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1. Abstract 

Fatty acids (FA) play an essential role in human nutrition, serving both as energy 

substrates and structural components of cells. Ketogenic diets (KD), in which fats 

constitute the primary source of caloric intake, have been used for 100 years to 

treat drug-resistant epilepsy in children. More recently, KDs have received re-

newed attention as a potential therapy for neurodegenerative diseases, as a die-

tary intervention for weight loss, and for a range of other clinical applications. Un-

derstanding the biological and molecular mechanisms behind lipid metabolism, 

along with the physiological benefits and downsides of a high dietary fat consump-

tion is therefore crucial for understanding the possible effects of KDs on human 

health and disease. 

In previous studies by Sternberg et al. (2025, unpublished data), gene expression 

related to FA metabolism was analyzed in mice fed KDs differing in FA profiles 

focusing on skeletal muscle (SkM), brown adipose tissue (BAT), heart, liver and 

brain tissues. The results revealed that mice receiving a KD enriched with medium-

chain triglycerides (LCT/MCT), exhibited a distinct gene expression profile reflect-

ing enhanced FA metabolism, compared with those fed either a long-chain triglyc-

eride KD (LCT) or a standard diet (SD). Building on these findings, the present 

study further investigated gene expression profiles related to lipid metabolism and 

mitochondrial function in BAT and SkM using quantitative real-time polymerase 

chain reaction, aiming to provide deeper insights into the molecular pathways 

through which different types of dietary fat influence lipid utilization and mitochon-

drial transcriptional states. 

Consistent with previous observations, the LCT/MCT diet induced significant tran-

scriptional adaptations in both BAT and SkM. While both tissues likely increased 

fatty acid oxidation, BAT appeared to shift its substrate preference by inhibiting 

fatty acid synthesis, whereas SkM exhibited signs of reduced long-chain fatty acid 

oxidation. Furthermore, BAT showed transcriptional changes indicative of in-

creased mitochondrial fission and elevated oxidative stress. 
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2. Ketogenic diets 

The ketogenic diet (KD) is characterized by a high fat intake, minimal carbohy-

drates and moderate amounts of protein. A classical KD typically provides approx-

imately 1 g of protein per kg body weight and 10-15 g of carbohydrates per day, 

with the remaining caloric intake derived from fat. (Roehl & Sewak, 2017) Its pri-

mary goal is to induce a metabolic state known as ketosis, in which the body shifts 

from glucose to ketone bodies (KB), namely acetone, acetoacetate and b-hydroxy-

butyrate (b-OHB), as its main energy source. When carbohydrate intake is re-

stricted, as during fasting or adherence to a KD, hepatic KB production increases. 

(St-Pierre et al., 2019)  

The KD was originally developed as a fasting-mimicking therapy for epilepsy, fol-

lowing historical observations that fasting reduced seizure frequency. In the 1920s, 

the KD was introduced as a sustainable alternative to fasting, capable of inducing 

similar metabolic effects without causing malnutrition. With the discovery of the 

antiepileptic drug phenytoin in 1938, and as more medications became available, 

the clinical use of KDs declined. Nevertheless, due to the anticonvulsant properties 

of KBs, KDs are a well-established and commonly applied treatment for drug-re-

sistant epilepsy. Since traditional KDs can be difficult to maintain, adapted versions 

such as KDs enriched with medium-chain triglycerides (MCT) have been explored 

in the 1980s as less restrictive alternatives to the traditional KD. Subsequently, the 

Modified Atkins Diet (MAD) and the Low Glycemic Index Treatment (LGIT) have 

been developed to improve palatability and make long-term adherence easier. 

(Borowicz-Reutt et al., 2024; Nimbkar et al., 2022; Roehl & Sewak, 2017; Wheless, 

2008)  

Beyond epilepsy, KDs have gained attention as potential therapeutic interventions 

for a wide range of applications. The KD and KBs exert neuroprotective effects by 

enhancing mitochondrial function and reducing both oxidative stress and neuroin-

flammation. Consequently, they are being investigated as a potential therapy for 

various neurological conditions, including neurodegenerative diseases, depression 

and migraines. (Haslam et al., 2021; Jang et al., 2023; Pietrzak et al., 2022; Wło-

darek, 2019) Moreover, KDs are being explored for effects beyond the nervous 

system, with studies investigating potential benefits in cardiovascular disease 
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(Dyńka et al., 2023), metabolic syndrome and obesity (Wang et al., 2018), and 

improving lipid profiles and body weight. (Choy & Louie, 2023; Zhou et al., 2022) 

Additional areas of research include adjunctive cancer therapies (Talib et al., 

2021), autism spectrum disorders (Öztürk et al., 2024), and gastrointestinal inflam-

mation. (Gregor et al., 2022) Furthermore, KDs have recently gained popularity 

because of their supposedly positive effects on weight loss. 

At the molecular level, KDs and KBs influence a wide range of cellular processes, 

including the reduction of apoptosis, increase of autophagic flux, regulation of gene 

expression and epigenetic and post-translational modifications of histones and 

other proteins. In addition, they affect the modulation of neurotransmitter systems 

and the gut microbiome. (Jang et al., 2023) 

Although KDs have been shown to reduce body mass, triglycerides (TG), HbA1c 

and blood pressure in the short-term, their long-term effects remain unclear. 

(Popiolek-Kalisz, 2024) Evidence regarding the impact of KDs and MCTs/medium-

chain fatty acids (MCFA) on TG and cholesterol levels over extended periods of 

time is insufficient. Consequently, the long-term impact of KDs on cardiovascular 

disease risk factors should be carefully monitored during adherence to the diet. 

(Corsello et al., 2023; Huang et al., 2021) 

Despite their therapeutic promise, emerging evidence also indicates possible ad-

verse effects. The classical KD has been associated with complications including 

gastrointestinal issues, dehydration, kidney stone formation and liver dysfunction. 

Additionally, the classic KD may lead to growth retardation in children and impaired 

bone mineralization in adolescents. But it remains to be determined whether this 

effect is due to the KD itself, or the underlying pathology and administered medi-

cation, as the primary target group for KDs are children with epilepsy. The MAD, 

LGIT and MCT-KD have been reported to cause fewer side effects and are gener-

ally better tolerated and palatable than the classic KD. Individuals with disorders 

affecting lipid or pyruvate metabolism should avoid KDs, as such conditions may 

lead to life-threatening complications (Borowicz-Reutt et al., 2024; Ferraris et al., 

2019; Merlotti et al., 2021)  
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In mice, KDs have been reported to exert pro-inflammatory effects in the liver, 

(Asrih et al., 2015) exacerbate colitis (Li et al., 2021) and induce cardiac fibrosis. 

(Sternberg et al., 2023) Similarly in rats, a prolonged KD and exogenous b-OHB 

administration led to cardiac fibrosis and reduced mitochondrial biogenesis. (Xu et 

al., 2021) Furthermore, a KD may increase cellular senescence through p53 accu-

mulation and induction of p21. (S.-J. Wei et al., 2024) 

Adhering to a KD is a complex and demanding process. The classical KD typically 

follows a strict 4:1 or 3:1 ratio of grams of fat to combined grams of protein and 

carbohydrates, requiring precise calculation and weighing of macronutrient intake, 

as even a slight increase in carbohydrate consumption can disrupt ketosis. To en-

sure safety and effectiveness, the diet should be implemented under medical and 

nutritional supervision with regular monitoring of nutritional status, especially in pe-

diatric patients. Since patients following a KD are often at risk of inadequate micro-

nutrient levels, appropriate supplementation is necessary to prevent malnutrition. 

Furthermore, the KD is often considered unpalatable and can be difficult to main-

tain over extended periods, posing additional challenges to adherence and com-

pliance. (Corsello et al., 2023; Roehl & Sewak, 2017) 

Even though KDs have been in use for a long time, their long term metabolic effects 

are still not fully understood, emphasizing the need for further studies. (Corsello et 

al., 2023) 

3. Intermittent fasting and calorie restriction 

Because KDs mimic the metabolic state of traditional fasting, it is speculated that 

the metabolic effects of intermittent fasting may resemble those of a KD, particu-

larly when supplemented with MCTs. Caloric restriction on the other hand, is a well-

established intervention to promote longevity through the modulation of AMP-acti-

vated protein kinase (AMPK) and insulin signaling pathways. 

Both intermittent fasting and caloric restriction are dietary interventions that limit 

food intake without necessarily altering the nutritional composition of the diet. While 

intermittent fasting restricts the time window during which food is consumed, the 

overall caloric intake is reduced with caloric restriction. Importantly, both 
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approaches are designed to induce benefits while avoiding malnutrition. Because 

of the lower palatability of KDs and the restricted eating window of intermittent fast-

ing, a caloric restriction group is useful for isolating the effect of unintentional ca-

loric restriction in the other groups. 

Energy restriction leads to reduced adenosine triphosphate (ATP), increased 

adenosine monophosphate (AMP) levels and subsequent activation of AMPK, a 

key metabolic sensor of energy levels. Activated AMPK promotes catabolic path-

ways that generate ATP, while concurrently inhibiting energy-consuming anabolic 

processes. Consequently suppressing fatty acid synthesis (FAS) by inhibiting ac-

etyl-CoA carboxylases (ACC) and downregulating fatty acid synthase (FASN), lim-

iting de novo FAS of long-chain fatty acids (LCFA). (Lage et al., 2008) 

Activated AMPK promotes mitochondrial biogenesis by stimulating the peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α). This results 

in a preferential use of fatty acids (FA) via β-oxidation over glucose as the primary 

energy source in skeletal muscle (SkM). PGC-1α stimulates the oxidation of FAs 

by activating the nuclear receptor peroxisome proliferator-activated receptor 

gamma (PPARg) and reduces the production of reactive oxygen species (ROS). 

Additionally, AMPK activation upregulates the transcription and activity of the tu-

mor suppressor p53 (p53), further supporting cellular stress responses and mito-

chondrial function. (Karagöz & Gülçin Sağdıçoğlu Celep, 2023)  

The KD, MCTs, caloric restriction and intermittent fasting are all believed to induce 

this pathway, although their effects are tissue- and context-dependent. Similar to 

MCTs and KBs, a caloric restriction diet may induce AMPK activation, subse-

quently activating PGC-1a and mitochondrial biogenesis pathways, and ultimately 

contribute to life-prolonging effects. (Karagöz & Gülçin Sağdıçoğlu Celep, 2023; 

Kolb et al., 2021; Nishida et al., 2024) Comparable effects have also been ob-

served with intermittent fasting, although its impact is dependent on the duration 

and type of fasting regimen as well as the organism studied. (Longo et al., 2021) 

Additionally, energy restriction has been shown to induce the browning of WAT, 

thereby enhancing thermogenic activity. (Karagöz & Gülçin Sağdıçoğlu Celep, 

2023) 
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4. Mitochondrial dynamics 

Mitochondria are double-membraned organelles composed of an inner mitochon-

drial membrane (IMM) and an outer mitochondrial membrane (OMM). They host 

key metabolic processes essential for energy production, including the tricarboxylic 

acid cycle, β-oxidation, and oxidative phosphorylation (OXPHOS). To meet the en-

ergy demands of the cell, mitochondria continuously adapt and remodel their mor-

phology by undergoing fission and fusion. This dynamic behavior is fundamental 

for cell division and crucial for maintaining mitochondrial health. (Ngo et al., 2023; 

Tábara et al., 2024) Due to tissue-specific metabolic demands, mitochondrial mor-

phology is finely adapted to the specialized functions of each cell type. (Wai & 

Langer, 2016) 

Mitochondrial fusion is mainly regulated by mitofusin-1 (MFN1), mitofusin-2 

(MFN2) and dynamin-like GTPase optic atrophy 1 (OPA1). While fission is mainly 

mediated by dynamin-1-like protein (DRP1) and the OMM proteins mitochondrial 

fission factor (MFF) for midzone fission and mitochondrial fission 1 protein (FIS1) 

for peripheral fission. (Kleele et al., 2021; Tábara et al., 2024) Fusion refers to the 

merging of mitochondria, while fission describes their division. Because both pro-

cesses occur simultaneously, assessing the net morphological changes can be 

complicated. The term “mitochondrial fragmentation” refers to a shift towards 

smaller and more numerous mitochondria, which may result from increased fission, 

reduced fusion or a combination of both. (Ngo et al., 2023) Conversely, “mitochon-

drial elongation” describes the opposite phenomenon, characterized by longer, 

more interconnected mitochondrial networks. (Tábara et al., 2024) 

Mitochondrial fission is known to serve multiple roles, including mitochondrial bio-

genesis, the repair of damaged mitochondria and adaptation to environmental fac-

tors such as available carbon sources. However, how the cell determines the spe-

cific purpose of each fission event remains unclear. Kleele et al. (2021) recently 

discovered that mitochondrial fission occurs in two ways that are functionally and 

mechanistically different. These can be categorized by the location of the fission 

event in peripheral and midzone fission. Peripheral fission acts as a quality control 

mechanism, targeting damaged mitochondrial segments for removal via 
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mitophagy, while midzone fission is primarily associated with mitochondrial prolif-

eration. (Kleele et al., 2021)  

Mitochondrial fusion increases the organelles cross-sectional area, optimizing 

OXPHOS capacity while decreasing glycolysis. In contrast, mitochondrial fission 

exerts the opposite effect, decreasing OXPHOS and promoting glycolysis. (Noone 

et al., 2022) Furthermore, fission is associated with high stress conditions such as 

mitochondrial dysfunction. It occurs under glycolytic conditions and as a response 

to the activation of AMPK and mTOR (mammalian target of rapamycin) pathways. 

(Tábara et al., 2024) In addition, fission is necessary as a response to excess fat 

and general nutrient overload to increase carnitine palmitoyltransferase 1 (CPT1)-

mediated fatty acid oxidation (FAO). (Ngo et al., 2023) 

Fusion can be induced by conditions such as energy deprivation, and is thought to 

be a protective mechanism with the purpose of maintaining mitochondrial function. 

By enhancing OXPHOS, the elongation promotes cell survival and protects mito-

chondria from degradation. (Liesa & Shirihai, 2013; Tábara et al., 2024) However, 

increased mitochondrial fragmentation leads to a higher lipid oxidation capacity 

due to the reduced sensitivity of CPT1 to malonyl-CoA and a higher preference for 

lipids as an energy source in human cells. (Ngo et al., 2023) Notably, the interplay 

between OXPHOS activity and mitochondrial dynamics is highly complex and con-

text-dependent. 

Dysregulation of mitochondrial morphology can contribute to cellular senescence 

through the influence of p53 on DRP1 activity. (Kim et al., 2020) Sustained exten-

sive elongation is associated with senescence-associated phenotypic changes. 

(Lee et al., 2007) Moreover, the impairment of fusion, caused by deficiencies of 

MFN1, MFN2 or OPA1, results in reduced mtDNA and exacerbates mitochondrial 

dysfunction. (Zanfardino et al., 2025) 

Both brown adipose tissue (BAT) and SkM are rich in mitochondria, it is however 

challenging to compare mitochondrial activity between BAT and SkM, because the 

amount, activity and morphology of mitochondria varies between different tissues 

and cell types. Herbers et al. (2019) reported that mitochondrial DNA (mtDNA) 

content did not differ significantly, either per cell or normalized to tissue mass, 
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between BAT and SkM. Devine et al. (2025) found no consistent pattern of mito-

chondrial distribution across tissues. Some individuals may exhibit higher oxidative 

capacity in one tissue and lower in another, while others may show the opposite 

pattern. 

5. Fatty acid metabolism 

Fats play an essential role in the diet, serving as the main energy storage system 

in the body and function as signaling molecules and as components of cellular 

membranes. Therefore, optimal functioning of lipid metabolism is crucial for main-

taining overall health. 

The absorption, transport and oxidation of FAs differs depending on the chain 

length. LCFA require transport via the carnitine shuttle, a crucial mechanism for 

enabling their entry from the cytosol into the mitochondrial matrix, where β-oxida-

tion occurs. In contrast, some MCFAs such as caprylic acid (C8:0) can permeate 

the mitochondrial membrane and are activated within the mitochondrial matrix. 

(Schönfeld & Wojtczak, 2016) After the activation of LCFAs to long-chain (LC)-

fatty-acyl-CoA esters in the cytosol, they are conjugated by carnitine palmito-

yltransferase 1 (CPT1) to L-carnitine to form acylcarnitines, enabling their transport 

into the mitochondria via the carnitine-acylcarnitine translocase (CACT), and are 

subsequently converted back into LC-fatty-acyl-CoAs by the carnitine palmito-

yltransferase 2 (CPT2) in the mitochondrial matrix. (Figure 1) (Dambrova et al., 

2022) Members of the acyl-CoA dehydrogenase family, namely very-long-chain 

acyl-CoA dehydrogenase (VLCAD), long-chain acyl-CoA dehydrogenase (LCAD), 

medium-chain acyl-CoA dehydrogenase (MCAD) and short-chain acyl-CoA dehy-

drogenase (SCAD) catalyze the first step of β-oxidation, each exhibiting substrate 

specificity based on FA chain length, as reflected in their names. (O’Leary et al., 

2016) In mice, LCAD, along with the other acyl-CoA dehydrogenases, plays an 

important role in FAO, whereas in humans, LCAD appears to have a relatively mi-

nor contribution. (Martines et al., 2019) 

Ketone bodies (KB) are predominantly synthesized in the liver from acetyl-CoA, 

which arises from FAO. They serve as alternative energy substrates, especially 

during glucose scarcity, and are transported to extrahepatic tissues such as the 
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brain and SkM. Although it has been proposed that astrocytes and other cell types 

are capable of extrahepatic ketogenesis, their contribution is likely small. 

(Puchalska & Crawford, 2017) 

In addition to serving as an alternative energy substrate, KBs also function as sig-

naling molecules. In conditions of limited glucose availability, such as during a ke-

togenic diet or starvation, the body experiences significant metabolic stress. b-

OHB, the most abundant KB, serves as an indicator of this metabolic state, thus 

elevated KB levels may serve as an indicator of starvation. This mitochondrial 

stress induced through elevated ketolysis is characterized by higher ROS, nicotine 

adenine dinucleotide (NAD+) and AMP levels. These changes activate nuclear fac-

tor erythroid 2-related factor 2 (NRF2), sirtuin 1, sirtuin 3 and AMPK, thereby pro-

moting anti-oxidative, anti-inflammatory pathways and mitochondrial function. Be-

yond these effects, b-OHB acts directly as a signaling molecule by influencing his-

tone modifications and thereby regulating gene expression, notably through acti-

vation of the transcription factor forkhead box O3 (FOXO3a). Collectively, KB-in-

duced stress responses trigger a cell-protective program that contributes to 

broader long-term benefits. (Kolb et al., 2021; Møller, 2020) 

6. Medium chain triglycerides 

Medium chain triglycerides represent a small but significant fraction of dietary fats. 

Due to their high ketogenic potential, they are of growing interest for maintaining 

health and managing disease. Many potential benefits are associated with MCT-

intake, including improved cognitive function and beneficial effects on neurodegen-

erative diseases, potentially through the modulation of mitochondrial function and 

autophagy. (Dunn et al., 2023; Sun et al., 2024) Because of their rapid conversion 

into KBs, they can be partially substituted for long-chain triglycerides (LCT) in KDs, 

to enhance palatability. (Borowicz-Reutt et al., 2024)  

It has been speculated, that MCFAs themselves, particularly caprylic acid (C8:0) 

and capric acid (C10:0), may exert neuroprotective effects that are independent of 

their ketogenic potential. They can regulate energy balance and mitochondrial 

function in neurons and enhance neuronal g-aminobutyric acid synthesis. (Jensen 

et al., 2020; Lin et al., 2021) 
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MCTs are composed of MCFAs, typically defined as FAs with chain lengths of 6-

12 carbon atoms. However, lauric acid (C12:0) is sometimes classified as either a 

medium- or long-chain FA due to its intermediate metabolic properties. In practice, 

the term “MCTs” often refers to only C8:0 and C10:0. Natural dietary sources in-

clude coconut oil, palm kernel oil and milk fat. Coconut oil is composed of about 

two-thirds MCTs, containing approximately 50% C12:0, 6% C8:0, 6% C10:0 and 

less than 1% caproic acid (C6:0) by weight. Palm kernel oil has a comparable over-

all MCT content, although its levels of C8:0 and C10:0 are roughly half those found 

in coconut oil. (Norgren et al., 2020; W. Wei et al., 2019) Milk fat is another natural 

source of MCTs, accounting for approximately 4–12% C6:0-C10:0 of the total FA 

content in various dairy products (Nimbkar et al., 2022), with butter containing 

around 10% MCFAs. (Pustjens et al., 2017) Notably, MCFAs in milk fat are incor-

porated into mixed TGs rather than occurring as pure MCT molecules. (Beccaria 

et al., 2014) 

MCFAs are metabolized differently from LCFAs. Owing to their smaller size, they 

are transported directly to the liver via the portal vein, independent of digestion by 

bile salts or pancreatic lipase. In contrast, LCFAs are first packaged into micelles 

and transported through the lymphatic system. Once inside hepatocytes, MCFAs 

have been suggested to pass directly through the mitochondrial membranes with-

out requiring the carnitine-shuttle. In the mitochondria, they are preferentially oxi-

dized and more efficiently converted into KBs compared with LCFAs. (Cheng et 

al., 2024; Dunn et al., 2023; Nimbkar et al., 2022)  

In humans, MCT intake results in higher b-OHB plasma levels compared to LCT 

consumption. (Sternberg et al., 2023) Among MCTs, the ketogenic potential of 

C8:0 is substantially greater than that of C10:0 or C12:0. (Norgren et al., 2020; St-

Pierre et al., 2019) These processes allow MCTs to be quickly metabolized and 

converted into energy, permitting the partial replacement of LCTs in KDs and al-

lowing for a greater carbohydrate intake while maintaining ketosis. (Miranda et al., 

2012) 

The MCFAs C8:0 and C10:0 are of particular interest because of their unique met-

abolic properties. They can circulate systemically and cross the blood-brain-bar-

rier, where astrocytes and neurons can metabolize them into KBs. (Augustin et al., 
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2018; Jensen et al., 2020; Nimbkar et al., 2022; Wlaź et al., 2015) Notably, their 

metabolism may be different depending on the cell type. In SH-SY5Y cells, C8:0 is 

preferably metabolized, inhibiting the oxidation of C10:0 and leading to its accu-

mulation in the brain. (Khabbush et al., 2017) Although MCFAs are often consid-

ered capable of crossing the mitochondrial membranes independently of transport 

systems (Schönfeld & Wojtczak, 2016), evidence suggests partial reliance on the 

carnitine shuttle. Inhibition of CPT1 with etomoxir markedly reduced b-oxidation of 

C10:0 (95%) and C8:0 (34%) in human neuronal-like SH-SY5Y cells. These find-

ings indicate, that the carnitine shuttle, and specifically CPT1, is necessary for the 

b-oxidation of C10:0 and partially required for the oxidation of C8:0 in neuronal-like 

cells. (Khabbush et al., 2017) However in mouse brain slices, C10:0 was preferably 

oxidized over C8:0, and this oxidation was not affected by etomoxir inhibited CPT1. 

Based on these results, C8:0 and C10:0 metabolism in brain tissue slices is inde-

pendent of carnitine and CPT1 (Andersen et al., 2021), indicating possible cell- 

and tissue-specific differences in CPT1-dependence. Accordingly, MCFA oxidation 

and their dependence on carnitine appears to be tissue specific. While the liver 

and kidney can oxidize MCFAs independent of carnitine, the SkM and heart cannot 

import free FAs and rely on the carnitine-shuttle for mitochondrial import. (Pereyra 

et al., 2023) 

Further distinctions exist between C8:0/C10:0 and C12:0 metabolism. Mice with 

impaired C12:0 oxidation (Sirtuin 5- and LCAD-knockouts), developed steatosis 

when fed a C12:0-rich diet from coconut oil, whereas MCAD-knockout mice on a 

C8:0/C10:0-rich diet did not. These findings may also imply that MCAD is not solely 

responsible for the oxidation of MCFAs such as C8:0 and C10:0. (Goetzman et al., 

2020) Additionally, C8:0 and C12:0 activation may be mediated by different en-

zymes. Inside mitochondria, free MCFAs are activated by medium-chain acyl-CoA 

synthetases (ACSM1 and ACSM2), which show markedly higher reactivity with 

C8:0 compared to C12:0. In contrast, long-chain acyl-CoA synthetases (ACSLs), 

which activate FAs in the cytosol, are more reactive with C12:0 than with C8:0. 

Furthermore, C12:0 can partially be metabolized in peroxisomes. These findings 

suggest that C12:0 is metabolized through a distinct pathway, and is processed 

more similarly to LCFAs than MCFAs. (Goetzman et al., 2020) 
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Beyond their role as energy substrates, MCFAs also act as signaling molecules. In 

the cytosol, C8:0-C10:0 MCFAs can activate PPARg, thereby regulating gene ex-

pression. (Huang et al., 2021; Liberato et al., 2012) In adipose tissue, PPARg reg-

ulates adipogenesis and contributes to glucose and FA metabolism by regulating 

genes related to lipogenesis, FA transport and gluconeogenesis. (Hernandez-

Quiles et al., 2021) In addition, PPARg exerts anti-inflammatory effects by inhibiting 

NF-kB signaling and activating anti-inflammatory mediators. (Kytikova et al., 2020) 

The isoform PPARg1 is expressed not only in adipose tissue but also in other tis-

sues including the liver, SkM and immune cells. (Hernandez-Quiles et al., 2021) 

MCTs may also activate AMPK through increased AMP levels (Huang et al., 2021), 

which subsequently activates PGC-1a, one of the main regulators of mitochondrial 

biogenesis. Several studies indicate that MCTs enhance mitochondrial oxidative 

activity and biogenesis while reducing oxidative stress, possibly through this path-

way. (Huang et al., 2021; Popov, 2020) Mice fed an MCT-enriched diet performed 

better during exercise in a heated environment, with SkM demonstrating enhanced 

carbohydrate and FA metabolism. This was accompanied by increased mitochon-

drial biogenesis in SkM via activation of Akt (protein kinase B) and AMPK path-

ways. (Wang et al., 2018) Similarly in rats, a high-fat MCT-diet (74,3% C8:0 of FAs) 

indicated enhanced mitochondrial oxidative capacity in both fast- and slow-twitch 

SkM fibers. (Ishizawa et al., 2015) Loss of AMPK activity reduces MCFA oxidative 

capacity by up to 45% in mouse cardiomyocytes, while LCFA oxidation remains 

unaffected, highlighting the importance of AMPK activation in MCFA metabolism. 

(Stride et al., 2012) 

In mouse myoblasts, C8:0 promoted mitophagy through the PINK1-Parkin pathway 

and enhanced the expression of PGC-1a and DRP1, leading to increased 

OXPHOS and reduced ROS in vitro. These findings suggest, that C8:0 may im-

prove mitochondrial quality control and promote the maturation of SkM. (Nishida et 

al., 2024) Consistently, dietary C8:0 supplementation in mice increased endurance 

capacity and upregulated mitochondrial biogenesis pathways via AMPK activation 

and subsequent induction of PGC-1a and OXPHOS. This is associated with a shift 

in muscle fiber composition toward a more oxidative type with higher mitochondrial 

content. (Charlot et al., 2022; Wallace et al., 2021) In human neuronal and 
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fibroblast cells, C10:0 too has been shown to increase mitochondrial biogenesis, 

possibly as a downstream effect of binding to and activating PPARg. (Hughes et 

al., 2014; Kanabus et al., 2016; Malapaka et al., 2012) 

Collectively, these findings suggest that KDs and MCFAs, particularly C8:0, may 

help maintain or restore SkM health. By increasing mitochondrial biogenesis and 

antioxidative capacity, long-term KDs and C8:0 may help mitigate sarcopenia. 

(Nishida et al., 2024; Wallace et al., 2021) Furthermore, an MCT-KD has been 

shown to attenuate muscle degeneration in mice with Duchenne muscular dystro-

phy. (Fujikura et al., 2021) 

MCTs and MCFAs have also been suggested to promote thermogenesis in mice 

and humans, however the underlying mechanisms are not yet fully understood. 

(Huang et al., 2021) 

7. Brown adipose tissue and skeletal muscle 

The BAT and SkM may appear fundamentally different, yet they share several im-

portant similarities. Both tissues are rich in mitochondria, reflecting their high ca-

pacity for energy production. Their mitochondrial proteomes are also very similar, 

with both expressing high levels of OXPHOS-related enzymes such as pyruvate 

dehydrogenase kinase and CPT. (Pani et al., 2022) Markedly in humans, the mi-

tochondrial respiratory capacity of BAT and SkM has been shown to be compara-

ble. (Porter et al., 2016) Developmentally, BAT and SkM both originate from Myf5+ 

progenitor cells, which makes BAT more closely related to SkM than to white adi-

pose tissue (WAT). Supporting this developmental link, brown adipocyte-like cells 

have even been identified within SkM. (Pani et al., 2022) It has further been pro-

posed, that a direct cross-talk may occur between BAT and SkM. (Bal et al., 2017) 

Both tissues are play central roles in thermogenesis, although their contributions 

differ between species. In adult humans, cold-induced heat production predomi-

nantly relies on SkM through shivering thermogenesis. In contrast, mice depend 

more heavily on non-shivering thermogenesis mediated by BAT. These interspe-

cies differences highlight the need for caution when extrapolating findings from 

mice to humans. (Marlatt et al., 2018) 
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Adipose tissue is not only a storage site for energy, it is also metabolically active, 

especially BAT. There are three types of adipose tissue in mammals: WAT, BAT 

and beige or brite adipose tissue (bAT). While WAT primarily stores energy in the 

form of fat, BAT burns energy and generates heat through non-shivering thermo-

genesis, uncoupling mitochondrial respiration from ATP production via uncoupling 

protein 1. Beige adipocytes can emerge within WAT through a process known as 

“browning”, enhancing thermogenic potential. (Cedikova et al., 2016) 

Brown adipocytes are characterized by a high amount of larger mitochondria, along 

with numerous small lipid droplets, whereas white adipocytes have smaller, elon-

gated mitochondria and a single large lipid droplet. (Frontini & Cinti, 2010) Brown 

preadipocytes exhibit gene expression patterns similar to myocytes, while both 

brown and white primary preadipocytes display distinct expression profiles. This 

may explain why brown adipocytes, like the SkM fibers, are involved in lipid catab-

olism rather than storage. (Timmons et al., 2007) 

The distribution of BAT in the human body varies depending on sex, age and en-

vironmental influences such as ambient temperature and physical activity. (Frontini 

& Cinti, 2010) Although similar, murine BAT only partially reflects the characteris-

tics of human BAT. Human BAT is thought to more closely resemble the bAT found 

in rodents than classical BAT. (Pani et al., 2022) When the ambient temperature 

drops below the thermoneutral zone of the body, BAT is activated to maintain body 

temperature. Because thermoneutrality in mice occurs at around 30°C ambient 

temperature, mice use roughly 20% of total energy expenditure for thermoregula-

tion in standard housing temperatures (20-23°C). (Cannon & Nedergaard, 2004; 

Farooqi & Xu, 2024)  

BAT was long thought to be present only in newborns or to play a minimal role in 

adults. However, more recent evidence has shown that BAT is indeed present and 

metabolically active in adult humans, although only in small amounts and its activity 

declines with age. (Frontini & Cinti, 2010; Saito, 2013) 

Active BAT burns large amounts of glucose and lipids. Although it accounts for only 

a small percentage of the total body mass, BAT consumes more than half of the 

body’s oxygen uptake during peak thermogenesis. (Cannon & Nedergaard, 2004) 
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Its recruitment is naturally induced by cold exposure. In mice, endurance exercise 

can even induce the browning of WAT and may also stimulate classical BAT depots 

(Vosselman et al., 2015), but comparable effects have not been demonstrated in 

humans. Pharmacological activation of BAT is theoretically possible via stimulation 

of the sympathetic nervous system, for example through β3-adrenergic receptor 

agonists. Nevertheless, their clinical application remains limited due to adverse ef-

fects on the cardiovascular and muscular systems. Targeting the activation of BAT 

has been proposed as a potential therapeutic strategy for obesity. However, cur-

rent evidence is insufficient to support its clinical application. Nonetheless, BAT 

activation may have other beneficial effects, including improved glucose and insu-

lin metabolism as well as cardioprotective effects. (Marlatt et al., 2018) 

The activation of BAT through cold exposure has been suggested to suppress tu-

mor growth. It was demonstrated that mice exposed to 4°C exhibited increased 

glucose uptake, enhanced lipid metabolism and reduced tumor growth. (Seki et al., 

2022) However, corresponding evidence in humans is currently lacking. 

Skeletal muscle, by contrast, is a heterogenic tissue composed of muscle fibers 

with different metabolic demands. The types of SkM fibers have distinct energy 

requirements due to their varying metabolic activity. Slow-twitch fibers support pro-

longed endurance activities and primarily rely on oxidative metabolism, while fast-

twitch fibers are adapted for short and intense activities and can exhibit a spectrum 

ranging from highly oxidative to highly glycolytic metabolism. (Zumbaugh et al., 

2022) To meet diverse exercise demands, SkM must remain highly adaptable, par-

ticularly through regulating mitochondrial content and adjusting energy production 

capacity. 

8. Experiment setup 

In this study, the house mouse (Mus musculus) is employed as a model organism 

to investigate metabolic processes, with the aim of translating the observed effects 

to human physiology. Mus musculus is widely used in medical research to study 

the mechanisms underlying human diseases, owing to its small size, rapid repro-

ductive cycle, cost-effectiveness, and the availability of genetic modification tech-

niques. (Rydell-Törmänen & Johnson, 2019) 
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Although the mouse genome is very similar to that of humans, differences in cis-

regulatory elements, gene expression patterns and tissue specific transcriptional 

profiles are documented. (Yue et al., 2014) Nevertheless, mice remain an excellent 

model organism for investigating the metabolism, as key metabolic pathways such 

as glucose and lipid metabolism are highly preserved between mice and humans. 

However, notable physiological differences such as their higher basal metabolic 

rate and thermogenesis remain, which affects the adaptation to dietary interven-

tions. (Pap et al., 2016) For instance, to induce ketosis in mice, dietary carbohy-

drates must be restricted to less than 1% of the total energy intake, whereas in 

humans it can be sustained with intakes of up to 20%. (Nelson et al., 2023) This 

underlines the complications of translating such experimental results to humans. 

Gene expression is a complex, multilayered process modulated by various regula-

tory mechanisms that determine whether a gene is activated or silenced. Nutrients 

and environmental stimuli can dynamically influence gene expression both in the 

short and long term. Quantitative real-time polymerase chain reaction (qPCR) pro-

vides a simple and cost-effective method for quantifying mRNA levels and identify 

transcriptional adaptations in response to dietary interventions. However, post-

translational modifications, enzyme regulation, and protein degradation further 

modulate protein function, highlighting that mRNA expression does not always cor-

relate directly with biological activity. 

9. Target genes 

Eleven genes were selected for analysis in this study, all of which are orthologous 

to their human counterparts, indicating a high degree of evolutionary conservation 

between species. Their functions are therefore presumed to be largely comparable 

in mice and humans. (O’Leary et al., 2016; The Alliance of Genome Resources 

Consortium, 2024) 
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Figure 1: Simplified metabolic pathways in mitochondria of mice and humans of acetyl-CoA carboxylase al-
pha (ACC1), acetyl-CoA carboxylase beta (ACC2), mitochondrial carnitine/acylcarnitine carrier protein 
(CACT), carnitine O-palmitoyltransferase 1 (CPT1), carnitine O-palmitoyltransferase 2, mitochondrial (CPT2), 
carnitine O-acetyltransferase (CRAT) and fatty acid synthase (FASN), lines with arrows indicate transport/ac-
tivation, lines with bars indicate inhibition, b-ox. = b-oxidation, CoA = Coenzyme A, IMM = inner mitochon-
drial membrane, OMM = outer mitochondrial membrane, LCFA = long-chain fatty acid, MCFA = medium-
chain fatty acid, created in https://BioRender.com. 

9.1 Acaca and Acacb 

The murine Acaca (acetyl-Coenzyme A carboxylase alpha) and Acacb (acetyl-Co-

enzyme A carboxylase beta) are orthologous to the human ACACA (acetyl-CoA 

carboxylase alpha) and ACACB (acetyl-CoA carboxylase beta) genes respectively. 

(O’Leary et al., 2016) In mammals, two isoforms of ACCs exist: acetyl-Coenzyme 

A carboxylase alpha (ACC1), encoded by Acaca, and acetyl-Coenzyme A carbox-

ylase beta (ACC2), encoded by Acacb. The expression patterns of ACC isoforms 

differ markedly between rodents and humans. In rodents, ACC1 is highly ex-

pressed in WAT, whereas in humans, ACC2 expression exceeds that of ACC1 in 
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this tissue. In SkM, both isoforms appear to be expressed at comparable levels. 

(Castle et al., 2009; Wang et al., 2022) 

ACCs regulate FAS and FAO by catalyzing the carboxylation of acetyl-CoA to mal-

onyl-CoA. As this represents the first rate-limiting step in de novo FAS, ACCs are 

key regulators of lipid metabolism and storage. Moreover, malonyl-CoA exerts an 

inhibitory effect on CPT1, making it a crucial modulator of b-oxidation. Although 

both isoforms catalyze the same reaction, their different subcellular localizations 

result in distinct functional effects. The malonyl-CoA produced by ACC1 in the cy-

tosol is channeled into FAS, whereas malonyl-CoA produced by ACC2 at the OMM 

acts as an allosteric inhibitor of CPT1. In humans, ACC2 is thought to play a greater 

role in regulating β-oxidation than in FAS. However, the precise physiological role 

of ACC2 remains to be fully clarified. (O’Leary et al., 2016; Wang et al., 2022) 

Food intake and energy status strongly influence ACC expression and activity. Dur-

ing times of nutrient abundance, ACC expression and activity are upregulated, 

while their activity is reduced during energy scarcity. Transcription factors such as 

sterol regulatory element-binding proteins (SREBP1a and SREBP1c) and 

ChREBP (carbohydrate response element-binding protein) are activated in re-

sponse to a high-carbohydrate diet, leading to increased transcription of ACC 

genes. Activated AMPK inhibits ACC activity and thereby suppresses FAS. LCFA-

CoAs also directly inhibit ACCs, increasing FAO by reducing the malonyl-CoA in-

hibitory effect on CPT1. Conversely citrate, an intermediate of the TCA cycle, can 

allosterically activate ACC1. (Tong, 2005; Wang et al., 2022) Notably, because 

ACC activity is frequently regulated at the post-transcriptional level, its mRNA ex-

pression may not directly reflect its enzymatic activity. 

The physiological importance of ACC isoforms has been highlighted in genetic 

models. Acc1-/- mice are embryonically lethal (Abu-Elheiga et al., 2005), under-

scoring the essential role of ACC1 in early development. In contrast, Acc2-/- mice 

display a normal lifespan, exhibit increased b-oxidation and accumulate less fat 

compared to the wild type mice. In these mice, enhanced b-oxidation results from 

reduced malonyl-CoA levels and the consequent alleviation of CPT1 inhibition. 

(Abu-Elheiga et al., 2001, 2003) 
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Malonyl-CoA not only acts as a metabolic intermediate but also as an energy sen-

sor and signaling molecule. In addition to its well-established role in inhibiting β-

oxidation, malonyl-CoA can signal to mechanistic target of rapamycin complex 1 

(mTORC1), reflecting the cells capacity for FAS. ACC1 and FASN have been 

shown to form a complex with mTORC1. When malonyl-CoA accumulates, due to 

hyperactivation of ACC1 or reduced FASN activity, it may bind to proximal 

mTORC1, competing with ATP for binding, and suppress its activity. This regula-

tory mechanism is evolutionarily conserved and has been observed as far back as 

yeast cells. (Nicastro et al., 2023) 

Moreover, mitochondrial architecture has recently been recognized as an im-

portant determinant of FA import and oxidation. The size of mitochondria and the 

conformation of their membrane directly affects the sensitivity of CPT1 to malonyl-

CoA. Elongated mitochondria exhibit greater CPT1 sensitivity, leading to stronger 

inhibition of CPT1 and decreased FAO. In contrast, smaller and fragmented mito-

chondria exhibit more highly curved membranes, rendering CPT1 less sensitive to 

malonyl-CoA and thereby facilitating increased FA import and oxidation rates. (Ngo 

et al., 2023) 

9.2 Fasn 

The murine Fasn (fatty acid synthase) is orthologous to human FASN (fatty acid 

synthase) and both genes encode for the FASN enzyme (The Alliance of Genome 

Resources Consortium, 2024), which is essential for FAS. FASN catalyzes the de 

novo synthesis of palmitic acid (C16:0) from malonyl-CoA in the cytosol through 

seven enzymatic steps. The resulting long-chain saturated FAs can be further elon-

gated, desaturated, incorporated into triglycerides or phospholipids, integrated into 

cellular membranes, function as signaling molecules, or be oxidized to generate 

energy. (Lage et al., 2008) 

Similar to Acaca and Acacb, Fasn expression is regulated by cellular energy status 

and nutrient availability. Under energy-deprived conditions, activated AMPK down-

regulates Fasn expression and thereby limiting lipogenesis. (Lage et al., 2008) 

mTORC1 regulates Fasn expression indirectly by modulating SREBP, one of the 

main transcription factors that control Fasn expression. (Nicastro et al., 2023) 
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Under normal physiological conditions, de novo FAS is typically low as dietary in-

take provides sufficient FAs. Consequently, Fasn overexpression is associated 

with metabolic disorders such as obesity, diabetes, and cancer. (Rittner et al., 

2020) Moreover, FASN protein levels increase during the induction of cellular se-

nescence in both mouse and human cells, whereas its inhibition prevented the 

onset of senescence, suggesting a functional role of FASN in this process. (Fafián-

Labora et al., 2019) 

9.3 Acadm 

The murine Acadm (acyl-Coenzyme A dehydrogenase, medium chain) is ortholo-

gous to the human ACADM (acyl-CoA dehydrogenase medium chain) and en-

codes for the ACADM enzyme, also known as MCAD. ACADM is a key enzyme in 

b-oxidation. It belongs to the acyl-CoA dehydrogenase family and exhibits optimal 

activity toward acyl-CoAs with chain lengths of 6-12 carbon atoms in mice and 4-

12 carbon atoms in humans. (Mason et al., 2023; O’Leary et al., 2016) 

Individuals with medium-chain acyl-CoA dehydrogenase deficiency (MCADD) typ-

ically exhibit hypoglycemia, reduced levels of acetyl-CoA, and an accumulation of 

MCFAs and acyl-carnitines. In some cases this condition can be fatal. (Mason et 

al., 2023; O’Leary et al., 2016) However, certain individuals remain asymptomatic 

despite impaired MCAD function. (Martines et al., 2019) Due to their overlapping 

substrate ranges, the isozymes SCAD and LCAD are capable of partially compen-

sating for the loss of MCAD function. Nonetheless, Martines et al. (2019) demon-

strated, that octanoyl-CoA oxidation is significantly reduced in MCAD-deficient 

mice. Furthermore, they reported no compensatory upregulation of SCAD or 

LCAD, as protein expression levels remained unchanged compared to wild-type 

controls. 

9.4 Crat 

Murine Crat (carnitine acetyltransferase) is orthologous to human CRAT (carnitine 

O-acetyltransferase) and encodes for the carnitine O-acetyltransferase (CRAT). 

Multiple transcript variants exist through alternative splicing, resulting in distinct 
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isoforms that may have different cellular locations. (O’Leary et al., 2016; The Alli-

ance of Genome Resources Consortium, 2024) 

Mammalian CRAT has been found in several cellular compartments, including the 

mitochondrial matrix, the peroxisomal matrix, the endoplasmic reticulum, the nu-

cleus and in the cytosol. However, the precise roles and subcellular localizations 

of these isoforms have not been defined yet. (Dambrova et al., 2022; Volpicella et 

al., 2025) 

Mitochondrial CRAT plays a key role in regulating acetyl-CoA homeostasis and 

overall cellular energy metabolism by catalyzing the reversible transfer of acetyl 

groups between acetyl-CoA and acetyl-carnitine. This reaction prevents the accu-

mulation of acetyl-CoA and provides a buffering system for acetyl-CoA availability. 

Moreover, CRAT has been proposed to influence gene expression by regulating 

the pool of acyl groups available for histone acetylation. (Dambrova et al., 2022; 

Volpicella et al., 2025) Proper CRAT function is crucial for metabolic health, as 

CRAT silencing in vitro causes mitochondrial dysfunction, inflammation and senes-

cence. Additionally, reduced CRAT is associated with skin aging. (Song et al., 

2023) 
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9.5 Fis1 

 

Figure 2: Fusion and fission of mitochondria: dynamin-1-like protein (DRP1), fission, mitochondrial 1 (FIS1), 
mitochondrial fission factor (MFF), mitofusin 1 (MFN1), mitofusin 2 (MFN2), OPA1 mitochondrial dynamin 
like GTPase (OPA1), reactive oxygen species (ROS), based on Tábara et al. (2024) , created in https://BioRen-
der.com 

The murine Fis1 (fission, mitochondrial 1) gene is orthologous to human FIS1 (fis-

sion, mitochondrial 1) and encodes for the FIS1 protein, which is located in the 

OMM and peroxisomal membrane. (The Alliance of Genome Resources Consor-

tium, 2024) Three transcript variants and their corresponding isoforms have been 

described. (O’Leary et al., 2016) 

FIS1 acts as a regulator of mitochondrial peripheral fission by recruiting DRP1 to 

mitochondria. In addition, it is responsible for the recruiting of lysosomes and mi-

tochondria-lysosome tethering. (Kleele et al., 2021; Liesa & Shirihai, 2013; Tábara 

et al., 2024) In animal models, Fis1 overexpression typically results in increased 

fission and Fis1 knockout in increased elongation of mitochondria. Additionally, 

FIS1 is involved in apoptosis and mitophagy as well as fission of peroxisomes. 

(Ihenacho et al., 2021) 
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In SkM, FIS1 contributes to mitochondrial quality control in slow muscle fibers both 

at rest and during exercise-induced stress in vivo. In Fis1 knockout mice, slow-

twitch muscle fibers exhibit mitochondrial hyperfusion, respiratory chain impair-

ment and elevated mitophagy. (Z. Zhang et al., 2019) Still, FIS1 function in humans 

is still not completely understood. (Ihenacho et al., 2021) The incomplete amplifi-

cation of Fis1 transcript variants and the limited understanding of their distinct func-

tions should be considered when interpreting the results. 

9.6 Mfn1 and Mfn2 

The murine Mfn1 (mitofusin 1) and Mfn2 (mitofusin 2) genes are orthologous to 

human MFN1 (mitofusin 1) and MFN2 (mitofusin 2). (The Alliance of Genome Re-

sources Consortium, 2024) They encode for the enzymes MFN1 and MFN2 re-

spectively, which are essential regulators of mitochondrial OMM fusion. 

The primary role of MFN1 is the fusion of the OMM, whereas MFN2 not only con-

tributes to this process but also fulfills additional functions, including the enhance-

ment of ATP production and the maintenance of mitochondrial quality control. 

MFN2 facilitates the connection between the endoplasmic reticulum and mitochon-

dria, thereby promoting calcium transfer into mitochondria and optimizing ATP pro-

duction. Furthermore, MFN2 regulates autophagy and mitophagy through the 

PINK1 (PTEN-induced kinase 1)-Parkin pathway, contributing to the removal of 

dysfunctional mitochondria. (Zanfardino et al., 2025) Additionally, MFN2 is required 

for mitochondrial transport along axons, highlighting its importance in neuronal 

function. (Misko et al., 2010) 

Together, MFN1 and MFN2 are crucial for mitochondrial function, not only through 

their regulation of mitochondrial morphology, but also by maintaining mtDNA lev-

els, thereby contributing to the regulation of glucose homeostasis in pancreatic b-

cells. (Sidarala et al., 2022) 

9.7 Opa1 

The murine Opa1 (OPA1, mitochondrial dynamin like GTPase) gene is orthologous 

to human OPA1 (OPA1 mitochondrial dynamin like GTPase) and encodes for the 

optic atrophy protein 1 in humans and optic atrophy 1 homolog (OPA1) protein in 
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mice. (The Alliance of Genome Resources Consortium, 2024) The primer used in 

this study targets all five isoforms collectively. However, this approach is not opti-

mal, as the individual isoforms have distinct functions, which limits the interpreta-

bility of the results. (Austin et al., 2022) 

OPA1 is a key mediator of IMM fusion, complementing MFN1 and MFN2. (Tábara 

et al., 2024) Beyond its role in mitochondrial fusion, OPA1 optimizes OXPHOS, 

reduces ROS generation and enhances ATP production by regulating cristae mor-

phology and facilitating the formation of respiratory chain supercomplexes. Con-

versely, OPA1 dysfunction leads to increased ROS levels which can activate PGC-

1a. (Zanfardino et al., 2025) 

Mitochondrial fusion enables the exchange of metabolites and mitochondrial DNA 

(mtDNA) between organelles and is contingent on the mitochondrial membrane 

potential (Dym). Mitochondria with higher Dym are more likely to fuse, whereas 

those with reduced Dym are excluded from this process. This selectivity is closely 

linked to OPA1, as mitochondria with low Dym and diminished OPA1 fail to undergo 

fusion. As a result, a sub-population of depolarized non-fusing mitochondria is 

formed, which is subsequently targeted for autophagic degradation. (Twig et al., 

2008) 

9.8 Trp53 

The murine Trp53 (transformation related protein 53) gene is orthologous to human 

TP53 (tumor protein p53) and encodes for the tumor suppressor p53. (O’Leary et 

al., 2016) In mice, four known isoforms can arise from the Trp53 gene, the canon-

ical full length Mp53a, as well as the Mp53AS, MD41p53a and Mp53y isoforms. 

Transcript variant 1 encodes the longer isoform (a): Mp53a (Trp53 (l)). Transcript 

variant 2 encodes the shorter isoform (b): Mp53AS (Trp53 (s)). Due to alternative 

splicing of the 3’ exon/intron 10, the (b) isoform has a shorter and different C-ter-

minus. Mp53a and Mp53AS are homologous to human full length p53a (Joruiz & 

Bourdon, 2016; O’Leary et al., 2016) and human p53b (Wolf et al., 1985) respec-

tively. In humans, twelve isoforms of p53 have been identified. They regulate gene 

expression and are usually expressed simultaneously. Because p53 acts as a te-

tramer, its various isoforms interact with one another, and the specific combination 
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of isoforms expressed leads to distinct functional outcomes within cells. (Guo et 

al., 2024; Joruiz & Bourdon, 2016) The impact of these isoforms likely contributes 

to the diverse activities attributed to p53. (Joruiz & Bourdon, 2016) 

P53 is known as a master regulator with highly complex and context-dependent 

functions that are not yet fully understood, particularly when considering the full 

spectrum of its isoforms. It influences cellular metabolism through its role as a tran-

scription factor. It regulates gene expression, microRNAs and long non-coding 

RNAs and post-translationally modifies proteins. Through its regulation of major 

signaling pathways such as mTOR, AMPK, and NF-κB, p53 exerts control over 

core metabolic processes. It contributes to the regulation of energy metabolism, 

influencing glucose uptake, amino acid turnover, and lipid processing by inhibiting 

FAS and stimulating FAO. (Hamsanathan & Gurkar, 2022; Joruiz & Bourdon, 2016; 

Temaj et al., 2024) 

The p53 is activated in response to various cellular stress signals, including DNA-

damage, hypoxia and nutrient deprivation. It functions as a tumor suppressor by 

regulating DNA repair, apoptosis and autophagy. However, chronic activation of 

p53 can contribute to the induction of cellular senescence. (Hamsanathan & Gur-

kar, 2022; Temaj et al., 2024) Conversely, loss of p53 function promotes chromo-

somal instability, as affected cells undergo senescence or apoptosis. (He et al., 

2018)  

Beyond its role in genome stability, p53 also influences mitochondrial dynamics. It 

modulates mitochondrial morphology through the PKA (protein kinase A)-DRP1 

pathway, where inhibition of DRP1 and increased intracellular ROS during senes-

cence promote mitochondrial dysfunction by increased mitochondrial elongation. 

(Kim et al., 2020) In mice, KD feeding induced cellular senescence in the heart, 

kidney, and other organs via AMPK activation and caspase-2-mediated inactiva-

tion of mouse double minute 2, leading to p53 accumulation and subsequent p21 

activation. (S.-J. Wei et al., 2024) 

Notably, p53 function is regulated by post-translational modifications, therefore 

mRNA data must be interpreted with caution. (Hamsanathan & Gurkar, 2022; Jo-

ruiz & Bourdon, 2016) 
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10. Materials 

10.1 Mice and diets 

Mouse BAT and SkM cDNA samples were provided by my supervisor Dr. Stern-

berg. The samples originated from the study described in Sternberg et al. (2023). 

All animal experiments were approved by the Austrian national authority according 

to §§ 26ff. of the Animal Experiments Act, Tierversuchsgesetz 2012-TVG 2012 

(BMWFW-66.006/0008-V/3b/2018). All procedures were in alignment with the di-

rective 2010/63/EU of the European Parliament on the protection of animals used 

for scientific purposes. 

Male C57/BL6NRJ mice were housed at a constant ambient temperature of 23°C 

and regulated humidity under a standard 12h/12h-dark/light cycle with access to 

water ad libitum. Throughout the study, all mice were kept under the same housing 

conditions and fed with standard chow ad libitum for the first 12 weeks. Then they 

were randomly assigned to one of five dietary groups, each consisting of eight 

mice. 

Mice were fed according to the diet compositions described in Gregor et al. (2022) 

and Sternberg et al. (2023). The control group was continued to be fed with stand-

ard chow ad libitum (SD) for eight weeks. The LCT-based diet (LCT), comprised 

74,6% fat, 8,1% protein and 1% sugar and was followed for eight weeks ad libitum. 

The LCT/MCT-diet (LCT/MCT) was similar to the LCT-diet but featured a different 

FA composition, containing a ratio of 70% LCT and 30% MCT of total fat, also 

administered for eight weeks ad libitum. Mice under caloric restriction diet (CR) 

were fed once per day with 80% of the energy of the SD-mice for the last two 

weeks. Mice under intermittent fasting diet (IF) were fed under a 24-hour cycle of 

complete fasting and ad libitum refeeding for the last two weeks. At the age of 20 

weeks, all mice were sacrificed via anesthesia overdose and tissues were col-

lected. 
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Figure 3: Mice dietary interventions timeline, created in https://BioRender.com 

 

Table 1: Diets 

Diet Product number Company 

SD S9139-E028 ssniff 

LCT S9139-E025 ssniff 

LCT/MCT S9139-E032 ssniff 

IF V153x R/M-H auto ssniff 

CR V153x R/M-H auto ssniff 

 

10.2 Chemicals and kits 

Table 2: Kits and chemicals 

Kits and chemicals 
Product  

number 
Company 

Chloroform n. a.  Sigma-Aldrich 

Isopropanol n. a. Sigma-Aldrich 

Glycogen AM9510 Thermo Fisher Scientific 
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NF-H2O E476-500ML VWR 

Agarose A6013-5G Sigma-Aldrich 

50 x TAE-Electrophoresis Buffer B49 Thermo Fisher Scientific 

6 x DNA loading dye R0611 Thermo Fisher Scientific 

Gene ruler 100 bp DNA Ladder SM0241 Thermo Fisher Scientific 

peqGreen DNA/RNA Dye 37-5000 peqlab 

2 x ChamQ Universal SYBR qPCR 

Master Mix 
Q711-03 Vazyme 

RNase AWAY R323-01-AA Vazyme 

 

10.3 Primer 

Primer pairs were ordered from Microsynth Austria GmbH. 

Table 3: All primer pairs 

Primer Direction Sequence 5'-3' 

Primer 

length 

[bp] 

Amplicon 

length 

[bp] 

Efficiency 
[%] 

Company 

mAcaca(1) Forward GCCGCCAGCCTGAGTTCTTT 20 140 105,82 Microsynth 

 Reverse CGGGAGTGCTGGTTTAGCTCC 21    

mAcaca(2) Forward GCCGCCAGCCTGAGTTCTT 19 112 93,06 Microsynth 

 Reverse TGGCCAACGGAGATGGTTCA 20    

mAcacb Forward CTACAAGACGGCGCAGGTCA 20 128 103,49 Microsynth 

 Reverse AGGCGCCAAACTTCAGCATC 20    

mAcadm(1) Forward TTCCGGAAAGTTGCGGTGGC 20 84 113,5 Microsynth 

 Reverse CCCCTGTACACCCATACGCC 20    

mAcadm(2) Forward GGGGGAAAGGCCAACTGGTAT 21 151 101,18 Microsynth 

 Reverse AGCATCGCTGGCCCATGTTT 20    

mCrat Forward TGACTCGGCGACCTTGAACCTA 22 168 107,66 Microsynth 

 Reverse CCCAGGGGTTTTACCACGGTTC 22    

mFasn(1) Forward AACACGATCTGGTGCTGCCC 20 105 99,79 Microsynth 

 Reverse TGGGGGCTGTCGTGTCAGTA 20    

mFasn(2) Forward CAACCACCCTCTGGGCATGG 20 152 103,48 Microsynth 

 Reverse TGAGGGGCTTCACGACTCCA 20    

mFis1  Forward GCTGGTTCTGTGTCCAAGAGCA 22 144 94,51 Microsynth 

 Reverse GACATAGTCCCGCTGTTCCTCT 22    

mHprt(1) Forward CAAACTTTGCTTTCCCTGGT 20 101 101,37 Microsynth 

 Reverse TCTGGCCTGTATCCAACACTTC 22    

mHprt(2) Forward GCAGTCCCAGCGTCGTGATTAG 22 147 89,99 Microsynth 

 Reverse TGTGATGGCCTCCCATCTCCT 21    

mMfn1 Forward CCAGGTACAGATGTCACCACAG 22 149 101,35 Microsynth 
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 Reverse TTGGAGAGCCGCTCATTCACCT 22    

mMfn2 Forward TCCCTCTGACACCTGCCAAC 20 155 90,94 Microsynth 

 Reverse TGCCTTCCACACCACTCCTC 20    

mOpa1(1) Forward TCCACCACAGGAAGCTCAAGAAATC 25 141 102,34 Microsynth 

 Reverse TTTTCCCAGCACTCTGATCTCCAAC 25    

mOpa1(2) Forward CAGCTGGCAGAAGATCTCAAGAAA 24 189 107,53 Microsynth 

 Reverse GAAAAGGGTAGAACGGGAGGAAAG 24    

mRpl4 Forward GTATGGCACTTGGCGGAAGG 20 124 91,57 Microsynth 

 Reverse TGCTCGGAGGGCTCTTTGG 19    

mTbp Forward CTACCGTGAATCTTGGCTGTAAAC 24 131 102,36 Microsynth 

 Reverse AATCAACGCAGTTGTCCGTGGC 22    

mTrp53(1) Forward TCCGAAGACTGGATGACTGCC 21 132 128,83 Microsynth 

 Reverse GCAGTGAGGTGATGGCAGGA 20    

mTrp53(2) Forward CTCCGAAGACTGGATGACTGCC 22 133 141,12 Microsynth 

 Reverse GCAGTGAGGTGATGGCAGGA 20    

mTrp53(3) Forward GCAGGGCTCACTCCAGCTAC 20 124 100,23 Microsynth 

 Reverse GTGATGGGGACGGGATGCAG 20    

mTrp53(4) Forward CAGGGCTCACTCCAGCTACC 20 113 98,5 Microsynth 

 Reverse CGGGATGCAGAGGCAGTCAG 20    

mTrp53(5) Forward TTCCGGGAGCTGAATGAGGC 20 93 96,3 Microsynth 

 Reverse TCTAGGCTGGAGGCTGGAGTG 21    

mTrp53(6) Forward GCTCACTCCAGCCTCCAGC 19 71 104,04 Microsynth 

  GGGAGCTAGCAGTTTGGGCT 20    

 

11. Methods 

11.1 Primer design 

Primer pairs for relevant genes used in previous studies with published and vali-

dated sequences were selected for ordering and subsequent testing. The remain-

ing primer sequences were designed using the NCBI Primer-Blast. (Ye et al., 2012) 

When multiple transcript variants were existent, primers were designed to cover as 

many of them as possible. 

In the case of Trp53, the expression of the two predominant variants, namely 

Mp53a (Trp53 (l)) and Mp53AS (Trp53 (s)), was analyzed. Six primer pairs were 

designed: one pair targeting both isoforms simultaneously, and two specific to each 

individual variant. During primer validation using a cDNA serial dilution series, the 

primer pairs designed to amplify both variants simultaneously produced atypical 

amplification curves. This suggested suboptimal primer performance or 
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interference between targets when amplified together. Consequently, the transcript 

variants were analyzed separately. 

Five CRAT isoforms are described, however the primer used in this study only 

amplifies the a, c and e variants. Similarly, for Fis1, the primer targets only isoforms 

1 and 2, as designing a primer covering all three isoforms proved methodologically 

challenging. These limitations may affect data accuracy and should be taken into 

account when interpreting the results. 

Primer melting temperatures (Tm) were set to min = 60°C, opt = 63°C and max = 

66°C. The Max PCR product size was reduced to 200. Primers were designed to 

span an exon-exon junction to minimize the binding to possible gDNA residues. 

For each target, two primer pairs were ordered. After testing, the primer pair 

demonstrating superior amplification efficiency and Ct-confidence area together 

with well-defined melting curves was selected for subsequent experiments. 

11.2 Primer validation 

After arrival the primers were diluted according to manufacturer’s instructions to 

100 µM and again diluted for a final concentration of 10 µM. Primer testing was 

conducted to assess their amplification efficiency and to establish the appropriate 

sample dilution. To evaluate primer efficiency, qPCR was performed. Each primer 

was tested in triplicates using a serial dilution of pooled mouse liver and BAT cDNA 

samples. 

Initially, the cDNA was diluted 9 times, each time 1:2 with nuclease free H2O for a 

total of nine dilutions. Primers Mfn1, Mfn2, Opa1 (1), Fis1 and Crat were tested. 

On a 384-well plate, 3 µl of primer was dispensed into each well. Then a master 

mix containing 5 µl ChamQ and 2 µl of the diluted cDNA for each well was added 

for a total of 10 µl per well. After closing the plate with sealing tape it was briefly 

centrifuged for 30 seconds at 400 rpm to get rid of any air bubbles on the bottom. 

This experiment was invalid due to the cDNA not being diluted enough and causing 

unsatisfactory results. Subsequently, the cDNA was first diluted 1:10 with nuclease 

free H2O and then diluted 1:3 nine times for a total of 10 dilutions. The qPCR was 

performed as before with the same primers. This time the dilutions proved to be 

suitable and all the other primers were tested in this manner.  
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All qPCR experiments were performed by a QuantStudio 6 Flex Real-Time PCR 

system (Thermo Fisher Scientific) in a 384-well format with the following run 

method: 

Table 4: qPCR run method 
 Hold 

stage 

PCR stage Melt curve stage 

Cycles 1 40 1 

Steps  Denaturation Annealing Elongation    

Temperature [°C] 95 95 62 72 95 60 95 

Time [minutes] 03:00 00:10 00:20 00:20 00:15 01:00 00:50 

Increments [°C/s] 1,9 1,9 1,6 1,6 1,9 1,6 0,5 

 

By creating a standard curve plotting Ct on the y-axis and the decadic logarithm of 

the dilution factor on the x-axis, the slope of the standard curve and primer effi-

ciency were calculated for each primer (E = -1+10(-1/slope)). 

11.3 Gel electrophoresis 

To check if the amplicons have the right size a gel electrophoresis was performed. 

A 2% agarose gel was made by dissolving 2 g agarose with 110 ml 1 x TAE buffer 

(Tris-acetate EDTA) and boiling in the microwave until the solution was clear. Then 

5 µl peqGreen was mixed in. The gel was poured in a running chamber with two 

combs. After the Gel solidified it was put into the electrophoresis chamber with 1 x 

TEA buffer until the gel was sufficiently covered. 1 µl loading dye was mixed with 

5 µl of each sample on parafilm and then loaded into the gel pockets, as well as 3 

µl GeneRuler 100 bp DNA ladder in the first, middle and last pockets to approxi-

mate the product size. The gel electrophoresis was carried out at 80 volts for a 

duration of 75 minutes. 

11.4 qPCR of samples 

With the cDNA samples of SkM and BAT, qPCR was done for each diet and tissue. 

The genes ribosomal protein L4 (Rpl4) and TATA box binding protein (Tbp) were 

used for housekeeping. Samples and non-template control were tested in dupli-

cates. 
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On a 384-well plate, 3 µl of primer was dispensed into the wells. Then a master mix 

containing 5 µl ChamQ, 1 µl cDNA and 1 µl nuclease free H2O for each well was 

added for a total of 10 µl per well. After closing the plate with sealing tape it was 

briefly centrifuged for 30 seconds at 400 rpm to get rid of any air bubbles at the 

bottom. The run method was identical to that used in the primer efficiency experi-

ments. (Table 4) 

If the standard deviation of the mean Ct-values exceeded 0,3 or if one or both Ct-

values of a sample were undetermined, the qPCR for the respective sample and 

housekeeping genes was repeated. 

11.5 Statistical analysis 

Data of gene expression was analyzed with GraphPad Prism 8.0.1. Relative mRNA 

was calculated with the 2^-delta Ct method. Outliers were identified with Grubbs’ 

Test and removed from analysis. One-way analysis of variance (ANOVA) with a 

Kruskal-Wallis test for non-parametric data and Dunn’s multiple comparisons test 

was used. The significance level (alpha) was set to 0,05. 

For BAT analysis, only Rpl4 was used as the housekeeping gene due to incon-

sistent gene expression of Tbp across the groups. For SkM analysis, both Rpl4 

and Tbp were employed as housekeeping genes. 

12. Results 

12.1 Primer efficiency test 

Primer efficiency was calculated as described in 11.2. Primers were accepted 

when their efficiency ranged between 90% and 110%. Chosen primer pairs for the 

measuring of gene expression are listed in Table 5. 

12.2 Gel electrophoresis of primer pairs 

The qPCR products generated by all primer pairs were analyzed via agarose gel 

electrophoresis and subsequently visualized under UV light. Primer pairs were 

tested in different concentrations of cDNA, ranging from V1 (highest concentration) 

to V10 (lowest concentration). The electrophoresis results confirmed, that all primer 
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pairs selected for further experiments produced single, distinct bands correspond-

ing to the expected amplicon sizes, with no unintended products being observed.

 

 

Figure 4: Gel electrophoresis of all primers, numbers over bands refer to the predicted base pair (bp) 
length, tv = transcript variant, V = dilution number 

 

Table 5: Selected primer pairs used for analyzing gene expression 

Primer Direction Sequence 5'-3' 

Primer 

length 

[bp] 

Amplicon 

length 

[bp] 

Efficiency 
[%] 

Company 

mAcaca(2) Forward GCCGCCAGCCTGAGTTCTT 19 112 93,06 Microsynth 

 Reverse TGGCCAACGGAGATGGTTCA 20    

mAcacb Forward CTACAAGACGGCGCAGGTCA 20 128 103,49 Microsynth 

 Reverse AGGCGCCAAACTTCAGCATC 20    

mAcadm(2) Forward GGGGGAAAGGCCAACTGGTAT 21 151 101,18 Microsynth 

 Reverse AGCATCGCTGGCCCATGTTT 20    

mCrat Forward TGACTCGGCGACCTTGAACCTA 22 168 107,66 Microsynth 

 Reverse CCCAGGGGTTTTACCACGGTTC 22    

mFasn(1) Forward AACACGATCTGGTGCTGCCC 20 105 99,79 Microsynth 

 Reverse TGGGGGCTGTCGTGTCAGTA 20    

mFis1  Forward GCTGGTTCTGTGTCCAAGAGCA 22 144 94,51 Microsynth 
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 Reverse GACATAGTCCCGCTGTTCCTCT 22    

mHprt(1) Forward CAAACTTTGCTTTCCCTGGT 20 101 101,37 Microsynth 

 Reverse TCTGGCCTGTATCCAACACTTC 22    

mMfn1 Forward CCAGGTACAGATGTCACCACAG 22 149 101,35 Microsynth 

 Reverse TTGGAGAGCCGCTCATTCACCT 22    

mMfn2 Forward TCCCTCTGACACCTGCCAAC 20 155 90,94 Microsynth 

 Reverse TGCCTTCCACACCACTCCTC 20    

mOpa1(1) Forward TCCACCACAGGAAGCTCAAGAAATC 25 141 102,34 Microsynth 

 Reverse TTTTCCCAGCACTCTGATCTCCAAC 25    

mRpl4 Forward GTATGGCACTTGGCGGAAGG 20 124 91,57 Microsynth 

 Reverse TGCTCGGAGGGCTCTTTGG 19    

mTbp Forward CTACCGTGAATCTTGGCTGTAAAC 24 131 102,36 Microsynth 

 Reverse AATCAACGCAGTTGTCCGTGGC 22    

mTrp53(3) Forward GCAGGGCTCACTCCAGCTAC 20 124 100,23 Microsynth 

 Reverse GTGATGGGGACGGGATGCAG 20    

mTrp53(5) Forward TTCCGGGAGCTGAATGAGGC 20 93 96,3 Microsynth 

 Reverse TCTAGGCTGGAGGCTGGAGTG 21    

 

12.3 Brown adipose tissue gene expression results 

The mice were housed at an ambient temperature of 23°C, which is below their 

thermoneutral zone. As a result, they were subjected to mild cold stress, leading 

to continuous activation of BAT to maintain body temperature through non-shiver-

ing thermogenesis. Prolonged activation of BAT not only increases metabolic rate 

but also alters systemic energy balance, substrate utilization, and possibly gene 

expression. Warm temperatures can affect lipolysis and mouse behavior. (Farooqi 

& Xu, 2024) Nonetheless this setting may mimic the situation in humans well. 

(Speakman & Keijer, 2012). 
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12.3.1 LCT/MCT feeding significantly elevated Acadm expression in BAT 

 

Figure 5: Relative mRNA levels of acyl-Coenzyme A dehydrogenase, medium chain (Acadm) in brown adipose 
tissue (BAT) of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 
vs. SD, # vs. LCT, o vs. LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric Kruskal-
Wallis test, n = 7-8 individual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain 
triglycerides (MCT), Intermittent fasting (IF), Caloric restriction (CR). 

Acadm expression was assessed to evaluate MCFA arrival and breakdown in mi-

tochondria. In BAT, relative mRNA levels were significantly upregulated in the 

LCT/MCT group compared to the SD and the LCT groups. Additionally, the IF 

group exhibited significantly higher expression compared with the LCT group. 
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12.3.2 LCT feeding significantly reduced Acaca and Acacb expression in 

BAT 

 

Figure 6: Relative mRNA levels of acetyl-Coenzyme A carboxylase alpha (Acaca) and acetyl-Coenzyme A car-
boxylase beta (Acacb) in brown adipose tissue (BAT) of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight 
weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. LCT/MCT, ^ vs. IF. Statistical significance 
was assessed using nonparametric Kruskal-Wallis test, n = 7-8 individual mice/group. Standard diet (SD), 
Long-chain triglycerides (LCT), Medium-chain triglycerides (MCT), Intermittent fasting (IF), Caloric restriction 
(CR). 

Gene expression of Acaca and Acacb was analyzed to investigate potential alter-

ations in FAS and mitochondrial FA uptake. In BAT, the gene expression profiles 

of Acaca and Acacb showed similar patterns. Relative mRNA levels of both genes 

were significantly lower in mice fed the LCT diet compared to the SD control and 

IF. Additionally, Acaca expression was lower in the LCT/MCT group relative to the 

IF group, and Acacb expression was significantly lower in the LCT group compared 

with the LCT/MCT group. The overall expression levels of Acacb mRNA were 

higher than those of Acaca. 
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12.3.3 LCT and LCT/MCT feeding significantly reduced Fasn expression 

in BAT 

 

Figure 7: Relative mRNA levels of fatty acid synthase (Fasn) in brown adipose tissue (BAT) of mice fed SD, 
LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. 
LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis test, n = 7-8 in-
dividual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglycerides (MCT), 
Intermittent fasting (IF), Caloric restriction (CR). 

Fasn gene expression was assessed to evaluate de novo FAS in cells. In BAT, 

relative mRNA expression of Fasn was significantly downregulated in mice fed the 

LCT and LCT/MCT diet compared to SD control. Additionally, expression in the 

LCT group was significantly lower relative to IF and CR. 
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12.3.4 LCT and CR feeding significantly reduced Crat expression in BAT 

 

Figure 8: Relative mRNA levels of carnitine acetyltransferase (Crat) in brown adipose tissue (BAT) of mice fed 
SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. 
LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis test, n = 7-8 in-
dividual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglycerides (MCT), 
Intermittent fasting (IF), Caloric restriction (CR). 

To investigate the regulation of acetyl-CoA and acetylcarnitine in mitochondria, 

Crat gene expression was analyzed. In BAT, relative mRNA expression of Crat 

was significantly lower in the LCT group relative to SD, LCT/MCT and IF. Addition-

ally, Crat expression was significantly lower in the CR group compared to SD and 

LCT/MCT. 
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12.3.5 LCT/MCT feeding significantly elevated Fis1 expression in BAT 

 

Figure 9: Relative mRNA levels of fission, mitochondrial 1 (Fis1) in brown adipose tissue (BAT) of mice fed SD, 
LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. 
LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis test, n = 7-8 in-
dividual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglycerides (MCT), 
Intermittent fasting (IF), Caloric restriction (CR). 

Fis1 gene expression was analyzed as an indicator for mitochondrial peripheral 

fission mechanics. In BAT, relative mRNA levels of Fis1 were significantly elevated 

in mice fed the LCT/MCT diet relative to the SD, LCT and CR groups. Additionally, 

expression in the IF group was significantly higher than in the LCT group. 

SD LC
T

LC
T/M
CT IF CR

0.0

0.2

0.4

0.6

0.8

Fis1

2^
-d
C
T

###

*
###

o

BAT



   40 

12.3.6 Mitochondrial fusion-related gene expression in BAT was not al-

tered under ketogenic diets 

 

Figure 10: Relative mRNA levels of mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) in brown adipose tissue (BAT) 
of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. 
LCT, o vs. LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis test, n 
= 7-8 individual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglycerides 
(MCT), Intermittent fasting (IF), Caloric restriction (CR). 

Mfn1 and Mfn2 gene expression was assessed to evaluate transcriptional drivers 

of mitochondrial fusion dynamics. In BAT, both genes exhibited similar regulatory 

patterns, with no significant differences detected relative to the SD control diet. 

However, gene expression levels were significantly higher in the LCT/MCT and IF 

groups compared to the LCT group. Additionally, the expression in the LCT/MCT 

group was significantly increased relative to the CR group. Furthermore, Mfn1 ex-

pression was significantly elevated by the IF diet compared to CR. 
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Figure 11: Relative mRNA levels of OPA1, mitochondrial dynamin like GTPase (Opa1) in brown adipose tissue 
(BAT) of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
SD, # vs. LCT, o vs. LCT/MCT, ̂  vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis 
test, n = 7-8 individual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglyc-
erides (MCT), Intermittent fasting (IF), Caloric restriction (CR). 

Opa1 expression in BAT was examined as an additional marker of mitochondrial 

fusion. Consistent with the Mfn1 and Mfn2 results, the KDs did not significantly 

alter gene expression relative to the SD, but relative Opa1 mRNA levels were sig-

nificantly elevated in the LCT/MCT and IF groups compared with the LCT group. 
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12.3.7 LCT/MCT feeding significantly elevated the expression of the 

longer Trp53 (l) transcript variant, and LCT and CR feeding signifi-

cantly elevated the expression of the shorter Trp53 (s) transcript 

variant in BAT 

 

Figure 12: Relative mRNA levels of transformation related protein 53 (Trp53) long (l) and short (s) isoform in 
brown adipose tissue (BAT) of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 
0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. LCT/MCT, ^ vs. IF. Statistical significance was assessed using non-
parametric Kruskal-Wallis test, n = 7-8 individual mice/group. Standard diet (SD), Long-chain triglycerides 
(LCT), Medium-chain triglycerides (MCT), Intermittent fasting (IF), Caloric restriction (CR). 

Trp53 gene expression in BAT was analyzed to investigate potential differences in 

the activation of stress- or nutrient-related signaling pathways. The expression pat-

terns of the two transcript variants across the groups differed in BAT. The longer 

variant Trp53 (l) showed significantly higher mRNA levels in the LCT/MCT group 

compared with SD and CR. The expression is also lowered in the CR diet com-

pared with IF. In contrast, the shorter variant Trp53 (s) was significantly elevated 

in the LCT and IF groups compared with SD. Furthermore, Trp53 (s) is expressed 

at markedly lower levels, approximately 1/1000 of those observed for Trp53 (l). 
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12.4 Skeletal muscle tissue gene expression results 

Overall in SkM, the observed effects of the KDs on gene expression were not as 

pronounced as those observed in BAT, indicating that SkM may be less sensitive 

to dietary induced changes. 

12.4.1 LCT/MCT feeding significantly elevated Acadm expression in SkM 

 

Figure 13: Relative mRNA levels of acyl-Coenzyme A dehydrogenase, medium chain (Acadm) in skeletal mus-
cle tissue (SkM) of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 
0.001 vs. SD, # vs. LCT, o vs. LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric 
Kruskal-Wallis test, n = 6-8 individual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Me-
dium-chain triglycerides (MCT), Intermittent fasting (IF), Caloric restriction (CR). 

Similar to BAT, relative mRNA levels were significantly higher in the LCT/MCT 

group compared with the SD control and CR group. 
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12.4.2 LCT/MCT feeding significantly elevated Acaca and Acacb expres-

sion in SkM 

 

Figure 14: Relative mRNA levels of acetyl-Coenzyme A carboxylase alpha (Acaca) and acetyl-Coenzyme A 
carboxylase beta (Acacb) in skeletal muscle tissue (SkM) of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight 
weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. LCT/MCT, ^ vs. IF. Statistical significance 
was assessed using nonparametric Kruskal-Wallis test, n = 6-8 individual mice/group. Standard diet (SD), 
Long-chain triglycerides (LCT), Medium-chain triglycerides (MCT), Intermittent fasting (IF), Caloric restriction 
(CR). 

As observed in BAT, both genes displayed similar expression patterns between 

each other, although the overall trends differed from those in BAT. The LCT/MCT 

group exhibited significantly higher relative mRNA expression of both Acaca and 

Acacb compared with the SD and LCT groups. Additionally, Acacb expression in 

the LCT/MCT group was significantly higher than in IF, and Acaca expression was 

significantly higher in the CR compared to the LCT group. Similar to BAT, the over-

all Acacb expression was generally higher than that of Acaca in SkM. 
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12.4.3 Fasn expression remained stable in SkM under ketogenic diets 

 

Figure 15: Relative mRNA levels of fatty acid synthase (Fasn) in skeletal muscle tissue (SkM)) of mice fed SD, 
LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. 
LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis test, n = 6-8 in-
dividual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglycerides (MCT), 
Intermittent fasting (IF), Caloric restriction (CR). 

The relative mRNA expression levels in SkM were significantly elevated in the IF 

and CR groups compared with the LCT group, and significantly elevated in the CR 

group compared with the LCT/MCT group. In contrast to BAT, no significant differ-

ences were observed between the LCT, LCT/MCT and SD groups in SkM. 
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12.4.4 Crat expression remained stable in SkM under ketogenic diets 

 

Figure 16: Relative mRNA levels of carnitine acetyltransferase (Crat) in skeletal muscle tissue (SkM) of mice 
fed SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o 
vs. LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis test, n = 6-8 
individual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglycerides (MCT), 
Intermittent fasting (IF), Caloric restriction (CR). 

Crat relative mRNA expression in SkM was significantly higher in the LCT/MCT 

group compared to CR, with no significant differences observed between the other 

groups. 
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12.4.5 Fis1 expression remained stable in SkM under ketogenic diets 

 

Figure 17: Relative mRNA levels of fission, mitochondrial 1 (Fis1) in skeletal muscle tissue (SkM) of mice fed 
SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. 
LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis test, n = 6-8 in-
dividual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglycerides (MCT), 
Intermittent fasting (IF), Caloric restriction (CR). 

Fis1 relative mRNA expression in SkM was significantly higher in mice fed the 

LCT/MCT diet compared to the LCT diet. In contrast to BAT, no significant differ-

ences were observed between the other groups. 
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12.4.6 Mitochondrial fusion-related gene expression in SkM was not al-

tered under ketogenic diets 

 

Figure 18: Relative mRNA levels of mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) in skeletal muscle tissue (SkM) 
of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. 
LCT, o vs. LCT/MCT, ^ vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis test, n 
= 6-8 individual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglycerides 
(MCT), Intermittent fasting (IF), Caloric restriction (CR). 

In SkM, the relative mRNA expression levels of Mfn1 in SkM showed no significant 

differences between groups, whereas Mfn2 expression was significantly upregu-

lated in the LCT/MCT group in comparison to the LCT and CR groups. 
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Figure 19: Relative mRNA levels of OPA1, mitochondrial dynamin like GTPase (Opa1) in skeletal muscle tissue 
(SkM) of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
SD, # vs. LCT, o vs. LCT/MCT, ̂  vs. IF. Statistical significance was assessed using nonparametric Kruskal-Wallis 
test, n = 6-8 individual mice/group. Standard diet (SD), Long-chain triglycerides (LCT), Medium-chain triglyc-
erides (MCT), Intermittent fasting (IF), Caloric restriction (CR). 

The relative gene expression levels of Opa1 were significantly lower in mice fed 

the CR diet than in mice fed the LCT/MCT diet, with no significant differences ob-

served between the other groups. 
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12.4.7 LCT feeding significantly elevated the expression of the shorter 

Trp53 (s) transcript variant in SkM 

 

Figure 20: Relative mRNA levels of transformation related protein 53 (Trp53) long (l) and short (s) isoform in 
skeletal muscle tissue (SkM) of mice fed SD, LCT, LCT/MCT, IF, CR diets after eight weeks. *P < 0.05, **P < 
0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. LCT/MCT, ^ vs. IF. Statistical significance was assessed using non-
parametric Kruskal-Wallis test, n = 7-8 individual mice/group. Standard diet (SD), Long-chain triglycerides 
(LCT), Medium-chain triglycerides (MCT), Intermittent fasting (IF), Caloric restriction (CR). 

Similar to BAT, the expression patterns of the Trp53 (l) and Trp53 (s) transcript 

variants between them also differed in SkM. Relative mRNA levels of Trp53 (l) were 

significantly reduced in the IF and CR groups compared to LCT, with CR also 

showing reduced expression compared to LCT/MCT. In contrast and similar to 

BAT, Trp53 (s) was significantly upregulated in the LCT group compared to SD. As 

observed in BAT, expression of the longer variant is approximately 1000 times 

higher than that of the shorter variant. 
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13. Discussion 

Feeding mice an MCT-heavy KD induced pronounced transcriptional responses 

across multiple genes related to FA metabolism in both BAT and SkM in previous 

studies by Sternberg et al. (2025, unpublished data). (Supplementary Figure 1) 

Consistent with these findings, this study demonstrates that the LCT/MCT KD elic-

its transcriptional changes, supporting the hypothesis that MCTs induce a distinct 

metabolic stimulus beyond that of a classic LCT-KD. 

This discussion will primarily address the changes induced by the LCT/MCT feed-

ing, as covering all dietary groups in detail would exceed the scope of this thesis. 

When interpreting the gene expression results, it must be taken into account that 

only Rpl4 was used as the housekeeping gene for BAT, whereas both Rpl4 and 

Tbp were employed for SkM. Consequently, a direct comparison of expression lev-

els between tissues is not possible. 

13.1 Ketone bodies serve as an alternative energy source in SkM 

on a KD 

To determine whether KDs increased KB production and whether KBs might me-

diate the observed metabolic effects, b-OHB levels were analyzed. Only in SkM 

did the KDs raise b-OHB levels (Supplementary Figure 4), indicating that mice fed 

a KD, whether supplemented with MCTs or containing mainly LCTs, produced sig-

nificantly more KBs which were utilized by SkM as an energy source. 

In contrast, BAT showed no accumulation of b-OHB in mice fed a KD, suggesting 

a predominant reliance on other substrates, such as LCFAs, that serve as fuels for 

thermogenesis. Alternatively, BAT may have maintained a high rate of KB oxida-

tion, preventing detectable accumulation. These results suggest tissue specific dif-

ferences in KB metabolism between BAT and SkM. 
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13.2 Medium- and long-chain fatty acid oxidation 

To determine whether MCFAs effectively reached peripheral tissues and were me-

tabolized there, the expression of Acadm was analyzed. As expected, the 

LCT/MCT feeding markedly increased Acadm expression in both BAT and SkM, 

indicating enhanced MCFA oxidation. This upregulation was absent with the LCT 

feeding, suggesting that the observed effect is caused by the MCTs in the diet. 

Consistent with these finding, lipid analyses revealed elevated tissue levels of C8:0 

and C10:0 following LCT/MCT feeding, supporting the notion that these FAs were 

not fully oxidized in the liver but instead reached extrahepatic tissues, where they 

could be rapidly metabolized. (Supplementary Figure 3) 

In contrast, Acadm expression remained unchanged in the LCT-fed mice, despite 

a comparable FA load to that in the LCT/MCT diet. This was unexpected, as a 

higher supply with LCFA would be expected to increase MCAD activity to support 

increased FAO. One possible explanation is that the activity of other acyl-CoA de-

hydrogenase isozymes is sufficient to accommodate the increased LCFA load, 

thereby eliminating the need for upregulation of Acadm expression in BAT. Alter-

natively, excess FAs may have been stored as TGs in adipose tissue, which is 

supported by the observed increase of relative epididymal WAT (eWAT) in the 

LCT-fed mice. (Supplementary Figure 2) 

Interestingly, lipid profiling further revealed distinct tissue-specific differences. 

C10:0 was significantly elevated in both BAT and SkM of LCT/MCT-fed mice, 

whereas C8:0 accumulation was observed only in SkM. This suggests that BAT 

preferentially oxidizes LCFAs, while SkM relies more on MCFAs and KBs as rapid 

energy substrates. Alternatively, BAT oxidizes C8:0 so efficiently that no accumu-

lation was detected. (Supplementary Figure 3) 

Given that C10:0 is metabolized differently than C8:0 and more similarly to LCFAs 

(Khabbush et al., 2017), its accumulation may indicate a greater dependence on 

carnitine-mediated transport. Consistent with this, C8:0- and C10:0-carnitines were 

detected in both tissues, with SkM showing significant increases under the 

LCT/MCT feeding. (Supplementary Figure 3) This implies that MCFAs partially de-

pend on the carnitine shuttle for mitochondrial import, in line with previous reports. 
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(Khabbush et al., 2017) But this effect may be tissue specific, since C8:0- and 

C10:0-carnitines were only elevated in SkM but not in BAT. Furthermore, C8:0 and 

C8:0-carnitine are present at lower levels than C10:0 and C10:0-carnitine respec-

tively, even though both FAs are present at equal amounts in the LCT/MCT diet, 

this suggests that C8:0 is metabolized more rapidly than C10:0, consistent with 

prior studies reporting faster C8:0 oxidation and that a KD and MCTs enhance 

oxidative metabolism in SkM. (Charlot et al., 2022; Wallace et al., 2021) Addition-

ally, these findings align with previous reports showing that the dependence of 

MCFA oxidation on carnitine is tissue specific, with SkM requiring carnitine for this 

metabolic pathway, whereas other tissues may oxidize MCFAs more inde-

pendently. (Pereyra et al., 2023) 

In addition to MCFA, LCFA oxidation may also have been enhanced by the 

LCT/MCT diet, as genes encoding the carnitine shuttle components, Cpt1a and 

Slc25a20 (solute carrier family 25 (mitochondrial carnitine/acylcarnitine trans-

locase), member 20) (Supplementary Figure 1), were upregulated in both tissues. 

Moreover, given that MCTs are known activators of PPARs (Liberato et al., 2012), 

the concomitant increase in Pparg1 and Plin5 expression (Supplementary Figure 

1) further implies, that the addition of MCTs may promote metabolic adaptations, 

such as enhanced FAO through activation of PGC-1a and regulation of mitochon-

drial oxidative capacity. (Gallardo-Montejano et al., 2016; X. Zhang et al., 2022) 

13.3 Increased malonyl-CoA production in SkM by MCTs 

To further investigate the FA metabolism, Acaca and Acacb gene expression was 

analyzed. In contrast to BAT, the LCT/MCT diet markedly upregulated both genes 

in SkM, suggesting potentially enhanced activity of ACCs and malonyl-CoA pro-

duction, favoring the inhibition of LCFA oxidation while simultaneously promoting 

FAS. ACC activity is typically upregulated when there is more energy available 

than needed. (Wang et al., 2022) Based on this, mice fed the LCT/MCT diet may 

have had a relative energy surplus, thereby oxidizing fewer LCFAs and diverting 

more toward TG storage. However, data from Sternberg et al. (unpublished data, 

2025) shows, that the LCT/MCT group did not gain relative eWAT mass, whereas 

the LCT group did (Supplementary Figure 2), suggesting that this potential energy 

surplus did not translate into enhanced lipid storage in the LCT/MCT-fed mice. 
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Furthermore, Fasn expression was unaltered by the LCT/MCT feeding in the SkM, 

suggesting that FASN activity, and consequently de novo FAS, remained un-

changed. This appears contradictory, as malonyl-CoA generated by ACC1 is typi-

cally further metabolized to C16:0 by FASN and malonyl-CoA generated by ACC2 

would indirectly inhibit FAO. This raises the possibility of an accumulation of malo-

nyl-CoA, potentially leading to the inhibition of mTORC1 and subsequent attenua-

tion of anabolic pathways. (Nicastro et al., 2023) 

Alternatively, the observed Acaca and Acacb upregulation by the LCT/MCT feed-

ing could be connected to the upregulation of Acadm in LCT/MCT mice, and to-

gether this may reflect a metabolic shift toward preferential MCFA oxidation. In this 

context, cells might actively restrict LCFA import via CPT1 to favor MCFA utiliza-

tion. However, Cpt1a and the Slc25a20 were significantly upregulated in the 

LCT/MCT fed mice as well, suggesting an overall activation of the carnitine shuttle 

and therefore enhanced LCFA-import into mitochondria (Supplementary Figure 1), 

raising the question of how genes involved in both malonyl-CoA production and 

carnitine shuttle function can be simultaneously upregulated by the same diet. One 

possible explanation is that MCFAs, such as C8:0 and C10:0, are still partially de-

pendent on the carnitine shuttle for FAO. (Khabbush et al., 2017) This implies that 

that MCFAs may not bypass the carnitine shuttle entirely, contrary to the conven-

tional view that MCFAs freely diffuse across the mitochondrial membrane. 

(Nimbkar et al., 2022) The absence of a similar response in LCT-fed mice further 

supports a unique, MCT-dependent regulatory mechanism. Taken together, these 

findings suggest that the upregulation of Acaca and Acacb in SkM following the 

LCT/MCT feeding may represent a regulatory mechanism to fine-tune and optimize 

mitochondrial FAO activity. 

Conversely in BAT, the LCT diet significantly lowered both Acaca and Acacb ex-

pression, suggesting reduced ACC1 and ACC2 activity. This downregulation may 

result in the reduction of malonyl-CoA and consequently an increase of LCFA up-

take into the mitochondria, while simultaneously attenuating de novo FAS. Con-

sistent with this, Fasn expression was also decreased in the LCT group, further 

indicating reduced FAS in BAT by the LCT feeding. Notably, the LCT/MCT feeding 

did not affect Acaca and Acacb expression in BAT. 
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These findings suggest tissue-specific differences in how BAT and SkM adapt their 

FA metabolism to high-fat feeding. 

13.4 Suppression of de novo fatty acid synthesis in BAT 

The modulation of de novo FAS in different tissues in response to dietary interven-

tions provides further insights into their metabolism. The observed downregulation 

of Fasn by the LCT and LCT/MCT feeding in BAT suggests a reduced de novo 

FAS in these mice. This decrease is likely due to the high availability of exogenous 

FAs provided by the high-fat diets, reducing the cellular demand for endogenous 

synthesis. This indicates that BAT under ketogenic conditions relies less on syn-

thesis and more on dietary or stored FAs. These findings are consistent with those 

of Yamasaki et al. (2023), who also reported downregulation of Acaca and Fasn in 

BAT of mice fed a high-fat diet, as well as with Yahagi et al. (2003), who demon-

strated that p53 is induced upon refeeding and negatively regulates lipogenic 

genes in ob/ob adipocytes. 

In contrast, FASN levels in SkM appear unaltered across the LCT and LCT/MCT 

groups, suggesting that the KD interventions did not alter the rate of de novo FAS. 

Similar to BAT, this may also reflect sufficient FA availability from the diet, making 

the increase of endogenous synthesis redundant. However, given that SkM has a 

relatively low contribution to de novo FAS under physiological baseline conditions 

(Watt & Hoy, 2012), the absence of transcriptional change is not unexpected. 

Interestingly, in the IF and CR groups, Fasn expression remained unchanged in 

both BAT and SkM. This finding contrasts with the expected downregulation typi-

cally associated with fasting and caloric restriction, which are known to activate 

AMPK and subsequently suppress Fasn transcription and FAS activity. The ab-

sence of this expected downregulation may indicate tissue-specific regulation or 

that the degree or duration of AMPK activation was not sufficient to trigger meas-

urable transcriptional effects. 
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13.5 Mitochondria related gene expression in response to the 

LCT/MCT feeding 

To assess whether elevated FA availability promotes mitochondrial fragmentation 

and thereby facilitates increased LCFA oxidation, Fis1 gene expression was ana-

lyzed. In BAT, LCT/MCT feeding elevated Fis1 expression, suggesting increased 

peripheral mitochondrial fission and thus the enhanced ability to import LCFAs into 

mitochondria and increase FAO. (Ngo et al., 2023) 

In contrast, the SkM did not alter Fis1 levels, indicating that the LCT/MCT mediated 

enhanced fission may be specific for BAT. BAT, which typically relies heavily on 

glucose oxidation (Carpentier et al., 2018), may shift its metabolism toward FAO 

under KD feeding, necessitating increased mitochondrial fission to accommodate 

elevated FA abundance. Notably, this effect was MCT specific and not observed 

with the LCT feeding, suggesting that MCTs play a unique role in modulating mito-

chondrial dynamics in BAT. 

Alternatively, the upregulation of Fis1 by the LCT/MCT feeding in BAT may reflect 

enhanced mitochondrial quality control mechanisms. Increased fission could serve 

as a mechanism to remove damaged mitochondria through mitophagy. This inter-

pretation is supported by a possible increase of TP53 in BAT, as the increased 

FAO induced by the LCT/MCT-KD, may generate higher oxidative stress, leading 

to mitochondrial damage. In response, BAT may upregulate Trp53 and Fis1 to mit-

igate cellular stress. Increased TP53 protein levels may promote FAO and 

OXPHOS while suppressing FAS and glycolysis, potentially as a downstream ef-

fect of AMPK activation. (Temaj et al., 2024; S.-J. Wei et al., 2024) 

To further explore potential alterations in energy metabolism and metabolic health, 

additional genes involved in mitochondrial dynamics were analyzed. Mitochondrial 

fusion seems to be unaltered by the LCT/MCT feeding in BAT. However, the 

LCT/MCT and IF diets increased the expression of all mitochondrial dynamics-re-

lated genes compared with the classical LCT-KD. These findings suggest that mi-

tochondrial turnover, including mitophagy and biogenesis, may be more actively 

regulated by the addition of MCTs to a KD or by fasting intermittently, compared 

with a classic KD in BAT. 
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In contrast, SkM did not alter its mitochondrial dynamics-related gene expression 

in response to MCTs, and neither fusion nor fission seem to be altered by the 

LCT/MCT feeding. Since SkM inherently relies less on glucose (Carpentier et al., 

2018), it may therefore not require morphological remodeling to meet energetic 

demands. These results highlight tissue-specific differences in the regulation of 

mitochondrial morphology in response to MCT-based KDs between BAT and SkM. 

Prior studies have shown that MCFAs, particularly C8:0, can stimulate AMPK and 

PGC-1a signaling and may promote mitochondrial biogenesis and OXPHOS in 

SkM. (Charlot et al., 2022; Nishida et al., 2024) In this study, mitochondrial turnover 

may be enhanced by the LCT/MCT diet, but only compared to the LCT-KD, as Fis1 

and Mfn2 expression was upregulated. Given the additional upregulation of Vdac 

and Pparg1 in both tissues, this may reflect elevated PGC-1α mediated mitochon-

drial biogenesis in both tissues, compared with the LCT diet (Supplementary Figure 

1). These findings suggest, that the LCT/MCT diet may be superior in increasing 

mitochondrial turnover to a classic KD by enhancing PGC-1a activity and mito-

chondrial biogenesis in both SkM and BAT. 

Notably, mice fed an LCT-only KD gained more eWAT relative to body weight (Sup-

plementary Figure 2), whereas LCT/MCT-fed mice did not, further suggesting that 

MCTs confer metabolic advantages, possibly by improving mitochondrial function. 

13.6 Future perspective 

As the beneficial effects of KDs, KBs and MCTs have been attracting increased 

scientific attention, alternatives to the highly restrictive KDs are being explored to 

achieve similar metabolic benefits with fewer limitations. 

Exogenous ketogenic supplements, such as MCT oils (C8:0/C10:0), ketone esters 

and ketone salts offer alternative means to elevate KB levels without requiring strict 

KD adherence or fasting. (Jensen et al., 2020) Acute supplementation with ketone 

monoesters or salts increases blood b-OHB levels while decreasing blood glucose 

levels, with monoesters being markedly more effective. (Falkenhain et al., 2022) 

However, potential risks include hepatic lipid accumulation associated with certain 

MCFAs, especially C12:0 from coconut oil (Goetzman et al., 2020), and 
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supplementation with exogenous ketones may increase the risk of ketoacidosis, as 

the body’s buffering capacity may be insufficient to maintain normal blood pH. (Kolb 

et al., 2021) 

Nevertheless, the therapeutic potential of supplementation remains promising. 

Emerging evidence suggests potential therapeutic effects of MCT supplementa-

tion, such as enhanced cognitive performance in both healthy individuals and those 

with cognitive impairment. (Shcherbakova et al., 2022) A ketogenic drink elevated 

plasma KBs and improved cognitive outcomes in adults with mild cognitive impair-

ment. (Fortier et al., 2021) Additional potential applications of MCT supplementa-

tion include the enhancement of endurance performance, treating muscle dysfunc-

tion and to support weight management. In contrast to nutritional ketosis, exoge-

nous KB administration induces an “artificial” metabolic state that may hold thera-

peutic promise for conditions such as heart diseases. (Kolb et al., 2021) Addition-

ally, certain pharmacological interventions such as SGLT2 inhibitors, commonly 

prescribed for the treatment of type 2 diabetes mellitus, can elevate circulating KB 

levels, further highlighting the clinical relevance of ketone metabolism. (Kolb et al., 

2021) 

It remains to be determined whether MCT supplementation alone, without carbo-

hydrate restriction, could provide measurable benefits. In humans, the dietary car-

bohydrate content may not influence MCT absorption, but the KB production rate. 

(St-Pierre et al., 2019) Furthermore, it remains to be clarified to what extent MCT 

or KB supplements can exert beneficial effects independently of ketosis. Moreover, 

the precise mechanisms and long-term effects by which MCTs and KBs influence 

cognition and metabolic health remain to be fully elucidated. 

Further studies should explore whether combining the MCT-based KD with CR or 

IF could enhance ketogenic and longevity-associated effects. The interplay be-

tween MCFAs, LCFAs and mitochondrial morphology warrants further investiga-

tion, particularly under physiological stress conditions such as exercise or cold ex-

posure. Future research should aim to expand current findings by including a 

broader set of gene expression analyses, validating at the protein level and per-

forming long-term human studies. 
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13.7 Limitations 

This study is limited to the investigation of intracellular mechanisms and does not 

account for the broader network of intercellular and systemic signaling pathways 

that may also influence the observed outcomes. While this focused approach pro-

vides valuable mechanistic insight, it does not capture the full physiological com-

plexity, including hormonal, neural, or immune-mediated regulatory inputs that 

could modulate metabolism in vivo. Additionally, because of mRNA degradation 

and post-transcriptional modifications, mRNA data cannot be considered alone, 

because it may not always correlate directly with the protein activity. 
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14. Zusammenfassung 

Fettsäuren spielen eine wesentliche Rolle in der menschlichen Ernährung, da sie 

sowohl als Energiequelle als auch als strukturelle Bestandteile von Zellen dienen. 

Ketogene Diäten (KD), bei denen Fette den Großteil der Energieaufnahme darstel-

len, werden seit 100 Jahren zur Behandlung von Epilepsie bei Kindern eingesetzt. 

In den letzten Jahren gewinnt ihr Einsatz auch für andere Krankheitsbilder zuneh-

mend an Bedeutung, darunter neurodegenerative und metabolische Erkrankun-

gen. 

Um den Einfluss verschiedener Ernährungsinterventionen auf den Stoffwechsel zu 

untersuchen, wurde braunes Fettgewebe (BAT) und Skelettmuskel (SkM) von 

Mäusen analysiert, welche entweder mit einer Standarddiät (SD), einer KD mit 

hauptsächlich langkettigen Triglyzeriden (LCT), einer KD mit einem 70/30 Verhält-

nis von LCT zu mittelkettigen Fettsäuren (LCT/MCT), einer intermittierenden Fas-

ten Diät (IF) oder einer kalorienreduzierten Diät (CR) gefüttert wurden. Vorherige 

Studien von Sternberg et al. (2025, unveröffentlichte Daten) zeigten, dass die 

LCT/MCT-Diät transkriptionelle Veränderungen in Verbindung mit dem Fettstoff-

wechsel in sowohl SkM als auch BAT auslöste. Aufbauend auf diesen Ergebnissen 

untersucht die vorliegende Arbeit die Expression ausgewählter Gene in diesen Ge-

weben mit quantitativer Echtzeit-PCR, um tiefere Einblicke in die molekularen Me-

chanismen zu gewinnen über die unterschiedlichen Arten von Fetten den Stoff-

wechsel und mitochondriale Funktionen beeinflussen. 

Die LCT/MCT Ernährung führte zu signifikanten Veränderungen der Genexpres-

sion in sowohl BAT als auch SkM. Während in beiden Geweben vermutlich eine 

verstärkte Fettsäureoxidation stattfand, scheint BAT seinen Stoffwechsel von der 

Fettsäuresynthese in Richtung Fettsäureoxidation gerichtet zu haben, wohingegen 

SkM möglicherweise die Oxidation langkettiger Fettsäuren einschränkte. Darüber 

hinaus zeigten sich im BAT transkriptionelle Veränderungen die auf eine verstärkte 

mitochondriale Fission sowie auf erhöhten oxidativen Stress hindeuten. 
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15. Abbreviations 

BAT Brown adipose tissue 
Acaca acetyl-Coenzyme A carboxylase alpha 
Acacb acetyl-Coenzyme A carboxylase beta 
Acadm acyl-Coenzyme A dehydrogenase, medium chain 
ACC acetyl-Coenzyme A carboxylase  
ACC1 acetyl-Coenzyme A carboxylase alpha  
ACC2 acetyl-Coenzyme A carboxylase beta  
C8:0 caprylic acid  
C10:0 capric acid  
C12:0 lauric acid  
C16:0 palmitic acid 
CACT carnitine-acylcarnitine translocase  
CoA Coenzyme A 
CPT1 carnitine palmitoyltransferase 1 
Cpt1a carnitine palmitoyltransferase 1a, liver 
CR Caloric restriction 
Crat carnitine acetyltransferase 
CRAT carnitine O-acetyltransferase 
FA Fatty acid 
FAO Fatty acid oxidation 
FAS Fatty acid synthesis 
Fasn/FASN fatty acid synthase 
Fis1 fission, mitochondrial 1 
FIS1 mitochondrial fission 1 protein 
IF Intermittent fasting 
IMM Inner mitochondrial membrane 
KB Ketone body 
KD Ketogenic diet 
LCFA Long chain fatty acid 
LCT Long chain triglyceride 
MCFA Medium chain fatty acid 
MCT Medium chain triglyceride 
Mfn1/MFN1 mitofusin 1 
Mfn2/MFN2 mitofusin 2 
OMM Outer mitochondrial membrane 
Opa1 OPA1, mitochondrial dynamin like GTPase 
OPA1 optic atrophy protein 1 
OXPHOS Oxidative phosphorylation 
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p53 tumor suppressor p53 
Plin5/PLIN5 perilipin 5 

Pparg1 peroxisome proliferator activated receptor gamma transcript variant 
1 

PPARgamma peroxisome proliferator-activated receptor gamma  
ROS Reactive oxigen species 
Rpl4 ribosomal protein L4  

Slc25a20 solute carrier family 25 (mitochondrial carnitine/acylcarnitine trans-
locase), member 20 

SD Standard diet 
SkM Skeletal muscle 
Tbp TATA box binding protein 
Trp53 (l) transformation related protein 53 long transcript variant 
Trp53 (s) transformation related protein 53 short transcript variant 
Vdac/VDAC voltage-dependent anion channel 
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18. Supplementary data 

 

Supplementary Figure 1: Relative mRNA levels of peroxisome proliferator activated receptor gamma 1 
(Pparg1), perilipin 5 (Plin5), carnitine O-palmitoyltransferase 1a (Cpt1a), solute carrier family 25 (mitochond-
rial carnitine/acylcarnitine translocase), member 20 (Slc25a20) and voltage-dependent anion channel 
(Vdac)  in skeletal muscle tissue (SkM) and brown adipose tissue (BAT) of mice fed SD, LCT, LCT/MCT, IF, CR 
diets after eight weeks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. LCT/MCT, ̂  vs. IF. Statistical 
significance was assessed using nonparametric Kruskal-Wallis test, n = 6-8 individual mice/group. Standard 
diet (SD), Long-chain triglycerides (LCT), medium-chain triglycerides (MCT), Intermittent fasting (IF), Caloric 
restriction (CR), analyzed by Sternberg et al. (2025, unpublished data). 
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Supplementary Figure 2: % eWAT [to bodyweight], analyzed by Sternberg et al. (2025, unpublished data). 

 

Supplementary Figure 3: relative intensity of C8:0, C8:0 carnitine, C10:0 and C10:0 carnitine in BAT and SkM 
in SD, LCT, LCT/MCT, IF and CR, *P < 0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. LCT/MCT, ^ vs. IF, 
One-way ANOVA, analyzed by Sternberg et al. (2025, unpublished data). 
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Supplementary Figure 4: relative intensity of b-OHB in BAT and SkM in SD, LCT, LCT/MCT, IF and CR, *P < 
0.05, **P < 0.01, ***P < 0.001 vs. SD, # vs. LCT, o vs. LCT/MCT, ^ vs. IF, One-way ANOVA, analyzed by Stern-
berg et al. (2025, unpublished data). 


