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INTRODUCTION

Mitochondrial dysfunction may contribute to conditions and diseases such as
weight gain, obesity, insulin resistance and type 2 diabetes (Christe et al., 2013;
C.Yang et al, 2012). These metabolic abnormalities will remain the major
challenge for public health in the foreseeable future (LeRoith, 2002). Both obesity
and type 2 diabetes are associated with poor performance of mitochondria
(Houmard, 2008). The imbalance between B-oxidation of free fatty acids (FFA)
and substrate flux through the Krebs cycle seems to be of special importance for
functioning of mitochondria and, therefore, the development of diabetes as well as
excessive deposition of triglycerides and other lipids in various tissues (Bonora,
Brangani, & Pichiri, 2008; 1. Ioannidis, 2008; Koves et al., 2008). For instance,
a high fat diet promotes insulin resistance and impairs glucose metabolism in mice
(Terauchi et al., 2007). The balance between oxidation of FFA and oxidation of
carbohydrates in the citric acid cycle is one of the key mechanisms to regulate

performance of mitochondria (Fig. 1).
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Fig. 1. Model of the balance between cytosolic free fatty acids (FFA) and carbohydrates in
citric acid cycle. After pyruvate conversion to citrate in the mitochondria, a fraction of the
citrate enters citric acid cycle, while the excess of citrate is converted by citrate lyase (CL)
into acetyl-CoA, which in subsequent steps is used to form malonyl-CoA by acetyl-CoA
carboxylase (ACC). Malonyl-CoA inhibits carnitine palmitoyltransferase-1 (CPT1) and
blocks long-chain acyl-CoA (LC-CoA) transport into mitochondria. As a consequence,
the levels of FFA elevate within cytosol (Figure was taken from: Zraika et al., 2002)



There is evidence that citrate or citric acid, an intermediate of the
mitochondrial Krebs cycle, plays a role in controlling this balance (Ruderman,
Saha, Vavvas, & Witters, 1999). Cytosolic citrate is converted by ATP citrate lyase
(ACL) to acetyl-CoA, the substrate for acetyl CoA carboxylase (ACC) in the
synthesis of malonyl-CoA. Malonyl-CoA can inhibit carnitine palmitoyltransferase
1 (CPT1) and thus interfere with FA oxidation (Fig. 1). Low rates of FFA oxidation
contribute to the described metabolic disorders.

Elevated FFA levels affect mitochondrial function by dysregulation of
biochemical pathways and through the alteration of key enzymes (Zraika, Dunlop,
Proietto, & Andrikopoulos, 2002). One of the mechanisms propose, that elevated
FFA levels cause a decrease in glucose oxidation via glucose-FFA cycle, where
inhibition of pyruvate dehydrogenase, as an example, may play a major role in this
process, because conversion of pyruvate to acetyl-CoA is limiting with prolonged
exposure to FFAs. One of the other key enzymes is mitochondrial citrate synthase
(CS), which catalyzes the conversion of acetyl-CoA and oxaloacetate into citrate.
CS is a mitochondrial enzyme that has often been used as a mitochondrial marker
in both animal and human studies (Hamilton & Booth, 2000). Mammalian CS is
encoded by a single nuclear citrate synthase (Cs) gene. After translation to the
cytosol, CS is transported into the mitochondrial matrix, where it functions as the
first and rate-limiting enzyme of the tricarboxylic acid (TCA) cycle and thus plays
a decisive role in regulating energy generation and reactive oxygen species (ROS)
production through mitochondrial respiration. A missense mutation of Cs might
therefore alter mitochondrial function (Johnson, Gagnon, Longo-Guess, & Kane,
2012). The liver, skeletal muscles, adipose tissue and pancreas are believed to play
the major role in insulin resistance (Bouderba et al., 2012).

From another point of view, the problem of sex polymorphism in mice
cannot be ignored, because there may be differences between males and females in
mitochondria respiration. The understanding of a gender effect in mitochondria
metabolism is a complicated issue because of many proteins involved in
mitochondrial functioning. The differences between male and female mice may be
also a crucial factor in analyzing effects of point mutations on energy metabolism
(such as Cs). There are findings of no differences between male and female mice in
oxygen consumption of mitochondria from heart, skeletal muscle and liver (Sanz et
al., 2007). However, respiration mechanics of lungs differs between male and

female mice. The larger lung volume of female mice could reflect adaptation to
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higher metabolic and oxygen demands during pregnancies and lactation (Schulz et
al., 2002).

In the first study we studied effects of reduced CS activity on oxygen
consumption rates in isolated mitochondria from mouse liver and skeletal muscles.
We investigated whether CS activity and respiration differ between mitochondria
derived from C57BL/6J (B6) and congenic B6.A-(rs3676616-D10Utsw1)/Kjn
(B6.A) mouse strains of both sexes. B6.A mice carry the A/J allele in the genomic
region containing the Cs gene in chromosome 10 on otherwise B6 strain
background. The A/J strain (Jackson Laboratory, Bar Harbor, United States) allele
variant is predicted to cause an amino acid change of histidine to asparagine at
position 55 (H55N) of the mouse CS protein (Johnson et al., 2012), which results
in reduced CS activity in B6.A strain (Ratkevicius et al., 2010).

CS activity depends on many metabolic processes and can be increased, for
instance, by endurance exercise training (Holloszy & Booth, 1976; Jaenisch,
Bertagnolli, Borghi-Silva, Arena, & Lago, 2017). Our studies showed that mice
with reduced CS activity had a lower endurance capacity compared to control mice
with no sex effect on overall endurance performance (Kvedaras et al., 2017). It can
be suggested that low levels of CS activity might be beneficial in promoting FA
oxidation under conditions of excessive substrate supply and affect energy
metabolism parameters, such as oxygen consumption, energy expenditure and
respiratory quotient with possible gender effects. Furthermore, metabolic
parameters of male and female mice (e.g., energy expenditure, respiratory quotient)
may vary between strains.

In the second study we focused on the investigation of energy metabolism
in control B6 and B6.A male and female mice with low CS activity (Ratkevicius et
al., 2010). Chromosome substitution strains, called consomic, provide a model for
exploring additional aspects of genetic influence on energy metabolism. They
consist of a panel of strains where one chromosome of a host strain is replaced by a
homologous chromosome of a donor strain by using backcross strategy (Ishii et al.,
2011; Matin, Collin, Asada, Varnum, & Nadeau, 1999; Miller et al., 2020; Nadeau,
Singer, Matin, & Lander, 2000). The research of mice with substitution of
chromosome 10 (where our “focally pointed” CS gene exists) may open door to an
additional information about other genes located in chromosome 10, which may
influence energy metabolism or/and behave differently in absence of Cs gene. For

instance, deletion of PTEN (phosphatase and tensin homolog deleted from
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chromosome 10) activated protein kinase B (AKT), which affected regulatory
network of phosphate metabolism (Kawai, Kinoshita, Ozono, & Michigami, 2020).
Phosphate participates in a wide range of biochemical processes, including cell
signaling and energy homeostasis (Quarles, 2012; Razzaque, 2012), and it’s
deficiency may result in long-term metabolic, skeletal complications and muscle
weakness (Weber & Quarles, 2019). For these reasons we additionally examined
metabolism parameters of C57BL/6J-Chr 10A/J/NaJ (B6.A10) consomic mice with
the substitution of chromosome 10. Similarly, as B6.A, B6.A10 mice also carry the
mutation in Cs gene, resulting in low CS activity levels.

Responses to different type of dietary interventions, such as food
deprivation, caloric restriction and high fat diet, differ between mouse strains
(West, Boozer, Moody, & Atkinson, 1992). There is a significant evidence
suggesting that caloric restriction has a beneficial effect on health as judged by
changes in body composition and lipoprotein profile (Anderson & Weindruch,
2012). Thus, food withdrawal could be associated with prevention of
cardiovascular disease and diabetes.

In the third study we performed two experiments dealing with changes of
energy metabolism and body composition in response to 48-h food deprivation.
Our first investigation focused on mouse strains with wild type (B6 strain) and A/J
allele with low CS activity (B6.A and B6.A10 strains). In the second experiment
we compared effects of 48-h food deprivation in Berlin high mice with normal
myostatin function (BEH+/+ strain) and myostatin dysfunction (BEH strain). In
addition to the high muscularity, myostatin-deficiency has a positive effect on
metabolic health by reducing adipose tissue and increasing insulin sensitivity
(Hamrick, Pennington, Webb, & Isales, 2006; McPherron, Lawler, & Lee, 1997,
Wilkes, Lloyd, & Gekakis, 2009), suggesting that myostatin dysfunction in
comparison to low CS activity, could also prevent type Il diabetes and obesity.
That was the first reason of carrying out experiment on physiological effects of
myostatin dysfunction during 48-h food deprivation. The second reason was that
many chronic conditions, including cardiovascular heart discases, diabetes,
rheumatoid arthritis and various forms of muscular dystrophies affect energy
metabolism and are associated with muscle wasting (Glass, 2005; Sakuma, Aoi, &
Yamaguchi, 2014). The dilemma is that on one hand fasting improves metabolic
health, but on the other hand leads to decrease in skeletal muscle mass
(J. E. Donnelly, Jakicic, & Gunderson, 1991; Saris, 2001). This research aimed to
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test if myostatin dysfunction improves energy metabolism and prevents loss of
muscle mass and function during fasting.

In summary, the third study should provide an answer to the question
whether or not low mitochondrial CS and myostatin dysfunction affect energy
metabolism in mice. Another question will be addressed as to whether CS
inhibition and myostatin dysfunction are viable therapeutic strategies in prevention
of obesity and insulin resistance.

Not only food deprivation, genetic mutations or increase in physical activity
could prevent weight gain and obesity, but adjustments in diet are often easier to
implement on the population level (Westerterp, 2019).

A well-known fact is emphasized, that animals and humans gain weight
when their energy intake exceeds energy expenditure (J. Galgani & Ravussin,
2008). In the fourth study we studied obese mice subjected to two different types
of hypocaloric diets with equal protein content and partial caloric restriction. We
compared changes in body composition and metabolic health of the C57BL/6J
mouse strain in response to two energy-restricted diets with large differences in
carbohydrate and fat content. The reason for performing this study is that it is still
controversial whether proportions of carbohydrate and fat in the diet are important
for metabolic health (Ge et al., 2020; Sacks et al., 2009). For instance, the so-called
carbohydrate-insulin model proposes that dietary carbohydrates are inherently
more obesogenic than fat due to strong effect on insulin secretion (Ludwig &
Ebbeling, 2018), which is repeatedly criticized by other scientists (K. D. Hall,
Guyenet, & Leibel, 2018). Recent randomized trial study with humans
demonstrated that energy expenditure was significantly greater on a low-
carbohydrate diet compared to high-carbohydrate diet for a similar energy intake
(Ebbeling et al., 2018). Diets promoting energy expenditure while keeping energy
input unchanged would be a promising strategy for weight regulation, and inbred
mouse model is well suited to examine the controversial issue about the importance
of dietary composition for weight loss and metabolic health, because it is much
easier to thoroughly control food intake and the dietary interventions in mice,
rather than in humans. The C57BL/6J mouse strain is prone to diet-induced obesity
(Kleinert et al., 2018; Speakman, 2019b) and tolerates well diets with large
differences in carbohydrate and fat content (Roberts et al., 2017, 2018). The
strength of our fourth study was that we used distinct diets with precise

macronutrient composition which is very difficult to achieve in human studies.
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AIM, HYPOTHESES AND OBJECTIVES

The main aim of our studies was to examine effects of low citrate synthase
activity, myostatin dysfunction and caloric restriction on energy metabolism and
body composition of laboratory mice.

The hypotheses of our studies:

1. Low citrate synthase (CS) activity would alter substrate oxidation in
mitochondria and promote lipid oxidation in C57BL/6J mouse strain (first study).

2. Low CS activity would increase fat oxidation at expense of carbohydrates
by altering energy metabolism and respiratory quotient in freely moving mice
(second study).

3. Low CS activity would enhance fat oxidation metabolism during food
deprivation (third study).

4. Myostatin dysfunction due to higher glycolytic fiber content would be
associated with greater muscle mass decrease and subsequent reliance on energy
production from carbohydrate oxidation compared to wild-type controls during
food deprivation (third study).

5. Changes in body composition and energy metabolism would not differ
between carbohydrate and fat hypocaloric diets if they are matched for the total and
protein-derived caloric content (fourth study).

The objectives of our studies:

1. Compare oxidation of carbohydrate and fatty substrates in mitochondria
from male and female mice with low and normal CS activity.

2. Determine the effects of low CS activity on metabolic health and physical
activity in B6, B6.A and B6.A10 mouse strains of both genders.

3. Analyze the impact of low CS activity on changes in energy metabolism
and muscle mass after 48-h food deprivation.

4. Analyze the effect of myostatin dysfunction on changes in energy
metabolism and muscle mass after 48-h food deprivation.

5. Examine if carbohydrate and fat hypocaloric diets with equal protein
content induce different improvements in body composition, energy balance and

glucose tolerance of obese mice during caloric restriction.
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1. LITERATURE REVIEW

1.1. Role of citrate synthase in cellular metabolism

TCA cycle regulates energy production in mitochondrial respiration and
plays a central role in substrate metabolism. The TCA cycle is efficient as it yields
significantly greater amount of ATP compared to anaerobic glycolysis (Melendez-
Hevia, Waddell, & Cascante, 1996). There are still some components of TCA cycle
and chemical pathways which are not fully understood. One of such gray areas is
the influence of mitochondrial enzymes, for example CS activity, on metabolism of
FA and carbohydrates.

CS occurs exclusively in mitochondria (Reisch & Elpeleg, 2007). CS is a
key enzyme in the Krebs cycle and a marker of mitochondrial content and function
(Boushel et al., 2007; Larsen et al., 2012; Ruderman et al., 1999). Although it is the
most common marker, but it is not necessarily the best one. There is evidence that
coenzyme Q10 may be a better biomarker of mitochondrial content than C, because
it is essential for electron transport from complex I and II to complex III of
mitochondrial respiratory chain (Yubero et al., 2016). The activities of
mitochondrial respiratory chain complexes are crucial in clinical diagnosis and are
assayed spectrophotometrically.

CS activity can be increased by endurance exercise training (Holloszy &
Booth, 1976; Jaenisch et al., 2017). Our recent studies showed that mice with
~35 % lower CS activity had 36 % lower endurance capacity compared to control
mice with no sex effect on endurance performance (Kvedaras et al., 2017). These
findings suggest that variation in CS activity may influence metabolic performance
and fitness. On the other hand, there is evidence, that too high CS activity may
have a negative effect on the energy metabolism. For example, after a meal,
carbohydrate oxidation inhibits FA oxidation in mitochondria (Ranneries et al.,
1998). It appears that high CS activity leads to high cytosolic levels of citrate
which may indirectly inhibit the metabolism of fats, which leads to insulin
resistance and obesity (Bays, Mandarino, & DeFronzo, 2004; Rogge, 2009).
Therefore, the Cs gene (encoding CS protein) may be a pharmacological target to
treat obesity, however there is still a lack of data as to how low CS activity affects

energy expenditure and respiratory quotient in mice.
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1.1.1. Citrate synthase structure and function

The mitochondrial CS is encoded by nuclear DNA and translated in the
cytoplasm as a precursor (Alam, Finkelstein, & Srere, 1982; Harmey & Neupert,
1979). In humans the Cs gene is localized in chromosome 12 (12q13.3), while in
mice it is localized in chromosome 10 (10 D3) (NCBI database: [citrate synthase]).
After synthesis, CS is transported into the inner membrane of mitochondria
(Addink, Boer, Wakabayashi, & Green, 1972). There is evidence that increased Cs
gene expression leads to an increase in mitochondrial mass (E, Burns, &
Swerdlow, 2014).

The CS structure consists of two monomeric subunits, each of which
consists of 20 a-helical segments that make up 75 % of the 437 amino acid residues
forming the a-helical secondary CS structure (J. Y. Wu & Yang, 1970). In the
closed form of CS structure, binding sites for both citrate and oxaloacetate (OAA)
and for coenzyme A (CoA) can be identified. Functional groups of the citrate
molecule are involved in specific interactions with CS enzyme. Thus, the active
site of CS is mainly polar, but nonpolar interactions probably help to determine
high substrate specificity of CS and may serve as triggers for the conformational
changes. A number of important substrates used in metabolic processes have
structural features in common with the substrates of CS. Therefore, CS activity
may be affected by such substrates as ATP, tricarboxylic acids, acyl-CoA
(Beeckmans, 1984; Weitzman, 1981; Weitzman & Danson, 1976).

CS catalyzes condensation of acetyl-CoA with oxaloacetate to form citrate
(Wiegand & Remington, 1986). The chemistry of this reaction was firstly
elucidated by Eggerer et al. (Eggerer et al., 1970). CS catalyzes the first reaction of
the TCA cycle and is generally assumed to be the rate-limiting enzyme of the cycle
(Mukherjee, Srere, & Frenkel, 1976). CS performs two sequential reactions:
a reversible condensation reaction converts acetyl-CoA and OAA into citryl-CoA
(Cit-CoA), and an irreversible thioester hydrolysis then forms citrate and CoA. It is
worth mentioning that CS is highly specific to its substrates. These pivotal
metabolic reactions are performed by members of at least three enzyme
superfamilies (Kobylarz, Grigg, Sheldon, Heinrichs, & Murphy, 2014). Since many
conserved active-site residues participate in both the condensation and hydrolysis
reactions, the central CS-Cit-CoA complex is expected to toggle among multiple

configurations (Bayer, Bauer, & Eggerer, 1981).
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CS also plays an important role in cell proliferation. The downregulation of
CS stimulates metabolic dysfunction, which contributes to meiosis and cell
division defects (Murray & Hynes, 2010; Rahman, Rosu, Joseph-Strauss, &
Cohen-Fix, 2014; Song, Li, & Liu, 2013). Additionally, upregulation of CS (with
hematopoietic cells in rat model) means that CS regulates metabolism in early
phases of cell proliferation (Keast & Newsholme, 1991).

1.1.2. Citrate synthase and fatty acid metabolism

Balance between carbohydrate metabolism and FA oxidation is crucial and
can lead to such metabolic disorders, as obesity. It has been long established that
abnormalities in carbohydrate tolerance are associated with elevated plasma FA
(Schalch & Kipnis, 1965). The concentration of FA is increased in obese humans
with an exhibition of reduced insulin-stimulated glucose metabolism, as well as in
high fat diet-induced insulin-resistant mice (J. M. Adams, 2nd et al., 2004;
Bonnard et al., 2008; Dentin et al., 2006). Multiple studies have found that hepatic
lipogenesis is associated with triglyceride synthesis and that this metabolic
pathway is increased in individuals with obesity and insulin resistance (Diraison,
Moulin, & Beylot, 2003; K. L. Donnelly et al., 2005; Schwarz, Linfoot, Dare, &
Aghajanian, 2003). It is known, that accumulation of FA induces insulin resistance,
inflammation, and cell apoptosis in skeletal muscles (Bonnard et al., 2008; Coll et
al., 2008; Hulver et al., 2003). The toxic effects of FA are known to depend on
their chain length and degree of saturation. Long-chain saturated fatty acids
(LCFA), such as palmitate, are the most toxic. Consistently, palmitate induces not
only insulin resistance, but also an apoptosis in many cell types (Paumen, Ishida,
Muramatsu, Yamamoto, & Honjo, 1997; Sparagna, Hickson-Bick, Buja, &
McMillin, 2001). However, the molecular mechanisms leading to excess FA
accumulation and consequently insulin resistance have not been clearly resolved
(Dentin et al., 2006).

One mechanism demonstrates the interaction between CS and energy
metabolism of fats as a pathway of carnitine which also functions as an acyl group
acceptor facilitating mitochondrial export of excess carbons in the form of
acylcarnitine. Acylcarnitine is produced by the mitochondrial matrix enzyme,
carnitine acetyltransferase (CrAT). Genetically engineered inhibition of FA
oxidation lowered intramuscular acylcarnitine levels and preserved glucose
tolerance in mice fed a high fat diet (An et al., 2004; Koves et al., 2008). CPT1,
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which is the key regulatory enzyme of LCFA B-oxidation, executes the initial step
in this process by catalyzing the reversible transesterification of long chain
acyl-CoA with carnitine (McGarry & Brown, 1997). The long chain acylcarnitine
product of CPT1 traverses the inner membrane via carnitine/acylcarnitine
translocase (CACT) and is then delivered to CPT2, which regenerates acyl-CoA on
the matrix side of the membrane where -oxidation occurs.

Another mechanism is associated with excess of citrate under the influence
of CS. In rats, a large amount of FA is synthesized in the liver (Brunengraber,
Boutry, & Lowenstein, 1973). LCFA are major sources of energy and important
components of the lipids that comprise the cellular membrane. They are either
derived from food or are synthesized from acetyl-CoA in liver (Wakil, 1989).
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Fig. 2. Tricarboxylic acid (TCA) cycle and B-oxidation of fatty acids (FA). Aconitase and
carnitine palmitoyltransferase 1 (CPT1) regulate the conversion of substrates to ATP.
B-oxidation of FA involves a series of steps until all the carbons of the fatty acyl-CoA

are converted to acetyl-CoA (Figure was taken from: Rogge, 2009)
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FA synthesis requires malonyl-CoA, which is the CO, donor in the de novo
synthesis of FA, and it plays an important role as an inhibitor of the carnitine/
palmitoyl shuttle system for FA oxidation. That means, malonyl-CoA may function
as both precursor for FA synthesis and suppressor of FA oxidation (McGarry,
Mannaerts, & Foster, 1977). In the first step of this cycle, CS catalyzes the
condensation of oxaloacetate with acetyl CoA to form citrate (Fig. 2).

Citrate then acts as the substrate for aconitase and is converted into aconitic
acid. The cycle ends with regeneration of oxaloacetate. Normally at rest more ATP
is produced by p-oxidation of FA in the mitochondria than from carbohydrates.
After FA are changed to fatty acyl-CoA, the fatty acyl-CoA is transported into the
mitochondria by the enzyme carnitine palmitoyltransferase 1 (CPT1) (Fig. 2). The
fatty acyl-CoA is processed through a series of enzymatic reactions similar to the
TCA cycle (Smith et al., 2000). High CS activity results in excess of citrate inside
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Fig. 3. Impaired mitochondrial metabolism. Tricarboxylic acid (TCA) cycle is highly
dependent on malonyl-CoA. If citrate increases in the cytosol, more malonyl-CoA is
formed. Malonyl-CoA diminishes carnitine palmitoyltransferase 1 (CPT1), and fatty acids
are accumulated within the cytosol (Figure was taken from: Rogge, 2009)
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Subsequently citrate is transported into the cytosol and transformed into fatty
Acyl-CoA. Fatty acyl-CoA accumulates in the cytosol (Fig. 3), forming an excess
of malonyl-CoA, which blocks CPT1 and suppresses beta-oxidation of fatty
acyl-CoA.

Under the influence of the acetyl-CoA carboxylase (ACC), fatty acyl-CoA is
converted to malonyl-CoA and committed to the re-synthesis of FA, which can
accumulate within the cell or be transported to other tissues as triacylglycerol
(TAG). Accumulation of TAG contributes to obesity, mitochondrial dysfunction,
insulin resistance and as a consequence to type 2 diabetes. This “chain reaction”
which accompanies the metabolic disorders is a result of several events.
Mitochondrial dysfunction is probably not an initial event in the development of
insulin resistance. In the case of skeletal muscle mitochondria of patients with type
2 diabetes, mitochondrial dysfunction is probably associated with increased
oxidative stress due to lipid accumulation (Kelley, He, Menshikova, & Ritov,
2002; McGarry, 2002; Razak & Anand, 2004). Increased ROS levels also play an
important role in altered insulin secretion thus compounding effects of insulin
resistance (Evans, Goldfine, Maddux, & Grodsky, 2002). Control of ROS levels is
highly complicated and difficult to interfere with directly. It appears that
suppression of CS activity could be one of the indirect approaches. When CS
activity is reduced, less citrate will accumulate, and less fatty acyl-CoA would be
synthesized in cytosol. As a consequence, FA re-synthesis would be decreased
producing an interference in the chain reaction.

CrAT is localized primarily within the mitochondrial matrix, prefers short-
chain acyl-CoAs and catalyzes a reversible reaction (Farrell, Fiol, Reddy, &
Bieber, 1984; Pieklik & Guynn, 1975). Thus, enzyme activity and substrate flux
are thought to be predominantly regulated by substrate or product concentrations
within the mitochondrial matrix. Regulatory factors controlling the relative
distribution of carnitine are poorly understood. Because CPT1 resides on the outer
mitochondrial membrane, this enzyme might gain first access to limited amounts of
free carnitine, whereas the intramitochondrial carnitine pool could be more
susceptible to depletion. Activities of CPT-1, CS and cytochrome ¢ oxidase were
significantly depressed in skeletal muscle samples obtained from obese compared
with lean subjects (Simoneau, Veerkamp, Turcotte, & Kelley, 1999). These data
are significant because it suggests defects at several key regulatory steps in FAO,
such as lipid transfer into the mitochondria (by CPT-1), the Krebs cycle (by CS),
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and the electron transport system (by cytochrome ¢ oxidase).

Initial in vivo studies have reported a diminished CS/hexokinase (HK) ratio
in diabetic skeletal muscles, where the oxidative/glycolytic ratio was shown to
correlate with insulin sensitivity (Simoneau & Kelley, 1997). It was demonstrated
that diabetic myotubes have an intrinsic defect with a lower CS activity and an
attenuated response to insulin stimulation (Ortenblad et al., 2005) These data
suggest that the CS activity is impaired irrespective of the mitochondrial content.
An intriguing new observation was that myotubes generated from lean and obese
control subjects, but not from type 2 diabetes subjects, express an insulin-mediated
increased CS activity. In myotubes established from patients with type 2 diabetes,
lipid oxidation and insulin-mediated glucose oxidation are reduced; in addition,
palmitate impairs insulin-mediated glucose oxidation in myotubes of obese
individuals with no diabetes pathology (Gaster & Beck-Nielsen, 2004; Gaster,
Rustan, Aas, & Beck-Nielsen, 2004). Obesity-related insulin resistance shifts the
metabolic capacity of skeletal muscle toward fat esterification rather than
oxidation. In addition, dietary-induced weight loss does not correct this disposition
(Simoneau et al., 1999).

1.1.3. Citrate synthase and caloric restriction

Calorie restriction (CR) and food deprivation (FD) have been known to
greatly increase lifespan in multiple strains of mice (Weindruch, Naylor, Goldstein,
& Walford, 1988). However, there is a lack of data about other positive metabolic
changes, induced by CR and/or FD. The increase in lifespan during these
interventions is associated with the reduction of adipose tissue (Barzilai &
Gabriely, 2001; Barzilai & Gupta, 1999). The positive effect of CR on lifespan in
mouse strains appears to be correlated with maintaining the level of adiposity under
CR (Liao et al., 2011). The case favoring a role for reduced fat is based on the
excess of adiposity in insulin resistance, type 2 diabetes and metabolic syndrome
(Despres & Lemicux, 2006). Furthermore, removal of adiposity improves insulin
sensitivity (Barzilai, Banerjee, Hawkins, Chen, & Rossetti, 1998; Das, Gabriely, &
Barzilai, 2004).

Following a decrease in body mass in C57BL/6J mice due to CR, the activity
of CS increased significantly (Hagopian, Soo Hoo, Lopez-Dominguez, & Ramsey,
2013). This means that relative mitochondrial content can also increase in response
to CR or FD. On the other hand, different mouse strains respond differently to CR
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(Liao, Rikke, Johnson, Diaz, & Nelson, 2010) or FD intervention: from life
extension to life shortening outcomes. There is a lack of data on how mice with
low CS activity respond to FD intervention, and how FD could affect carbohydrate
and fatty substrates oxidation in mitochondria or other metabolism parameters in

mice with low CS activity.

1.2. Mitochondrial respiration and genetic properties

Cellular respiration is a set of metabolic reactions and processes that take
place in the cells of organisms to convert biochemical energy from substrates into
ATP, and releasing CO, and H»O. Cellular respiration takes place in mitochondria.
Cellular organelles bound by a highly folded inner and fairly smooth outer
membrane were recognized as hallmarks of eukaryotic cells providing the energy
required for metabolism (Henze & Martin, 2003). Typically, a multicellular
Mammalia has hundreds or thousands of mitochondria in each of their cells (Veltri,
Espiritu, & Singh, 1990). These numbers not only vary among species but also
among tissue types. The inner membrane is organized in cristae, harboring the
respiratory chain and ATP synthase complexes which are responsible for the
oxidative phosphorylation. The ultrastructure of the inner membrane provides a
variety of morphological features that facilitate metabolism (Boldogh & Pon, 2006;
Soubannier & McBride, 2009). This classical view of mitochondria as bean-shaped
organelles prevailed until the last decade. Afterwards, new imaging techniques and
genetic screens provided a more accurate description of a dynamic mitochondrial
reticulum and mitochondrial proteins that fuse and divide continuously (Boldogh &
Pon, 2007). Since then, significant findings have been made in the study of
pathways responsible for fusion, fission and motility of mitochondrial proteins.
However, the mechanisms and signals that regulate mitochondrial dynamics are
only beginning to emerge. A growing body of evidence indicates that metabolic
and cellular signals influence mitochondrial dynamics, leading to a new
understanding of how changes in mitochondrial shape can have a profound impact
on the functional output of the organelle. Mitochondria are between 0.75 and 3 pm
in diameter but vary considerably in structural features (Wiemerslage & Lee,
2016). Unless specifically stained, mitochondria are not visible with an electron
microscope. In addition to supplying cellular energy, mitochondria are involved in
other tasks, such as signaling, cellular differentiation, cell death, as well as

maintaining control of the cell cycle and cell growth (McBride, Neuspiel, &
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Wasiak, 2006). The reactions involved in respiration are catabolic reactions break
large molecules into smaller ones and release energy in the process, as weak so-

called “high-energy” bonds are replaced by stronger bonds in the products.

1.2.1. Mitochondrial respiration substrates

Substrates that are commonly used by cells in respiration include sugar,
amino acids, FA and oxygen (O) which is an oxidizing agent. ATP is then used to
drive processes requiring energy, including biosynthesis, locomotion or
transportation of molecules across cell membranes.

In our first study several substrates were used to measure mitochondrial
respiration in mice. These include glutamate, pyruvate, malate and succinate
(see 2.2.2). Palmitoyl-L-carnitine (PC) was taken as fatty substrate to study
oxidation of fatty substrates in mitochondria isolated from liver and muscles.

Mitochondrial pyruvate metabolism requires transport across the impermeable
inner mitochondrial membrane. It appears that mitochondrial pyruvate import is
mediated by two proteins, the mitochondrial pyruvate carrier 1 and 2, which form a
hetero-oligomeric complex in the inner mitochondrial membrane (Bricker et al.,
2012; Herzig et al., 2012). Oxidation of pyruvate by the pyruvate dehydrogenase
complex results in increased ATP production, which inhibits ATP-sensitive
potassium (Katp) channels and promotes calcium influx to drive insulin release. In
addition, several studies have shown that the production of anaplerotic products by
pyruvate carboxylation in the mitochondrial matrix promotes insulin granule
exocytosis by Ca*"-independent mechanisms in beta-cells (Farfari, Schulz, Corkey,
& Prentki, 2000; Hasan et al., 2008; Jensen et al., 2008). It must be emphasized
that pyruvate is a substrate for gluconeogenesis in hepatocytes, and mitochondrial
metabolism of pyruvate is required to convert pyruvate substrates in to a new
glucose molecule, which may contribute to hyperglycemia when insulin is
insufficient to suppress gluconeogenesis (McCommis et al., 2015).

Glutamate (G) and malate (M) are the substrates for respiration complex I,
while succinate (SU) is a substrate for respiration complex II, and additional
presence of rotenone in the medium with succinate prevent electron transfer from
complex [ (Baran et al., 2016). Rotenone (RO) is an inhibitor of respiratory chain
complex I, therefore mitochondrial respiratory rate registered using SU + RO
shows the activity of respiratory chain complex II (also known as succinate

dehydrogenase or succinate-coenzyme Q reductase. Succinate-coenzyme Q
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reductase is the only enzyme that functions in both electron transport chain and the
Krebs cycle.

Palmitoyl carnitine (PC), which was used in current research as fatty
substrate, is an ester derivative of carnitine (long-chain acylcarnitine). It is
involved in the metabolism of FA. Within the cell, PC is transported into the
mitochondria to deliver palmitate for FA oxidation and energy production (Goni,
Requero, & Alonso, 1996). Carnitine can inhibit the activity of recombinant
caspases, while PC can reverse this inhibition (Mutomba et al., 2000). Long-chain
acylcarnitine is a well-known intermediate in mitochondrial FA oxidation which
modifies myocardial levels of high-energy phosphates and FFA in the heart. It
increases erythroid colony formation in culture and reduces surface negative charge
of erythrocytes and myocytes. PC is able to disrupt the inner mitochondrial
membrane barrier to solutes, leading to vesicle leakage, and, at higher
concentrations, it produces complete membrane solubilization, while palmitoyl-
coenzyme A (palmitoyl-CoA) produces no leakage. PC has the properties of many
commonly used biochemical detergents (Requero, Goni, & Alonso, 1995).

1.2.2. Mitochondrial metabolic states

Mitochondrial metabolic states are defined in isolated mitochondria or
permeabilized cells and tissues. In a medium without energy substrates, cells
respire using endogenous substrate. Substrates can be added to the culture medium
for detailed studies of respiration (Chance & Williams, 1955a).

Mitochondrial metabolic state 3 (state 3) respiration is defined as
ADP-stimulated respiration (Sztark, Ouhabi, Dabadie, & Mazat, 1997). Under such
condition’s respiration increases only modestly but pyridine nucleotides become
much more oxidized. Substrate deprivation is aggravated by high ATP demand.
State 3 is a typical experiment showing the effect of oxidative phosphorylation,
when endogenous substrate disappears in several minutes (Packer, 1961). State 3
can also be induced if creatine phosphokinase is added to the experimental medium
containing ATP. This later approach was used in the current study. ATP is
converted to ADP and ADP binds the enzyme complex ATP synthase. ADP binds
the ATP synthase. In the presence of inorganic phosphate, which also binds ATP
synthase, ADP binding opens a channel that permits diffusion of protons into the
matrix from outside of the inner mitochondrial membrane. The energy that is

released as protons are driven across is used to produce ATP. As energy in the
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gradient is reduced the electron transport chain spontaneously speeds up. The
synthesis of ATP by mitochondria is called oxidative phosphorylation. ATP
synthase is not a part of the electron transport system (ETS), although it does float
around in the same lipid bilayer as components of the ETS. The protons that
pass-through ATP synthase simply recombine with hydroxyl ions in the matrix.
They are ionization products of water in this system as they are in any aqueous
system. Protons do not drive reactions, and they certainly do not reduce oxygen.
Oxygen consumption in state 3 is caused by the same process as is oxygen
consumption in state 4, when no ADP phosphorylation occurs (Sztark et al., 1997).
It is catalyzed by cytochrome oxidase as the last step in electron transport. The
passage of an electron pair through each of the proton-translocating complexes
(L, III, and IV) is associated with a drop in free energy that somewhat exceeds that
needed to phosphorylate one molecule of ADP.

In the early 1970s, three major hypotheses were proposed to explain the
coupling of electron transport to ADP phosphorylation. The term coupling refers to
how the energy released through electron transport is transferred to ADP and
inorganic phosphate. One proposal called for a chemical intermediate to carry
energy to an ATP synthetase enzyme, much like NADH carries energy to the ETS
from Krebs reactions. A second proposal called for a conformational change in a
membrane-bound complex that is directly associated with each complex. The
change in conformation would store energy, and when ADP and phosphate bound
the complex, the energy would be transferred. The last, the Mitchell hypothesis,
was considered by many to be too far-fetched to be true. The proposal was that the
energy was stored in the form of an electrochemical gradient, which was then
utilized at a remote site to synthesize ATP.

Support for the first two hypotheses came in part from the observation that
isolated mitochondria appear to produce three ATPs per electron pair via the
“long” route, and two via the “short” (succinate) route. In current studies of this
dissertation paper both “long” and short” routes of mitochondrial respiration were
tested. It was observed that the extramitochondrial pH dropped when mitochondria
were In the active state. Under ideal circumstances, isolated mitochondria could
phosphorylate slightly more than three ADPs per oxygen atom. It can be verified
NADH-supported respiration results in the phosphorylation of 1.5 times as much
ADP as with succinate-supported respiration by examining the ratio of ADP

molecules phosphorylated to atoms of oxygen consumed.
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In vitro mitochondrial experiments were used to measure O kinetics, due to
the difficulty of measuring the mitochondrial matrix in vivo which has a high O;
variability. The mitochondrial fraction of mouse liver and muscles provide a unique
opportunity to study mitochondrial enzyme role in oxidative phosphorylation by

calculating oxygen consumption rates using different mitochondrial substrates.

1.2.3. Mitochondrial genetic factors and diabetes

Mitochondria contain DNA and generate gene products that are necessary
not only for their own function but for that of the entire cell. This, along with the
transfer of genes from the organelle to nuclear genomes has changed over
evolutionary time (K. L. Adams & Palmer, 2003; Blanchard & Schmidt, 1995).
The biogenesis of mitochondria requires the expression of a large number of genes,
most of which reside in the nuclear genome. The protein-coding capacity of
mtDNA is limited to 13 respiratory subunits necessitating that nuclear regulatory
factors play an important role in governing nucleo-mitochondrial interactions. Two
classes of nuclear transcriptional regulators implicated in mitochondrial biogenesis
have emerged in recent years. The first includes DNA-binding transcription factors,
typified by nuclear respiratory factor (NRF) NRF-1, NRF-2 and others, that act on
known nuclear genes that specify mitochondrial functions (Prakash & Kumar,
2016). A second, more recently defined class, includes nuclear coactivators
typified by PGC-1 (for example PGC-1a) and related family members (PRC and
PGC-1B) (Iacovelli et al., 2016). These molecules do not bind DNA but rather
work through their interactions with DNA-bound transcription factors to regulate
gene expression (Scarpulla, 2002). This system provides a mechanism for linking
respiratory chain expression to environmental conditions and to integrate it with
other functions related to the cellular energetics (Scarpulla, 2006). While several
transcription/replication factors directly regulate mitochondrial genes, the
coordination of these factors into a program responsive to the environment is not
fully understood (Z. Wu et al., 1999).

Type 2 diabetes is characterized by two features: impaired insulin secretion
by pancreatic -cells and peripheral insulin deficiency (or insulin resistance by the
influence of remote factors) (LeRoith, 2002; Polonsky, Sturis, & Bell, 1996;
Taylor, Accili, & Imai, 1994). In turn, insulin resistance is a state of reduced
insulin sensitivity, an inability of insulin to lower plasma glucose levels through
suppression of hepatic glucose production and stimulation of glucose utilization in
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skeletal muscle and adipose tissue, and its extent varies considerably among
individuals (Fujimoto, 2000).

Direct impaired insulin secretion, associated with B-cell impairment, already
has a strong correlation with type 2 diabetes. -cell mitochondrial dysfunction is
thought to play a key role in the pathogenesis of diabetes, as ATP production is
necessary for optimal insulin secretion (Supale, Li, Brun, & Maechler, 2012).
Type 2 diabetes develops when the beta-cells in pancreas fail to release appropriate
amounts of insulin, causing metabolic dysregulation and hyperglycemia (Mulder &
Ling, 2009). B-cell imbalance contributes to early phases of diabetes. For instance,
mutant variants of the genes encoding the hepatic transcription factors HNF-1o and
HNF-4a cause early-onset pathology of B-cells (Yamagata, Furuta et al., 1996;
Yamagata, Oda et al., 1996). A large variety of mutations which are associated
with type II diabetes have been found. Type Il diabetes is probably a heterogeneous
disease, with inheritable major and minor genes affecting obesity, insulin secretion,
and insulin action (Malm, 1998). Diabetic 3-cells exhibit decreased hyperpolarization
of mitochondrial membranes and altered internal mitochondrial structure, but it is
still not clear whether mitochondrial alterations are directly linked to the failure of
B-cells. Furthermore, less is known about genetic factors or proteins, which are
involved in type 2 diabetes development in other tissue, for instance, in skeletal
muscle or the liver.

Peripheral control of insulin metabolism and its imbalance is much more
complicated and requires significant analysis and further study. Some
transcriptional coactivators regulate lipid metabolism and are essential for insulin
secretion coupled to FA. For example, the peroxisome proliferator-activated
receptor y coactivators-lo. and B (PGC-lo and PGC-1pB) are important in the
development of diabetes due to altered expression in highly oxidative tissues, such
as skeletal muscle and the liver (Mootha et al., 2003; Patti et al., 2003). PGC-1a
and PGC-1p are transcriptional co-activators that regulate activity of multiple
transcription factors including nuclear respiratory factor 1 (NRF1), estrogen-related
receptor o. (ERRa) and peroxisome proliferator-activated receptors (PPAR) and are
known to amplify expression of an extensive gene program controlling
mitochondrial function and integrity (Liu & Lin, 2011; Villena, 2015). ERRa could
be also one of the receptors, which are associated with gender differences in the
mitochondrial level.

Mechanisms of mitochondrial dysfunction vary between tissues. In skeletal
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muscles, there is evidence that reduced levels of oxidative enzymes associated to

insulin resistance which is a hallmark for type 2 diabetes (Kelley et al., 2002).

1.2.4. Sex effects on mitochondria in mice

There is evidence for differences in mitochondrial physiology between males
and females in most animal species across the lifespan. Lifespan of females is
prolonged by reduced production of ROS and the associated decrease in damage to
mitochondrial DNA (Vina, Sastre, Pallardo, & Borras, 2003). Comparative studies
of higher vertebrates’ animals with different aging rates have shown that the rate of
mitochondrial ROS production is directly related to the steady-state level of
oxidative damage to mitochondrial DNA and is inversely correlated with maximum
longevity. Caloric, protein and methionine restriction decrease ROS production and
oxidative damage (Sanz, Caro, & Barja, 2004; Seo et al., 2006). Interestingly,
calorie restriction decreases the rate of aging and proportionately decreases
mitochondrial ROS generation, especially at the level of complex I (Barja, 2004).
That is one of the reasons why it would be sensible to additionally test mice after
food deprivation (e.g., their mitochondrial respiration, and overall metabolism).

The problem of ROS cannot be ignored when talking about mitochondria.
Mitochondria is one of the main sources of ROS along with peroxisomes,
endoplasmic reticulum and enzyme systems (e.g. lipoxygenase, xanthine oxidase,
NADPH oxidase) (Holmstrom & Finkel, 2014). There is an evidence, that ROS
production is increased in mitochondria of fatty liver (S. Yang et al., 2000). The
negative impact of ROS production is mitochondrial damage which leads to
pathological states and aging, which differ between males and females.
Mitochondrial dysfunction, which decreases cellular energy metabolism and
increases ROS production, is thought to play a major role in the aging process of
cochlear hair cells (Someya & Prolla, 2010; Yamasoba et al., 2007). Among
C57BL6 mice, females have shorter lifespan than males (Ali et al., 2006), which
can be also associated with mitochondrial physiology differences.

There are quite a few explanations for higher hydrogen peroxide synthesis in
males. One of the explanations is the Meta theory of aging. It is suggested that free
radicals are responsible for cellular impairment during aging (Harman, 1956).
Estrogen is a common hormone to control hydrogen peroxide synthesis in females,
but it is not the main reason for gender differences in mitochondria function.

Interestingly, males and females of B6 mouse strain did not differ in oxygen
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consumption rates of mitochondria from heart, skeletal muscle or liver when
assessed in both state 3 and 4 and showed similar ATP levels in spite of markedly
higher estrogen levels in females compared to females (Sanz et al., 2007).
However, mitochondrial substrates and specific properties of some enzymes might
be of importance here. This could be of importance in regulation of substrate-
enzyme interactions that regulate oxidation-reduction reactions. For example, in B6
mice, mutation of nicotinamide nucleotide transhydrogenase leads to loss of the
enzyme function and decreased oxidized glutathione ratio, a marker for oxidative
stress (Ronchi et al., 2013). Glutathione reductase (GR), superoxide dismutase
(SOD) and CS are other mitochondrial enzymes which are often studied to quantify
differences between male and female animals. CS activity was higher in female
than male mice (Ronchi et al., 2013). Also, in skeletal muscle mitochondria less
hydrogen peroxide was produced in females compared to males in a response to
isocaloric intake of high fat diet, but sex differences in hydrogen peroxide
production from isolated liver mitochondria were not significant (Catala-Niell,
Estrany, Proenza, Gianotti, & Llado, 2008). These data suggest that mitochondria
of skeletal muscles show greater hydrogen peroxide differences between male and
female animals liver mitochondria, and more attention should be paid to enzymes
of mitochondrial Krebs cycle.

There is little data on respiration of mitochondria from skeletal muscles of
humans. To our knowledge, the only study that compared respiration of mitochondria
from skeletal muscle was done on samples of the gastrocnemius muscle from men
and women. It did not reveal any differences in mitochondrial content or Complex
I, II, 1II, and IV-dependent mitochondrial respiration between male and female
subjects. CS activity did not differ between males and females in the same study
(Thompson et al., 2013). Extraction and assessment of mitochondrial respiration in
samples of human tissue have a variety of technical and ethical issues. It appears
that mouse tissues are more suitable for detailed studies of mitochondria
metabolism as repetition of experiments is often required (Jacobs, Diaz, Meinild,
Gassmann, & Lundby, 2013). Previous study showed that oxygen consumption in
muscle mitochondria was higher in female rats compared to males, but in liver
mitochondria no gender-dependent positive results were observed (Catala-Niell et
al., 2008).

Other research has found higher levels of the reduced form of glutathione

(which has an increased antioxidant capacity) in liver mitochondria in female than
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in male rats (Borras et al., 2003). These data suggest that in female rodents’
antioxidant capacity may be higher than in males. Lower antioxidant capacity may
contribute to stronger oxidative damage to mitochondria, leading to mitochondrial
dysfunction.

Energy balance depends on the mechanisms that regulate basal metabolism,
energy expenditure, respiration quotient and physical activity. These metabolism
parameters may be gender dependent. For example, female rats have greater whole
body O, consumption, which is indicative of higher energy expenditure than male
rats (Rodriguez-Cuenca et al., 2002). As described above, females have different
mitochondrial physiology. These could be responsible, at least in part, for the
differences in energy expenditure found between genders (Quevedo, Roca, Pico, &
Palou, 1998; Rodriguez-Cuenca et al., 2002).

1.3. Myostatin dysfunction

Myostatin, which belongs to transforming growth factor B-superfamily, is a
protein which negatively regulates growth of skeletal muscle (Buehring & Binkley,
2013; Lee, 2004; McPherron et al., 1997). Myostatin, which is also known as
growth differentiation factor-8 (GDF-8) (McPherron et al., 1997), is encoded by
MSTN gene, which in humans is localized in chromosome 2 (2q32.2) and in mice it
is localized in chromosome 1 (C1.1) (NCBI database: [MSTN myostatin]).
Myostatin is primarily expressed in skeletal muscles, but low expression levels of
myostatin were detected in mammary gland, heart muscle and adipose tissue (Ji et
al., 1998; McPherron et al., 1997; Sharma et al., 1999).

Mice lacking myostatin have strikingly enlarged skeletal muscle mass due to
the fiber hypertrophy and hyperplasia (McPherron et al., 1997; Whittemore et al.,
2003). By the same token, myostatin overexpression in the mouse skeletal muscle
decreases their mass significantly (Reisz-Porszasz et al., 2003; Zimmers et al.,
2002). The myostatin signaling cascade suppresses protein synthesis and promotes
protein breakdown, but the mechanism of myostatin activation remains uncertain
(Lipina, Kendall, McPherron, Taylor, & Hundal, 2010; Schiaffino, Dyar, Ciciliot,
Blaauw, & Sandri, 2013).

One known fact is that myostatin inhibition leads to partial improvements in
muscle mass and function of dystrophic mice, a model for Duchenne muscular
dystrophy (Bogdanovich et al., 2002). It is highly unlikely that myostatin
dysfunction could lead to a cure of muscular dystrophy, since it does not address
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the pathophysiological mechanisms related to the lack of dystrophin. Studies of
other pharmaceutical targets are also required (Tsuchida, 2008). On the other hand,
these findings speak for potential of myostatin inhibition therapies, which are still
under intensive development. Some strategies including treatment with myostatin
binding follistatin (Rajput et al., 2013; Tsuchida, 2008), myostatin antibodies
(Bogdanovich et al., 2002; St Andre et al., 2017) and Mstn gene silencing with
systemic siRNAs delivery (Khan et al., 2016) have shown promising results.

A great majority of studies of myostatin dysfunction were carried out using
C57BL/6J strain. Studies of other mouse strains may be helpful for a better
understanding of physiological effects of myostatin dysfunction. Berlin high mouse
strain (BEH) presents such a model. BEH strain was derived from heterogeneous
population of mice in 1970s by selection for protein content and body weight at the
age of 60 days (Biinger et al., 2001). It was later discovered that BEH hypermuscularity
is partially due to a mutation in myostatin gene (Msin), in particular a 12bp
deletion known as the compact allele (Varga et al., 1997). The BEH+/+ strain
differs from BEH by 0.01 % of genome, ~0.4 Mb region on chromosome 1
engulfing the Mstn gene (Lionikas, Kilikevicius et al., 2013). This region in
BEH-+/+ contains wild type Mstn which was introgressed from the BEL strain by
marker-assisted selection for many generations (Amthor et al., 2007). Interestingly,
on the C57BL/6]J background myostatin dysfunction induces both fiber
hypertrophy and hyperplasia (Mendias, Marcin, Calerdon, & Faulkner, 2006),
whereas on the BEH background it promotes fiber hypertrophy only (Lionikas,
Kilikevicius et al., 2013). Thus, effects of myostatin dysfunction appear to be
influenced by the genetic background.

1.3.1. Myostatin and insulin resistance

Metabolic studies of mice with myostatin deficiency suggest that the
mutation may protect skeletal muscles against insulin resistance and obesity
(Wilkes et al., 2009). Indeed, myostatin dysfunction inhibits body fat gain induced
by high fat diet (Hamrick et al., 2006). That means, there is a strong association
between myostatin and FA breakdown. Circulating adiponectin levels decrease
with diet-induced obesity in mice with compact allele of Mstn gene, consistent with
numerous studies showing a relationship between obesity and circulating
adiponectin (Berg, Combs, & Scherer, 2002). Other study showed that transgenic

overexpression of the inhibitory myostatin propeptide led to a decrease in
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circulating adiponectin in mice fed a standard diet, meaning transgenic myostatin
propeptide expression as a possible treatment method of diet-induced insulin
resistance (Zhao, Wall, & Yang, 2005). Therefore, myostatin inhibition has a

potential for the prevention of obesity and insulin resistance.

1.3.2. Myostatin and food deprivation

Quite a few studies of myostatin dysfunction focused on myostatin
expression in high fat diet fed mice (Wilkes et al., 2009). However, there is little
data on how myostatin inhibition is associated with insulin resistance and obesity
with CR or FD interventions. It is well known that FD induces loss of body and
muscle mass. Similarly, loss of muscle mass accompanies many chronic diseases,
such as muscle dystrophies (Becker muscular dystrophy, Limb-girdle muscular
dystrophy), cachexia-related diseases and sarcopenia, which ambiguously coexist
with obesity (Emery, 2002; Hollander et al., 2016; Merlini, Vagheggini, & Cocchi,
2014; Ranjan, Ramachandran, Manikandan, & John, 2015; Rolland et al., 2008;
Schiaffino et al., 2013; Wannamethee & Atkins, 2015).

On the other hand, humans subject themselves to muscle wasting states
through deliberate FD or CR to target body fat. Despite the negative effect on
muscle mass CR and FD, when applied appropriately, may improve overall health
and longevity. For instance, mice subjected to CR have lost proportionally more
white adipose tissue (WAT) mass than other types of tissue with positive longevity
effect (Anderson & Weindruch, 2012). An excess of WAT was found to contribute
to obesity and type 2 diabetes via WAT-derived cytokines (Lago, Dieguez, Gomez-
Reino, & Gualillo, 2007). Although CR has strong potential in obesity prevention,
it may negatively affect the mass of skeletal muscle (Hooper, 1984; Maxwell,
Enwemeka, & Fernandes, 1992). Therefore, it is crucial to find means which could
preserve muscle mass breakdown during these catabolic states.

It has been suggested that myostatin dysfunction prevents loss of mass of
tibialis anterior muscle after 48 h, but not after 24 h of starvation (Allen, Cleary,
Lindsay, Loh, & Reed, 2010). On the other hand, higher rates of muscle loss have
been reported in C57BL/6J mice lacking myostatin compared to the wild type
controls after 24 h of acute starvation and 5-week period of 40 % CR (Collins-
Hooper et al., 2015a, 2015b; Matsakas et al., 2013). These findings are somewhat
controversial and other models of myostatin dysfunction might be useful in
resolving this controversy about effects of myostatin dysfunction on muscle
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wasting during CR or acute starvation. The role of myostatin in muscle wasting
during FD and/or CR is not fully understood (Allen et al., 2010; Collins-Hooper et
al., 2015b). The effects of myostatin inhibition are likely to be strain dependent,
because different mouse strains vary in body mass as well as muscle mass and
composition (Lionikas, Kilikevicius et al., 2013). For example, Berlin High mice
(BEH) even with functional myostatin have significantly greater muscle mass
compared to B6 mice (Bunger et al., 2004). It is likely that BEH strain carries
several gene variants to favor accretion of body and muscle mass (Varga et al.,
2003). Different mouse strains with equal body masses can vary significantly in
basal metabolic rate (Konarzewski & Diamond, 1995). Physiological mechanisms,
triggered by these gene variants under FD conditions, might interact with myostatin
deficient mice in distinct cell signaling pathways compared to B6 strain.

Myostatin dysfunction is associated with enhanced functioning of
PI3-kinase/Akt/mTOR signaling pathway which stimulates protein synthesis in
skeletal muscles (Lipina et al., 2010; Schiaffino et al., 2013). It appears that the
same pathway is involved in control of proteasome and autophagic lysosome
pathways responsible for protein breakdown (Glass, 2003). Overexpression of
myostatin inhibits the activation of Akt (Trendelenburg et al., 2009).

It is important to identify physiological mechanisms responsible for the
increase rate of muscle wasting in mice with myostatin dysfunction compared to
wild-type mice. There is a need to maintain blood glucose levels for normal brain
and other tissue function during starvation.

During FD, energy substrates are mobilized from adipose and other tissues,
including skeletal muscles, to provide a continued source of nutrients for
gluconeogenesis in liver (Allen et al., 2010). As myostatin-deficient mice have
reduced adipose tissue mass, amino acids from skeletal muscles might be used for
an energy to a greater extent than in wild-type individuals during FD (McPherron
& Lee, 2002). Indeed, myostatin knock-out mice have reduced rates of lipid
oxidation in skeletal muscles, high insulin sensitivity and high glucose uptake
compared in wild-type mice in the fed state (Guo et al., 2009).

Skeletal muscle is known to be a tissue of high ATP energy demand when
activated as in case of physical activity (Baker, McCormick, & Robergs, 2010).
Reduction in levels of physical activity might be an important adaptation to acute
starvation. This is probably reflected in a decrease of physical activity and body

temperature during the restriction of caloric intake (Swoap, 2008).
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As a consequence, muscle proteins are degraded and used as a source of
substrate for gluconeogenesis under the energetic deficit. Also, abundance of

adipose tissue (fat mass) could partially prevent from muscle wasting.

1.4. Importance of macronutrient distribution in a diet

According to the paradigm of energy balance, animals and humans gain
weight when their energy intake exceeds energy expenditure (J. Galgani &
Ravussin, 2009). Increase in physical activity could prevent weight gain, but
adjustments in diet are often easier to implement on the population level
(Westerterp, 2019). A key question is what diet is best suited for weight control.
A popular belief is that macronutrient composition of food is important alongside
reduction in food intake (Buchholz & Schoeller, 2004). Indeed, effect on satiety
and dietary-induced thermogenesis are greater for dietary protein compared to
carbohydrates or fat (Jequier, 2002; Leidy et al., 2015). Human overfeeding studies
suggest that protein has a smaller detrimental effect on body composition
compared to carbohydrates and fat which are usually the major candidates for
restriction in various diets aimed for weight control (Leaf & Antonio, 2017). It is
still controversial whether proportions of these two macronutrients are important
for metabolic health (Ge et al., 2020; Sacks et al., 2009). One of the theories
proposes that dietary carbohydrates are inherently more obesogenic than fat due to
strong effect on insulin secretion (Ludwig & Ebbeling, 2018). The so-called
carbohydrate-insulin model of obesity is often criticized as lacking strong evidence
in support of it (K. D. Hall et al., 2018). Nevertheless, a recent randomized-
controlled study in humans demonstrated that energy expenditure was by up to
478 kcal per day greater on a low-carbohydrate diet compared to high-carbohydrate
diet for a similar energy intake (Ebbeling et al., 2018). Diets promoting energy
expenditure while keeping energy input unchanged would be a promising strategy
for weight management. However, concerns were raised about suitability of doubly
labelled water technique to measure energy expenditure in diets of varying
carbohydrate and fat content as in the above-mentioned study of Ebbeling et al.
(2018) (Ebbeling et al., 2018; K. D. Hall & Guo, 2019; K. D. Hall et al., 2019).
Nutrition epidemiology aimed at comparing different diets have also been plagued
by methodological difficulties which mainly concern assessment of food intake
(J. P. A. Toannidis, 2018).
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1.4.1. Mouse model suitability for dietary interventions

It appears that inbred mouse model is well suited to examine the
controversial issue about the importance of dietary composition for weight loss and
metabolic health. Key advantages of such studies are that food intake can be better
controlled than in human studies and unpredictable effects of genetic factors are
minimized. The C57BL/6J mouse strain is prone to diet-induced obesity
(Speakman, 2019a) and tolerates well various diets with large differences in
carbohydrate and fat content (National Research Council Subcommittee on
Laboratory Animal, 1995; Roberts et al., 2017). A recent study of 29 diets has
demonstrated that dietary fat content was associated with greater energy intake and
preponderance to obesity of these mice fed ad /ibitum (Hu et al., 2018). According
to this study, mice regulate their food consumption primarily to meet an energy
rather than a protein target, but this system can be over-ridden by hedonic factors
linked to fat, but not sucrose, consumption.
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2. MATERIALS AND METHODS
2.1. Animals

All the experimental procedures concerning mice were approved by the
Lithuanian State Food and Veterinary Service (no. 0223 in 2012 and no. 10 in
2014). Mice were kept in standard cages (cage dimensions: 267 x 207 x 140 mm)
at 20-22 °C temperature and 55 + 10 % humidity with 12/12-h light/dark cycle.
Mice fed for standard rodent diet (58.0 % kcal from carbohydrate, 28.5 % kcal
from protein, 13.5 % kcal from fat; LabDiet 5001, LabDiet, St. Louis, USA) and
received tap water ad libitum.

Five mouse strains were used in experiments: C57BL/6J (B6), B6.A-
(rs3676616-D10Utsw1)/Kjn (B6.A), C57BL/6J-Chr 10*/NaJ (B6.A10) (Jackson
laboratory, Bar Harbor, ME USA), Berlin High with myostatin dysfunction (BEH)
and Berlin High with functional myostatin allele (BEH+/+). BEH and BEH+/+
breeding pairs were a kind gift of professor Lutz Biinger (Scotland’s Rural College,
Edinburgh, UK).

B6 mice represented control group with a native C57BL/6J strain genome.
B6.A mice carried missense H55N mutation of Cs gene in chromosome 10, where
A is substituted for C, rs29358506 on B6 mouse background. These B6.A mice
with a point mutation in Cs gene are generated by the method of backcross and are
called congenic (Johnson et al., 2012). A10 in B6.A10 strain refers to chromosome
10 of the A/J strain which had replaced the B6 strain’s chromosome 10. Mice with
substituted chromosome are called consomic, when two inbred strains are
combined by chromosome replacement (one donor and one recipient strain)
(Nadeau et al., 2000). Both B6.A and B6.A10 strains are characterized by a
decrease in CS activity.

BEH mice were homozygous for MstnCmpt-dl1Abc (Compact; Cmpt)
mutation which is associated with impaired function of myostatin due to mutation
in Mstn gene (Amthor et al., 2007; Lionikas, Kilikevicius et al., 2013; Lionikas,
Smith et al., 2013; Varga et al., 1997), while BEH+/+ strain had a wild-type
functioning myostatin. BEH+/+ mice were generated by crossing BEH mice with
the Berlin Low (BEL) strain and then repeatedly backcrossing the offspring to
BEH by using marker assisted selection for the functional myostatin, as described
in earlier studies (Amthor et al., 2007; Lionikas, Kilikevicius et al., 2013).
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2.2. Experimental design

2.2.1. First study

The objective of this study was to compare oxidation of carbohydrate and
fatty substrates in mitochondria expressing wild type and mutant CS activity. Steps
of the study:

1. Mouse sacrifice and subsequent liver and muscle homogenization

(see 2.3.1).

2. Isolation of mitochondria (see 2.3.1).

3. Protein concentration in mitochondrial suspensions (see 2.3.1).

4. Measurement of mitochondrial respiration (see 2.3.2).

5. Measurement of mitochondrial CS enzyme activity (see 2.3.3).

6. Analysis of the results.

2.2.2. Second study

The objective of this study was to determine the effects of low CS activity
on metabolic health and physical activity in B6, B6.A and B6.A10 mouse strains of
both genders. Steps of the study:

1. Mouse weighing before metabolism analysis (see 2.4).

2. Energy metabolism and physical activity measurements of freely moving

mouse (see 2.4).

3. Analysis of the results.

2.2.3. Third study

The objective of this study was to analyze the impact of low CS activity
(B6.A and B6.A10 strains) and myostatin dysfunction (BEH strain) on changes in
energy metabolism and muscle mass after 48-h food deprivation. Steps of the
study:

1. Mouse weighing before metabolism analysis (see 2.5.1).

[\S}

. Energy metabolism and physical activity measurements of freely moving
mouse (see 2.5.1).

. Mouse weighing before food deprivation intervention.

. Mouse separation into single cage with subsequent 48-h food deprivation.

. Mouse weighing at 24-h mark of food deprivation.

AN U A~ W

. Mouse weighing after 48-h food deprivation
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12.

13.
14.

. Energy metabolism and physical activity measurements of freely moving

mouse (see 2.5.1).

. Mouse sacrifice and dissection of hindlimb muscles (see 2.5.2).
. Weighing of each of the dissected muscles.

10.
11.

Measurement of CS enzyme activity from muscle homogenate (see 2.5.3).
Muscle fiber type composition analysis (only for BEH+/+ and BEH mice,
see 2.5.4).

Analysis of microscopic images of the cross sections (only for BEH+/+
and BEH mice, see 2.5.4).

Fat dissection and weighing (only for BEH+/+ and BEH mice, see 2.5.5).
Analysis of the results.

2.2.4. Fourth study

The objective of this study was to examine if carbohydrate and fat

hypocaloric diets with equal protein content induce different improvements in body

composition, energy balance and glucose tolerance of obese B6 mice during caloric

restriction. Steps of the study:

L.

AN L kW

-
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18-week mice exposure to the obesogenic diet and daily energy intake
measurements (see 2.6.1).

. 6 weeks of caloric restriction, which was gradually increased from 20 %

(1 week) to 30 % (2—4 week) and 40 % (5—6 week) of the calculated
energy intake on the ad libitum obesogenic diet (see 2.6.2).

. Mouse weighing before glucose tolerance test.
. Glucose tolerance test (see 2.6.3).
. Mouse weighing before metabolism analysis

. Energy metabolism and physical activity measurements of freely moving

mouse

. Mouse sacrifice.
. dissection of hindlimb muscles and fats (see 2.6.4).
. Analysis of the results (see 2.6.5).



2.3. Mitochondrial respiration. First Study

2.3.1. Isolation of mitochondria

Mitochondrial respiration was studied in 12-week-old B6 and B6.A mice
(n =16 of each strain, eight males and eight females). The following solutions were
prepared for the isolation of mitochondria:

1) Homogenization medium (H medium: 250 mM sucrose, 10 mM TRIS,
3 mM EGTA, pH 7.7, 4 °C);

2) Suspension medium (S medium: 250 mM sucrose, 5 mM TRIS, pH 7.34,
4 °C);

3) Isolation medium A (2.5 ml of 150 mM sucrose, 75 mM KCI, 50 mM
KH,PO4, 5 mM MgCl,, | mM EGTA, pH 7.4, 4 °C) supplemented with 0.2 mg/ml
bacterial proteinase (type XXIV, from Bacillus licheniformis, P8038, Sigma-
Aldrich, Germany);

4) Isolation medium B (250 mM sucrose, 20 mM MOPS, 0.1 mM EGTA,
pH 7.4, 4 °C) supplemented with 1 mg/ml bovine serum albumin (BSA) and 15 ml
of isolation medium B without BSA.

The prepared solutions were kept on ice during procedure (4 °C). For
mitochondria respiration measurements, incubation solution 6 (IT6: KCI 110 mM,
creatine monohydrate 50 mM, TRIS 20 mM, KH,PO4 5 mM, Mg (MgCl,-6H,0)
2.5 mM, pH 7.2, 37 °C) were prepared before mitochondria isolation procedure.

Following euthanasia by the cervical dislocation, liver and skeletal muscles
of the hindlimb were quickly excised and placed into separate 40 ml ice-cold 0.9 %
KCI solution.

For liver mitochondria isolation, 3 min of incubation in ice-cold KCI was
implemented. Then liver was briefly minced with surgical scissors. Liver filled
with H medium (liver mass with H medium ratio was 1:10 (m/V)) was
homogenized by Potter-Elvehjem homogenizer (Thermo Fisher Scientific, United
States of America) connected to electric T25 disperser (IKA, Germany) with 10
strokes at 750 rpm for 20-30 s. The homogenate was transferred into a centrifuge
tube.

Mitochondria were isolated by differential centrifugation (Zukiene,
Nauciene, Ciapaite, & Mildaziene, 2010). There were 3 steps of centrifugation for

mitochondria isolation from liver: 1) 800 x g for 5 min; 2) 6800 % g for 10 min at
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and 3) 6800 x g for 10 min at 4 °C (Allegra 64R centrifuge, Beckman Coulter,
S. Drive, United States of America). After the first centrifugation the supernatant
was filtered through double layered medical gauze fabric and centrifuged again.
After the second step of centrifugation the pellet was resuspended in S medium.
After the final third step of centrifugation mitochondrial precipitate was suspended
again, the suspension was transferred into Eppendorf tube and put on ice before
proceeding with the measurements of protein concentration.

For muscles mitochondria isolation, muscles were incubated for 5 min in
ice-cold isolation A medium supplemented with 0.2 mg/ml proteinase (type XXIV,
P8038, Sigma-Aldrich, Germany). After incubation, muscles were transferred to a
shallow glass beaker on ice. After removal of connective and adipose tissue,
muscles were cut into small pieces using surgical scissors until homogeneity. 20 ml
of ice-cold isolation medium B supplemented with 1 mg/ml of BSA was added into
minced muscles and the final mix was homogenized with 10 strokes at 750 rpm for
20-30 s. Homogenate was transferred into the centrifuge tube. The procedure for
isolation of mitochondria from skeletal muscles was similar as in other studies
(Garcia-Cazarin, Snider, & Andrade, 2011). Steps of differential centrifugation
were as follows: 1) 800 x g for 10 min; 2) 10 000 x g for 10 min; 3) 10000 x g for
10 min at 4 °C (Allegra 64R centrifuge, Beckman Coulter, USA). After the first
step of centrifugation the supernatant of muscles was filtered through medical
gauze fabric, and after second step of centrifugation the supernatant was removed
and 10 ml of ice-cold isolation medium B was added to resuspend the mitochondria
pellet. After final third step of centrifugation the supernatant was discarded, 100—
150 pl of ice-cold isolation medium B (without BSA) was added into tube with
mitochondria. Afterwards mitochondrial pellet was resuspended again and
prepared suspension (~100 mg/ml of protein) was transferred into Eppendorf tube.
Both liver and isolated muscles mitochondrial suspensions were kept on ice
throughout the experiment.

The protein concentration in mitochondrial suspensions was measured by a
modified biuret method spectrophotometrically (Gornall, Bardawill, & David,
1949). BSA was used as a standard for biuret test: solutions of 0.25-10 mg of BSA
were prepared using deionized H.O (Milli-Q H»O). Standard curve was drafted
according to each standard value, measured spectrophotometrically at 536 nm
wavelength. 1.6 ml of Biuret reagent, 380 ul of deoxycholic acid (DOX, 0.33 %)
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and 20 pl of each standard were gently mixed and incubated for 15 min at 37 °C
before spectrophotometric analysis. Mitochondrial protein concentration
measurements went through the similar steps as BSA standards: 20 pl of protein,
380 pl of DOX (0.33 %) and 1.6 ml of biuret reagent are incubated for 15 min at
37 °C. Samples are prepared in duplicates with negative control (400 ul 0.33 %
DOX and 1.6 ml of biuret reagent). Mitochondrial suspensions were used
immediately for respiration measurement or stored at —80 °C until CS enzyme

activity analysis.

2.3.2. Measurement of mitochondrial respiration

Mitochondrial respiration was measured as oxygen consumption (O nmol

I~ mg?! - protein) at 37 °C in 1.5 ml glass vessel equipped with Clark-type

min’
oxygen electrode by using polarography system (Rank Brothers LTD, UK). The
technique of polarography is based on water-dissolved oxygen reduction (1.1, 1.2)
and on fundamental biochemistry of oxidative phosphorylation (Chance &
Williams, 1955b). Working oxygen electrode potential had been chosen with an
estimation to not to exceed overall reaction speed of 0.7 V.

0>+ 2é + 2H'— H>0, (1.1)

0; + 4é + 4H'— 2H>0 (1.2)

The following respiratory substrates were used in experiment:

1. 5 mM glutamate (prepared from L-glutamic acid, G8415, Sigma-Aldrich,
Germany) and 5 mM malate (prepared from L-(—)-malic acid disodium salt,
M9138, Sigma-Aldrich, Germany) (GM).

2.5 mM glutamate plus 5 mM malate plus 0.005 mM palmitoyl-L-carnitine
(prepared from palmitoyl-L-carnitine chloride, P1645, Sigma-Aldrich, Germany)
(GM + PC).

3.5 mM pyruvate (prepared from sodium pyruvate, P2256, Sigma-Aldrich,
Germany) and 5 mM malate (PM).

4.5 mM pyruvate and 5 mM malate plus 0.005 mM palmitoyl-L-carnitine
(PM + PC).

5. 0.005 mM palmitoyl-L-carnitine plus 0.25 mM malate (PC + M).

6.5 mM succinate (prepared from sodium succinate dibasic hexahydrate,
S2378, Sigma-Aldrich, Germany) plus 0.001 mM rotenone (prepared from
rotenone, R8875, Sigma-Aldrich, Germany) (SU + RO).
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Rotenone was used for respiratory chain complex I inhibition (Scholte,
1973) to measure oxygen consumption rates, which are associated with respiratory
chain complex II activity (Bouderba et al., 2012) when succinate is used as a
substrate.

1 ml of IT6 solution was added into glass vessel equipped with oxygen
sensitive electrode together with one of the respiratory substrates and creatine
phosphokinase (C3755, Sigma-Aldrich, Germany). Final concentration (prepared
by the manufacturer protocol) of 0.05 mg/ml creatine phosphokinase was added.
IT6 must be maintained at 37 °C throughout the experiment. The volume of
mitochondrial suspension corresponding to 1 mg of liver mitochondria protein or to
0.15 mg of muscle mitochondria protein was added into IT6 medium (IT6 medium
contains IT6 solution, 10 ul of respiratory substrate solution and 10 ul of prepared
(0.05 mg/ml) creatine phosphokinase solution. Mitochondrial metabolic state 3
(state 3) respiration (“state 3 respiration” will also be used in results section) was
initiated by adding 1 mM of ATP which is constantly converted to ADP by creatine
phosphokinase that functions as ADP regenerating system (meaning high ADP and
Pi concentrations) in medium together with creatine (Chance & Williams, 1955a;
Kholodenko et al., 1987). Oxygen consumption of state 3 was calculated as

nmol O - min™' - mg protein™.

2.3.3. Mitochondrial CS enzyme activity

For assessment of CS activity in isolated mitochondria, 10 pul of
mitochondria lysate was added to start the reaction in 990 ul of reaction reagent
which then consisted of 100mM triethanolamine-HCI, 5,5'-dithiobis
(2-nitrobenzoic acid) (DTNB) (100 uM), 0.25 % Triton-X (vol/vol), 0.5 mM
oxaloacetate, 0.31 mM acetyl CoA with pH adjusted to 8.0. Other steps of CS
activity measurements were similar to the thoroughly described below muscles CS

activity assay procedure (see 2.4.1).

2.4. Metabolism measurements, physical activity. Second study

Control B6 strain (n= 18, nine males and females, respectively) and two
mouse strains with low CS activity, i.e., B6.A (n= 18, nine males and females,
respectively) and B6.A10 (n= 18, nine males and females, respectively), were

studied in the metabolic cage.
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Assessment of absolute (ml - min!) and relative (ml - min! - kg®7) oxygen
consumption (VOy) and carbon dioxide production (VCO,) were carried as
additional out to supplement respiration quotient (RQ) calculations. Absolute
(kcal - day') and relative (kcal - kg7 - day™) energy expenditure (EE) was also
assessed.

The metabolic measurements were carried using in the metabolic cage
(Physiocage 00, Panlab Harvard Apparatus, Barcelona, Spain) connected to the gas
analyzer (LE405, Panlab Harvard Apparatus, Barcelona, Spain). Prior to
measurements the gas analyzer (LE405, Panlab Harvard Apparatus, Barcelona,
Spain) was calibrated with gas mixtures at the high point (50 % O», 1.5 % CO,)
and at the low point (20 % O», 0 % COy). During the metabolic measurements, the
gas analyzer was coupled to the switching device (LE400, Panlab Harvard
Apparatus, Barcelona, Spain) which controlled the air flow throw the metabolic
cage and the analyzer. Air flow rate was set to 250 ml - min™ as recommended by
the manufacturer. Switching time was 3 min which refers to the duration of
measurements O, and CO, concentrations in the metabolic cage and the external
environment, respectively. Metabolism system produces whole body respiratory
gas analysis in free moving animals. EE was calculated as the average values of the
last 2 of 3 h measurements by Weir equation (2):

EE=[3.815+(1.232-RQ)] - VO: - 1.44 (2)

The average body mass measurements before and after EE assessment were
used in EE adjustment to body mass. “Metabolism version 1.2” software (Panlab
Harvard Apparatus, Barcelona, Spain) was applied for the acceptance of primary
metabolism data.

Physical activity. The Physiocage system (Panlab Harvard Apparatus,
Barcelona, Spain) was used to assess mouse physical activity and rearing
parameters. The assessment of physical activity was done using strain gauges
attached to the cage for measurements of ground reaction forces generated by mice
in the cage. The rearing activity is assessed as lifts of the body above 10 cm height
as detected by infrared barriers. Results were calculated by “Metabolism version

1.2” software (Panlab Harvard Apparatus, Barcelona, Spain).
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2.5. Food deprivation. Third study

Food deprivation (FD) means that organism has no access to food. The
control (CON) mice were provided with ad libitum access to water and food. The
food-deprived (FD, identical abbr. for food-deprived and food deprivation) mice

had ad libitum access to water, but did not receive any food for the subsequent 48 h.

2.5.1. Study design and metabolism analysis

Metabolic measurements were performed at light cycle (from 9 a.m. to
6 p.m.). For the control (CON metabolism) measurements, each of 16-week-old
B6, B6.A, B6.A10 (n =9 of each strain) male mouse was weighed (Kern, ABS 80-4,
Germany) and tested in physiocage for 3 h (1 h of acclimation and 2 h of real-time
measurements) before FD (as described thoroughly in the second study, see 2.3).
After CON metabolism analysis, each mouse was weighed again and housed alone
in a separate cage without food, but with tap water ad libitum for the next 48 h.
During FD intervention, the mouse was weighed additionally at 24 h mark. After
48 h the mouse was weighed again followed by assessment of metabolism and
physical activity (FD metabolism) using the identical conditions as for the control
3 h measurement. 18-week-old BEH+/+ (n=45), BEH (n=35) male mice were
subdivided into the non-intervention control (for BEH+/+ n =18, BEH n = 12) and
experimental (for BEH+/+ n =27, BEH n = 23) groups, respectively. Non-intervention
control was used only for body composition analysis to have comparison material
versus experimental group. For the metabolism measurements, each of experimental
mouse was weighed and tested in physiocage before (CON) and after (FD) 48-h
food withdrawal intervention. All the steps for BEH+/+ and BEH mice were
matched to B6 lineage FD analysis. At the end of energy metabolism assessment,

the mouse was weighed for the last time.

2.5.2. Single and aggregate muscle mass

Mice were sacrificed by the exposure to CO, at the end of all experiments.
Immediately afterwards, as in our previous study (Kvedaras et al., 2017), the
skeletal muscles of the left and right hindlimb muscles, including gastrocnemius
(GANS), plantaris (PL), soleus (SOL), tibialis anterior (TA) and extensor digitorum
longus (EDL), were dissected and weighed with a precision of 0.1 mg (Kern,

ABS 80-4, Germany). Before weighing the muscles were freed from all visible
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tendons and blotted dry rapidly on filter paper. The skeletal muscle mass was
calculated as a sum of left and right leg masses (sum of muscle mass or aggregate
muscle mass) of all five dissected muscles. Muscle to body mass ratio (3) was
calculated as:

Sum of muscle mass - (body mass™ - 100) (3)

Afterwards, muscles were having been immediately immersed in isobutanol
(IUPAC nomenclature: 2-methylpropan-1-ol) and frozen in liquid nitrogen

(“Litgenas”, Kaunas, Lithuania).

2.5.3. CS enzyme activity from muscles

CS enzyme activity assay was determined from homogenized skeletal
muscles as described previously (Kvedaras et al., 2017; Ratkevicius et al., 2010).
From 40 to 70 mg samples (n = 8) of the GAS muscle were homogenized in ice-cold
lysis buffer (50 mM Tris—HCI, 100 mM KHPO4, 2 mM ethylenediaminetetraacetic
acid (EDTA), 0.2 % w/v BSA, pH 7.0) and frozen liquid nitrogen. Then the
homogenates were defrosted by shaking for 60 min and centrifuged at 13 000 g for
10 min at 4 °C. Bradford assay was used in assessment of protein concentration of
supernatants. Measurements of CS activity were carried out using the reaction
reagent (100 mM triethanolamine-HCI, dithiobis (2-nitrobenzoic acid), 0.5 mM
Triton-X (0.25 % vol/vol), oxaloacetate, 0.31 mM acetyl CoA, pH 8.0) and
spectrophotometer (GENESYS 10 Bio UV-Vis, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) at room temperature of 21 °C. CS from a porcine heart was
used as a standard (C3260-200UN, Sigma-Aldrich, Germany) for assay calibration.
The molar extinction coefficient used was 13 600 M' cm™ for CoA-5,5'"-thiobis
(2-nitrobenzoic acid) at wavelength of 412 nm. to assess the maximum CS activity

during the first 2 min of the reaction.

2.5.4. Muscle fiber type composition

Fiber type composition and fiber size of SOL muscle were determined as
described in our previous study (Kilikevicius et al., 2013). Transverse sections
from the belly of the muscle were cut at a thickness of 10 um with a cryotome
(CM1850UV, Leica Biosystems, Germany) at —20 °C. The staining for myosin
ATPase was performed after pre-incubation (at pH of 4.34) procedure. “Imagel)”

software (NIH — version 1.43) was used in analysis of microscopic images of the
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cross sections which were taken with four times magnification. The typical images
are shown in Fig. 4. Total fiber number for type 1 and 2 fibers was counted.
Average fiber cross sectional area was assessed using data from 25 % of randomly
selected fibers.

Fig. 4. Typical images of BEH+/+ mouse soleus muscle (SOL) cross section stained
for ATPase. Images were obtained from the muscles of BEH+/+ and BEH control (CON)
and food-deprived (FD) groups for the analysis of muscle fiber type composition.
Type 1 fibers are darkly stained
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2.5.5. Fat distribution

Fat distribution analysis was performed according to previously described
methodology (Kvedaras, Minderis, Krusnauskas, Lionikas, & Ratkevicius, 2019).
Fat from four different sites were also removed and weighed. The aggregate fat
mass was assessed and included white adipose subcutaneous (sWAT) covering the
hind limbs, gonadal (gWAT), visceral (vWAT, which includes mesenteric (mWAT)
and perirenal (pWAT)) and intrascapular brown adipose tissue (iBAT) fats.

2.6. Weight loss dietary interventions. Fourth study

At 10 weeks of age B6 mice (n = 30) were switched to obesogenic high-fat
and high-sugar diet (D12451, 45 % and 17.5 % kcal from fat and sugar, Research
Diets, USA) for 18 weeks (Alhindi et al., 2019). This was followed by 6-week
caloric restriction (CR for caloric restriction, CR for calorie-restricted group) on
either low-fat diet (Low-Fat, n= 10) or low-carbohydrate diet (Low-Carb, n = 10).
After weight-matching procedure ten mice were examined prior to CR as pre-diet

obese controls (Pre).

2.6.1. Obesity phase

After 10 weeks of 18-week exposure to the obesogenic diet mice were
moved into separate cages and food consumption was assessed every week for each
mouse by subtracting food leftovers from initially provided food with corrections
for humidity effect on the pellets weight. Daily energy intake (DEI) of mice was
calculated by equation (2):

DEI (kcal - g - day™) = (Weekly food consumption (g) - Food energy density
(keal - g")) - (body mass (g) - 7)" (2)

Three-week average DEI of mice was 0.42 £ 0.04 kcal - g!' - day™! and only
mice gaining at least 20 % of weight compared to the age-matched group on the
regular chow diet (Regular, n = 10) were used for CR study.

2.6.2. Caloric restriction phase

Calorie restriction (CR) phase. 28-week-old obese mice were randomly
assigned to one of the two CR groups and Pre group which was used for
assessment of body composition and metabolism analysis. During 6 weeks mice

were fed daily at 8 a.m. and CR was gradually increased from 20 % (1 week) to
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30 % (24 week) and 40 % (5-6 week) of the calculated energy intake on the
ad libitum obesogenic diet. Energy intake during CR phase was estimated for each
mouse individually by reducing DEI by the extent of caloric deficit and multiply it
by initial body mass of the animal prior CR. The amount of food was corrected for
different caloric density of the diets (4.1 and 5.2 kcal - g' for Low-Fat and
Low-Carb, respectively) to achieve equal total energy and protein content in the
diets, i.e., 20, 60 and 20 % kcal from fat, carbohydrate and protein for Low-Fat
(D17100401, Research Diets, New Brunswick, NJ, USA) and 20, 60 and 20 % kcal
from carbohydrate, fat and protein for Low-Carb (D12492, Research Diets, New
Brunswick, NJ, USA), respectively. Details of the macronutrient composition and

sources of the diets are presented in Table 1.

Table 1. Detailed macronutrient composition of the diets provided by the manufacturer
(Research Diets Inc., New Brunswick, NJ, USA)

Diet Obesogenic diet Low-fat diet Low-carbohydrate diet
(mouse group on it) (Pre) (Low-Fat) (Low-Carb)
Group’s energy state Ad libitum CR up to 40% CR up to 40%
Diet’s manufacturer Research Diets Inc., Research Diets Inc., Research Diets Inc.,
USA USA USA
Diet’s code D12451 D17100401 D12492
Protein (% kcal) 20 20 20
Carbohydrate (% kcal) 35 60 20
Fat (% kcal) 45 20 60
Protein: g keal g keal g keal
Casein 23.3 93.3 20.0 80.1 25.8 103.3
L-Cystine 0.35 1.4 0.30 1.2 0.35 1.4
Carbohydrate:
Corn Starch 8.5 33.9 40.5 162.1 0 0
Maltodextrin 11.7 46.6 12.5 50.0 16.1 64.6
Sucrose 20.1 80.6 6.9 27.5 8.9 35.5
Fibre:
Cellulose 5.83 0 5.0 0 6.5 0
Fat:
Soybean Oil 2.9 26.2 2.5 22.5 3.2 29.1
Lard 20.7 186.3 6.5 58.5 31.6 284.8
Minerals:
Mineral Mix S10026 1.17 0 1.00 0 1.29 0
DiCalcium Phosphate 1.52 0 1.30 0 1.68 0
Calcium Carbonate 0.64 0 0.55 0 0.71 0
Potassium Citrate 1.92 0 1.65 0 2.13 0
Vitamins:
Vitamin Mix V10001 1.17 4.7 1.00 4.0 1.29 52
Choline Bitartrate 0.23 0 0.20 0 0.26 0
Total 100 473 100 406 100 524
keal - g°! 4.73 | 4.1 5.2
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2.6.3. Glucose tolerance

A 6-time point glucose tolerance test was carried out after an overnight
fasting at 8-9 a.m. during the final 6th week of CR. Mice were subjected to an
intraperitoneal injection of glucose solution (2 g glucose - kg body wt-1) and
glucometer (Glucocard X-mini plus GT-1960, Arkray, Japan) was used to measure
glucose in the blood samples from the tail vein at 0, 15, 30, 60, 90 and 120 min
after injection. The area under curve (AUC) of glucose response was calculated
using Prism 8.0 software (GraphPad Software Inc., CA, USA).

2.6.4. Energy metabolism and physical activity

During the final week of CR, mice were fasted overnight and subjected to
assessment of total energy expenditure and physical activity as described in our
previous study (Kvedaras et al., 2019) and in the method sections (see 2.3, 2.4.1)
with several distinctive modifications. Briefly, all metabolism measurements were
performed during a light period (from 9 a.m. to 3 p.m.). Each mouse was weighed
(ABS 80-4, Kern, Germany) and transferred into metabolic cage for 3-h with no
food and water provided. The respiratory quotient and total energy expenditure
were calculated as the average values of the last 2-h spent in metabolic cage
(Metabolism software version 1.2, Panlab Harvard Apparatus, Spain). Physical

activity and the rearing of mice were assessed as described earlier (see 2.3).

2.6.5. Body composition

During CR mice were weighed weekly with a precision of 0.1 g (440-45N,
Kern, Germany). After 6-week CR mice reached 34 weeks of age and were
euthanized with an inhalation of CO,. Immediately afterwards skeletal muscles and
body fat were sampled and weighed with a precision of 0.1 mg (ABS 80-4, Kern,
Germany). Combined hindlimb muscle mass was calculated as a sum of the GAS,
PL, SOL, TA and EDL muscle masses. The muscles were trimmed from all visible
tendons and blotted dry just before weighing. Combined body fat mass was
assessed as the sum of the sSWAT, gWAT, mWAT, pWAT and iBAT by the same
difference procedure as mentioned earlier (see 2.4.3).
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2.7. Statistical analysis

All the statistical analysis was performed with Prism 8.0 and SPSS 20
software. The data were tested for normality using the Shapiro—Wilk test. For all
statistical tests, the level of significance was set a priori at p < 0.05. The data are
presented as means + standard deviation (SD).

First study. Two factor analysis of variance (2-way ANOVA) test and
Bonferroni post hoc test were used to evaluate differences between the strains in
ATP stimulated mitochondrial respiration. Unpaired T-test was performed to
observe CS enzyme activity differences.

Second study. Energy metabolism results were analyzed by two-way
ANOVA with Bonferroni’s post hoc test were used to evaluate differences between
strains (B6, B6.A, B6.A10). Unpaired t-test was performed to evaluate differences
between the strains and between male and female mice.

Third study. For metabolism results two-way and/or three-way 2-way
ANOVA with Bonferroni’s post hoc test were used to evaluate differences between
strains (B6, B6.A, B6.A10, BEH+/+, BEH). 2-way repeated measures ANOVA
with Bonferroni’s post hoc test were implemented to evaluate differences and
between conditions (CON and after FD). One factor analysis of variance (1-way
ANOVA) test was performed to evaluate strain differences with individual muscles.
Covariance analysis with body mass as a covariate was used to compare energy
expenditure (EE) between mouse strains. Student’s t-test was used when assessing
differences in baseline characteristics and FD induced changes in muscle mass
between BEH and BEH+/+ mice. Relative values (in %) for body and muscle mass
loss during FD were analyzed by 1-way of ANOVA with Bonferroni post hoc test.

Fourth study. Means were compared with one-way analysis of variance
(ANOVA) using Bonferroni’s post hoc test to assess differences between the
studied groups of mice. Non-parametric Kruskal-Wallis test with Dunn’s post hoc
analysis was applied in the cases when means did not meet a criterion of normal
distribution. Two-way repeated measures ANOVA was used for analysis of body
mass change in the cases when it was assessed repeatedly on the same mice.
Analysis of covariance (ANCOVA) was applied using linear models to determine
effects of mouse groups on energy expenditure as previously recommended for this
type of analysis (Tschdp et al., 2011). In this case body mass and physical activity
were used as covariates. Linear regression analysis was also used on the plots of
energy expenditure over physical activity. Pearson’s correlation coefficient was
calculated to evaluate strength of the association between variables.

50



3. RESULTS AND DISCUSSION
3.1. Effect of low CS activity on mitochondrial respiration. First study
3.1.1. Results

CS activity was measured in samples of liver mitochondria from B6 and
B6.A male and female mice. CS activity was lower (p <0.01) by ~32 % in B6.A
compared to B6 mice (Fig. 5).

1500 O B6
@l B5 A
B
2 1000 [ "
2
2
5
© 500+
wn
[&]
0 T

Fig. 5. CS activity in liver mitochondria from B6 (n = 8) and B6.A (n = 8) mice.
Values are means + SD. ** p <0.01 — B6.A vs. B6 mice

There were no significant differences in state 3 respiration between B6 and
B6.A mouse strains in mitochondria isolated from liver. However, there were state
3 differences, when analyzing PM with and without fatty substrate. For liver
mitochondria of male mice, state 3 rates were higher (p <0.01) with PM + PC
compared to PM only (Fig. 6A). There were no such differences for female mice
(Fig. 6B). There was also a tendency for higher state 3 rates with PM + PC in B6.A
compared to B6 female mice.

In liver mitochondria the highest rates of state 3 respiration were measured
using SU + RO substrate (134.1+22.7 and 79.7 + 15.5 nmol - min' - mg' for
males and females of B6 strain; 118.1 £21.3 and 106.1 £ 17.5 nmol - min"! - mg’!
for males and females of B6.A strain, respectively).
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Fig. 6. Liver (A, B) and muscles (C, D) isolated mitochondria metabolic state 3 differences
between B6 and B6.A strains of male (A, C) and female (B, D) mice. Oxygen consumption
of state 3 was calculated as nmol O - min"! - mg protein™'. Following substrates were used:
GM - glutamate-malate, GM + PC — glutamate-malate plus palmitoyl-L-carnitine,
PM — pyruvate-malate, PM + PC — pyruvate-malate plus palmitoyl-L-carnitine,
PC + M — palmitoyl-L-carnitine plus malate, SU + RO — succinate plus rotenone. Values
are presented as means £ SD; ** p <0.01 —B6 vs B6.A; ## p <0.01 — PM vs. PM + PC

For mitochondria from muscles, state 3 rates were approximately two-fold
higher than for liver mitochondria when GM, GM +PC, PM, PM + PC and
SU + RO substrates were used, but PC + M substrate produced relatively low
respiration rates in muscle mitochondria (Fig. 6C, D). In muscle-derived
mitochondria, the only difference between B6 and B6.A strains was noted in
females when using SU + RO (143.4+31.7 vs 244.4+43.2 nmol O - min" - mg
protein!, respectively, p < 0.01, Fig. 6D). Also, in B6.A female’s state 3 rates were
higher with PM in comparison to PM+ PC (p<0.01). Strong tendency of
increased state 3 rates with PM substrate compared to PM + PC remained in B6.A
females (p > 0.05). Interestingly, this tendency was opposite for liver mitochondria:
higher respiratory rate was with PM + PC compared to PM (p > 0.05).
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Sex effect on mitochondrial respiration. For both liver (p <0.001) and
muscles (p < 0.01) mitochondria of B6 mice, state 3 rates with SU + RO substrate

were significantly higher in males compared to females (Fig. 7A, C). State 3 rates
did not differ with SU + RO in B6.A strain with a tendency of higher state 3 rates
for liver of males compared to females (p > 0.05). No significant state 3 differences
were identified with GM, GM + PC, PM, PM + PC, PC + M substrates between B6

male and female mice in both mitochondria isolated from liver and muscles.

For SU + RO, state 3 respiration of liver mitochondria was higher (p <.05)

than for other substrates in males (Fig. 6A) compared to females, but there were no
differences between SU + RO and GM or GM + PC for females (Fig. 7B) when B6

mice were studied.
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Fig. 7. Liver (A, B) and muscles (C, D) isolated mitochondria metabolic state 3 differences
between males and females of B6 (A, C) and B6.A (B, D) mice. Oxygen consumption of
state 3 was calculated as nmol O - min™ - mg protein!. Following substrates were used:
GM - glutamate-malate, GM + PC — glutamate-malate plus palmitoyl-L-carnitine,
PM — pyruvate-malate, PM + PC — pyruvate-malate plus palmitoyl-L-carnitine,
PC + M — palmitoyl-L-carnitine plus malate, SU + RO — succinate plus rotenone. Values
are presented as means £ SD; * p <0.05; ** p <0.01; *** p <0.001 — vs. female mice
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In muscles mitochondria high rates of state 3 were observed not only for
SU + RO, but also for GM, GM + PC and PM in both male and female mice of B6
strain. In case of B6 strain, female mice tended to show lower state 3 rates than
males, but the difference was significant only for SU + RO (Fig. 7C). In case of
B6.A males, state 3 rates were higher with GM (p < 0.01) and GM + PC (p < 0.05)

compared to female mice (Fig. 7D).

3.1.2. Discussion

We hypothesized that low CS activity could improve mitochondrial
respiration. We studied CS activity and respiration in mitochondria from B6 and
B6.A mice. B6.A strain carries the A/J allele in the genomic region containing the
Cs gene on otherwise B6 strain background. Previous studies showed that A/J mice
show 50—65 % reduction in skeletal muscle tissue derived CS activity compared to
other mouse strains despite similar levels of Cs mRNA and lack of differences in
CS and cytochrome c protein content (Ratkevicius et al., 2010). In agreement with
this study, we found ~32 % lower mitochondrial CS activity in B6.A compared to
B6 mice. However, we did not observe any significant difference in mitochondrial
respiration between these strains.

There was only one difference between the strains in mitochondrial
respiration. It was for mitochondria from muscles of female mice, as state 3 rates
were higher for B6.A mice compared to B6 mice when succinate and rotenone
(SU + RO) was used. A strong trend for higher rate of state 3 respiration with
SU + RO was also observed for mitochondria from liver of B6.A mice compared to
B6 mice in female mice. Other studies showed, that in males’ succinate-respiring
mitochondria showed higher oxygen consumption rates in comparison to
glutamate/malate-supplied mitochondria (Baran et al., 2016). In our research, in
isolated muscle and liver mitochondria oxygen consumption rates at state 3 under
SU + RO conditions were higher compared to state 3 rates with other substrates in
B6 males and females. Surprisingly, oxygen consumption rates of high fat diet
(HFD) male and female experimental groups were the same under equivalent
conditions (Catala-Niell et al., 2008). HFD could not induce oxidative stress. It is
suggested that UCP3 overexpression induced by lipids functions as antioxidative
molecule (Catala-Niell et al., 2008).

No differences in state 3 were noticed with glutamate plus malate (GM),
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pyruvate plus malate (PM) substrates in B6 mice liver and muscles mitochondria.
Sanz et al. have used similar methods for liver, muscles and heart mitochondria
isolation and respiration measurements from B6 mice with 2.5 mM pyruvate plus
2.5 mM malate (in heart and skeletal muscle), 2.5 mM glutamate plus 2.5 mM
malate (in liver), 5 mM succinate (without or with 2 uM rotenone; in the three
tissues). According to the oxygen consumption results, no respiration state 3
differences between B6 males and females were detected with the tested substrates
(Sanz et al., 2007). The results with external interventions, e.g. hyperthermia,
showed that with PM substrate (Zukiene et al., 2010).

In B6.A mice mitochondrial respiration differed significantly in presence
and in absence of palmitoyl-L-carnitine (PC) which is a fatty substrate. Indeed,
carbohydrate oxidation in liver mitochondria from males and in muscles
mitochondria from females was faster with addition of PC (PM + PC) compared to
PM alone. Those differences might exist because of strong link between
B-oxidation of fatty substrates and oxidation of carbohydrates in citric acid cycle
(Rogge, 2009). The results of our experiment showed, that there was a decline in
respiration with PC + M substrate. In muscles mitochondrial respiration inhibition
with PC can be explained by adenine nucleotide translocase (ANT) inhibition
(Ciapaite et al., 2006).

CS activity may change after a variety of interventions. There is evidence
showing that CS activity increases after cycling to exhaustion at 75 % of peak O
uptake, while activities of marker enzymes for FA oxidation (B-hydroxyacyl-CoA
dehydrogenase) and glycolysis (phosphofructokinase) are unaffected (Tonkonogi,
Harris, & Sahlin, 1997). It can be speculated, that dietary interventions, such as
high fat diet feeding, might affect mitochondrial respiration differently in B6
compared to B6.A mice with low CS activity.

Gender differences in mitochondrial respiration. Limited number of
studies addresses gender effect on metabolism, despite the fact that this effect
exists, especially in mitochondrial metabolism (Thompson et al., 2013). Gender
differences were identified in B6 mice with SU + RO (meaning inactive respiratory
chain complex I and active complex II) respired mitochondria from both liver and
muscles: in females’ metabolic state 3 (state 3) was significantly lower than in
males. The trend of lower state 3 with other substrates was also noticed in female
mice compared to males. It can be explained by the fact, that females have greater

tissue recruitment, which is reflected mainly in their mitochondrial respiration.
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In summary, our study did not reveal any association between low CS
activity and mitochondria respiration rates in mice with one exception in female
mice with SU + RO under normal conditions without any external interventions.
Experiments on isolated mitochondria from B6 and congenic B6.A mice suggest
that low CS activity is associated with low rates of lipid oxidation under mixed
substrate conditions, but not under all tested conditions. We also identified strong
sex effect on mitochondria respiration under certain conditions (e.g., with
SU+ RO, PM vs PM + PC differences). It might be hypothesized that these
differences in cellular metabolism would translate into different rates of fat gain

during exposure to HFD.

3.2. Low CS activity and energy metabolism. Second study

3.2.1. Results

No strain effect on mice body weight was identified with an exception of
B6.A males (29.2 + 1.2 g), which were lighter than B6 (32.2 + 1.1 g) and B6.A10
(33.0 £ 1.6 g) mice (p <0.001) (Fig. 8). B6 females were 23 % lighter (24.9+3.1 g
of body weight) than males (32.2+ 1.1 g of body mass). Furthermore, B6.A
females were 23 % lighter (22.5+ 0.9 g) than males (29.2+ 1.2 g) and B6.A10
females were 20 % lighter (23.1 £ 1.4 g) than males (33.0 + 1.6 g of body mass).
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Fig. 8. Body mass in B6, B6.A and B6A.10 male and female mice.
Data is presented as means + SD. *** p <0.001 — vs. B6.A male mice;
### p < 0.001 — females vs. males
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There were no differences in VO, and VCO; between control B6 and B6.A,
B6.A10 males (Fig. 8A, C). In male mice absolute VO, was higher in B6.A10
(1.9 £ 0.2 ml - min"') compared to B6.A (1.7 £ 0.2 ml - min™) (p < 0.05) (Fig. 9A).
Interestingly, that absolute VCO, was also higher in B6.A10 (1.6 + 0.1 ml - min™)
compared to B6.A (1.4+0.1 ml - min') male mice (p<0.01) (Fig. 9C). No
significant strain effect association was identified in relative VO, and VCO; among
males (Fig. 9B, D).
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Fig. 9. Absolute (A, C) and relative (B, D) oxygen consumption (A, B) and carbon dioxide
output (C, D) rates in B6, B6.A and B6A.10 male mice.
VO; — oxygen consumption, VCO, — carbon dioxide output. Values are means + SD.
**% p <0.001 — vs. B6.A male mice; # p < 0.05, ## p <0.01 — vs. B6.A mice

Results were different for female mice. In case of absolute VO,, B6 values
(1.7£0.2 ml - min"") were higher than for B6.A (1.5 +0.2 ml - min™!, p < 0.05) and
B6.A10 (1.4 £ 0.2 ml - min™!, p <0.01) (Fig. 10A). Similarly, absolute VCO, of B6
(1.4£0.1 ml - min') was higher (1.2+0.2ml - min') than in B6.A10 (1.2 +
0.1ml - min!, p<0.01) and B6 females, p<0.01) (Fig. 10C). Interestingly,
relative VO, was also higher (p <.01) in B6 (27.7 £ 2.1 ml - min™ - kg*7) compared
to B6.A (25.3 £2.3 ml - min™' - kg®7%) and B6.A10 (24.4 £ 2.4 ml - min' - kg*7)
mice (Fig. 10B). VCO, showed similar differences between the strains as VO, in

female mice. VCO, was higher in B6 (22.2 + 1.4 ml - min"! - kg®”) compared to
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B6.A10 females (19.9 £ 2.1 ml - min! - kg®”) (p <0.05) (Fig. 10D). There was a
tendency of higher relative VCO, rates in B6 mice compared to B6.A (p = 0.052).
In overall, no significant difference was identified in either VO, or VCO, between
B6.A and B6.A10 females (Fig. 10).
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Fig. 10. Absolute (A, C) and relative (B, D) oxygen consumption (A, B) and carbon
dioxide output (C, D) rates in B6, B6.A and B6A.10 female mice. VO, — oxygen
consumption, VCO; — carbon dioxide output. Values are means + SD.
*p<0.05, **p<0.01 —vs. B6 mice

There were no significant differences between the strains in EE among male
mice. However, absolute EE was higher in B6.A10 compared to B6.A (13.4+ 1.1 vs
11.9 + 1.1 keal - day™!, respectively, p <0.05) (Fig. 11A). Absolute EE in female B6
(12.0 £ 1.1 kcal - day™") was higher in comparison to B6.A (10.2 £ 1.2 kcal - day™)
and B6.A10 (10.0 + 1.1 kecal - day') mice (p<0.01) (Fig. 11C). Relative EE in
female mice was lower in B6.A10 (169.5 +17.0 kcal - kg7 - day!) (p <0.01)
compared to B6 (191.8 + 13.7 kcal - kg’ - day") mice (Fig. 11D).
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Fig. 11. Absolute (A, C) and relative (B, D) energy expenditure in B6, B6.A and B6A.10
male (A, B) and female (C, D) mice. EE — energy expenditure.
Values are means + SD. ** p <0.01 — vs. B6 mice; # p < 0.05 is associated with
differences between B6.A and B6.A10 mouse strains

In contrast to variation in EE, RQ values were similar among the strains of
male (Fig. 12A) and female (Fig. 12B) mice and the average RQ was close to 0.8.
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Fig. 12. Respiratory quotient in B6, B6.A and B6A.10 male (A) and female (B) mice.
RQ — respiratory quotient. Values are means + SD
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Physical activity and rearing did not differ between the strains among male
mice (Fig. 13A and 13B). In female mice, however, physical activity of B6.A was
lower (p < 0.05) than in B6 mice and a similar trend of lower physical activity was
observed for B6.A10 strain in comparison to B6 (Fig. 13C). No strain effect was
noticed in rearing among female mice with a tendency of higher rearing in B6
compared to B6.A and B6.A10 mice (Fig. 13D).
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Fig. 13. Physical activity (A, C) and rearing (B, D) parameters in B6, B6.A and B6A.10

male (A, B) and female (C, D) mice. Activity — physical activity.
Values are means + SD. * p <0.05 vs. B6 mice
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Gender effect on metabolism, physical activity and rearing. Analysis of
gender differences was also performed. In B6 mice relative EE was higher in
females compared to males (191.8+13.7 and 168.2 £ 15 kcal - kg®” - day™,
respectively) (p <0.01), no gender differences among B6.A and B6.A10 mice
(Fig. 14A). RQ did not differ between male and female mice (Fig. 14B).

Gender effect on physical activity (Fig. 14C) and rearing (Fig. 14D) was also
analyzed. No differences in physical activity were identified between male and
female mice (p > 0.05) (Fig. 14C). However, there was a tendency for higher
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physical activity in males compared to females. Interestingly, the number of
rearing was significantly elevated in females (p < 0.05) of B6 mice compared to
males (Fig. 14D).
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Fig. 14. Energy expenditure (A), respiratory quotient (B), physical activity (C) and
rearing (D) differences between B6, B6.A and B6A.10 male and female mice.
EE — energy expenditure; RQ — respiratory quotient; activity — physical activity.
Values are means + SD. * p <0.05, ** p <0.01 — vs. B6 mice

3.2.2. Discussion

The main aim of this study was to investigate if low CS activity could affect
energy expenditure and substrate oxidation in mice. We studied B6 mice with
normal CS activity as well as B6.A and B6.A10 strains with low CS activity. We
did not observe any major differences between B6, B6.A and B6.A10 mice in
metabolic parameters. One exception was detected in female B6.A10 mice, they
had lower relative EE compared to B6 mice. Interestingly, EE did not differ
between B6.A and B6 females. B6.A mice carry only a fragment of chromosome
10 from A/J strain with mutated Cs gene while B6.A10 mice have the whole
chromosome 10 from A/J strain (Johnson et al., 2012; Kvedaras et al., 2017).
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A genetic linkage map of chromosome 10 revealed many molecular markers
(Justice et al., 1990) that could cause differences between B6.A and B6.A10
strains, i.e. genes of chromosome 10 from A/J strain could affect EE in B6.A10
mice without any association with CS activity. Therefore, we could speculate that
other genes in chromosome 10 could affect EE in B6.A10 mice with no association
with reduced CS enzyme activity. Also, in the current study no high fat diet
intervention was performed to evaluate reduced CS performance and effect on
oxidation of free fatty acids. For instance, we did not apply any high fat diet
intervention which can have a greater effect on EE of B6 mice in comparison to
other mouse strains (Cappelli et al., 2014). Stable RQ values estimated in all three
tested mouse strains showed that reduced citrate synthase activity under normal
conditions (standard rodent diet, no interventions) did not induce energy imbalance
in mice metabolism.

Gender differences in metabolism parameters. B6 females weighed less
than their B6 male littermates. Our results show that male mice were 20-23 %
heavier than females, which is similar to findings of other study (Sanz et al., 2007).
Interestingly, gender differences in body mass of rats can reach 70 % (Rollo,
2002). Such a large difference can probably explain differences in ROS production
and respiration between sexes in rats (Valle et al., 2005).

We observed greater EE in B6 females compared to males. One study
showed higher energy efficiency of male rodents compared to females (Catala-
Niell et al., 2008). More studies are needed to confirm this finding. Interestingly,
rearing was also significantly higher in B6 females compared to males. Differences
in energy expenditure for rearing could be responsible, at least in part, for the
differences in energy expenditure between genders (Quevedo et al., 1998;
Rodriguez-Cuenca et al., 2002). The interesting part is that rearing was also
significantly higher in B6 female mice (p <0.05). Therefore, another possible
mechanism of higher EE in B6 female mice compared to males may be higher
energy demands because of increased number of rearing during the metabolism
experiment.

In summary, this experiment has revealed 10—15 % EE reduction in female
mice carrying mutant CS variant. There were no major differences in energy
expenditure, substrate oxidation or physical activity between mice with normal and

low CS activity.
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3.3. Food deprivation. Third study

3.3.1. Results. Low CS activity and food deprivation

B6, B6.A and B6.A10 males were subjected to 48 h food deprivation (FD)
(Fig. 15) with ad libitum access to water. B6.A mice were lighter than B6 and
B6.A10 mice at all three time points, i.e., after 0, 24 and 48 h of FD (p <0.01).
FD had a strong negative effect on body mass of all three mouse strains (p < 0.001)
(Fig. 15A). The loss of body mass during initial 24 h of FD was greater (p < 0.001)
than during last 24h (p<0.01) (Fig. 15B). Mouse strains did not differ
significantly in weight loss though B6 strain tended to show smaller loss of body
mass than B6.A and B6.A10 (p > 0.05) (Fig. 15B).

Aggregate muscle mass in B6 was greater than in B6.A (p <0.001), but
smaller than in B6.A10 (p < 0.01) mice (Fig. 16A). Muscle to body mass ratio was
greater in B6.A and B6.A10 mice compared to B6 (p <0.01) (Fig. 16B).
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Fig. 15. Strain effect on body weight (A) and relative change of body mass in B6 (n =9),
B6.A (n=9) and B6A.10 (n =9) mouse strains during 48 h (0 h, 24 h and 48 h) of food
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Fig. 16. Sum of right and left leg hindlimb skeletal muscle mass (A) and muscle to body
mass ratio (B) in B6, B6.A and B6A.10 mouse strains after 48 h of food deprivation.
Values are means + SD. ### p < 0.001 — vs. B6.A; ** p <0.01, *** p <0.001 — vs. B6 mice
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GAS was heavier in B6.A10 mice compared to B6 (p <0.05) and B6.A
(p <0.001) mice (Fig. 17). PL and SOL were heavier in B6.A10 mice than in B6.A
(p <0.001) (Fig. 17B, 17C). PL and SOL muscles were lighter in B6.A mice
compared to B6 mice (p <0.01 and p < 0.05, respectively). TA and EDL showed
different results than GAS, PL and SOL muscles. TA was heavier in B6.A mice
than in B6 (p<0.05) and in B6.A10 (p<0.01) mice (Fig. 17D). EDL was
significantly lighter in B6.A10 mice compared to B6 and B6.A (p <0.001) mice
(Fig. 17E). TA of B6.A mice was heavier than in B6 (p < 0.05). There was also a
trend for higher EDL mass in B6.A than in B6 (p > 0.05).
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Fig. 17. Mass of hindlimb skeletal muscles in male mice: gastrocnemius (A), plantaris (B),
soleus (C), tibialis anterior (D) and extensor digitorum longus (E) in B6, B6.A
and B6A.10 mouse strains after 48 h of food deprivation. Hindlimb muscles:
GAS - gastrocnemius, PL — plantaris, SOL — soleus, TA — tibialis anterior, EDL —
extensor digitorum longus. Values are means + SD. ## p <0.01, ### p <0.001 — vs. B6.A;
*p<0.05, **p<0.01, ***p <0.001 — vs. B6 mice
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Absolute VO, and VCO; decreased (p < 0.001) after FD in all mouse strains
(Fig. 18A and 18C). It did not differ between B6.A and B6.A10 mice (1.7
0.2 ml/min vs 1.9+ 0.2 ml - min™!, p> 0.05) before FD. After FD, VO, became
lower in B6.A (0.8 + 0.3 ml - min™) than in B6.A10 (1.2 + 0.4 ml - min!, p < 0.01).
Before FD VO, did not differ between strains, but after FD VO, decreased more in
B6.A (52.9 %) compared to B6 mice (39 %, p <0.01). Relative VO, also decreased
after FD in all mouse strains (p <0.01 in B6 and B6.A10 and p <0.001 in B6.A
mice). Before FD, relative VO, did not differ between strains, but after FD VO,
decreased more (p < 0.05) in B6.A rather than in B6 mice (Fig. 18B). Relative VO,
decreased by 19.7 % more in B6.A than in B6.A10 after FD. Relative VCO, was
also significantly lower after FD in all mouse strains (p < 0.001) (Fig. 18D).
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Fig. 18. Absolute (A, C) and relative (B, D) oxygen consumption (A, B) and carbon
dioxide output (C, D) rates in B6, B6.A and B6A.10 male mouse strains before and after
food deprivation. VO, — oxygen consumption, VCO; — carbon dioxide output, FD — food

deprivation. Values are means + SD. ** p <0.01, *** p < 0.001 is associated vs. values
before FD; # p < 0.05, ## p < 0.01 — vs. B6 mice; 11 p <0.01, 11 p <0.001 — vs. B6.A

Before FD, absolute VCO; in B6.A mice (1.4 + 0.1 ml - min™') did not differ
compared to B6.A10 mice (1.6 +0.1 ml - min') (p >0.05). After FD, absolute
VCO; became strongly decreased in B6.A (0.6 + 0.2 ml - min') in comparison to
B6.A10 (0.9 +0.3 ml - min') (p <0.001). Despite no relative VCO, differences
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between B6.A and B6.A10 mice observed before FD (p > 0.05), After FD VCO,
decreased 19.7 % more in B6.A (9.9 +3.5ml : min' - kg®7) than in B6.A10
(14.0£4.1 ml - min! - kg®7%) (p < 0.01) (Fig. 18D).

Absolute values of EE were greatly lower after FD in all mouse strains
(p <0.001) (Fig. 19). After FD values for relative EE were also significantly lower
compared to the results before FD in all mice strains (p < 0.01). The lowest relative
EE values were observed in B6.A (90.7 + 31.4 kcal - kg7 - day') mice. Relative
EE was higher in B6 (123.1+12.4 kcal - kg% - day!) compared to B6.A
(90.7 £ 31.4 kcal - kg®” - day™') strain after FD intervention (p < 0.05) (Fig. 19B).
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Fig. 19. Absolute (A) and relative (B) energy expenditure in B6, B6.A and B6A.10 male
mouse strains before and after food deprivation. EE — energy expenditure, FD — food
deprivation. Values are means + SD. ** p <0.01, *** p <0.001 is associated vs. values
before FD; # p < 0.05, ## p <0.01 — vs. B6 mice; 11 p <0.01 — vs. B6.A mice

RQ was assessed before and after FD intervention (Fig. 20). FD was
associated with reduction in RQ in all mice (p <0.05 in B6, p <0.001 in B6.A,
p <0.01 in B6.A10 mice, respectively).
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Fig. 20. Respiratory quotient in B6, B6.A and B6A.10 mouse strains before and after
food deprivation. RQ — respiratory quotient, FD — food deprivation.
Values are means + SD; * p < 0.05, ** p <0.01, *** p <0.001 is associated
vs. values before FD; # p < 0.05 — vs. B6 mice
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RQ values were similar in all three mice strains (p > 0.05) and did not
exceed 0.8 before FD. After FD RQ values have fallen down to approximately 0.7.
The lowest RQ was noticed in B6.A strain (RQ =0.73). The only slight but
statistically significant difference was identified in B6.A (0.73 £ 0.04) strain
compared to B6 (0.77£0.03) (p<0.05) (Fig.20). After FD there was no
difference in RQ between B6.A and B6.A10 strains (0.73 +£0.04 vs 0.75+0.01,
p > 0.05).

There were no differences in physical activity between the strains (p > 0.05)
(Fig. 21A). There was also a tendency for a decrease in physical activity after FD
in B6 and B6.A mice, but not B6.A10. Similarly, mouse strains did not differ in
rearing. However, B6.A strain had greater values for rearing before FD
intervention compared to after FD (p < 0.05) (Fig. 21B). The trend of lower rearing
values after FD were noticed in all three mice strains (B6, B6.A and B6.A10)
compared to the rearing values before FD. The sum of rearing values of all three
tested mice strains was significantly higher before FD compared to the rearing
values after FD (p < 0.05).
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Fig. 21. Physical activity (A) and rearing (B) differences between B6, B6.A and B6.A10
mice strains before and after food deprivation. FD — food deprivation. Values are presented
as means + SD; * p <0.05 is associated with significant FD effect in B6.A strain

CS activity in gastrocnemius muscle was assessed after FD from all mice of
B6, B6.A and B6.A10 strains (Fig. 22). No differences were noticed between B6.A
and B6.A10 strains, but both strain CS activity was lower than in control B6 group
(p <0.001).
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Fig. 22. Citrate synthase activity after food deprivation between B6, B6.A and B6.A10
mouse strains. CS — citrate synthase. Values are presented as means + SD;
**% p <0.001 vs. B6 mice

3.3.2. Discussion

As expected, B6.A and B6.A10 strains had lower CS activity in the
gastrocnemius muscle compared to B6 mice. A/J mice show 50-65 % reduction in
CS activity compared to other mouse strains (Ratkevicius et al., 2010). Both B6.A
and B6.A10 strains carry A/J variant Cs gene which resides in the telomeric region
of mouse chromosome 10. Our results showed reduction in CS activity of 35 % for
B6.A mice and 29 % for B6.A mice in comparison to B6 mice. CS has been used
as a biomarker of mitochondrial functioning (Jacobs et al., 2013). Our results are
not in conflict, that CS activity cannot be used as biomarker for mitochondria in
B6.A and B6.A10 strains.

B6.A, B6.A10 and B6 mice did not differ in loss of body mass during 48 h
of FD. B6.A and B6.A10 strains had greater muscle to body mass ratio compared
to B6 mice. Also, aggregate muscle mass (sum of muscle mass) was greater in
B6.A10 mice compared to B6 and B6.A. It appears that mouse chromosome 10
includes loci affecting neural development, bone development and cell growth
pathways that may affect muscle weight (Justice et al., 1990).

The rate of RQ in mice usually ranges from 1.0 to 0.7. The value of 1.0
represents a value expected for oxidation of carbohydrates, whereas the value of
0.7 represents a value expected for oxidation of FA (Schutz, 1995). Fatty acids
require more oxygen for their complete oxidation and are associated with lower
respiratory quotients compared to carbohydrates (Kuo, Shiao, & Lee, 1993).
FD induced a decrease in RQ to values below 0.8 in all three mouse strains

suggesting that FA oxidation became the major source of energy during acute

68



starvation in all three mouse strains (Ellis, Hyatt, Hunter, & Gower, 2010).

One of the main aims of our study was to determine, if low CS activity could
accelerate substrate oxidation in mitochondria and promote lipid oxidation in freely
moving mice. If that is true, inhibition of CS activity would have a potential in
treating insulin resistance. Individual differences in circulating insulin or insulin
sensitivity may also confound reported associations between RQ and fatty substrate
metabolism. Insulin is an anabolic hormone that acts to decrease fat oxidation and
increase lipid storage (J. E. Galgani, Moro, & Ravussin, 2008). Accordingly,
fasting serum insulin has been positively correlated RQ (Nagy et al., 1996). Human
studies dictated, that enhanced tissue sensitivity to insulin has also been associated
with FA accumulation (Hoffman, Stumbo, Janz, & Nielsen, 1995; Travers, Jeffers,
& Eckel, 2002). These studies do not disagree with RQ results, obtained in our
study before and after fasting.

After food deprivation EE (both absolute and relative) and RQ were lower in
B6.A mice compared to B6. We can speculate, that lower CS activity disrupts
process of energy production in B6.A mice, which enhances energy deficit during
starvation. This is in line with the greater body mass decrement in B6.A mice.
Lower RQ in mice with low CS activity indirectly shows, that fatty acid oxidation
is more enhanced compared to control group as a main source of energy during
long-term fasting.

No activity and rearing differences between strains were identified in our
experiments. A significant variation of the data could have been the main factor here.

In summary, all the metabolic parameters decreased significantly after food
deprivation in mice with both wild type and low CS activity. After food deprivation
aggregate muscle mass and muscle to body mass ratio were lower in mice with
wild type CS activity compared to mice with low CS activity. Hence, there were no
data of muscle mass before food deprivation, which is a limitation of our study.
After food deprivation relative EE and RQ were lower in B6.A mice compared to
B6.

3.3.3. Results. Myostatin dysfunction and food deprivation

The Fig. 23 shows the morphometric data for BEH+/+ and BEH strains in
the CON group and after 48-h FD. BEH mice were heavier, had greater hindlimb
muscle mass, but less fat than BEH+/+ mice when fed ad libitum (Fig. 23A, C, D).
FD led to a gradual decrease in body mass (Fig. 23A, B). This decrease was faster
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in BEH+/++ than BEH strains during the first 24 h, but there was no difference
between the strains in the relative weight loss after 48 h of FD. Both strains
experienced a relatively small (~6 %) decrease in the combined hindlimb muscle
mass (Fig. 23C) and a large (> 30 %) depletion of fat reserves (Fig. 23D). It is
worth to mention, that there was a tendency of greater combined muscle mass
decrease in BEH mice after food deprivation (Fig. 23C).
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Fig. 23. The morphometric data for BEH+/+ and BEH strains including body mass (A, B)
during 48-h food deprivation as well as the combined hindlimb muscle mass (C),
the combined fat mass (D) in the control (CON) and food-deprived (FD) groups. Values are
shown as mean + SD; 1 p < 0.05, 1 p <0.01, 11 p <0.001, two-way ANOVA for effects
of strain (S), food deprivation (FD) and S % FD interaction, respectively; *** p <0.001,
post-hoc testing for differences from the initial value (0 h); ## p <0.01, ## p <0.001
differences between the strains, respectively

Data on fat from four different sampling sites is presented in Fig. 24.
Three-way ANOVA showed significant effect of sampling site (p <0.001), strain
(p<0.001) and FD (p<0.01) with interactions of sampling site X strain
(p <0.001), sampling site x FD (p < 0.001), FD X strain (p <0.05). Fat mass was
larger in BEH+/+ mice compared to BEH mice and FD induced loss of fat at all
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sampling sites. This FD induced fat depletion tended to be greater for vVWAT and
iBAT compared to sWAT and gWAT (Fig. 24).
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Fig. 24. Fat mass at four different sampling sites is shown for BEH+/+ and BEH strain in
the control group (CON) and after 48-h food deprivation (FD). sWAT — adipose
subcutaneous fat; gWAT — gonadal fat; vVWAT — visceral fat; iBAT — intrascapular brown
adipose tissue fat. Data are presented as mean = SD; T p <0.05, 11 p <0.01, 111 p <0.001,
two-way ANOVA for baseline effects of strain (S) and food deprivation (FD), respectively

Muscle fiber properties of SOL muscle are presented in Fig. 25. BEH+/+ and
BEH mice did not differ in the total fiber number which was not affected by FD.
BEH-+/+ mice had greater percentage of type 1 fibers than BEH mice. FD did not
affect muscle fiber type composition. Three-way ANOVA did not show any
significant effect of fiber type, strain or FD on muscle fiber cross-sectional area.
The FD effect was just below the significance level (p = 0.065) in this analysis.
For CON group, however, two-way ANOVA showed a significant strain effect
(p =0.036) but no fiber type effect as cross-sectional area of type 1 and 2 fibers
was larger by 15% and 19% in BEH mice compared to BEH+/+ mice,

respectively.
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Fig. 25. Total number of soleus (SOL) muscle fibers (A), the muscle fiber type composition
(B) and cross-sectional area for type 1 (C) and type 2 (D) fibers in the control (CON) group
as well as in mice after 48-h of food deprivation (FD) for BEH+/+ and BEH strains,
respectively. Data are shown as mean + SD; ## p < 0.01, BEH+/+ versus BEH,
respectively. Total number of muscle fibers (A), muscle fiber type composition (B) and
cross-sectional area for type 1 (C) and type 2 (D) fibers in control (CON) mice as well as in
mice after 48-h of food deprivation (FD) for BEH+/+ and BEH strains, respectively.
11 p <0.001, two-way ANOVA for strain (S) effects.

Metabolic characteristics and physical activity of mice are presented in
Fig. 26. Food intake did not differ between BEH+/+ and BEH strains. Energy
expenditure (EE) was greater in BEH compared to BEH+/+ mice, but the
covariance analysis using body mass as a covariate did not show any significant
difference between the strains. FD induced a decrease in EE of both stains. RQ as
well as physical activity did not differ between the strains and decreased after FD.
CS enzyme activity of GAS muscle was lower in BEH mice compared to BEH+/+

mice and the negative effect of FD was below the significance level (p = 0.089).
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Fig. 26. Food intake (A), energy expenditure (B), respiratory quotient (RQ) (C), physical
activity (D) and citrate synthase (CS) activity (E) in BEH+/+ and BEH mice under the
control conditions (CON) of ad libitum feeding and after 48-h food deprivation (FD).

Data are shown as mean + SD; T p <0.05, ¥ p <0.001, two-way ANOVA for effects
of strain (S) and food deprivation (FD), respectively

3.3.4. Discussion

The main aim of the study was to evaluate effects of myostatin dysfunction
on physiological response to FD which leads to acute starvation. We tested the
hypothesis that myostatin dysfunction protects against muscle atrophy during
fasting. Our results do not support this hypothesis. On the contrary, after 48-h food
deprivation BEH mice with myostatin dysfunction tended to have a greater
decrease in muscle mass compared to BEH+/+ mice which carry the wild type

normally functioning myostatin.

73



Mice were fasted as in other studies of myostatin dysfunction (Collins-
Hooper et al., 2015a, 2015b; Koves et al., 2008). After 48-h food deprivation there
was ~17 % decrease in body weight of BEH+/+ and BEH mice. Allen et al. (2010)
reported 25-28 % decrease in body mass of C57BL/6J mice which have two-fold
smaller body mass than BEH mice. Body mass normalized metabolic rate
decreases with increase in body mass of mammals (Hochachka, Darveau, Andrews,
& Suarez, 2003). Obese women weighing approximately 80 kg lost only 2.5 % of
body mass after 48-h fasting (Solianik & Sujeta, 2018). Our analysis of energy
expenditure suggests that BEH mice expend at least 6 times more energy per unit
of body mass than homo sapiens (Pontzer et al., 2016). Differences in weight loss
between mice and humans suggest that metabolic rate is a key factor in food
deprivation-induced weight loss.

RQ fell from 0.82 to 0.72 over the 48-h period fasting in both mouse strains
suggesting that fat was the major source of energy during fasting. As in B6 mice,
BEH mice with myostatin dysfunction had less body fat than BEH+/+ mice when
fed ad libitum (Amthor et al., 2007; McPherron & Lee, 2002; Zhao et al., 2005).
Differences in metabolism experimental groups might also affect degree of muscle
atrophy. The previous studies showed that BEH and BEH+/+ strains did not differ
in RQ while C57BL/6 mice null for myostatin show greater RQ compared to the
wild type controls (Guo et al., 2009; McPherron & Lee, 2002). Thus, myostatin
dysfunction is associated with a significant shift from fat to carbohydrate oxidation
in C57BL/6 strain, but not in BEH mice. This shift is expected to promote
gluconeogenesis from amino acids and increase loss of muscle mass in C57BL/6
mice null for myostatin compared to the wild type controls. This would provide
another line of evidence contradicting findings of Allen et al. (2010).
Unfortunately, no RQ data is available for C57BL/6 mice null for myostatin during
food deprivation to support our contention. Nevertheless, our data provides another
line of evidence that genetic background is of importance in mediating
physiological effects of myostatin dysfunction on the whole-body metabolism in
addition to skeletal muscle properties (Lionikas, Kilikevicius et al., 2013).

48-h food deprivation led to a decrease in energy expenditure in both BEH
and BEH+/+ strains. Decreases in physical activity, diet induced thermogenesis as
well as alteration in hormone profile could be of significance under these
conditions (Hambly & Speakman, 2005; S. E. Mitchell et al., 2017; S. E. Mitchell
et al., 2015). The observed decrease in physical activity is in contrast to feeding
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anticipatory behavior which increases physical activity in mice subjected to 30 %
caloric restriction (van Norren et al., 2015). We have also noted a significant
reduction in interscapular fat which is dominated by a brown fat (Connolly,
Morrisey, & Carnie, 1982). This reduction might also play a role in lower heat
production and reduction in energy expenditure of the fasted mice (Connolly et al.,
1982).

48-h food deprivation did not have a significant effect on CS activity which
was lower in the gastrocnemius of BEH mice compared to BEH+/+ mice. CS is a
popular marker of mitochondrial content in mice and humans (Jacobs et al., 2013;
Vigelso, Andersen, & Dela, 2014). Thus, it is unlikely that the decline in specific
muscle force was due to impaired capacity for aerobic ATP resynthesis.

From the other point of view, fasting can be associated with upregulation of
proteolytic and autophagy programs in skeletal muscles (Collins-Hooper et al.,
2015a, 2015b). Lack of data on molecular mechanisms contributing to muscle
atrophy might be considered as a limitation of the current study. On the other hand,
extent of muscle wasting and differences between BEH and BEH+/+ strains were
rather small and varied significantly between the muscles. It seems that muscle cell
cultures with strict control of experimental conditions are better suited for studies
of molecular mechanisms of myostatin effects (Manfredi, Paula-Gomes, Zanon, &
Kettelhut, 2017).

In summary, the results of current study showed that myostatin dysfunction
does not protect from skeletal muscle wasting during fasting. 48 h food deprivation
is associated with a significant decrease in physical activity and energy expenditure

of mice.

3.4. Weight loss dietary interventions. Fourth study

3.4.1. Results

In all the experiments of this study B6 mice were used. Data on energy
intake is presented in Fig. 27. We aimed at maintaining similar energy intake in
Low-Fat and Low-Carb groups during caloric restriction (CR). However,
Low-Carb group did not consume all the food during the first week of CR, and the
unconsumed food was left in the feeder with subsequent daily portion added on top
of the leftovers. After two weeks of CR, Low-Carb group “caught-up” Low-Fat
group for energy intake. For the entire 6-week CR, these groups did not differ in
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the absolute (Fig. 27A) or body mass normalized energy intake when body mass
before the start of CR was used for normalization (12.0 £ 0.4 and 12.1 £ 0.3 kcal -
g initial body wt! for Low-Fat and Low-Carb, respectively; p > 0.05) (Fig. 27B).
Mice in the Regular diet group had ~15 % greater energy intake compared to
Low-Fat (p=0.007) and Low-Carb (p=0.008) groups during the same period
(Fig. 27A).
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Fig. 27. Energy intake for Low-Fat and Low-Carb groups during 6-week caloric restriction
(CR) and in Regular group fed standard chow diet ad libitum. Total energy intake is shown
in absolute values (A) and normalized to body mass prior to CR (B). Data are presented as
mean with each dot representing one mouse data sample. Non-parametric Kruskal-Wallis

with Dunn’s post hoc analysis was performed for group effect (g). Lines indicate significant
differences between connected groups. Dotted reference line indicates average ad libitum
energy intake of the obesogenic diet during a 6-week period before assignment to CR with

Low-Fat or Low-Carb diet

The results of body mass are presented in Fig. 28. Low-Fat group tended to
lose more weight than Low-Carb group during the first week of CR (Fig. 28A).
This was probably due to the reduced food intake in Low-Fat group. Afterwards,
however, Low-Fat group caught up with food intake and showed similar weight
loss as Low-Carb group. Overall body mass loss did not differ between these two
diet groups after 6-week CR (30.0+5.6 % and 23.8 £7.5% for Low-Fat and
Low-Carb, p > 0.05, respectively, Fig. 28B). All mice showed clear reductions in
body mass (Fig. 28C). Initially mice in the Regular diet group which was not
subjected to obesogenic feeding had lower body mass (p < 0.001) than Low-Fat
and Low-Carb groups, but the differences between the groups became absent of
statistical significance during the final four weeks of CR which was applied to
Low-Fat and Low-Carb groups only. Regular diet group showed a small reduction
in body mass during a final week when measurements of energy metabolism and

glucose tolerance were performed after the overnight fast.
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Fig. 28. Body mass during 6-week caloric restriction (CR) in Low-Fat and
Low-Carb diet groups as well as in Regular group fed standard chow diet ad libitum for the
same period. Data are shown as weekly measurements (A), percentage change from initial
value (B) and individual plots for the 6-week CR period (C). Data are mean + SD (A)
or mean with plotted individuals dots (B, C). Each dot represents one mouse data sample.
Two-way repeated measures ANOVA (A) with Bonferroni’s post hoc analysis was
performed for effects of group (g), time (t), subject (matching) (s) and interaction (i),
respectively. One-way ANOVA (B) with Bonferroni’s post hoc analysis was performed
[for group effect (g). Lines indicate significant differences between connected groups.
*#% p <0.001 vs. Low-Fat and Low-Carb, ## p < 0.001, ### p = 0.005 vs. Low-Carb

Data on muscle and fat mass is shown in Fig. 29. Pre group included mice that
were subjected to obesogenic diet, but did not undergo CR. This group was used to
assess effects of CR on muscle and fat mass in Low-Fat and Low-Carb groups.
Regular diet group provided age-matched reference data. Combined muscle mass
differed little between the groups though it was by ~5 % smaller (p =0.02) in Low-
Fat group compared to Pre group (Fig. 29A). Muscle mass per unit of body mass
increased following 6-week CR in Low-Fat (p <0.001) and Low-Carb (p =0.001)
groups (Fig.29B). On the other hand, body fat for these groups decreased
(p <0.0001) to the level of Regular diet group (Fig. 29C) and became significantly
lower than in Pre group (6.09 £2.73 % and 8.57 £4.55 % vs. 15.50 £ 3.28 % body
mass, p < 0.0001, for Low-Fat and Low-Carb vs. Pre groups, respectively, Fig. 29D).
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Fig. 29. Mass changes of skeletal muscle (A, B), body fat (C, D) and fat from different

sampling sites (E, F) in Low-Fat and Low-Carb diet groups after 6-week caloric restriction

(CR) compared to the obese group prior CR (Pre) as well as to the age-matched Regular

group fed standard chow diet ad libitum for the same period. Abbreviations (E, F): sWAT,

subcutaneous white adipose tissue; gWAT, gonadal white adipose tissue; mWAT,

mesenteric white adipose tissue; pWAT, perirenal white adipose tissue; iBAT intrascapular

brown adipose tissue. Data are mean = SD (E, F) or mean with plotted individuals dots
(A-D). Each dot represents one mouse data sample. One-way ANOVA (A-D) with
Bonferroni’s post hoc analysis was performed for group effect (g). Two-way repeated

measures ANOVA (E, F) with Bonferroni’s post hoc analysis was performed for effects of
group (g), fat site (f) and interaction (i), respectively. Lines indicate significant differences
between connected groups. # p < 0.05, ## p <0.01 and ### p < 0.001 vs. Pre, ** p <0.01,
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We have also examined body fat distribution by sampling fat from five
different sites of the body. Both Low-Fat and Low-Carb diets reduced fat mass in
four out of five sites to the level of Regular diet group (Fig. 29E). An exception
was iBAT which was not significantly affected by the diets and did not differ
between the studied groups. Thus, CR tended to increase relative iBAT mass
compared to the values prior to CR (Pre group), but this increase was significant
only for Low-Fat group (p = 0.002) (Fig. 29F). Relative mass of gWAT decreased
more in Low-Fat than Low-Carb group (p = 0.04).

Data on glucose tolerance is presented in Fig. 30. Glucose AUC was similar
in Low-Fat and Low-Carb groups (p > 0.05), but smaller compared to Pre group
(p<0.01) and Regular diet group (p <0.05) (Fig. 30B). Pre and Regular diet
groups did not differ in glucose AUC. However, Regular diet group demonstrated
a large initial spike with subsequent normalization of blood glucose to baseline
values whereas Pre group showed slow rise in blood glucose which did not show
any decrease during the entire 2 h duration of the test (Fig. 30A).
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Fig. 30. Pattern of blood glucose clearance during a 120 min period (A) and glucose area
under curve (AUC) (B) in Low-Fat and Low-Carb diet groups after 6-week caloric
restriction (CR) compared to the obese group prior CR (Pre) as well as to the age-matched
Regular group fed standard chow diet ad libitum for the same period. Data are mean = SD
(A) or mean with plotted individuals dots (B). Each dot represents one mouse data sample.
Two-way repeated measures ANOVA (A) with Bonferroni’s post hoc analysis was
performed for effects of group (g), time (t) and interaction (i), respectively. One-way
ANOVA (B) with Bonferroni’s post hoc analysis was performed for group effect (g).
Lines indicate significant differences between connected groups

Data on energy metabolism are presented in Fig. 31. Total energy
expenditure did not differ between Low-Fat and Low-Carb groups (p <0.05)
(Fig. 31A). Pre group showed higher (p =0.02) energy expenditure than Regular
diet group, but ANCOVA analysis with body mass and physical activity as
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covariates did not show any significant differences between the groups and showed
that physical activity but not body mass had an effect on energy expenditure. There
were no significant differences in physical activity between the groups which was
probably due to rather large variations within the groups. Low-Fat and Low-Carb
groups tended to be more active than Pre or Regular diet groups (Fig. 31B).
Association between physical activity and energy expenditure was significant in all
groups (r=0.70-0.80, p<0.05-0.01) (Fig.31C). Linear regression analysis
showed a tendency for a slightly greater predictive resting metabolic rate in
Low-Carb compared to Low-Fat group (0.35 vs. 0.30 kcal - h"). On the other hand,
respiratory quotient did not differ between the groups when measurements were

performed in the fasted mice (Fig. 31D).
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Fig. 31. Total energy expenditure (A), physical activity (B), plots of energy expenditure
versus physical activity (C) and respiratory quotient (D) in Low-Fat and Low-Carb diet
groups after 6-week caloric restriction (CR) compared to the obese group prior CR (Pre)
as well as to the age-matched Regular group fed standard chow diet ad libitum for the
same period. All the measurements were performed after overnight fasting. Data are
presented as mean with each dot representing one mouse data sample. One-way ANOVA
(A, B, D) with Bonferroni’s post hoc analysis was performed for group effect (g).
Lines indicate significant differences between connected groups. Pearson correlation
coefficient (r) and linear regression equations for the plots of energy expenditure versus
physical activity are also shown (C)
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3.4.2. Discussion

The main aim of our study was to investigate if carbohydrate and fat content
of diets affects physiological responses to caloric restriction in mice. Most of the
previous studies have focused on effects of macronutrient content of diets on health
and body composition in ad libitum fed mice (Hu et al., 2018; Solon-Biet et al.,
2014) and there are only few studies under conditions of caloric restriction
(Vangoitsenhoven et al., 2018). In agreement with recent findings on humans
undergoing mild caloric restriction (Gardner et al., 2018), our results show that
improvements in body composition and glucose tolerance do not differ between
low-fat and low-carbohydrate diets with similar protein content under conditions of
up to 40 % caloric restriction. This is important in view of the fact that differences
between low-carbohydrate and low-fat diets have been widely discussed in relation
to weight loss and metabolic health (Aragon et al., 2017).

Our focus on was not a test of the carbohydrate-insulin model of obesity
(CIM), but rather a careful comparison of the effects of low-fat and low-carbohydrate
diets on the parameters of body composition and metabolic changes after weight
loss in mice. However, CIM has often been proposed in justification of health
benefits of low-carbohydrate diets (Ludwig & Ebbeling, 2018). According to this
line of reasoning high carbohydrate content of food leads to high blood insulin
levels which acts to suppress the release of fatty acids from adipose tissue and
directs circulating fat towards adipose tissue for storage rather than oxidation in
metabolically active tissues. However, a large number of studies contradicts the
carbohydrate-insulin model of obesity. Meta-analysis of 32 controlled feeding
studies with substitution of carbohydrate for fat show that fat loss and energy
expenditure were greater for low-fat diets compared to low-carbohydrate diets
though differences between the diets in fat loss (16 g - d!) and energy expenditure
(26 keal - d') were rather small (K. D. Hall & Guo, 2017). All the studies included
in this meta-analysis have controlled dietary energy and protein intake between the
diets. A recent randomized clinical trial which engaged over 600 participants
showed no difference between low-fat and low-carbohydrate diets in weight loss
during a 12-month period, and neither baseline insulin secretion nor genotype
pattern relevant to carbohydrate and fat metabolism was associated with the dietary
effects on weight change (Gardner et al., 2018). Self-reported energy intake was
similar between the diet groups and protein intake did not differ much during this
period (21 % and 24 % of kcal for low-fat and low-carbohydrate groups,
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respectively). It appears that protein is a macronutrient which is particularly
important for dietary-induced thermogenesis and satiety. The thermic effect of
dietary protein is 25-30 % of its energy content compared to 5-10 % and 2-3 %
for carbohydrate and fat, respectively (Leidy et al., 2015). Increase in protein
intake from 15 to 30 % of total energy is associated with spontaneous reduction in
total energy intake under conditions of ad libitum feeding (Weigle et al., 2005).
High protein intake also led to increase in retention of lean body mass during
caloric restriction (Pasiakos et al., 2013). Thus, comparison of high-fat and high-
carbohydrate diets can be compromised by differences in protein content, as health
benefits of protein-rich diets are often incorrectly assigned to carbohydrate and fat
content of the diets (Soenen et al., 2012). In our study, we kept both the amount
(20 % of total energy intake) and source (casein with addition of l-cystine) of
dietary protein constant between the low-fat and low-carbohydrate diets. It appears
that this amount of protein was adequate for skeletal muscle mass retention which
did not change significantly during caloric restriction. Furthermore, mice were fed
obesogenic diet for 18-week prior to caloric restriction. This diet induces minor
changes in lean body and significant increase in body fat which might also help to
preserve muscle mass during caloric restriction (Alhindi et al., 2019). Human
weight loss studies show that approximately 25 % of weight loss is due to loss of
lean body mass with major contribution of the skeletal muscles to this decline
(Hoddy et al., 2014). People who are leaner tend to lose more of lean body mass
under conditions of caloric restriction compared to those with greater body fat
content (K. D. Hall, 2008). It appears that mice with diet-induced obesity show
greater sparing of muscle mass during caloric restriction compared to humans.
However, dissection of factor playing a role in preservation of muscle mass in mice
and/or humans during caloric restriction was beyond the scope of our current study.

It appears that body fat was the main source of energy during caloric
restriction and its loss did not differ between the two diets in our study. Increased
fatty acid oxidation is a common feature of low-carbohydrate-high-fat diets which
are sometimes perceived as more lipolytic and less obesogenic compared to low-
fat-high-carbohydrate diets though human metabolic ward studies challenges this
hypothesis (K. D. Hall et al., 2016). We did not observe any differences between
the diets in respiratory quotient as the measurements were performed in the fasted
state. Mice gorge on food and often consume all the food within less than 4 hours

after feeding and spent significant periods of time in the fasted state when exposed
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to caloric restriction (Acosta-Rodriguez, de Groot, Rijo-Ferreira, Green, &
Takahashi, 2017; S. J. Mitchell et al., 2019). Food consumption early in the day
might also be considered as study’s limitation because it can affect circadian
rhythms of nocturnal animals. Fasting is associated with high rate of fatty acid
oxidation (Fokin et al., 2019). Measurements in the fasted state might be more
representative of the overall metabolism compared to measurements in the
post-absorptive state during caloric restriction. It appears that metabolic flexibility
manifesting itself in switching between carbohydrate and fat oxidation allowed
mice to maintain a similar net body fat balance independently of the macronutrient
composition of the diets during caloric restriction (Goodpaster & Sparks, 2017).

Linear regression analysis of the plots for physical activity over energy
expenditure allowed us to exclude effects of physical activity on energy
expenditure and showed that predicted resting metabolic rate tended to be slightly
greater under conditions of low-carbohydrate diet compared to the low-fat diet.
However, this difference between the diets was not significant and can hardly be
used as evidence in support of recent findings in human studies that low-
carbohydrate diets lead to greater energy expenditure compared to low-fat diets
(Ebbeling et al., 2018). Our results are in agreement with many human studies that
reported no practically meaningful differences in energy expenditure between the
isocaloric and isonitrogenous low-fat and low-carbohydrate diets (Gardner et al.,
2018; K. D. Hall & Guo, 2017; K. D. Hall, Guo, & Speakman, 2019).

We have assessed glucose tolerance as a key indicator of metabolic health.
After 6-week caloric restriction glucose tolerance improved similarly in both diets.
It is likely that caloric restriction-induced loss of body fat was a key factor
promoting better glucose control irrespective of the dietary carbohydrate and fat
content. In contrast to our findings, a recent caloric restriction study of C57BL/6
mice showed smaller improvement in glucose tolerance for high-fat diet compared
to chow diet which is high in carbohydrates in spite of similar weight loss for both
diets (Goodpaster & Sparks, 2017). However, macronutrients and their sources
were not strictly controlled in the latter study and the protein content differed
substantially between both diets, i.e., 20 % kcal for high fat diet and 33 % kcal for
chow diet low in fat. Dietary protein might influence postprandial glucose control
due to its insulinotropic effects (Layman, Clifton, Gannon, Krauss, & Nuttall,
2008). There is evidence that consumption of the high-protein meal before the

intake of carbohydrates attenuates the subsequent rise in the postprandial serum
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glucose and results in lower glucose compared to isocaloric high-carbohydrate and
high-fat meals (Meng, Matthan, Ausman, & Lichtenstein, 2017). Blood insulin
levels were not measured and this might be considered as a shortcoming of our
study. However, there were no differences in glucose tolerance between the caloric
restricted diets, and it is unlikely that insulin levels differed much under such
conditions. Indeed, differences in fasting insulin levels between diets are blunted
during caloric restriction (Sacks et al., 2009).

In humans, weight loss is a priority target under the conditions of impaired
glucose homeostasis as in case of type 2 diabetes (Magkos, Yannakoulia, Chan, &
Mantzoros, 2009). Antidiabetic therapies that can control blood glucose levels but
promote weight gain are less effective as greatest improvements in glucose control
are observed in patients with greatest reductions in body mass (Blonde, Pencek, &
MacConell, 2015).

Taken together, caloric restriction-induced body fat loss should be
considered as a primary and most desirable target for positive management of
blood glucose whereas macronutrient composition of isocaloric diets with equated

protein probably plays a minor role at its best.
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CONCLUSIONS

1. Mitochondrial respiration does not differ between mice with normal and
low CS activity.

2. There are no major differences in energy expenditure, respiratory quotient
or physical activity between mice with normal and low CS activity with the
exception of female mice, where low CS activity is associated with reduced energy
expenditure.

3. After 48-h food deprivation energy expenditure and respiratory quotient
are lower in congenic mice with low CS activity compared to control mice with
normal CS activity.

4. Myostatin dysfunction does not protect from skeletal muscle wasting
during food deprivation. 48-h food deprivation is also associated with a significant
decrease in physical activity, energy expenditure and fat reserves of mice with
normal with no impact of myostatin dysfunction.

5. Low-Fat and Low-Carb diets has similar effect on body composition,
energy metabolism, physical activity and glucose tolerance during caloric
restriction. Fixed energy and protein intake rather than a distribution of dietary
carbohydrate and fat is the main factor for improvement in body composition and
metabolic health of obese mice. Similarly, improvements in glucose tolerance of
obese mice are due to the reduction in body fat rather than dietary carbohydrate and

fat content of the diets.
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SANTRAUKA
IVADAS

Mitochondrijy disfunkcija gali prisidéti prie tokiy patologijy kaip nutukimas,
atsparumas insulinui ir II tipo diabetas (Christe et al., 2013; Yang et al., 2012).
Nutukimas ir II tipo diabetas glaudziai susij¢ su silpna mitochondrijy funkcija
(Houmard, 2008). Disbalansas tarp riebaly rtgs¢iy pf-oksidacijos ir angliavandeniy
oksidacijos bei jy srauto Krebso cikle turi ypatinga reikSm¢ mitochondrijy
funkcionavimui, pertekliniam trigliceridy ir kity riebaly produkty kaupimuisi,
nutukimo ir diabeto i$sivystymui (Bonora, Brangani, & Pichiri, 2008; Ioannidis,
2008; Koves et al., 2008). Pavyzdziui, riebaus paSaro dieta skatina atsparumg
insulinui ir kenkia peliy gliukozés metabolizmui (Terauchi et al., 2007). Balansas
tarp riebaly riig8ciy ir angliavandeniy oksidacijos Krebso cikle yra vienas i$
mitochondrijy funkcijos reguliacijos raktiniy mechanizmy. Yra fakty, kad citratas
atlieka svarby vaidmenj kontroliuojant §j balansg (Ruderman, Saha, Vavvas, &
Witters, 1999). Citozolyje citratas per ATP citrato liaz¢ konvertuojamas | acetil-
kofermentg A (Acetil-CoA), reikalingg malonil-CoA sintezei. Malonil-CoA slopina
karnitino palmitoiltransferazés 1 (CPT1) veikla, taip trukdydamas riebaly riigsciy
oksidacijai (Houmard, 2008). Nuslopinta riebaly rtigs¢iy oksidacija veda link
aptarty metaboliniy sutrikimy (nutukimas, atsparumas insulinui, II tipo diabetas).

Padidéjusi laisvyjy riebaly rugsciy koncentracija neigiamai veikia
mitochondrijy funkcijg per biocheminiy keliy disreguliacija ir per sgveika su
raktiniais fermentais (Zraika, Dunlop, Proietto, & Andrikopoulos, 2002). Mes
tyréme mitochondrinj fermentg citrato sintaze (CS), kuris daznai naudojamas kaip
mitochondrijy Zymuo tiriant Zmones ir gyvinus (Hamilton & Booth, 2000). Po
transliacijos citozolyje CS perneSama j mitochondrijy matriksa, kur ji funkcionuoja
Krebso cikle ir atliecka lemiamg vaidmenj energijos sintezés reguliavime bei
reaktyviyjy deguonies radikaly (angl. reactive oxygen species, ROS) gamyboje per
mitochondrinj kvépavimg. Todél taskinés Cs geno mutacijos gali keisti
mitochondrijy funkcijg (Johnson, Gagnon, Longo-Guess, & Kane, 2012). Manoma,
kad kepenys, griauciy raumenys, riecbalinis audinys ir kasa atlieka svarby vaidmenj
atsparumo insulinui procese (Bouderba et al., 2012). Todé¢l galima teigti, kad CS
aktyvumo slopinimas gali buti naudingas skatinant riebaly riig§¢iy oksidacija,

veikiant jvairius medziagy apykaitos parametrus, tokius kaip deguonies
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suvartojimas, energijos eikvojimas ir kvépavimo koeficientas.

Moteriskos ir wvyriSkos lyties atstovy medziagy apykaitos parametrai,
mitochondrijy kvépavimas gali skirtis. Taip pat lytis yra kritinis veiksnys
analizuojant taSkiniy mutacijy, tokiy kaip H55N polimorfizmas, jtaka energijos
metabolizmui. Buvo rasta lyties skirtumy mitochondrijy, i$skirty i$ Sirdies, griauciy
raumeny ir kepeny, kvépavime (Sanz et al., 2007). Galima daryti prielaidg, kad
peliy lytis gali turéti jtakos peliy linijy medziagy apykaitos parametrams (energijos
eikvojimui, kvépavimo koeficientui).

Pirmame tyrime mes nagriné¢jome sumazinto citrato CS aktyvumo jtakg
deguonies suvartojimo greiciui izoliuotose mitochondrijose i§ peliy kepeny ir
griauCiy raumeny. Mes tyréme, ar mitochondrijy kvépavimas skiriasi tarp
kontroliniy C57BL/6J (B6) ir eksperimentiniy B6.A-(rs3676616-D10Utsw1)/Kjn
(B6.A) vyriskos ir moteriskos lyties peliy linijy. B6.A pelés turi A/J alelio variantg,
kuris i$Saukia aminoriig§¢iy pasikeitimg CS baltymo histidino ir asparagino 55
(H55N) pozicijoje (Johnson et al., 2012). Tokio pasikeitimo rezultatas yra
sumazintas B6.A peliy linijos CS aktyvumas. Tokios pelés vadinamos kongeninémis.

CS aktyvumas priklauso nuo daugybés metaboliniy procesy ir gali didéti,
pvz., nuo iStvermés fiziniy pratimy (Holloszy & Booth, 1976; Jaenisch,
Bertagnolli, Borghi-Silva, Arena, & Lago, 2017). Ankstesni miisy tyrimai parodé,
kad pelés su sumazintu CS aktyvumu turéjo silpnesnius iStvermés rodiklius
lyginant su kontrol¢ nepriklausomai nuo lyties (Kvedaras et al., 2017). SumaZzéje
CS aktyvumo lygiai gali turéti pranasumy skatindami riebaly rugsciy oksidacijg
esant perteklinio substraty tiekimo salygomis bei paveikdami energijos
metabolizmo parametrus, tokius kaip deguonies suvartojimas, energijos eikvojimas
ir kvépavimo koeficientas.

Antrame tyrime mes susifokusavome ties galimy energijos metabolizmo
skirtumy tarp B6 ir B6.A patiny ir pateliy peliy su sumazintu CS aktyvumu
(Ratkevicius et al., 2010). Visos chromosomos apsikeitimo peliy linija, vadinama
konsomine, suteikia papildomas galimybés geny jtakos energijos metabolizmui.
Konsominése pelése viena chromosoma i§ recipiento linijos pakeista homologine i$
donoro linijos taikant ,backcrossing® peliy kryzminimo strategija (Ishii et al.,
2011; Matin, Collin, Asada, Varnum, & Nadeau, 1999; Miller et al., 2020; Nadeau,
Singer, Matin, & Lander, 2000). Peliy 10 chromosomos pasikeitimo tyrimai gali
atskleisti kity, esanciy toje chromosomoje geny jtakg energijos metabolizmui. Pvz.,
PTEN (fosfokinazés ir tenzino homologo) pasalinimas i§ 10 peliy chromosomos
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aktyvavo proteino kinaze¢ B raiSka, ko pasekoje buvo paveiktas fosfato
metabolizmas (Kawai, Kinoshita, Ozono, & Michigami, 2020). Fosfatas dalyvauja
plac¢iame biocheminiy procesy spektre, jskaitant Igsteliy signaliniy keliy reguliacija
ir energijos homeostaze (Quarles, 2012; Razzaque, 2012), o jo nepakankamumas
gali sukelti ilgalaikes medziagy apykaitos, skeleto raumeny silpnumo
komplikacijas (Weber & Quarles, 2019). Dél S$ity priezas¢iy mes papildomai
tyrinéjome energijos metabolizmo parametrus konsominiy C57BL/6J-Chr
10A/J/Nal (B6.A10) peliy su pakeista 10 chromosoma. Kaip ir B6, B6.A pelés turi
mutacijg Cs gene, kas sukelia CS aktyvumo ilgalaikj sumaZzéjima.

Skirtingo tipo maistiniy intervencijy (tokiy kaip pilnas maisto apribojimas,
kalorijy apribojimas ir daug riebaly turinti dieta) atsakas gali skirtis tarp peliy linijy
(West, Boozer, Moody, & Atkinson, 1992). Yra jrodymy, kad kalorijy apribojimas
turi naudingg efektg sveikatos rodikliams, kadangi teigiamai jtakoja kiino
kompozijcija bei lipoproteino profilj (Anderson & Weindruch, 2012). Todél
darome prielaida, kad pilnas maisto apribojimas gali biiti taikomas kaip prevencinis
biidas kovoti su kraujagysliy ligomis ir II tipo diabetu.

Treciame tyrime mes atlikome du eksperimentus, kuriy bendras tikslas
buvo nustatyti galimg metabolinj atsakg ir kiino kompozicijos pokycius j 48 val.
badavimg (pilng maisto apribojimg). Vienas eksperimentas apéme peliy linijas su
normaliu (B6) ir sumazintu (B6.A) CS aktyvumu. UZzpakaliniy kojy griauéiy
raumeny mas¢ buvo jvertinta po badavimo. Kitame eksperimente mes palyginome
48 val. badavimo jtaka tarp peliy su normaliai funkcionuojan¢iu miostatinu
(BEH+/+) ir peliy suo miostatino disfunkcija (BEH). BEH pasiZymi ne tik stipria
skeleto raumeny hipertrofija, bet ir pati miostatino disfunkcija turi teigiamg jtaka
metabolinei sveikatai, mazinandama riebaly kiekj bei padidindama jautrumag
insulinui (Hamrick, Pennington, Webb, & Isales, 2006; McPherron, Lawler, & Lee,
1997; Wilkes, Lloyd, & Gekakis, 2009). Galima teigti, kad miostatino disfunkcija,
panasiai kaip ir sumazintas CS aktyvumas, taip pat gali buti Sirdies II tipo diabeto
bei nutukimo prevencijos priemoné. Tai buvo pirma priezastis, kod¢l mes
papildomai analizavome miostatino disfunkcijos jtakg esant 48 val. badavimui.
Antra priezastis buvo ta, jog tokios chroninés patologijos, kaip kraujagysliy ir
Sirdies ligy, skirtingy formy raumeny distrofijos paveikia energijos metabolizmg ir
yra siejamos su raumeny masés netekimu (Glass, 2005; Sakuma, Aoi, &
Yamaguchi, 2014). Dilemg kelia dvejopas badavimo poveikis: i§ vienos pusés jis

pagerina metaboling sveikata (geresné¢ medziagy apykaita), i§ kitos veda link
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griau¢iy raumeny masés sumazéjimo (J. E. Donnelly, Jakicic, & Gunderson, 1991;
Saris, 2001). Sitos tyrimy dalies tikslas buvo issiaiskinti, ar miostatino disfunkcija
pagerina energijos metabolizmg ir apsaugo griauciy raumenis nuo masés netekimo
badavimo metu. Sumuojant, trecio tyrimo uzduotis buvo atsakyti j klausima, ar
sumazintas CS aktyvumas ir miostatino disfunkcija paveikia energijos metabolizmag
pélese 48 val. badavimo intervencijos metu. Kitas klausimas adrestuotas j Cs geno
funkcinj slopinima, kuris gali buti tinkama strateginé terapeutiné priemoné
kovojant su insulino rezistencija ir nutukimu.

Ne tik badavimas, genetinés mutacijos arba fizinio aktyvumo didé¢jimas gali
apsaugoti nuo pertekliniaus kiino masés prieaugio ir nutukimo, bet ir paciy diety
sudétis. Tokio tipo dietos lengviau implementuojamos populiacijos lygyje
(Westerterp, 2019). Placiai zinomas faktas, kad zmonés ir gyviinai padidina savo
kiino mase, kai jy energijos suvartojimo lygis virSija energijos eikvojimo
(J. Galgani & Ravussin, 2008).

Ketvirtame tyrime mes studijavome dviejy skirtingo tipo hipokaloriniy
diety su vienodu baltymo kiekiu kalorijy apribojimo jtaka nutukusioms peléms.
Mes palyginome C57BL/6J peliy linijos metabolinés sveikatos bei kiino
kompozicijos pokycCius atsakui j dvi energijos restrikcijos dietas su drastiskais
skirtumais angliavandeniy ir riebaly santykyje. Sito tyrimo planavimo ir atlikimo
priezastis ta, kad iki Siol yra stipriy kontroversijy, vyksta aktyvus moksliniai
debatai d¢l angliavandeniy ir riebaly proporcijos dietos sudétyje, ir kuri dieta labiau
svarbi metabolinei sveikatai (Ge et al., 2020; Sacks et al., 2009). Pavyzdziui, taip
vadinamas angliavandeniy-insulino modelis sitlo teorija, kad dietos
angliavandeniai yra labiau obesogeniniai negu riebalai dél stipriai iSreikSto
neigiamo poveikio insulino sekrecijai (Ludwig & Ebbeling, 2018). I§ pirmo
zvilgsnio kokybiskai pagrjsta teorija daznai kritikuojama kity mokslininky
(K. D. Hall, Guyenet, & Leibel, 2018). Nesenai atliktas atsitiktiniy im¢iy tyrimas
pademonstravo, kad energijos eikvojimas buvo reikSmingai didesnis mazai
angliavandeniy turincioje dietoje, lyginant jg su daug angliavandeniy turincia dieta,
atsizvelgiant | tg fakta, kad abiejy taikyty diety energijos suvartojimas nesiskyré
(Ebbeling et al., 2018). Dietos, skatinancios energijos eikvojima, iSlaikant energijos
suvartojimg nepakitusiu, yra perspektyvi strategija svorio reguliacijai, o pelés
modelis yra puikus instrumentas tokios krypties studijoms realizavimui. C57BL/6J
peliy linija yra linkusi j nutukimg sukelian¢ig maisting intervencijg (Kleinert et al.,

2018; Speakman, 2019b) ir gerai toleruoja dietas su stipriais skirtumais tarp
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angliavandeniy ir riebaly proporcijos diety sudétyje (Roberts et al., 2017, 2018).
Masy ketvirto tyrimo stiprumas buvo tas, kad mes peliy modelyje taikéme
hipokalorines dietas su tiksliai nustatyta makromedziagy kompozicija, kg ypatingai

sunku jgyvendinti Zzmogaus studijose.

TIKSLAS, HIPOTEZES IR UZDAVINIAI

Pagrindinis tikslas buvo istirti sumazinto citrato sintazés (CS) aktyvumo,
miostatino disfunkcijos ir kalorijy apribojimo intervencijy jtaka peliy energijos
metabolizmui ir kiino kompozicijai.

Tyrimy hipotezés:

1. Sumazintas CS aktyvumas gali pagerinti substraty oksidacijos greitj
mitochondrijose ir paskatinti riebaly oksidacija C57BL/6J pelése (pirmas tyrimas).

2. Sumazintas CS aktyvumas gali paveikti energijos metabolizmg laisvai
judanciose pelése (antras tyrimas).

3. Sumazintas CS aktyvumas gali jtakoti energijos metabolizmg esant
badavimui (trecias tyrimas).

4. Miostatino disfunkcija, kuri charakterizuojama hipertofuotais griauciy
raumenimis dél padidéjusiy glikolitiniy 2 tipo skaiduly kiekio ir masés bei
sumazejusiu kiino riebaly kiekiu, energijos gamybai gali naudoti daugiau resursy i$
raumeny palyginus su laukinio tipo kontrole esant badavimo salygomis (trecias
tyrimas).

5. Medziagy apykaitos rodikliy (tokiy kaip energijos eikvojimas) ir kiino
kompozicijos poky¢iai gali nesiskirti tarp angliavandeniy ir riebaly hipokaloriniy
diety, jiegu S$ity diety sudétis yra kaloriSkai suvienodinta pagal baltymo kiekj
(ketvirtas tyrimas).

Tyrimy uZdaviniai:

1. Palyginti mitochondrijy angliavandeniy ir riebaly substraty oksidacija
abiejy ly¢iy pelése su normaliu ir sumazintu CS aktyvumu.

2. Nustatyti sumazinto CS aktyvumo poveikj metabolinei sveikatai ir
fiziniam aktyvumui B6, B6.A ir B6.A10 abiejy lyciy peliy linijose.

3. I8analizuoti sumazinto CS aktyvumo jtakg energijos metabolizmo rodikliy
pokyc€iams ir raumeny masei po 48 val. badavimo.

4. ISanalizuoti miostatino  disfunkcijos jtakg energijos metabolizmo

pokyc€iams ir raumeny masei pries$ ir po 48 val. badavimo.
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5. I8tirti nutukusiy peliy daug angliavandeniy ir daug riebaly turinciy
hipokaloriniy diety su suvienodintu baltymo kiekiu jtakg energijos balansui, kiino

kompozicijai ir gliukozés tolerancijai esant kalorijy apribojimui.

1.1. TYRIMO METODAI IR ORGANIZAVIMAS

1.1. Gyviunai

Visi tyrimai buvo atlikti su laboratorinémis inbredinémis peliy linijomis.
Visos procediiros buvo patvirtintos Valstybinés maisto ir veterinarijos tarnybos
iSduotais leidimais: nr. 0223 (2012 m.) ir nr. 10 (2014 m.). Pelés buvo veisiamos ir
auginamos Lietuvos sporto universitetui priklausan¢iame vivariume. Jos buvo
laikomos standartiniuose narvuose, esant 20-21 °C temperatiirai, 55 £ 10 proc.
drégnumui ir kintan¢iam 12/12 val. (Sviesos/tamsos) ciklui. Gyviinai buvo
maitinami ad libitum standartiniu, grauzikams pritaikytu pasaru (58 proc. kcal i§
angliavandeniy, 28,5 proc. kcal i§ baltymy, 13,5 proc. kcal i§ riebaly; LabDiet
5001, LabDiet, Sent Luisas, JAV) ir girdomi vandeniu i§ ¢iaupo.

Buvo tiriamos penkios peliy linjjos: klasikiné C57BL/6J (B6), B6.A-
(rs3676616-D10Utsw1)/KjnB6 (B6.A), C57BL/6J-Chr10*?/NaJ (B6.A10) (Bar
Harboras, JAV), Berlin High (BEH) su miostatino disfunkcija ir Berlin High
(BEH+/+) su normalia miostatino funkcija. BEH ir BEH+/+ peliy poros buvo dosni
prof. Lutz Biinger dovana (Skotijos kaimo koledzas, Edinburgas, Jungtiné
Karalyst¢). B6 pelés yra kontroliné grupé su laukinio tipo C57BL/6J linijos
genomu. B6.A pelés turi tasking H55N mutacija Cs gene (10 chromosomos
3 ekzone), kur A yra pakeistas | C, 1s29358506. B6.A pelés su tokio tipo mutacija
10 chromosomoje vadinamos kongeninémis ir yra iSveistos ,,backrossing* metodu
(Johnson et al., 2012). B6.A10 peliy visa 10 chromosoma pakeista homologine
C57BL/6J peliy chromosoma. Tokia linija su chromosomos pakeitimu vadinama
konsomine, kai viena linija yra chromosomos donoras, kita— jos recipientas
(Nadeau et al., 2000). 10 chromosomos pakeitimas veikia Cs geng kaip ir taSkiné
B6.A peliy mutacija, todél lemia sumazintg abiejy peliy linijy CS aktyvuma.
BEH+/+ linija su normalia miostatino funkcija buvo sukurta i§ BEH linijos peliy,
kurios turi MstnCmpt-dl1Abc (angl. Compact, Cmpt) mutacija abiejuose
miostatino (Mstn) alelivose (Varga et al., 1997). Dél Sios mutacijos 12 baziy pory
delecija yra jvykusi Mstn geno sekoje, koduojancioje propeptido sritj. BEH pelés

neturi veikian¢io miostatino ir pasiZymi ypac¢ raumeningu fenotipu (Amthor et al.,
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2007; Lionikas et al., 2013). BEH+/+ su laukinio tipo miostatinu buvo iSveistos

kaip ir ankstesniuose tyrimuose (Amthor et al., 2007; Lionikas et al., 2013).

1.2. Mitochondrijuy kvépavimas. Pirmas tyrimas
1.2.1. Mitochondrijy i$skyrimas

Buvo matuojamas 12 savai¢iy amziaus B6 (n=16, astuoni patinai ir
aStuonios patelés) ir B6.A (n=16, astuoni patinai ir astuonios patelés) peliy
mitochondrijy kvépavimas. Mitochondrijy iSskyrimui buvo paruostos tokios terpés:

e homogenizavimo (H terpé: 250 mM cukrozés, 10 mM TRIS, 3 mM
EGTA, pH 7,7; 4 °C);

e suspendavimo (S terpé: 250 mM cukrozés, 5 mM TRIS, pH 7,34; 4 °C);

e izoliacijos A (2,5 ml 150 mM cukrozés, 75 mM KCI, 50 mM KH,PO,,
S5SmM MgCl,, 1mM EGTA, pH 7,4; 4°C) su pridéta 0,2 mg/ml bakterine
proteinaze (XXIV tipas, i§ Bacillus licheniformis, P8038, Sigma-Aldrich,
Vokietija);

e izoliacijos B (250 mM cukrozés, 20 mM MOPS, 0,1 mM EGTA, pH 7,4;
4 °C) su pridétu 1 mg - ml'! jaucio serumo albuminu (angl. bovine serum albumin,
BSA) ir 15 ml izoliacijos terpés B be BSA.

Paruostos terpés viso eksperimento metu buvo laikomos and ledo (4 °C).
Mitochondrijy kvépavimui matuoti buvo paruosta inkubacijos terpé (IT6) (KCl
110 mM, kreatino monohidratas 50 mM, TRIS 20 mM, KH,POs 5 mM, Mg
(MgCl2-6H,0) 2,5mM, pH 7,2; 37°C). Tai buvo atlikta prie§ pradedant
mitochondrijy iSskyrima.

Atlikus pelés eutanazijg kervikaline dislokacija, kepenys ir galiniy kojy
griauciy raumenys buvo greitai iSpreparuojami ir dedami j atskirus 40 ml lede
atSaldytus 0,9 proc. KCl tirpalus. Kepenims reikalinga 3 min. inkubacija KCI
tirpale. Po inkubacijos kepenys buvo kruopsciai susmulkintos zirklémis ir uZpiltos
H terpe (kepeny ir H terpés santykis 1:10 (m/V)), visas miSinys homogenizuotas
elektriniu Potter-Elvehjem homogenizatoriumi: 10 karty po 20-30 sek. 750 rpm
(angl. rotations per minute, rpm) greiciu.

Mitochondrijos buvo iSskiriamos diferenciniu centrifugavimu (Zukiene,
Ciapaite & Mildaziene, 2010) per 3 Zingsnius: 800 x g 5 min., 6800 x g 10 min. ir
6800 x g 10 min. 4 °C (Allegra 64R centrifuga, Beckman Coulter, Sent Draivas,
JAV). Po pirmo centrifugavimo Zingsnio supernatantas perfiltruotas. Po antro ir
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trecio centrifugavimo zingsnio substancija resuspenduota S terpéje.

Raumeny mitochondrijy i$skyrimui raumenys 5 min. buvo inkubuojami lede
atSaldytoje izoliacijos terpéje A. Po inkubacijos raumenys buvo kruopsciai
susmulkinti (iSimtas jungiamasis audinys) ir uZpilti izoliacijos terpe B. Gautas
miSinys homogenizuotas elektriniu Potter-Elvehjem homogenizatoriumi: 10 karty
po 20-30sek. 750 rpm grei¢iu. Raumeny mitochondrijy iSskyrimo procediira
atlikta vadovaujantis kito tyrimo metodika (Garcia-Cazarin, Snider, & Andrade,
2011). Atlikti 3 diferencinio centrifugavimo zingsniai: 800 x g 10 min., 10000 x g
10 min., 10000 x g 10 min. 4 °C. Po pirmo centrifugavimo zingsnio supernatantas
buvo perfiltruotas, o po antro Zingsnio supernatantas buvo iSpiltas ir jpilta 10 ml
izoliacijos B terpés. Po trecio centrifugavimo zingsnio supernatantas buvo iSpiltas
ir jpilta 100-150 ul izoliacijos B terpés (~100 mg - ml! baltymo). Po
centrifugavimo kepeny ir mitochondrijy suspensijos buvo laikomos lede, palaikant
4 °C temperatiirg.

Baltymo koncentracija mitochondrijy suspensijose buvo matuojama
spektrofotometriskai, taikant modifikuota Biureto metoda (Gornall, Bardawill, &
David, 1949). Biureto testui BSA buvo naudojamas kaip standartas. Standartiné
kreivé nubrézta naudojant standarto rodiklius, pamatuotus spektrofotometriskai
536 nm bangos ilgyje. 1,6 ml Biureto reagento, 380 ul deoksicholinés riigsties
(DOX, 0,33 proc.) ir 20 ul kiekvieno standarto buvo sumaiSyta ir inkubuojama
15 min. 37 °C. Mitochondrijy baltymo koncentracija matuota taip pat, kaip ir BSA
standartai, tik vietoje 20 ul standarto buvo jpilta 20 ul mitochondrijy suspensijos.
Kontrolei atlikti sumaiSyta 400 ul DOX (0,33 proc.) ir 1,6 ml Biureto reagento.

1.2.2. Mitochondrijy kvépavimo matavimai

Mitochondrijy kvépavimas buvo matuojamas pagal deguonies suvartojimo
greitj (O nmol min™! - mg"! baltymo) 37 °C 1,5 ml uzdaroje stiklo kiuvetéje su
jrengtu Klarko tipo deguoniui jautriu elektrodu, naudojant polarografijos sistema
(Rank Brothers LTD, Jungtiné Karalysté). Polarografijos technika pagrista
iStirpusio  vandenyje deguonies redukcija (1.1, 1.2) pagal fundamentalius
oksidacinio fosforilinimo désnius (Chance & Williams, 1955).

0, +2é+2H" — H>0; (1.1)

O, +4é +4H" — 2H,0 (1.2)

Mitochondrijy kvépavimui matuoti buvo naudojami Sie substratai ir jy miSiniai:

1.5mM glutamato (pagaminto i§ L-glutamo rugsties, G8415, Sigma-
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Aldrich, Vokietija) ir 5 mM malato (pagaminto i§ L-(—)-obuoliy rtigsties dinatrio
druskos, M9138, Sigma-Aldrich, Vokietija) (GM).

2.5 mM glutamato ir 5 mM malato plius 0,005 mM palmitoil-L-karnitino
(pagaminto i§ palmitoil-L-karnitino chlorido, P1645, Sigma-Aldrich, Vokietija)
(GM + PC).

3.5 mM piruvato (pagaminto i§ piruvato druskos, P2256, Sigma-Aldrich,
Vokietija) ir 5 mM malato (PM).

4.5mM piruvato ir 5 mM malato plius 0,005 mM palmitoil-L-karnitino
(PM + PC).

5. 0,005 mM palmitoil-L-karnitino plius 0,25 mM malato (PC + M).

6. 5 mM sukcinato (pagaminto i§ sukcinato druskos dvibazinio heksahidrato,
S2378, Sigma-Aldrich, Vokietija) plius 0,001 mM rotenono (pagaminto i$
rotenono, R8875, Sigma-Aldrich, Vokietija) (SU + RO).

Rotenonas buvo naudojamas I kvépavimo grandinés kompleksui slopinti
(Scholte, 1973), matuojant deguonies suvartojimo greitj, susijusj su Il kvépavimo
grandinés komplekso aktyvumu (Bouderba et al., 2012), kai sukcinatas naudotas
kaip substratas.

1 ml IT6 buvo jpilama j kiuvete su deguoniui jautriu elektrodu kartu su vienu
i§ nurodyty kvépavimo substraty ir kreatino fosfokinaze (C3755, Sigma-Aldrich,
Vokietija). Galutiné kreatino fosfokinazés koncentracija kiuvetéje (pagal gamintojo
protokolg) buvo 0,05 mg - ml™. IT6 viso eksperimento metu buvo laikoma 37 °C
temperatiiroje. Darbinis mitochondrijy suspensijos tiris, kuris buvo j§virks§¢iamas j
uzdarytg kiuvete, atitiko 1,0 mg kepeny mitochondrijy baltymo ir 0,15 mg raumeny
mitochondrijy baltymo. Trecia metaboliné biisena (3 biisena) buvo inicijuojama
pridedant 1 mM ATP, kuris kreatinfofsokinazés déka konvertuotas i ADP.
Gautame tirpale jis kartu su kreatinu funkcionavo kaip ADP regeneruojanti sistema
(Kholodenko et al., 1987). 3 busenos deguonies suvartojimas iSreikstas kaip nmol

O - min! - mg baltymo™'.

1.3. Metabolizmo matavimai, fizinis aktyvumas. Antras tyrimas

Kontrolinés grupés B6 (n = 18) pelés, kuriy CS aktyvumas normalus, B6.A
(n=18) ir B6.A10 (n = 18) peles, kuriy CS aktyvumas sumazintas, buvo jtrauktos i
medziagy apykaitos eksperimenta (po 9 patinus ir 9 pateles kiekvienoje linijoje).
Medziagy apykaitos matavimai atlikti naudojant metabolinj narvg (Physiocage 00,
Panlab Harvard Apparatus, Barselona, Ispanija), sujungta su dujy analizatoriumi
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(LE405, Panlab Harvard Apparatus, Barselona, Spain), kuris buvo sukalibruotas
naudojant dujy miSinius virSutiniame (50 proc. O, 1,5 proc. COy) ir apatiniame
(20 proc. Oy, 0 proc. CO,) kalibracijos taskuose. LE405 sujungtas su jungikliu
LE400 (Panlab Harvard Apparatus, Barselona, Ispanija), kuriame nustatyta
250 ml - min™! oro tékmé. Metaboliné sistema atliko laisvai judanéiy gyviny viso
kiino kvépavimo dujy analize. Buvo registruojami tris valandas trukusio
eksperimento paskutiniy dviejy valandy matavimy rodikliai (pirma valanda skirta
peliy aklimacijai). Naudojant metaboling sistema, buvo matuojami Sie medZiagy
apykaitos parametrai: absoliutus (ml - min™') ir santykinis (ml - min"' - kg®”® nuo
kiino masés) deguonies suvartojimas (VO>), anglies dioksido (VCO.) iSskyrimas,

075 - diena™) energijos eikvojimas

absoliutus (kcal - diena™) ir santykinis (kcal - kg
(angl. energy expenditure, EE), kvépavimo koeficientas (angl. respiratory quotient,
RQ). Metabolizmo sistema (Panlab Harvard Apparatus, Barselona, Ispanija) atlicka
viso kiino jkvépiamy ir iSkvépiamy dujy analiz¢ laisvai judanciose pelése. EE
skaiCiuojamas pagal ,,Weir* formule (2):

EE =[3.815+(1.232-RQ)] - VO: - 1.44 (2)

Fizinis aktyvumas buvo nustatomas naudojant prie narvo apatinés dalies
pritvirtintus judesiui jautrius matuoklius. Pasistiebimai buvo registruojami
naudojant 10 cm aukstyje pritvirtintus infraraudonyjy spinduliy barjerus.

Rezultatams analizuoti buvo naudojamas programinis paketas ,,Metabolism

version 1.2 (Panlab Harvard Apparatus, Barselona, Ispanija).

1.4. Badavimas. Trecias tyrimas
1.4.1. Eksperimento dizainas, medziagy apykaitos analizé

Medziagy apykaitos matavimai atlikti Sviesos ciklo metu (nuo 9 iki 18 val.).
16 savaiciy amziaus B6, B6.A, B6.A10, BEH ir BEH +/+ linijy (n = 9 kiekvienoje
linijoje) patinams buvo sukeltas 48 val. badavimas (angl. food deprivation, FD),
naudojant ankstesniuose kity mokslininky tyrimuose taikytag metodologija (Allen et
al., 2010). FD metu organizmas gauna tik vandens. Prie$ eksperimentg pelés buvo
maitinamos ad libitum paSaru. Kontroliniam matavimui kiekviena pelé buvo
pasverta (Kern, ABS 80-4, Vokietija) ir iStestuota fiziologiniame narve 3 val.
(1 val. aklimacijos ir 2 val. matavimy) prie§ 48 val. FD. Kiekviena pel¢ taip pat
buvo pasverta praéjus 24 val. po FD. Praéjus 48 val. po FD pelé buvo pasverta dar
karta ir antrg kartag buvo atlickami medZziagy apykaitos matavimai. Po medziagy
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apykaitos matavimy pelé buvo sveriama paskutinj kartg. 18 savaiiy amziaus
BEH+/+ (n=45), BEH (n=35) peliy patinai buvo suskirstyti j neintervencing
kontroling (BEH+/+ n =18, BEH n = 12) ir eksperimenting (BEH+/+ n =27, BEH
n=23) grupes. Neintervenciné kontroliné grupé buvo naudojama tik kino
kompozicijos analizei. Eksperimentiné grupé prieS badavimo intervencija
reprezentavo kontroling intervencing grupg (angl. control, CON), o po badavimo ta
pati grupé reprezentavo eksperimenting intervencing (angl. food-deprived, FD)
grupe. Metabolizmo matavimo procediiros metu kiekviena i§ eksperimentiniy peliy
buvo pasverta ir iStestuota fiziologiniame narve prie§ (CON) ir po (FD) 48 val.
badavimo. Visi medziagy apykaitos analizés zingsniai sutapo su aukSCiau
aprasytais B6 peliy linijos. Energijos metabolizmo ir fizinio aktyvumo matavimy
pabaigoje pelé buvo pasverta paskutinj karta (Kern, ABS 80-4, Vokietija).

1.4.2. Atskiro raumens masé ir raumeny ir kiino masés santykis

Eksperimento pabaigoje pelés buvo nuzudytos naudojant CO. dujas.
ISpreparuoti visy tirty peliy galiniy kojy griau¢iy raumenys: dvilypis blauzdos
raumuo (lot. gastrocnemius, GAS), padinis raumuo (lot. plantaris, PL), plek$ninis
blauzdos raumuo (lot. soleus, SOL), ilgasis tiesiamasis pirSty raumuo (lot. extensor
digitorum longus, EDL), priekinis blauzdos raumuo (lot. tibialis anterior, TA).
ISpreparuoti raumenys pasverti 0,1 mg tikslumu (Kern, ABS 80-4, Vokietija) ir
uzSaldyti skystame azote (,,Litgenas”, Kaunas, Lithuania). Kombinuota griauciy
raumeny masé buvo paskaiCiuota pagal kairés ir deSinés galiniy kojy visy penkiy
(aukscCiau i§vardyty) iSpreparuoty raumeny masé. Raumeny ir kiino masés santykis
apskaiciuotas pagal formule (3):

Raumeny masés suma (g) / kitno masé (g)-100 (3)

1.4.3. CS aktyvumo nustatymas i§ raumeny audinio

CS aktyvumas buvo matuojamas i§ homogenizuoty griauciy raumeny pagal
ankstesniuose miisy tyrimuose apraSyta metodikg (Kvedaras et al, 2017;
Ratkevicius et al., 2010). 40—70 mg GAS raumens (n = 8) buvo homogenizuoti
Saltame lizavimo buferyje (50 mM Tris—HCI, 100 mM KHPO4, 2 mM EDTA,
0,2 proc. w/v BSA, pH 7,0) ir uzSaldyti skystame azote. Eksperimento dieng
homogenatai buvo atSaldyti ir centrifuguoti 13 000 g 10 min. 4 °C temperatiiroje.
Bradfordo metodas (angl. Bradford assay) buvo taikomas baltymo koncentracijai
nustatymui supernatante. CS aktyvumo matavimai buvo atlikti naudojant reakcijos
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reagentg (100 mM trietanolaminas-HCI, ditiobis (2-nitrobenzoiné riigstis), 0,5 mM
Triton-X (0,25 proc. vol/vol), oksalacetatas, 0,31 mM acetyl CoA, pH 8,0) ir
spektrofotometras (GENESYS 10 Bio UV-Vis, ,,Thermo Fisher Scientific*,
Jungtinés Amerikos Valstijos) 21 °C temperatiiroje. CS standartas (C3260-200UN,
»3igma-Aldrich, Vokietija) naudotas kalibracijai. Molinis ekstinkcijos
koeficientas buvo 13 600 M-1 cm™! CoA-5,5"-tiobis (2-nitrobenzoiné riigstis).
Matavimai atlikti spektrofotomerte nustacius 412 nm bangy ilgj ir matuojant
maksimaly CS aktyvuma pirmas 2 min.

1.4.4. Raumeny skaiduly kompozicija

SOL raumens skaiduly tipo kompozicija ir skaiduly dydis buvo nustatyti
taikant ankstesniuose tyrimuose apraSytg ir prikaikyta metodika (Kilikevicius et al.,
2013). Buvo paskaiciuotos visos 1 ir 2 tipo raumeny skaidulos. Vidutinis
skerspjuvio plotas buvo paskai¢iuotas naudojant 25 proc. atsitiktiniu btdu

parinktas skaidulas.

1.4.5. Riebaly pasiskirstymas

Riebaly pasiskirstymas buvo iSanalizuotas pagal ansktesniuose miisy
tyrimuose apraSyta metodikg (Kvedaras, Minderis, Krusnauskas, Lionikas, &
Ratkevicius, 2019). Riebalai i§ keturiy skirtingy pelés kiino viety buvo iSpreparuoti
ir pasverti. Riebaly suminé masé buvo paskaiciuota i§ baltyjy adipoziniy poodiniy
(angl. white adipose subcutaneous, sSWAT), gonadaliniy (angl. gonadal, gWAT,
visceraliniy (angl. visceral, vVWAT), kuriuos savo ruoztu sudaro mezenteriniai
(angl. mesentericc mWAT) ir perineriniai (angl. perirenal, pWAT). Taip pat buvo
iSpreparuoti rudieji riebalai (angl. intrascapular brown adipose tissue, iBAT), kurie

taip pat buvo jskai¢iuoti j suming riebaly mase.

1.5. Svorio mazinimo maistinés intervencijos. Ketvirtas tyrimas

10 sav. amziaus B6 pelés (n = 30), kurios visa savo gyvenimg valgé jprastg
paSara, buvo perjungtos j obesogening (daug riebaly ir daug angliavandeniy
turin€ig) dieta (D12451, 45 proc. ir 17,5 proc. kcal i$ riebaly ir angliavandeniy,
»Research Diets”, Jungtinés Amerikos Valstijos). Obesogeninés dietos trukmé
buvo 18 sav. (Alhindi et al.,, 2019). Po nutukimo fazés seké 6 sav. kalorijy
apribojimas (angl. caloric restriction, CR), kuris buvo taikomas pelése, kurios

valgé mazai riebaly turintj paSarg (angl. Low-Fat, n=10, D17100401, ,,Research
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Diets®, Jungtinés Amerikos Valstijos) arba mazai angliavandeniy turinc¢ig dieta
(Low-Carb, n=10, D12492, ,Research Diets®, Jungtinés Amerikos Valstijos).
Kalorijy apribojimas palaipsniui didéjo nuo 20 proc. (1 sav.) iki 40 proc. (5—
6 sav.). Po kontroliniy svorio matavimy buvo atrinktos aStuonios pelés, kurios
reprezentavo predieting nutukusia grupe (angl. pre-diet obese controls, Pre).

Regular dietos grupé buvo naudojama kaip referentiné.

1.5.1. Glukozés tolerancija, metabolizmas ir kiino kompozicija

Sesiy kontroliniy tasky gliukozés tolerancijos testas buvo atliekamas 8—
9 val. ryte po naktinio badavimo per paskuting SeSta CR savaitg. Peléms buvo
atlikta gliukozés tirpalo (2 g glucose - kg body wt-1) injekcija, ir naudojant
gliuvkomatj (,,Glucocard X-mini plus GT-1960“, Japonija) buvo matuojami
gliukozés koncentracijos rodikliai tokiais laiko intervalais: 0, 15, 30, 60, 90 ir
120 min. po gliukozés injekcijos. Gliukozés atsako Plotas po kreive (angl. the area
under curve, AUC) buvo paskaiCiuotas naudojant Prism 8.0 kompiutering
programa (,,GraphPad Software Inc.*, Jungtinés Amerikos Valstijos).

Energijos metabolizmo analizé atlikta pagal auk$Ciau apraSyta metodika
(zitréti 2.3). Kiino kompozicijos (raumeny masés bei riebaly kompozicijos) analizé

atlikta pagal aukSc¢iau apraSytus metodus (zidreti 1.4.2, 1.4.4).

1.6. Statistiné analizé

Duomeny analiz¢ atlikta naudojant ,,Prism 8.0% ir ,,SPSS 20.0* programinius
paketus. Duomenys buvo patikrinti, ar atitinka normalyjj skirstinj, taikant Shapiro—
Wilk test. Visiems statistiniams testams buvo taikomas statistinis p < 0,05
reikSmingumas. Duomenys reprezentuoti kaip reik§més + standartinis nuokrypis
(SN).

Pirmas tyrimas. Dviejy veiksniy variacijos analizés (angl. 2-way ANOVA)
testas ir ,,Bonferroni post hoc* testas buvo taikomi nustatant skirtumus tarp peliy
linijy rezultaty ir skai¢iuojant mitochondrijy kvépavimo skirtumus tarp peliy linijy
ir tarp skirtingy peliy ly¢iy. T-testas buvo taikytas vertinant CS aktyvumo
skirtumus.

Antras tyrimas. Medziagy apykaitos rezultatams jvertinti buvo naudojami
»2-way ANOVA® ir ,,Bonferroni post hoc testai, nustatant skirtumus tarp peliy
linijy (B6, B6.A, B6.A10). Stjudento t-testas (t-testas) buvo taikomas analizuojant
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skirtumus tap skirtingy peliy ly¢iy.

Trefias tyrimas. Energijos metabolizmo rezultatams jvertinti buvo
naudojami ,,2-way ANOVA* ir ,,3-way ANOVA* testai kartu su Bonferroni post
hoc testu, kuriy pagalba buvo palyginti skirtumai tarp peliy linijy (B6, B6.A,
B6.A10, BEH+/+, BEH). Dviejy veiksniy pasikartojanciy reikSmiy variacijos
analizé (angl. 2-way repeated measures ANOVA) su ,,.Bonferroni post hoc* testu
buvo pritaikyti lyginant skirtumus tarp CON ir FD biiseny. Vienfaktoriné veiksniy
variacijos analizé (angl. one factor analysis of variance, 1-way ANOVA) buvo
atlikta skirtumams tarp atskiry raumeny apskaiciuoti. Kovariacijos (angl.
ANCOVA) analizé atlikta tam, kad palyginti energijos eikvojimo (EE) skirtumus
tarp peliy linijy. T-testas buvo taikomas analizuojant skirtumus tarp FD ir CON
raumeny masiy BEH ir BEH+/+ pelése.

Ketvirtas tyrimas. ReikSmiy jvertinimui buvo naudojamas ,1-way
ANOVA* testas kartu su Bonferroni post hoc testu. Neparametrinis ,,Kruskal—
Wallis*“ testas su ,,Dunn post hoc* analize pritaikytas atvejams, kurie neatitiko
normalaus pasiskirstymo. ,, Two-way repeated measures ANOVA® buvo taikoma
kiino masés pokyCiams jvertinti, kai tos pacCios buvo naudojamos kontrolinei ir
eksperimentinei grupéms. ,,ANCOVA* analiz¢ atlikta nustatant EE skirtumus tarp
peliy grupiy pagal ankstesniame tyrime aprasyta metoding rekomendacija (Tschop
et al.,, 2011). Kino masé ir fizinis aktyvumas ,,ANCOVA® testui parinkti kaip

kovariacinés reikSmés (angl. covariates).

2. REZULTATAI

2.1. Pirmas tyrimas

Buvo vertinamas B6 ir B6.A peliy kepeny mitochondrijy CS aktyvumas.
B6.A peliy CS aktyvumas, lyginant su B6 pelémis, buvo 32 proc. mazesnis
(p<0,01).

B6 ir B6.A peliy kepeny mitochondrijy 3 biisenos rodikliai nesiskyré (1A ir
1B pav.). Didziausi kepeny mitochondrijy 3 biisenos rodikliai nustatyti naudojant
SU + RO substrata (B6 patiny ir pateliy atitinkamai 134,1 £22,7 ir 79,7+
15,5 nmol - min"! mg™! baltymo; B6.A patiny ir pateliy atitinkamai 118,1 +21,3 ir
106,1 £ 17,5 nmol - min"' mg™! baltymo).
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Pastaba. Substratai: GM — glutamatas-malatas, GM + PC — glutamatas-malatas plius
palmitoil-L-karnitinas, PM — piruvatas-malatas, PM + PC — piruvatas-malatas plius
palmitoil-L-karnitinas, PC + M — palmitoil-L-karnitinas plius malatas,

SU + RO - sukcinatas plius rotenonas. Dydziai yra vidurkiai = SN;

** p < 0,01 —B6, lyginant su B6.A linijos rodikliais; ## p < 0,01 — PM,
lyginant su PM + PC substratu.

1 pav. Patiny (A, C) ir pateliy (B, D) kepeny (A, B) ir raumeny (C, D) mitochondrijy 3
metabolinés biisenos skirtumai tarp B6 ir B6.A linijy

Raumeny mitochondrijy 3 biisenos rodikliai buvo maziausi naudojant
PC+ M substratg (1C ir 1D pav.). B6.A peliy 3 busenos rodikliai naudojant
SU + RO buvo didesni nei B6. B6.A pateliy 3 biisenos rodikliai naudojant
PM + PC buvo didesni nei B6 (p <0,01). Nustatyta, kad B6 pateliy kepeny ir
raumeny mitochondrijy 3 biisenos rodikliai naudojant SU + RO buvo didesni nei
patiny (p <0,001). O B6.A linijos 3 biisenos rodikliai naudojant SU + RO tarp
patiny ir pateliy nesiskyré (p > 0,05). Patiny 3 biisenos rodikliai buvo didesni nei
pateliy naudojant GM (p < 0,01) ir GM + PC (p < 0,05) substratus.
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2.2. Antras tyrimas

B6.A patinai (29,2 + 1,2 g) buvo lengvesni nei B6 (32,2 + 1,1 g) ir B6.A10
33,0+ 1,6 g) patinai. B6 (24,9+3,1g) ir B6.A (22,5+0,9 g) patelés buvo
23 proc. lengvesnés nei B6 (32,2 + 1,1 g) ir B6.A (29,2 + 1,2 g) patinai. B6.A10
patelés (23,1 + 1,4 g) buvo 20 proc. lengvesnés nei B6.A10 patinai (33,0 £ 1,6 g).

B6 ir B6.A bei B6.A10 patiny VO, ir VCO; reikSmés nesiskyré. Taciau
absoliucios B6.A10 patiny VO, (p <0,05) ir VCO: (p<0,01) reikSmés buvo
didesnés nei B6.A patiny. PrieSingai nei patiny, B6 pateliy VO, ir VCO, reikSmés
tarp B6 ir B6.A bei B6.A10 linijy skyrési. Absoliucios B6 pateliy VO, ir VCO,
reikS§més buvo didesnés uz B6.A (VO,— p<0,05, VCO,— p<0,01) ir B6.A10
(p <0,01). Santykinés B6 pateliy VO- reikSmés buvo taip pat didesnés nei B6.A ir
B6.A10 (p < 0,01). Santykinés B6 pateliy VCO; reik§més buvo didesnés nei B6.A
(p <0,05), taciau nesiskyré nuo B6.A10 linijos VCO> reikSmiy.
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Pastaba. EE — energijos eikvojimas. Dydziai yra vidurkiai + SN;
** p < 0,01, lyginant su B6 linijos rodikliais; # p < 0,05 yra susij¢s
su skirtumais tarp B6.A ir B6.A10 peliy linijy rodikliy.
2 pav. Absoliuciy (A, C) ir santykiniy (B, D) energijos eikvojimo reik§miy skirtumai
tarp B6, B6.A ir B6A.10 patiny (A, B) ir pateliy (C, D)
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Visy linijy patiny santykinis EE buvo stabilus (B6, B6.A ir B6.A10;
p > 0,05) (2A pav.), o absoliucios EE reikSmés B6.A10 peliy buvo didesnés nei
B6.A (2B pav.). Absoliucios B6 pateliy EE reikS§més buvo didesnés nei B6.A
(p<0,01) ir B6.A10 (p <0,01) (2C pav.). Santykinés B6 pateliy EE reikSmés buvo
didesnés nei B6.A10 pateliy (p <0,01) (2D pav.).

Visy linijy (B6, B6.A ir B6.A10) ir ly¢iy RQ, fizinio aktyvumo ir
pasistiebimy reikSmeés nesiskyré. B6.A pelés buvo maziau aktyvios nei B6 pelés
(p <0,05). Nustatyta, kad B6 pateliy santykinés EE reik§més buvo didesnés nei B6
pating (p <0,01), tatiau B6.A ir B6.A10 linijose tokiy ly¢iy EE skirtumy
nenustatyta. Pabréztina, kad B6 pateliy pasistiebimy reikSmés taip pat buvo
didesnés nei B6 patiny (p < 0,05).

2.3. Trecias tyrimas
2.3.1. Sumazinto CS aktyvumo atsakas j badavimg

B6.A pelés buvo lengvesnés nei B6 ir B6.A10 visuose trijuose laiko
taskuose: 0 val., 24 val. ir 48 val. FD (p <0,01). FD tur¢jo jtakos visy tirty peliy
linijy kiino masei, lyginant su kiino mase prie§ FD. Stipresnis FD poveikis
procentiniam kiino masés pokyc€iui nustatytas po pirmy 24 val. FD (p <0,001) nei
po paskutiniy 24 val. FD (p <0,01). Kiino masés poky¢iy skirtumy tarp linijy
visuose trijuose laiko taskuose nenustatyta (p > 0,05).

Raumeny masés suma buvo apskaiciuota po FD intervencijos. Nustatyta, kad
B6 peliy raumeny masés suma buvo didesné nei B6.A (p < 0,001), bet mazesné nei
B6.A10 peliy (p <0,01). B6 peliy raumeny ir kiino masés santykis buvo mazesnis
nei B6.A ir B6.A10 peliy (p <0,01).

B6.A10 peliy GAS raumens masé buvo didesné nei B6 ir B6.A peliy
(atitinkamai p < 0,05 ir p<0,001) (3A pav.). B6.A10 peliy PL ir SOL raumeny
masé buvo didesné nei B6.A peliy (p <0,001) (3B ir 3C pav.). Jdomu, jog B6.A
peliy PL ir SOL raumenys buvo lengvesni nei B6 peliy (atitinkamai p <0,01 ir
p <0,05) (3B ir 3Cpav.). TA ir EDL raumeny masés tendencijos ir skirtumai
skyrési nuo GAS, PL ir SOL. B6.A peliy TA svéré daugiau nei B6 (p <0,05) ir
B6.A10 peliy (p<0,01) (3D pav.). B6.A10 peliy EDL raumens masé buvo
mazesné nei B6 ir B6.A peliy (p <0,001) (3E pav.).
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Pastaba. Dydziai yra vidurkiai + SN. GAS — dvilypis raumuo; PL — padinis raumuo;
SOL — pleksninis raumuo; TA — priekinis blauzdos raumuo; EDL — ilgasis tiesiamasis
pirsty raumuo. Dydziai yra vidurkiai + SD. ## p < 0,01; ### p < 0,001, lyginant su B6.A
linijos rodikliais; * p < 0,05; ** p <0,01; *** p < 0,001, lyginant su B6 linijos rodikliais.

3 pav. B6, B6.A ir B6.A10 linijy peliy griau¢iy raumeny masé
po 48 val. badavimo

Pries FD visy linijy absoliuéios ir santykinés VO, bei VCO, reikSmés
nesiskyré (p > 0,05). Po FD visy linijy absoliu¢ios ir santykinés VO, bei VCO;
reik§més sumazéjo (p < 0,001). Lyginant skirtumus tarp linijy nustatyta, kad po FD
B6.A peliy absoliutus VO, tapo mazesnis nei B6.A10 peliy (p < 0,01). Po FD B6.A
peliy VO, ir VCO; reikSmés tapo mazesnés nei B6 peliy (p <0,01). B6 peliy
santykinés VO, ir VCO; reikSmés po FD buvo mazesnés nei B6.A10 peliy
(p<0,01).

Pries FD absoliuCios ir santykinés peliy linijy EE reikSmés nesiskyré
(p>0,05) (4pav.). FD stipriai sumazino absoliucias (p <0,001 — lyginant EE
reikSmes pries FD ir po jo) ir santykines (p <0,01 — B6 ir B6.A10 linijy;
p<0,001 — B6.A, lyginant EE reikSmes prie§ FD ir po jo) EE reikSmes.
Absoliucios B6.A peliy EE reikSmés po FD tapo maZesnés nei B6 peliy (p < 0,01)
(4A pav.). Po FD santykinés EE reikSmés B6.A peliy linijos sumazéjo labiau nei
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B6 peliy linijos (p < 0,05) (4B pav.). Taip pat nustatyta, kad po FD absoliucios ir
santykinés B6.A peliy EE reikSmés tapo mazesnés nei B6.A10 peliy (p <0,01).
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Pastaba. EE — energijos eikvojimas, pries FD — reik§més pries badavima,
po FD — reikSmés po badavimo. Dydziai yra vidurkiai + SN; ** p <0,01;
**% p < 0,001 yra susijes su reik§mémis prie$ FD; # p < 0,05; ## p < 0,01, lyginant
su B6 linijos reikSmémis; 1 p < 0,01, lyginant su B6.A linijos reikSmémis.

4 pav. B6, B6.A ir B6A.10 peliy linijy absoliucios (A) ir santykinés (B) energijos
eikvojimo reik§meés prie§ badavima ir po jo

Pries FD RQ skirtumy tarp linijy nenustatyta (p > 0,05). Po FD B6.A peliy
RQ buvo mazZesnis nei B6 peliy (p <0,05). Svarbu pabrézti, kad jokiy fizinio
aktyvumo ir pasistiebimy skirtumy prie§ FD ir po jo tarp B6, B6.A ir B6.A10 linijy
rezultaty nustatyta nebuvo (p > 0,05).

B6 peliy CS aktyvumas buvo didesnis nei B6.A ir B6.A10 peliy (p <0,001)

(5 pav.).
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Pastaba. Dydziai yra vidurkiai + SN; *** p < 0,001, lyginant su B6 peliy rodikliais.

5 pav. Citrato sintazés aktyvumo skirtumai tarp B6, B6.A ir B6A.10 peliy
po badavimo
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2.3.2. Miostatino disfunkcijos atsakas j badavima

6 pav. parodyti morfometriniai BEH+/+ ir BEH peliy linijy duomenys
kontrolinéje (angl. control, CON) prie§ 48 val. badavimg ir po (angl. food-

deprived, FD). BEH pelés buvo sunkesnés su daug didesne galiniy kojy griauciy

raumeny mase, bet turéjo mazesn¢ riebaly mas¢ negu BEH+/+ ad libitum

salygomis prie§ badaujant (6A, C, D pav.). FD privedé prie polaipsninio kiino
masés sumazejimo (6A, B pav.), kuris buvo greitesnis BEH+/+ negu BEH linijose

per pirmas 24 val., bet po 48 val. FD kiino masés mazéjimo skirtumai tarp Sity

linijy iSnyko. Abi peliy linijos patyré santykinai maza (~6 proc.) kombinuotos
raumeny masés sumazéjima (6C pav.) ir stipry (> 30 proc.) riebaly sankaupy

iSeikvojimg (6D pav.).
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Pastaba. Dydziai yra vidurkiai = SN; 1 p < 0,05, 1 p <0,01, 11 p < 0,001, peliy linijos
(angl. strain, S), badavimo (FD) ir (arba) S x FD sgveikos poveikis; *** p < 0,001,
skirtumai nuo atskaitos tasko (0 val.); ## p < 0,01, ### p < 0,001, skirtumai
tarp BEH+/+ ir BEH linijy

6 pav. Morfometriniai BEH+/+ ir BEH peliy duomenys: kiino masé (A, B) badavimo metu,
kombinuota raumeny (C) ir riebaly (D) masés kontrolinéje (angl. control, CON) ir
badavusioje (angl. food-deprived, FD) grupése
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Energijos metabolizmo charakteristikos ir fizinis aktyvumas parodyti 7 pav.
Maisto suvartojimas nesiskyré tarp BEH+/+ ir BEH linijy. EE buvo didesnis BEH
negu BEH+/+, bet kovariacijos analizé (taikant kiino mas¢ kaip kovariaty)
neatskleidé¢ skirtumy tarp Sity peliy linijy. FD sukel¢ EE sumaZzéjimg abiejose peliy
linijose (p <0,001) (7B pav.). RQ ir fizinis aktyvumas nesiskyré tarp linijy ir
sumazéjo po FD (p < 0,001) (7C, D pav.). GAS raumens CS fermento aktyvumas
buvo mazesnis BEH peliy, lyginat jas su BEH+/+ (p < 0,05) (7E pav.).

A B St FDttt
B 184
w ) = CON mm FD
m
E | E —~ 157
= — 6 =
g, 9 B 12
EE £ 3
> 2y © T g
a - 2 i
o E,, :g' g [
B =2 g,
2 i
= b ;
BEI‘I|+H+ BEH BEH+/+ BEH
090, FD 11t FD 1t
1 CON mm FD 350-
S » I CON mm FD
- @ 300
0.80- E*.‘;zso-
>
g o754 £ g0
® 2150
0.70- o9
£ 31007
e 3
0.60 ' . 0 . .
BEH+/+ BEH BEH+/+ BEH
s st
[=] -
g 3 £ CON mm FD
g § e00q
2o
_E:! « 4004
= T
W £
w
a E 200
g
= 0 T
- BEH+/+ BEH

Pastaba. Dydziai yra vidurkiai + SN; 1 p < 0,05, 11 p < 0,001, peliy
linijos (angl. strain, S) ir badavimo (FD) poveikis.

7 pav. Maisto suvartojimo (A), energijos eikvojimo (B), kvépavimo koeficiento (RQ) (C),
fizinio aktyvumo (D) ir citrato sintazés (CS) (E) palyginimas BEH+/+ ir BEH pelése
pries (CON) ir po (FD) 48 val. badavimo
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2.4. Ketvirtas tyrimas

Mazai riebaly turinios dietos (Low-Fat) grupé turé¢jo polinkj numesti
daugiau svorio negu mazai angliavandeniy (Low-Carb) turinéios dietos grupé.
Kiino masés netekimas nesiskyré tarp Sity dviejy grupiy po 6 sav. kalorijy
apribojimo (angl. caloric restriction, CR) (p>0,05). Visy peliy kiino masé

sumazéjo po CR.
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Pastaba. Sutrumpinimai: (E, F): sWAT, poodiniai; gWAT, gonadaliniai;
mWAT, mezenteriniai; pWAT, perineriniai; iBAT, rudieji. Dydziai yra vidurkiai + SN
(E, F) arba dydziai su individualiais taskais (A—D), kur kieckvienas taskas atstovauja vieng
pelg. Linijos indikuoja reik§mingus skirtumus tarp sujungty Sitomis linijomis grupiy.
#p <0,05, ## p < 0,01 and ### p < 0,001 lyginant su Pre, ** p <0,01,

*** p < 0,001 lyginant su Regular; 1 p = 0,04 lyginant su Low-Fat.

8 pav. Masés poky¢iai griauciy raumenyse (A, B), ktino riebaluose (C, D) ir riebaluose
i$ skirtingy pelés kiino paémimo viety (E, F) Low-Fat ir Low-Carb diety grupése po 6 sav.
kalorijy apribojimo (angl. caloric restriction, CR). Low-Fat ir Low-Carb grupés palygintos

su obesogenine Prie grupe prie$ CR ir su referentine Regular grupe
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Raumeny ir riebaly masiy duomenys parodyti 8 pav. Pre grupei priklausé
pelés, kurioms buvo taikyta obesogeniné dieta, bet nebuvo CR etapo. Regular

dietos grupé buvo naudojama kaip referentiné. Kombinuota raumeny masé¢ nedaug

skyrési tarp grupiy ir buvo ~5 proc. mazesné¢ Low-Fat (p = 0,02) grupéje negu Pre

(8A pav.). Raumeny mas¢ kiino masés vienetui padid¢jo per 6 sav. CR Low-Fat
(p <0,001) ir Low-Carb (p =0,001) grupése (8B pav.). I§ kitos pusés, Sity grupiy
kiino riebalai sumazéjo (p <0,0001) iki Regular grupés lygio (8C pav.) ir tapo
reikSmingai mazesni negu Pre grupés (6,09 £ 2,73 proc. ir 8,57 £ 4,55 proc. pries§
15,50 £ 3,28 proc. kiino masés, p < 0,0001, Low-Fat ir Low-Carb prie$ Pre grupe,

atitinkamai, 8D pav.). Taip buvo buvo iSanalizuotas kiino riebaly pasiskirstymas

iSpreparuojant juos i§ skirtingy pelés kiino viety. Abi Low-Fat ir Low-Carb dietos

sumazino riebaly mas¢ iki Regular grupés lygio (8E pav.).
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9 pav. Absoliutus enerigjos eikvojimas (A), fizinis aktyvumas (B), energiojos eikvojimo

ir fizinio aktyvumo sasaja (C) ir kvépavimo koeficientas (D) Low-Fat ir Low-Carb diety
grupése po 6 sav. kalorijy apribojimo (angl. caloric restriction, CR). Low-Fat it Low-Carb
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Gliukozés tolerancija buvo panasi Low-Fat ir Low-Carb gupése (p > 0,05),
bet mazesné negu Pre (p <0.01) ir Regular diety grupése (p <0,05). Absoliutus
energijos eikvojimas nesiskyré tarp Low-Fat ir Low-Carb grupiy (p <0,05)
(9A pav.). Pre grupé parodé didesnj (p = 0,02) energijos eikvojimg negu Regular
dietos grup¢, bet ANCOVA analizé¢ (kurioje kiino masé ir fizinis aktyvumas buvo
parinkti kaip kovariatai) neparodé reikSmingy skirtumy tarp grupiy bei paryskino
stipresne fizinio aktyvumo jtaka energijos eikvojimo pokyciui. Low-Fat ir Low-
Carb grupés turé¢jo polinkj j didesnj fizinj aktyvuma, lyginant jas su Pre ar Regular
diety grupémis (9B pav.). Fizinio aktyvumo ir energijos eikvojimo sgsaja buvo
reikSminga visose peliy grupése (r=0,70-0,80; p<0,05-0,01) (9C pav.).
Kvépavimo koeficientas nesiskyré tarp grupiy (9D pav.).

3. REZULTATU APIBENDRINIMAS

Pagrindinis Sio darbo tikslas buvo istirti, ar CS aktyvumas gali pagreitinti
substraty oksidacija mitochondrijose, paskatinti laisvai judanciy peliy lipidy
oksidacija ir iSanalizuoti, ar sumazintas CS aktyvumas ir miostatino disfunkcija po
visiSko badavimo arba riebiosios dietos veikia peliy medziagy apykaita, raumeny
bei kiino mas¢ ir skatina laisvai judanciy peliy gliukozés oksidacijg riebaly
saskaita. Darbas buvo suskirstytas j 4 tyrimus:

1. SumazZinto CS aktyvumo jtaka mitochondrijy kvépavimui bei poveikis
angliavandeniy ir riebaly substraty oksidacijai mitochondrijose.

2. Sumazinto CS aktyvumo jtaka laisvai judanciy peliy medziagy apykaitai
ir fiziniam aktyvumui.

3. Sumazinto CS aktyvumo ir miostatino disfunkcijos atsakas j badavima,
tiriant laisvai judanciy peliy medziagy apykaita, fizinj aktyvuma, kiino ir raumeny
masg bei jy pokyti FD metu.

4. Nutukusiy peliu maistiniy intervencijuy jtaka kaloriju apribojimo
sglygomis.

1. Sumazinto CS aktyvumo jtaka mitochondriju kvépavimui. Buvo
iStirtas B6 ir B6.A peliy linijy mitochondrijy CS aktyvumas ir mitochondrijy
kvépavimas. B6.A linija turéjo mutacija Cs gene, o B6 buvo kontroliné peliy linija.
Sio tyrimo metu nustatyta, kad B6.A peliy mitochondrijy CS aktyvumas buvo
~32 proc. mazesnis nei B6 peliy.

Mitochondrijy kvépavimo rezultatai parodé vienintel] reikSmingg skirtuma
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tarp B6 ir B6.A pateliy: B6.A raumeny mitochondrijy 3 biisenos rodikliai
naudojant SU + RO buvo didesni nei B6 ir turéjo tendencijg didéti kepeny
mitochondrijose. Rotenonas néra substratas. Jis atlieka I kvépavimo komplekso
slopinimo funkcijag. Kitas tyrimas parodé¢, kad mitochondrijy deguonies
suvartojimo greitis naudojant SU substrata buvo didesnis nei GM (Baran et al.,
2016). Sio tyrimo B6 patiny ir pateliy kepeny mitochondrijy 3 biisenos rodikliai
naudojant SU + RO buvo didesni nei naudojant kitus substratus. Jdomu, kad B6
patiny ir pateliy deguonies suvartojimo grei¢io po riebiosios dietos (HFD)
rezultatai buvo panasiis (Catala-Niell et al., 2008). B6.A peliy mitochondrijy
kvépavimas skyrési, lyginant 3 busenos rodiklius naudojant angliavandeniy
substratus su riebiuoju PC substratu ir 3 bisenos rodiklius be PC. B6.A patiny
kepeny ir raumeny mitochondrijose angliavandeniy substraty oksidacija buvo
efektyvesne, | terpe pridedant PC (Siuo atveju PM + PC), nei naudojant vien PC
(PC + M) substratg. Tokie skirtumai gali biiti todél, kad yra stiprus rySys tarp
riebaly substraty B-oksidacijos ir angliavandeniy oksidacijos Krebso cikle (Rogge,
2009). Siame darbe pristatyti rezultatai parodé kvépavimo nuosmukj naudojant PC
substratg. Raumeny mitochondrijy kvépavimo slopinimg naudojant PC substrata
galima paaiSkinti adenino nukleotido translokazés slopinimas (Ciapaite et al.,
2006).

Lyties skirtumai nustatyti tiriant kepeny ir raumeny mitochondrijy
kvépavima naudojant SU + RO: B6 pateliy 3 biisenos rodikliai buvo mazesni nei
patiny.

SumaZinto CS aktyvumo jtaka medZiagy apykaitai. Pagrindinis $io
tyrimo tikslas buvo iSanalizuoti laisvai judan¢iy kontroliniy B6 (kuriy CS
aktyvumas normalus) bei B6.A ir B6.A10 (kuriy CS aktyvumas sumazintas) peliy
medziagy apykaitg ir fizinj aktyvuma bei nustatyti galimus skirtumus tarp Siy peliy
linijy.

Nustatyta, kad medziagy apykaitos parametry skirtumy tarp linijy néra.
Viena iSimtis buvo nustatyta pateliy EE: B6.A10 peliy santykinis EE buvo
mazesnis nei B6. Jdomus faktas, kad tarp B6.A ir B6 peliy tokiy EE skirtumy
nustatyta nebuvo. Vienas galimas paaiSkinimas yra skirtingas mutacijos tipas
B6.A10 peliy linijoje (Johnson, Gagnon, Longo-Guess, & Kane, 2012), apimantis
ne tik Cs geno, bet ir kity geny mutacijg. Genetinis 10 chromosomos Zzem¢lapis
parod¢ jvarius molekulinius markerius (Justice et al., 1990), kurie gali lemti tirty

peliy linijy medziagy apykaitos skirtumus. Analizuojant sumazinto CS aktyvumo
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itaka medziagy apykaitai, Siame tyrime nebuvo taikoma riebioji dieta, kuri galéty
paveikti riebaly riigs§¢iy oksidacija. Vienas tyrimas parodé, kad riebioji dieta
reikSmingai veiké EE (jis buvo matuojamas naudojant tg paciag Panlab metaboling
sistema, kaip ir Siame tyrime), C57BL/6 lyginant su kontrolinémis pelémis
(Cappelli et al., 2014). Stabilios visy trijy peliy linijy RQ reik§més parode, kad,
esant normalioms sglygoms (standartinis grauziky paSaras, néra intervencijy),
sumazintas CS aktyvumas nesukelia energijos disbalanso peliy medziagy
apykaitoje. Analizuojant ly¢iy skirtumus nustatyta, kad B6 patelés yra lengvesnés
nei B6 patinai. Tai patvirtina ir ankstesni tyrimai (Sanz et al., 2007; Schulz et al.,
2002). B6 pateliy EE buvo didesnis uz patiny. Tai rodo, kad Sios linijos peliy
patelés eikvoja daugiau energijos nei patinai. Ankstesnis tyrimas parodé¢ didesnj
patiny energijos pasisavinimg (Catala-Niell et al., 2008).

Sumazinto CS aktyvumo ir miostatino disfunkcijos atsakas i badavima.
Kaip ir buvo tikétasi, kongeniniy B6.A ir konsominiy B6.A10 peliy raumeny CS
aktyvumas buvo sumazintas, lyginant su kontrolinémis B6 pelémis. B6.A10 linijos
peliy CS koduojantis genas, esantis telomeriniame 10 chromosomos regione, yra
susijes su sumazintu CS aktyvumu. Ankstesni tyrimy rezultatai parodé, kad A/J
peliy raumens audiniuose CS aktyvumas yra sumazéjes 50—65 proc., lyginant su
kitomis peliy linijjomis, nors linijly CS mRNR koncentracija buvo panasi
(Ratkevicius et al., 2010). Sio tyrimo rezultatai parodé 35 proc. CS aktyvumo
sumazejimg B6.A ir 29 proc. sumazéjimg B6.A10 peliy linijoje, rezultatus lyginant
su B6 peliy linijos rezultatais. Sio tyrimo rezultatai nepriestarauja ankstesnio
tyrimo rezultatams (Ratkevicius et al., 2010).

Nors kiino masés skirtumy praéjus 24 ir 48 val. po FD tarp linijy nenustatyta,
B6 peliy raumeny ir kiino masés santykis buvo maZzesnis nei B6.A ir B6.A10 peliy.
Galima iskelti hipoteze, kad B6.A ir B6.A10 pelés turi maziau riebaly ir daugiau
raumeninés mases nei kontroliné grupé¢, kurios CS aktyvumas normalus. B6.A10
linijjos peliy kojy raumeny masés suma buvo didesné nei B6 ir B6.A peliy.
Ankstesniame tyrime peliy 10 chromosoma buvo iSanalizuota, joje identifikuoti
jvairtis lokusai, susij¢ su neurony vystymusi, kaulo i§sivystymu ir augimu (Justice
et al., 1990), kurie gali lemti raumeny masg.

FD smarkiai sumazino B6, B6.A ir B6.A10 peliy medziagy apykaitos
parametry (VO,, VCO,, EE ir RQ) reikSmes. Svarbiausia $io tyrimo rezultaty dalis
parod¢, kad B6.A pelés, kuriy EE ir RQ po FD zemesni, labiau atsparios visiSkam
badavimui nei kontrolinés B6 pelés. Tai gali reiksti, kad taskiné Cs geno mutacija
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apsaugo energijos atsargas nuo stipraus katabolinio stimulo.

RQ rodiklis paprastai varijuoja nuo 1,0 iki 0,7, kaip aprasyta Panlab
metabolinés sistemos protokole. RQ = 1,0 rodo gryna angliavandeniy oksidacija,
RQ=0,7 rodo gryng riebaly oksidacijag (Schutz, 1995). Labiau oksiduojamos
molekulés (pvz., riebaly rtgStys) pilnam metabolizmui reikalauja daugiau
deguonies ir pasizymi maZesniais RQ rodikliais (Kuo, Shiao, & Lee, 1993). Siame
tyrime po FD B6.A peliy RQ reik§mé nukrito iki ~0,75, o kontroliniy B6 peliy RQ
sumazéjo tik iki ~0,77. Tai yra netiesioginis jrodymas fakto, kad pelés, kuriy CS
aktyvumas sumazintas, po FD intervencijos naudojo lipidus kaip pagrindinj
energijos Saltinj, ir tai gali nulemti energijos balansg organizme (Ellis, Hyatt,
Hunter, & Gower, 2010). Fizinio aktyvumo skirtumy tarp B6, B6.A ir B6.A10
prieS badavimo ir po jo nenustatyta. Tokie fizinio aktyvumo rezultatai atliecka
»kontrolinio punkto® vaidmenj, kai pasalinama ,klaidinga“ Cs mutacijos jtaka
tokiems medziagy apykaitos parametrams, kaip EE ir RQ. Siame tyrime fizinis
aktyvumas nepaveiké tarp linijy nustatyty medziagy apykaitos parametry skirtumy
po FD.

Miostatino disfunkcijos atsakas | badavimg. Pagrindinis Sio tyrimo
objektas buvo BEH ir BEH+/+ pelés, kurios yra atitinkamai su funkcionaliu
miostatinu ir be jo. Pagrindinis Sio tyrimo tikslas buvo jvertinti $iy peliy linijy
adaptacijos atsakg ] stipry raumeny atrofinj stimulg (48 val. FD). FD poveikis,
kuris daznai taikomas sukeliant raumeny nykimg, buvo analizuojamas tiriant peliy
galiniy kojy griaudiy raumeny savybes (Allen et al., 2010). Sio tyrimo rezultatai
parodé, kad miostatino disfunkcija siejama su didesniu griauciy raumeny masés
netekimu. Miostatino slopinimas yra susijes su padidintu PI3-kinazés/Akt/mTOR
signaliniu keliu, kuris griauc¢iy raumenyse stimuliuoja baltymo sintez¢ (Lipina et
al., 2010; Schiaffino et al., 2013). Atrodo, kad tas pats signalinis kelias yra
itrauktas j autofaginiy lizosomy kelig ir yra atsakingas uz baltymo i$sekima (Glass,
2003). Ir atvirksciai, padidinta miostatino geno raiSka nuslopina Akt aktyvacijg
(Trendelenburg et al., 2009).

Siuo tyrimu jrodyta, kad pelés, turintios miostatino disfunkcija (BEH), néra
apsaugotos nuo raumens masés nykimo po FD, net atvirksc¢iai — miostatino disfunkcija
turi tendencija sustiprinti raumens masés nykima. Sie duomenys sutapo su ankstesnio
tyrimo rezultatais, kurie parode, kad pelés su nuslopintu miostatinu buvo labiau jautrios
raumeny nykimui, lyginant su kontrolinémis pelémis (Allen et al., 2010).

Sio tyrimo rezultatai neparodé RQ skirtumy tarp BEH+/+ ir BEH linijy prie$
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FD ir po jo, ta¢iau BEH+/+ peliy RQ sumazéjo nuo ~0,83 iki ~0,75, o BEH peliy —
nuo ~0,82 iki ~0,73. Tokie rezultatai parodé, kad BEH pelés naudoja riebalinius
substratus kaip pagrindinj energijos Saltinj po FD. Sie medZiagy apykaitos
rezultatai neprieStarauja hipotezei, kad miostatino disfunkcija gali apsaugoti
organizmg nuo atsparumo insulinui. Rezultatai taip pat parodé¢, kad B6 peliy
medziagy apykaita greitesné nei BEH linijos. Zinoma, kad griau¢iy raumenys
reikalauja daug ATP energijos (Baker, McCormick, & Robergs, 2010). Tai leidzia
manyti, kad FD gali sukelti stipresnj efekta peléms, kuriy raumeny masé didelé. Jy
EE taip pat bus didesnis. McPherron ir Lee (McPherron & Lee, 2002) bei Guo ir kt.
(Guo et al., 2009) taip pat nenustaté medziagy apykaitos skirtumy tarp peliy su
nuslopintu miostatinu.

Po FD CS aktyvumas reikSmingai nesumazéjo, todél funkcionalus
mitochondrijy pajégumas nenukent¢jo. Tai rodo, kad griauciy raumenys iSsaugojo
acrobinés ATP resintezés pajéguma, o Siuo tyrimu nustatyti skirtumai tarp peliy
linijy galimai néra susij¢ su energijos poky¢iais po badavimo.

4. Nutukusiy peliy maistiniy intervenciju itaka kalorijy apribojimo
salygomis. Pagrindinis miisy tyrimo tikslas buvo iSnagrinéti angliavandeniy ir
riebaly skirtingg sudét] dietose, kurios paveikia fiziologinius procesus pelése
kalorijy apribojimo metu. Dauguma ankstesniy tyrimy buvo susikoncentruoti ties
markomedziagy sudéties dietose ir sveikatos bei kiino kompozicijos rodikliais
valgant ad libitum (Hu et al., 2018; Solon-Biet et al., 2014), ir tik keli tyrimai buvo
susije¢ su kalorijy apribojimy taikant tokio tipo dietas (Vangoitsenhoven et al.,
2018). Nepriestaraujant ankstesniy atradimy, susijusiy su zmogaus lengvu kalorijy
apribojimu (Gardner et al., 2018), miisy peliy tyrimy rezultatai parodé, kad kiino
kompozicijos ir gliukozés tolerancijos pageréjimai nesiskyré tarp mazai riebaly
turincios (Low-Fat) ir mazai angliavandeniy turin¢ios (Low-Carb) dietiniy grupiy,
kuriy baltymo kiekis buvo suvienodintas, ir kurios praéjo 40 proc. kalorijy
apribojimo etapg. Panasu, kad ne angliavandeniy ir riebaly santykis dietoje, bet
pats sumazegjes energijos suvartojimas su fiksuotu baltymy kiekiu yra pagrindinis
veiksnys, lemiantis Siuos pageréjimus. Padidéjusi riebaly oksidacija yra pagrindinis
veiksnys Low-Carb dietos, kuris yra daznai suvokiamas kaip daugiau lipolitinis ir
maziau obesogeninis lyginant su Low-Fat dieta, nors Zmogaus metabolizmo
studijos meta iSSukj Siai hipotezei (K. D.Hall et al., 2016). Mes taip pat
nenustatéme kvépavimo koeficiento skirtumy tarp Sity dviejy diety esant kalorijy
apribojimo salygomis.
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ISVADOS

1. Mitochondrijy kvépavimo rodikliai peliy, kuriy CS aktyvumas normalus,
reikSmingai nesiskyré nuo ty, kuriy CS aktyvumas buvo sumazintas.

2. CS aktyvumo lygis nejtakoja energijos eikvojimo, kvépavimo koeficiento
ir fizinio aktyvumo, kurie nesiskiria tarp peliy su normaliu ir sumaZintu CS
aktyvumu, i8skyrus pateles, kuriy absoliutus energijos eikvojimas yra mazesnis
esant sumazintam CS aktyvumui. Pabréztina, kad abiejy peliy grupiy su sumazintu
CS aktyvumu, konsominiy ir kongeniniy, absoliutus energijos eikvojimas
reikSmingai skiriasi nuo kontroliniy su normaliu CS aktyvumu. Konsominiy peliy
su pakeista 10 chromosoma S$is rodiklis yra didesnis negu kongeniniy, turinéiy
tasking Cs geno mutacija.

3. Pagrindiniai netiesioginés kalometrijos medziagy apykaitos rodikliai
sumazgja po 48 val. badavimo esant normaliam ir sumaZzintam peliy CS aktyvumui.
Vis délto, energijos eikvojimas ir kvépavimo koeficientas sumazéja labiau
kongeninése pelése su sumazintu CS aktyvumu negu kontrolinése pelése su
normaliu CS aktyvumu.

4. Miostatino disfunkcija lemia didesne peliy raumening ir mazesng riebaling
mase¢. Taciau 48 val. badavimo metu miostatino disfunkcija neapsaugo peliy
griauiy raumeny masés nuo sumazéjimo. Badaujant taip pat reikSmingai sumazéja
riebaly atsargos, energijos eikvojimas, fizinis aktyvumas nepriklausomai nuo
miostatino aktyvumo.

5. Mazai riebaly ir mazai angliavandeniy turinCios dietos panaSiai veikia
nutukusiy peliy kiino kompozicija, energijos metabolizma, fizinj aktyvumg ir
gliukozés tolerancijg esant kalorijy apribojimui. Panasu, kad ne angliavandeniy ir
riebaly santykis dietoje, bet pats sumazéjes energijos suvartojimas su fiksuotu
baltymy kiekiu yra pagrindinis veiksnys, lemiantis Siuos metabolinés sveikatos

pageréjimus.
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Obesity

Hypocaloric Low-Carbohydrate and Low-Fat Diets
with Fixed Protein Lead to Similar Health Outcomes

in Obese Mice
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Obijective: It is controversial whether low-carbohydrate diets are better
suited for weight control and metabolic health than high-carbohydrate
diets. This study examined whether these diets induce different improve-
ments in body compaosition and glucose tolerance in obese mice during
caloric restriction (CR).

Methods: Male C57BL/6J mice were fed an obesogenic diet ad libitum
for 18 weeks and then subjected to 6-week progressive CR of up to 40%,
using either a low-fat or low-carbohydrate diet with equal protein content.
Mice fed a regular chow diet ad libitum served as controls. Body mass,
hindlimb muscle mass, fat mass, energy expenditure, and glucose toler-
ance were compared between the groups.

Results: Initially low-fat and low-carbohydrate groups had similar body
mass, which was 30% greater compared with controls. CR induced simi-
lar weight loss in low-fat and low-carbohydrate groups. This weight loss
was mainly due to fat loss in both groups. Energy expenditure of freely
moving mice did not differ between the groups. Glucose tolerance im-
proved compared with the values before CR and in controls but did not
differ between the diets.

Conclusions: Dietary carbohydrate or fat content does not affect im-
provements in body composition and metabolic health in obese mice
exposed to CR with fixed energy and protein intake.

Obesily (202040, 1-8

Study Importance
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Introduction

Obesity is a risk factor for many noninfectious chronic diseases, including
cardiovascular heart disease, stroke, disbetes, and cancer,
mujor causes of premature death (1), The prevabence of obesity is steadily
incressing, and the disease has become a threat to economic prosperity
as well as the national security of many countries; thus, identification of
salutions to the obesity epidemic is high on the agenda worldwide (2,3),

, which are the

According to the paradigm of energy balance, animals and humans
gain weight when their energy intake exceeds energy expenditure (4)
Increases in physical activity could prevent weight gain, but adjust-
ments in diet are often easier to implement on the population level
(5). A key guestion is what diet is best suited for weight control. A
popular belief is that macrenutrient composition of food is important

! Institte of Sport Science and Innovations, Lithuanian Sports University,
aniin Sports University, Kaunas, Lithuania.

Department of Health Promotion and Rehabilitation,
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alongside reduction i food intake (6). Indeed, effect on sutiety and
induced thermogenesis are greater for dietary protein com-
pared with carbohydrates or fat (7.8). Human overfeeding studies
have suggested that protein has a smaller detrimental effect on body
composition compared with carbohydrates und fat, which are usually
the major candidates for restriction in various diets aimed for weight
control (9). It is still controversial whether proportions of these two
magronutrients are important for metabolic health (10,115, One of the
theories proposes that dictary carbohydrates are inherently more obe-
sogenic than fat because of the strong effect on imsulin secretion (12).
The so-called carbohydrate-insulin model of obesity is often criticized
us lacking strong evidence in support of it { 13). Neventheless, a recent
randomized controlled study with humans demonstrated that energy
expenditure was up 1o 478 keal/d greater on a low-carhohydrate diet
compared with a high-carbohydrate diet for a similar energy intake

Kaunas, Lithuania. Correspondence: Petras Minderis (petrasminderis@lsu )

4 At 2020; Published onfine XX Month 2020, doi:1 0.1002/oby. 22872

www.obesityjournal.org

Obesity | VOLUME 00 | NUMBER 00 | MONTH 2020 1



Obesity

(14}, Diets promating energy expenditure while keeping energy input
unchanged would be a promising strategy for weight management.
However, concerns were raised about the suitability of the doubly
labeled water technigue to measure energy expenditure in diets of
varying carbohydrate and fat content as in the study of Ebbeling et
al, (15). Nutrition epidemiology aimed ot comparing different dicts
hus also been plagued by methodological difficultics, which mainly
concem assessment of food intake (16),

It appears that the inbred mouse model is well suited to examine the con-
troversial issue about the importance of dietary composition for weight
loss and bolic health. Key ad of such studies are that food
intake can be better controlled than in human studies and unpredictable
elfects of genetic factors are minimized. The C3TBL/G) mouse struin 15
prone to diet-induced obesity (17,18), and it tolerates various diets with
large differences in carbohydrate and fat content well (19,200, A recent
study of 29 dicts demonstrated that dietary fat content was associated
with greater energy intake and preponderance to obesity of these mice
fed ad Tibitum (213, Our aim was o compare changes in body composi-
tion and metabolic health of the CSTBLAT mouse strain in response (o
two energy-restricled diets with lurge differences in carbohydrate and
fat content. The strength of our stdy was that we used well-defined
diets, which is difficult to achieve i human studies. We hypothesize that
changes in body would not differ n these two diets if
they are maiched for the total and protein-derived calonc content.

Methods
Animals

The study was carried out at the Lithuanian Sports University with
approval of all the procedures by the Lithuanian State Food and
Veterinury Service in 2008 (reference number G2-90), The breed-
ing pairs of CSTBL/G) mouse strain were obtained from the Jackson
Lahoratory, and only males were used in the experiment, Mice were
housed at ambient temperature of 20°C to 21°C and 40% 10 60%
humadity with an ing 12-hour ligl eyele, After 2
mice were housed two o five animals per cage and fed ad libitom
with 4 regular grain-based rodent chow diet (Kombi, Joniskio gru-
dai, Lithuania), and the mice had unrestricted aceess to tap water.
Al 10 weeks of age. mice (n=30) were switched to the obesogenic
high-fat and high-sugar diet (D124531, 45% and 17.3% of kilocalories
from fat and sugar; Research Diets Inc,) for 18 weeks (22), This was
followed by f-week caloric restriction (CR) on either a low-fut diet
(low-fat, n=10) or a low-carbohydrate diet (low-carb, n=10). Ten

igh hed mice were d prior to CR as prediet obese

2
controds (Pre).

Dietary intervention

Obesity phase.  After 10 weeks of the |8-week exposure to the
obesogenic diet, mice were moved into separate cages, and food
consumption was assessed every week for each mouse by subtracting
fowsd lefovers from amitially provided food with corrections for humidity
effect on the weight of pellets. Duily energy intake (DEI) of mice was
caleulated as follows:

DE! (keal g™ -d7' )=

Effects of Low-Carbohydrate Versus Low-Fat Diets Minderis et al,

The 3-week average DEI of mice was 0,42 (0.04) keal g~ - d~', and
only mice gaining af least 20% of weight compared with the age-
matched group on the regular chow diet (regular, n=10) were used for
the CR study.

CR phase.  The 28-week-old obese mice were randomly assigned
to one of the two CR groups and the Pre group, which was used for

of body ition and ism at the haseline, For
6 weeks, mice were fed daily at 8 am, and CR was gradually increased
from 205 (1 week) 1o 30% (2-4 weeks) and 40% (5-6 weeks) of the
calculuted energy intake on the ad libitum obesogenic diet, Energy
intake during the CR phase was estimated for each mouse separately
by reducing DEI by the extent of the caloric deficit and multiplying
it by the initial body mass of the animal prior to CR. The amount
af food was corrected for the different caloric density of the diets
(4.1 and 5.2 keal + g*' for low-fut and low-carb, respectively) ta
achieve equal 1otal energy and protein content in the diets (i.e., 20%,
60%., and 20% of kilocal from fat, cart . and protein
for low-Tar [DI7100401: Research Diets] and 20%, 60%, and 20%
of kilocalories from carbohydrates. fat, and protein for low-carb
[D12492; Research Diets]). Details of the macronutnent composition
and sources of the diets are presented in Table 1.

Glucose tolerance

A glucose tolerance test was camed out after an overnight fasting at 8
w 9 aM during the 6th and final week of CR. Mice were subjected
an inteaperitoneal injection of glecose solution (2 g glucose - kg body
weight™), and a glucometer (Glucocard X-mini plus GT-1960) was
used to messure glucose in the whole blood samples from the wil vem
at 0, 15, 30, 60, 90, und 120 minutes after injection. The area under
curve { ALC) for blood glucose was calculuted by using Prism 6.0 soft-
ware (GraphPad Software Inc.).

Body composition
During CR, mice were weighed weekly with a precision of 0.1 g
(440-45N, Kern). After the f-week CR, the 34-week-old mice were
t d with an inhalation of CO». 1 diately afterward, skele-
tal muscles and body fat were pled and weighed witha p
of 0.1 mg (ABS 80-4. Kern), Combined hindlimb muscle mass was
calculnted as a sum of the gastrocnemius, plantaris, solews, tibialis
anterior, and extensor digitorum longus musele mass, The muscles
were trimmed from all visible tendons and blotted dry just before
weighing. Combined body fat mass was assessed as the sum of the
hindlimb wonadal, ic. and peri white
adipose tissue and intrascapular brown adipose tissue (iIBAT) us in
previous studies (23,24).

sub

Energy expenditure and physical activity

During the final weck of CR, mice were fasted overnight and sub-
Jjected to assessment of twtal energy expenditure and physical activity
{24). Bricfly, the bolic cage of 1 size was © d o
the gas analyzer (LE40S; Panlab Harvard Apparatus) and the switch-
ing device (LEAN0; Panlab Harvard Apparatus) for the control of the
air flow. The gas analyzer was calibrated at the high point (5005 O,

Weekly Food Consumption (g) x Food Energy Density (keal-g~')

Body Mass (g)- 7 {days)
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TABLE 1 Detailed macronutrient composition provided by diet
manufacturer

Low-
Diet (mouse Obesogenic Low-fat diet carbohydrate
group) diet (Pre) (low-fat)  diet (low-carb)
Group's energy state Ad libitum CRupto 40%  CRup o 40%
Diet's manufacturer  Research Diets  Research Diets Ressarch Diets Inc.
Inc. Ine.
Digt's code 012451 07100401 D1z492
Protein (% keal) 20 20 20
Carbohydrate 35 60 20
(% keal)
Fat (% kcal) 45 20 &0
Protein q keal a keal q kcal
Casein 233 833 200 BO1 238 1033
L-Cystine 03 14 030 12 035 14
Carbohydrate
Corn starch 85 339 405 1621 0 a
Maltodextrin 117 466 125 B0OO 163 4.6
Sucrose 200 BOE 69 275 89 355
Fiber
Cellulose 583 0 50 0 6.5 0
Fat
Soybean ol 29 22 25 25 32 99
Lard 207 1863 BS 585 316 2B48
Minerals
Mineral Mix 510026 1.17 1] 1.00 a 129 o
DiCalcium phosphate  1.52 i 130 0 1.68 ]
Calcium carbonate 064 a 0.55 a 0.71 ]
Potassium citrate 192 0 165 0 213 0
Vitamins
Vitamin MixV10001 117 47 100 40 129 52
Choline bitartrate 023 a 020 o 0.26 o
Total 00 473 100 406 00 524
keal - g~ 473 41 52

1.5% COa) and ut the low point (205 O, 0% COz Adr Tlow wis set
10 250 mlL - min™" with a 3-minute switching time between measure-
ments of Oy and CO, concentrations in the metabolic cage and the
external envi AN li were performed
during a light period (from % am to 3 pm). Each mouse was weighed
(440-45N, Kern) and transferred into metabolic cage for 3 hours with
no food provided and ad libitum sceess w water, The respiratory
quotient and totl energy expenditure were calculated as the average
values of the last 2 hours spent in the metabolic cage (Metabolism
software version 1.2; Panlab Harvard Apparatus), The physical activ-
ity of mice was assessed by using strain gauges mounted on the sup-
porting constructions of the metabolic cage. The integral of ground
reaction forces was used as an indirect measure of physical activiry,

Statistical analysis

All data are presented as mean (SD) or mean with plotted individ-
ual daia points. The statistical analysis was performed using Prism
6.0 and IBM SPSS Statistics version 20 software. Normality of data

Obesity

distribution was verified with Shapiro-Wilk test. Means were com-
pared with one-way ANOVA, using Bonferroni post hoc test (o as-
sess differences between the studied groups of mice, Nonparametric
Kruskal-Wallis test with Dunn post hoc analysis was applied in the
cases in which means did net meet a critenon of normal distribution.
Two-way repeated-measures ANOVA was used for analysis of body
mass change when it was assessed repeatedly on the sume animals,
ANCOVA was applied using linear models to assess effects of mouse
groups on energy expenditure as previously recommended for this
type of analysis (25), In this case, body mass and physical activity
were used as covariates. Linear regression analysis was also used on
the plots of energy expenditure over physical activity. Pearson correla-
tion coefficient was caleulated 1o assess the sirength of the association
between the variables. The level of significance was set at P <005,

Results

Energy intake was similar in low-fat and low-carb
groups

Data on energy intake are presented in Figure 1. We aimed at maintain-
ing similar energy intake in low-fat and low-carh groups during CR.
However, the low-fat group did not consume all the food during the
first week of CR. und the unconsumed food was lefi in the feeder with
subsequent daily portions added on top of the leflovers, After 2 weeks
of CR, the low-fut group mutched the low-carb group for energy intake.
For the entire 6-week CR, these groups did not differ in the absolute
(Figure 1A) or body mass normalized energy intake when body mnss
before the start of CR was used for normali on (12.0 [0.4] and 12.1
0.3] keal + g initial body weight™ for low-fat and low-carb, respec-
tively; P=>0.05) (Figure 1B} Mice in the regulur diet group had ~15%
greater energy intake compared with low-fat {P=0.007) and low-carh
(P=0.008) groups during the same period {Figure 1A)

Body mass decreased similarly during CR in both
diet groups

Drata on body mass are presented in Figure 2. The low-fat group tended
tw lose more weight than the low-carb group during the first week of
CR (Figure 2A). This was probably due to the reduced food intake in
the low-far group. Afterward, however, the low-fat group caught up
with food intuke and showed similar weight loss as the low-carb group.
Orverall body mass loss did not differ between these two diet groups
after the f-week CR (30.0% [5.6% ] and 23.8% [7.5%] for low-fat and
low-carb, P>0.03, respectively, Figure 2B). All mice showed clear re-
ductions in body mass (Figure 2C), Initially, mice in the regular diet
group, which was not subjected to obesogenic feeding, had lower body
mass (P<0.001) than the low-fat and low-carb groups, but the differ-
ences between the groups became insignificant during the final 4 weeks
of CR, which was applied to low-fat and low-carb groups only. The
regular diet group showed a small reduction in body mass during a final
week when measurements of energy metabolism and glucose tolermnce
were performed afier the overnight fast.

Body fat but not skeletal muscle as main energy
donor during CR

Dhata on muscle and fal mass are shown in Figure 3, The Pre group
included mice that were subjected 1o the obesogenic diet but did
not undergo CR. This group was used to assess effects of CR on
muscle and fat mass in the low-fat and low-carb groups, The regular
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diet group provided age-matched reference data. Combined mus-
cle mass differed little between the groups, though it was ~5%
smaller (F=0.02) in the low-fat group compared with the Pre group
(Figure 3A). Muscle mass per unit of body mass increased follow-
ing the 6-week CR in low-fat (P<0.001}) and low-carh (P=0.001)
groups (Figure 3B), while body fat decreased (P<0.0001) o the
level of the regular diet group (Figure 3C) and became significantly
lower thun in the Pre group (6.09% [2.73%] and 8.57% [4.55%| vs.
15.50% [3.28% | body mass, £<0.0001, for low-fat and low-carh vs,
Pre groups, respectively; Figure 3D), We also examined body fat dis-
tribution by sampling fat from five different sites of the body. Both
Tow-fat and low-carb diets reduced fat mass in four out of five sites
to the level of the regular diet group (Figure 3E} An exception was
iBAT, which was not significantly affected by the diets and did not
differ between the studied groups, Thus, CR tended 1o increase rela-
tive iIBAT mass compared with the values prior to CR (Pre group), but
this mcrease was sigmbcant only for the low-fat group (P=0.002)
(Figure 3F). Relative mass of gonadal white adipose tissue decreased
mare in the low-fat than the low-carb group (P=0.04),

Glucose tolerance improved similarly
independently of diets after CR

Data on glucose tolerance are presented in Figure 4. Glucose AUC
was similar in the low-fat and low-carb groups (P>0.05) but smaller
compared with the Pre group (P<0.01) and regular diet group
(P<0.05) (Figure 4B). Pre and regular diet groups did not differ
in glucose AUC. However, the regular diet group demonstrated a
large initial spike with subsequent normalization of blood glicose to
baseline values, whereas the Pre group showed a slow rise in blood
glucose, which did not show any decrease during the entire 2-hour
duration of the test (Figure 4A0.

Low-fat and low-carb diets had same effect on
energy metabolism and physical activity

Data on energy metabolism are presented in Figure 5, Total energy
expenditure did not differ between the low-Tat and low-carh groups
(P<0.05) (Figure 5A). The Pre group showed higher (P=0.02) energy

expenditure thun the regular diet group. but ANCOVA analysis with
body mass and physical sctivity as covariates did not show any signif-
icant differences hetween the groups and showed that physical activity
but not body mass had an effect on energy expenditure. There were no
significant differences in physical activity between the groups, which
wits probably because ol rather large variations within the groups.
Low-fat and low-carh groups tended to be more active than Pre or
regular diet groups (Figure 5B), The association between physical sc-
tivity snd energy expenditure was significant in all groups (r={.70-
0,80, P<0.05-0.00) (Figure 5C), Linear regression analysis showed
a tendency for a slightly greater predictive resting metabolic rate in
the low-carb compared with the low-fal group (0.35 vs. 0,30 keal -
b7'). On the other hand, respiratory quotient did not differ between
the groups when measurements were performed in the fasted mice
(Figure 5D).

Discussion

The muain aim of our study was o mvestigate whether the carbohydrate
and fat content of diets affects physiological responses to CR in mice.
Maost of the previous studies have focused on effects of macronutrient
content of diets on health and body composition in ad libium-fed mice
(19.26). and there have been only o few studies under conditions of CR
(27, In agreement with recent findimgs on humans undergoing mild CR
(28), our results show that imy in bady compasition and glu-
cose tolerance do not differ between low-fat and low-carbohydrate diets
with similar protein content under conditions of up 10 40% CR. This is
important in view of the fact that differences between low-carbohydrate
anch low-fat diets have been widely discussed in relation to weight loss
and metahalic health (29).

Ohur aim wias not to test the carbohydrate-insulin model of obe:
but rather to carefully compare effects of low-fat and low-carbohy-
drate diets on body composition and metabolic health after weight
loss. However, the carbohydrate-insulin model has been proposed
in justification of the health benefits of low-carbohydrate diets ( 10).
According to this line of reasoning, high carbohydrate content of
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food leads o high blood insulin levels, which act o suppress the
release of fany acids from adipose tissue and direct circulating fat

this meta-analysis had lled dictary energy and protein intake
between the diets. A recent randomized clinical trial that engaged
more than 600 participants showed no difference between low-fat
and low-carbohydrate diets in weight loss during a | 2-month period.
and neither baseline msulin secretion nor genotype pattern relevant
1o carbohydrate and fat was associated with the dietary
effects on weight change (28). Self-reponted energy intake was sim-
ilar between the diet groups, and protein intake did not differ much
during this period (21% and 24% of kilocalories for low-fat and
low rhohyd ErOUpS, resp Iy}, It appears. that protein is a
macronutrient that is particularly important for dietary-induced ther-
mogenesis and satiety. The thermic effect of dietary protein is 25%
o 30 of its energy content compared with 5% o 10% and 2%
A% for carbobydrates and fat, respectvely (B). An increase in protein
intake from 15% to 30% of total energy is associated with sponta-
neous reduction in total energy intake under conditions of ad libim
feeding (31). High protein intake also led to an increase in reten-
tion of lean body mass during CR (32). Thes, comparison of high-
fat and high-carbohydrate diets can be compromised by differences
in protein content, as health benefits of protein-rich diets are often
incorrectly assigned to carbohydrate and fat content of the diets (33).
In cur study, we kept both the amount (20% of 1otal energy intake)
and source (casein with addition of L-cystine) of dietary protein con-
stant between the low-fat and low-carbohydrate diets. Tt appears that
this amount of protein was adequate for skeletal muscle mass reten-
tion, which did not change significantly during CR. Furthermore,
mice were fed an obesogenic diet for 18 weeks prior 1o CR. This
diet induces minor changes in lean body and significant increases
in body fat, which might also help o preserve muscle mass during
CR (20). Human weightloss studies have shown that approximately
25% of weight loss is due to loss of lean body mass with major con-
tribution of the skeletal muscles to this decline (34). People who are
Teaner tend to lose more lean body mass under conditions of CR com-
pared with those with greater body fat content (35). It appears that
mice with diet-induced obesity show greater sparing of muscle mass
during CR compared with humans. However, dissection of factors
playing & role in preservation of muscle mass in mice and/or humans
during CR was beyond the scope of our current study.

It appears that body fat was the main source of energy during CR, and
its loss did not differ between the two diets in our study. Tncreased fatty
acid oxidation is » common feature of low-carbolydrate high-fat diets,
which are often perceived us more lipolytic and less obesogenic com-
parcd with low-fat high-carbohydrate dicts, though human metabolic
ward studies have challenged this hypothesis { 36). We did not observe
any differences between the diets in respiratory gquotient, as the mea-
surements were performed in the fasted state. Mice gorge on food and
often consume all the food within less than 4 hours after feeding and
they spend significant periods of time in the fasted state when exposed
w CR (37,38). Food consumption early in the day might also be con-
sidered #5 a limitation of our study as it can affect circadian rhythms
of nocturnal animals. Fasting is associated with a high rate of fatty scid
oxidation (23). Measurements in the Fasted state might be more rep-

toward adipose tissue for storage rather than oxidation in
cally active tissues. Nevertheless, a lurge number of studies have con-
tradicted the carbohydrate-insulin model of vhesity, A meta-analysis
of 32 controlled feeding studies with substitution of carbohydrate
for fat showed that fat loss and energy expenditure were greater for
low-Fat diets d with low-c ate diets, though differ-
ences between the diets in fat loss (16 g - d7') and energy expendi

of the overall hali pared with in
the postahsorptive state during CR. It appears that metabolic flexibility
manifesting itself in switching between carbohydrate and fat oxidation
allowed mice to maintain @ similar net body fat balance independently
aof the macronutrient composition of the diets during CR (39).

(26 keal « ') were rather small (301 All the studies included in

Lincar reg analysis of the plots for physical activity over energy
expenditure allowed us 10 exclude eftects of physical activity on energy
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expenditure and showed that predicted resting metabolic rate ended w
be slightly greater under conditions of the low-carbohydrate diet com-
pared with the low-fat diet. However, this difference between the dicts
was not significant and it can hardly be used as evidence in support of
recent findings in human studies that low-carbohydrate diets lead o
greater energy expenditure compared with low-fat diets (12). Our resulis
are in agreement with many human studies that have reported no prac-
tically meaningful differences in energy exp between the isoca-
lorie and isenitrogenous low-fat and low-carbohydrate diets (28,30,40),

Wi assessed glucose tolerance as a key indicator of metabolic health.
After the 6-week CR, glucose tolerance improved similarly in both diets.

It 35 likely that CR-induced loss of body fat was a key factor promoting
better glucose control irrespective of the dietary carbohydrate and fut
content. In contrast to our findings. 1 recent CR study of CS7RLG mice
showed a smaller improvement in glucose tolerance for a high-far diet
compared with chow diet, which is high in carbohydrates. in spite of
similar weight loss for both diets (27). However, macronutrients and
their sources were not strictly controlled in the latter study, and the
protein content differed substantially between both diets (i.e., 20% of
kilocalories for high-fat diet and 33% of kilocalories for chow diet low
in fat), Dietary protein might influence postprandial glucose control
because of its insulinotropic effects (41,42). There is evidence that con-
sumption of the high-protein meal before the intake of carbobydrates
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the subseg nse in the posiy lial serum glucose and
results in lower glucose pared with isocaloric high-car
and high-fat meals (43). Blood insulin levels were not measured, and
thiz might be considered us o shortcoming of our study. However, there
were no differences in glucose wlerance between the CR diets, and it is
unlikely that insulin levels differed significantly under such conditions.
Indeed, differences in fasting insulin levels between diets are blunted
during CR (10).

In humans, weight loss is a priority target under the conditions of
impaired glucose homeostasis, as in the case of type 2 dinhetes (44).
Antidiabetic therapies that can control blood glucose Tevels but pr
moke weight gpain are less effective, as the greatest improvements in
glucose control are observed in patients with the greatest reductions
in bady mass (45). Taken together, CR-induced body fut loss should
be considered as the primary and most desirable target for pusl ve
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