated
D9D activities in plasma did not correspond to those for the liver.
Taken together, increased D9D C18 activity may be associated
with steatosis, but it is not likely that TTA mediates its action by
inhibiting D9D.

The estimated D6D activities, calculated as C18:4n-3/C18:3n-3
(n-3 D6D) and C18:3n-6/C18:2n-6 (n-6 D6D) also correlated with
hepatic TAG levels (r = 0.756, P < 0.0001 and r = 0.779, P < 0.0001,
respectively). The estimated D6D n-3 and n-6 activities correlated
with each other, as well as with the relative amounts of C18n-3 and
C18n-6 FAs (Fig. 4A), suggesting a coordinated regulation. Although
TTA treatment induced expression of Fads2 encoding D6D, mice
treated with TTA did not have higher estimated D6D activity
(Fig. 4C). Still, the meldonium-induced increases in estimated D6D
activities were attenuated by the inclusion of TTA in the diet
(Fig. 4C). Hence, estimated D6D activities may be markers of stea-
tosis. Worth noting, plasma C18:4n-3/C18:3n-3 and C18:3n-6/
C18:2n-6 ratios reflected the hepatic ratios (Fig. 4C). Taken
together, increased D6D is associated with hepatic steatosis, and
TTA may in part attenuate steatosis by attenuating the meldonium-
induced D6D.

3.5. Meldonium-induced steatosis is associated with reduced FA
synthesis and elongation of FAs

To investigate the possible association between meldonium-
induced steatosis and changes in FA synthesis and elongation, we
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score of fatty acids (FAs) extracted from liver (A) from C57BL/6 mice given a high-
carbohydrate control diet (HC) or a high-carbohydrate diet spiked with meldonium
(HC + M), tetradecylthioacetic acid (HC + TTA), or meldonium + TTA (HC + M + TTA)
for 21 days. The heatmaps (B) illustrate the relative levels of individual FAs, the sum of
saturated FAs (SFAs), monounsaturated FAs (MUFAs), n-3 and n-6 polyunsaturated FAs
(PUFAs), eicosapentaenoic acid (EPA) + docosahexaenoic acid (DHA), the anti-
inflammatory index, estimated elongase and desaturase activities in the liver. The
data set includes data from 8 animals in each group. Abbreviations: ai (anteiso), i (iso),
and t (trans).

prepared a correlation matrix using the hepatic TAG levels, the
estimated de novo FA synthesis, and elongation activities, as well as
the relative levels of their substrates and products. Surprisingly, the
estimated de novo FA synthesis correlated negatively with the he-
patic TAG levels (r = — 0.545, P < 0.005) (Fig. 5A), and meldonium
treatment led to decreased FA synthesis measured as the hepatic
C16:0/C18:2n-6 ratio as well as FA synthesis activity, measured
ex vivo (Fig. 5B). These data indicate that increased FA synthesis
does not participate in meldonium-induced steatosis.
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Elongation of SFAs also correlated negatively with hepatic TAG
levels (r = —0.667, P < 0.0001) (Fig. 5A), but TTA supplementation
did not significantly restore the meldonium-mediated reduction in
elongation of SFAs or the activity of FA synthesis (Fig. 5B). The
estimated activities of elongases targeting n-3, n-6, and n-7 FAs
estimated by the (C20:4n-3/C18:4n-3, (C20:3n-6/C18:3n-6, and
C18:1n-7/C16:1n-7 ratios, respectively, all correlated positively
with each other and negatively with the hepatic TAG levels
(r = -0483, P < 0.01, r = —0.544, P < 0.005, and r = —0.585,
P < 0.0005, respectively) (Fig. 5A). TTA treatment led to higher
estimated n-3, n-6, and n-7 elongase activities in the liver and
plasma, compared to the control (Fig. 5C). Given the strong corre-
lation between the C20:4n-3/C18:4n-3, C20:3n-6/C18:3n-6, and
C18:1n-7/C16:1n-7 ratios and hepatic TAG levels, the estimated
elongase activities may be markers of steatosis. However, only the
meldonium-induced decrease in estimated n-6 elongase activity
was restored by the inclusion of TTA (Fig. 5C).

3.6. Increased circulating levels of C18:4n-3 and C18:3n-6 are
associated with meldonium-induced steatosis

We next correlated fat accumulation in the liver with the rela-
tive proportion of individual FAs (Fig. 6A). Given the positive as-
sociation between hepatic TAG levels and D6D activities estimated
as C18:4n-3/C18:3n-3 and C18:3n-6/C18:2n-6, it was surprising
that the relative proportions of all C18:4n-3, C18:3n-3, C18:3n-6,
and C18:2n-6 positively correlated with hepatic TAG (Fig. 6A). In-
clusion of TTA attenuated meldonium-induced increase in the
relative proportions of all these FAs in the liver (Fig. 6B). The rela-
tive proportion of the products of D6D activities, C18:4n-3 and
C18:3n-6 (y-linolenic acid), followed a similar pattern in plasma
(Fig. 6B).

In line with the negative association between plasma TAG and
elongation of n-6 FAs estimated as C20:3n-6/C18:3n-6, the relative
proportion of C20:3n-6 correlated negatively with hepatic TAG,
whereas C18:3n-6 correlated positively (Fig. 6A). Meldonium
treatment led to a higher proportion of C18:3n-6 in both liver and
plasma, and this increase was attenuated by the inclusion of TTA
(Fig. 6B), however, the proportion of C20:3n-6 was not reduced by
meldonium in either liver or plasma (Fig. 6C). Hence, increased
relative proportions of C18n-3 and n-6 PUFAs are associated with
hepatic TAG, and the relative proportion of C18:4n-3 and C18:3n-6
in plasma may be possible candidate markers for hepatic steatosis.

We found strong negative correlations between hepatic TAG and
the hepatic proportion of C20:4n-6 (arachidonic acid) and C24:1n-
9 (nervonic acid) (Fig. 6A). The relative proportion of C20:4n-6 was
significantly reduced by meldonium in the liver, and this propor-
tion was restored with TTA (Fig. 6C). However, similar changes were
not observed in plasma. The hepatic proportion of C24:1n-9 was
also significantly reduced by meldonium (Fig. 6D). The levels were
induced by TTA, which attenuated in meldonium-induced reduc-
tion (Fig. 6D). C24:1n-9 is proposed to be produced by the elon-
gation of 22:1n-9 (erucic acid), and in line with this, TTA led to a
higher C24:1n-9/C22:1n-9 ratio and induced the hepatic expres-
sion of Elovl5 encoding FA elongase 5 that elongates very long-chain
FAs. Meldonium treatment did not reduce the abundance of
C24:1n-9 in plasma, but the relative proportion was induced by
TTA. Hence, increased hepatic TAG is associated with reduced levels
of C24:1n-9, and TTA may, at least in part, mediate its action by
stimulating elongation of 22:1n-9 to C24:1n-9.

Overall, Fig. 7 presents the experimental model and a summary
of the results.
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Fig. 4. Estimated delta 9 and delta 6 desaturase activities. Correlation matrix (A) of hepatic triacylglycerol levels (TAG) and estimated activities of delta 5 desaturase (D5D), D6D,
and DID activities based on the abundance of fatty acids extracted from the liver of C57BL/6 mice given a high-carbohydrate control diet (HC) or a high-carbohydrate diet spiked
with meldonium (HC + M), tetradecylthioacetic acid (HC + TTA) or meldonium and TTA (HC + M + TTA) for 21 days. The bar charts (B) illustrate the estimated D9D activities based
on the abundance of fatty acids extracted from individual liver and pooled plasma samples and the hepatic relative expression of Scd1. The bar charts (C) illustrate the delta
estimated D6D activities based on the abundance of fatty acids extracted from individual liver and pooled plasma samples and the hepatic relative expression of Fads2. The bars
represent the mean of the individual values shown as dots. One-way ANOVA with Tukey’s post hoc test was used to determine significant differences between the intervention
groups. Different letters indicate statistical significance (P < 0.05) among groups.
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Fig. 5. Estimated de novo FA synthesis and elongase activities. Correlation matrix (A) of hepatic TAG levels and estimated activities of de novo synthesis (De novo) of FAs and
elongases (elong) of SFAs, n-3, n-6, and n-7 PUFAs based on the abundance of FAs extracted from the livers of C57BL/6 mice given a high-carbohydrate control diet (HC) or a high-
carbohydrate diet spiked with meldonium (HC + M), tetradecylthioacetic acid(HC + TTA), or meldonium + TTA (HC + M + TTA) for 21 days. The bar charts (B) illustrate the
estimated delta 9 desaturase activities based on the abundance of FAs extracted from individual liver and pooled plasma samples and the hepatic FA synthesis activity. The bar
charts (C) illustrate the delta estimated elongase activities of n-3, n-6, and n-7 PUFAs based on the abundance of FAs extracted from individual liver and pooled plasma samples. The
bars in B, C, and D represent the mean of the individual values shown as dots. One-way ANOVA with Tukey’s post hoc test was used to determine significant differences between the
intervention groups. Different letters indicate statistical significance (P < 0.05) between groups. Abbreviations: FAs, fatty acids; PUFA, polyunsaturated fatty acid; SFA, saturated fatty
acid; TAG, triacylglycerol.

4. Discussion in part by targeting the mitochondria and inducing mitochondrial
biogenesis and B-oxidation.“® The findings herein suggest that TTA
This study confirmed that TTA strongly attenuated meldonium- also acts by other mechanisms, as TTA can prevent the accumula-

induced steatosis and demonstrated an association between liver tion of liver TAG under L-carnitine depletion, a condition where
TAG and changes in FA metabolism. TTA mediates its action at least mitochondrial B-oxidation is inhibited. Our study demonstrates
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Fig. 6. Correlation between hepatic triacylglycerol levels and fatty acid indices. Hepatic triacylglycerol (TAG) levels were correlated with the relative abundance of hepatic fatty
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way ANOVA with Tukey’s post hoc test was used to determine significant differences between the intervention groups. Different letters indicate statistical significance (P<0.05)

among groups.
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that TTA can restore meldonium-mediated changes in D6D and
elongation of FAs.

TTA is shown to reduce both plasma and liver TAG by increasing
mitochondrial B-oxidation.*® In line with the earlier finding that
TTA-mediated stimulation of mitochondrial B-oxidation is associ-
ated with increased plasma acylcarnitine levels,>® we observed
higher levels of palmitoylcarnitine in the plasma from mice treated
with TTA alone. However, TTA was not able to rescue the
meldonium-mediated decrease in plasma palmitoylcarnitine.
Meldonium is reported to inhibit L-carnitine biosynthesis, and
hence carnitine levels and mitochondrial FA p-oxidation.'*!” In line
with this, we observed reduced plasma levels of y-butyrobetaine, L-
carnitine, and acylcarnitine in meldonium-treated mice, suggesting
that meldonium treatment prevents the entry of FAs into the
mitochondria. The hepatic capacity to oxidize palmitoyl-CoA to
acid-soluble products in the presence of endogenously added
carnitine as well as CPT2 capacity in liver homogenate were,
however, not reduced by meldonium. TTA is known to increase
hepatic mitochondrial B-oxidation and CPT2 activity, and ex vivo
measured capacities of CPT2 and palmitoyl-CoA oxidation in the
presence of L-carnitine were higher in mice treated with TTA and
meldonium. However, there is no indication that TTA can restore
the meldonium-mediated inhibition of L-carnitine synthesis as TTA
did not rescue the meldonium-mediated decrease in plasma levels
of vy-butyrobetaine and L-carnitine. Therefore, despite the
increased capacity for mitochondrial B-oxidation, the FAs may be
unable to enter the mitochondria in vivo in mice treated with
meldonium and TTA. We found that both the capacity and gene
expression of ACOX, the rate-limiting enzyme of peroxisomal (-
oxidation, which unlike the mitochondrial B-oxidation, does not
require L-carnitine, were increased by TTA in mice treated both in
the absence and in combination with meldonium. TTA-induced
peroxisomal B-oxidation can play a role when mitochondrial -
oxidation is reduced by L-carnitine depletion, but mitochondrial -
oxidation will quantitatively dominate over peroxisomal f-oxida-
tion in liver cells under normal circumstances.
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Increased lipogenesis and increased uptake of free FAs via the FA
translocase (FAT/CD36) may contribute to the development of
steatosis.*” TTA was earlier shown to suppress hepatic lipogenesis
in rats,*! but neither FA synthesis activity in liver homogenate nor
the lipogenesis index C16:0/C18:2n-6 were suppressed by TTA in
the present study. Unexpectedly, both the lipogenesis index and FA
synthesis activity were reduced in meldonium-treated mice and
lipogenesis is most likely not involved in meldonium-induced
steatosis nor the TTA-mediated effects.

In line with the reported increased D9D activity in patients with
steatosis,'>>> we here demonstrate that estimated liver activities of
both SCD-16 (C16:1n-7/C16:0) and SCD-18 (C18:1n-9/C18:0)
correlated with liver TAG. Earlier findings that mice with a targeted
disruption in the Scd1 isoform are resistant to diet-induced stea-
tosis,*® and inhibition of Scd1 ameliorates hepatic steatoses in mice
suggest that Scd1 may be a pharmacological target.**>° However, in
line with earlier studies,” TTA stimulated Scd1 expression, and the
meldonium-induced induction of estimated D9D activity was not
restored by TTA in the present study. Hence, it is not likely that TTA
mediates its ability to attenuate meldonium-induced steatosis via
DID.

Both n-6 and n-3 PUFA metabolism are controlled by D5D and
D6D. In line with the reported higher estimated activities of D6D in
individuals with obesity and MASH when compared to individuals
with normal liver,'® hepatic TAG levels correlated positively with
estimated D6D activity in our study. Despite our finding that TTA
induces the expression of Fads2, the meldonium-mediated increase
in the hepatic D6D index was attenuated by the inclusion of TTA.
The finding that estimated n-3 and n-6 D6D activities correlated
with each other, as well as with the relative amounts of C18n-3 and
C18n-6 FAs, suggest a coordinated regulation and corroborates this
notion that estimated D6D activities may be markers of steatosis.

In line with the earlier reported negative association between
the elongation of FAs and steatosis score in humans,””> meldonium
treatment led to reduced elongation indexes of both SFA as well as
PUFAs. TTA was not able to restore the meldonium-mediated
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reduction of the SFA elongation index but fully restored the elon-
gation of n-6 and n-7 PUFAs. Furthermore, the n-3, n-6, and n-7
elongation indexes correlated positively with each other and
negatively with hepatic TAG levels, suggesting a coordinated
regulation of elongation of PUFAs and corroborating the notion that
reduced elongation of PUFAs may be an indicator of hepatic
steatosis.

The observed meldonium-induced changes in desaturation and
elongation suggest an increased metabolism of C18:2n-6 (linoleic
acid). Linoleic acid may be desaturated by D6D to y-linolenic acid
(C18:3n-6) that is elongated to dihomo-y-linolenic acid (20:3n-6)
and further desaturated to arachidonic acid (C20:4n-6) by D5D. Of
note, hepatic TAG correlated positively with estimated n-6 D6D
activity and the relative proportion of y-linolenic acid, and nega-
tively with estimated n-5 D6D activity as well as dihomo-y-lino-
lenic acid and arachidonic acid. This suggests that meldonium
stimulates the conversion of dietary linolenic acid to y-linolenic
acid, whereas further metabolism into arachidonic acid is inhibited.
The latter is in line with Yamada et al.?> who reported decreased
levels of dihomo-y-linolenic acid and arachidonic acid in MASH
patients. We, therefore, suggest that the development of steatosis is
associated with increased D6D of linoleic acid combined with
reduced elongation of n-6 PUFAs. The finding that the estimated
hepatic D6D and n-6 elongation index, as well as that relative
proportion of y-linolenic acid in plasma mirrors the liver suggest
that these may be considered as prognostic markers of hepatic TAG
accumulation.

Dietary alpha-linolenic acid (C18:3n-3) is converted to eicosa-
pentaenoic acid (C20:5n-3) in a similar manner via D6D to stear-
idonic acid (C18:4n-3) and via elongation to eicosatetraenoic acid
(C20:4n-3) and subsequent D5 desaturation. Hepatic TAG corre-
lated positively with n-3 D6D and stearidonic acid, but the negative
correlation with n-3 elongation was rather weak (r = —0.483).

We observed a strong negative correlation between hepatic TAG
and the relative proportion of nervonic acid (C24:1n-9). To our
knowledge, nervonic acid has not before been associated with
steatosis, but a negative association between plasma levels of
nervonic acid and obesity is reported.”’ It is also demonstrated that
supplementing a high-fat diet with nervonic acid attenuates
obesity development and improves several metabolic parameters
in mice.”” Similar to an earlier report with TTA,*> nervonic acid
increases the levels of acylcarnitines and improves biomarkers of
energy metabolism in the liver, including increased peroxisome
proliferator-activated receptor « activation and FA oxidation.>?

This study has some limitations. Firstly, the FA indices were
based on FA composition measured in total fat. The relative pro-
portion of hepatic phospholipids versus TAG will influence total FA
composition in the liver, particularly when steatosis is developing.
Still, our results are comparable with a human study stating that
although the FA content of liver tissue was expected to increase in
patients with advanced hepatic steatosis,?” significant changes in
the FA composition ratios suggested that not all FAs homogenously
increase and concluded that FA components change depending on
pathological differences in liver tissue in MAFLD patients. However,
different turnover and compositions of different lipid fractions
exist, and enzyme activities estimated by FA indices may not
correlated with gene expression. For instance, SCD1 expression in
human liver is positively correlated with a16:1n-7/16:0 ratio in
liver phospholipids, triglycerides, cholesteryl esters, free FAs, and
total lipids, whereas 18:1n-9/18:0 ratio was not correlated to liver
SCD1 expression for any of these fractions.”®> Even though phos-
pholipids are a preferable source in human blood, these are also a
mixture of many sub-fractions with quite different FA composi-
tions. Thus, cholesteryl esters are often used instead of phospho-
lipids, especially in nutrition studies.’* The low level of 18:3n-6 in
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phospholipids is often omitted from detection, and thus cholesteryl
esters and triglycerides are used for the calculation of the omega-6
FA index.'®”* In this study, 55%—85% of liver FAs are bound in TAGs,
with the distribution of 10—18 carbon FAs in the range of 70%—90%
in TAGs (except C18:0). Hence, the D6D index of total lipids is
marginally affected by phospholipids or cholesteryl esters. On the
other hand, C20:3n-6 and C20:4n-6 and longer PUFAs are pre-
dominantly bound in liver phospholipids and thus, D5D mainly
corresponds to FA composition in this fraction. More detailed an-
alyses of FAs of individual lipid fractions are needed to support
these preliminary findings. Secondly, meldonium-induced steatosis
does not reflect the complex pathogenesis of MAFLD. However, as
mitochondrial dysfunction is observed in patients with fatty liver
disease, and it is reported that mitochondrial dysfunction is linked
to reduced mitochondrial FA p-oxidation in MALFD patients,®° we
think that meldonium-induced MAFLD may represent an inter-
esting model.

5. Conclusions

In conclusion, TTA can attenuate meldonium-induced TAG levels
by 80% and restore the meldonium-induced changes in estimated
D6D and elongase activities. Circulating levels of y-linolenic acid
and estimated D6D and n-6 elongase indexes in plasma may be
considered as prognostic markers for the development of fatty liver.
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