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Abstract: Succinate is proposed to be a mediator of muscle exercise-induced adaptations. We studied metabolic
health and changes of muscle mass in 6-month-old male mice after 12 weeks of feeding regular diet (RD, 13.4
kcal% fat, 66.8 kcal% carbohydrate, 29.8 kcal% protein), high fat diet (HFD, 60 kcal% fat, 20 kcal%
carbohydrates, 20 kcal% protein) and ketogenic diet (KD, 80 kcal% fat, <1 kcal% carbohydrates, 20 kcal%
protein) with or without 2% succinate supplements (SUS) in drinking water (n=8-12 per group). Functional
overloading of the plantaris muscle (PL) was induced in a group of mice by denervation of the gastrocnemius
and soleus muscles at week 6 of feeding different diets. HFD induced the greatest (p < 0.001) increase in body
and fat mass. HFD and KD lead to significant (p <0.01) impairment in glucose tolerance compared to RD. SUS
blunted (p < 0.01) initial surge in energy intake when mice were switched from RD to HFD, but did not
influence any measures of metabolic health after 12 weeks of the study. Functional overloading lead to ~25%
increase in PL mass which was not affected by diet or SUS. In conclusion, SUS does not have a long-term effect
on metabolic health or muscle mass.

Keywords: Glucose tolerance; High-fat diet; Ketogenic diet; Muscle hypertrophy

1. Introduction

Large numbers of people around the world are overweight or obese [1]. Obesity contributes to
muscle dysfunction and diminished quality of life [3]. Resistance exercise (RE) has emerged as a
promising strategy for managing obesity, since it fosters muscle growth which might lead to
increased resting metabolic rate having a positive effect on weight control and health [4]. Adequate
protein intake promotes gains in muscle mass after RE training [5]. However, the efficacy of RE may
be hindered by obesogenic high-fat diets, which are prevalent in a considerable portion of the
population [6,7]. Animal studies can provide a useful insight into physiological effects of such diets
on skeletal muscles as human studies are often compromised by difficulties in controlling diet, poor
adherence to exercise interventions and heterogeneity of the volunteers [8].

Skeletal muscle exercise plays a pivotal role in metabolic health, as it releases cytokines and other
bioactive molecules that exert beneficial effects on various tissues and organs [9]. The exploration of
compounds capable of mediating health benefits has garnered significant interest [10]. Succinate, an
intermediate in the citric acid cycle, emerged as a promising candidate in this regard. Plasma
succinate levels surge during aerobic exercise [11], and might contribute to thermogenesis and
cellular adaptations in various tissues and organs [12,13]. Succinate supplementation (SUS) acutely
boosts metabolic rate and can enhance glucose tolerance in mice subjected to a high-fat diet for several
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weeks [13]. Studies on mice have demonstrated that SUS promotes protein synthesis in skeletal
muscles [14]. There is also evidence that succinate signals via its cognate receptor SUCNRI in non-
myofibrillar cells in muscle tissue to control muscle-remodeling transcriptional programs [15]. These
findings underscore the need for further investigation into the long-term effects of SUS on metabolic
health and muscle responses to exercise and inactivity.

Our study aimed to explore the impact of 12-week SUS on body composition and metabolic
health in mice fed diets varying significantly in carbohydrate and fat ratios. Additionally, we examine
the effects of SUS on skeletal muscle response to functional overloading and denervation. We
hypothesize that SUS will positively influence muscle mass, particularly under conditions of high-fat
dietary intake.

2. Materials and Methods

2.1. Animals Diets, Tissue Sampling and Measurements

The study was carried out at the animal research facility of the Lithuanian Sports University
after receiving approval by the Lithuanian Republic Alimentary and Veterinary Public Office (Ref.
G2-90, 2018). Males of C57BL/6] mouse strain were studied at 6 months of age. Mice were housed in
standard cages at a temperature of 20-21 °C and 40-60% humidity with the normal 12/12-h light/dark
cycle reversed. Initially, animals were fed regular chow diet (RD, 13 kcal% fat, 67 kcal% carbohydrate,
20 kcal% protein, Joniskio grudai, Lithuania), and received tap water ad libitum before being isolated
in separate cages for 12-week exposure to three different diets (n = 10-12 per diet). This included
control RD, high fat diet (HFD, 60 kcal% fat, 20 kcal% carbohydrates, 20 kcal% protein, D12492,
Research Diets, New Brunswick, NJ, USA), and ketogenic diet (KD, 80 kcal% fat, <1 kcal%
carbohydrates, 20 kcal% protein, D03022101, Research Diets). Food intake and body mass of mice
was measured weekly. Energy expenditure, plasma p-hydroxybutyrate (HB) and glucose tolerance
(GT) was assessed during the last week of the 12-week study using methods as in our previous
studies [16,17]. Mice were sacrificed by the exposure to CO2 at the end of study. Afterwards blood
was collected by heart puncture. This was followed by dissection and weighing of liver, heart, fat
depots and hindlimb muscles (Kern, ABS 80-4, Germany). The combined mass of plantaris (PL),
gastrocnemius (GAS), tibialis anterior (TA) and extensor digitorum longus (EDL) and soleus (SOL)
muscles was used as muscle mass index (MMI). The total white adipose tissue (tWAT) was quantified
as the fat excised from the subcutaneous area covering the hind limbs as well as gonadal, mesenteric
and perirenal areas. Interscapular brown adipose tissue (iBAT) was also weighed. Average energy
intake was estimated based on food consumption of each mouse which was assessed every week by
subtracting food leftovers from the initially provided food with corrections for effects of humidity on
the pellet weight and caloric density of the diets (3.3, 5.2 and 6.1 kcal/g for RD, HFD and KD,
respectively).

2.2. Muscle overloading and Denervation

An additional group of mice (n=10-12 per diet) was subjected to functional overloading (FO) of
PL muscle as induced by denervation of GAS and SOL muscles after six weeks of exposure to
different diets [18]. Briefly, branches of the ischiatic nerve that supply GAS and SOL muscles were
cut and a portion of each branch was excised to prevent reinnervation. Surgery was performed under
aseptic conditions and anaesthesia as induced by subcutaneous injection of ketamine (100 mg/kg)
and xylazine (10 mg/kg). After 6 weeks of DEN, mice were sacrificed by the exposure to CO2 and
hindlimb muscles of both legs were removed and weighed.

2.3. Energy Expenditure and Physical Activity

Energy expenditure (EE) was assessed using indirect calorimetry. Briefly, the metabolic cage
was connected to the gas analyzer with a switching device (L4005 and LE400, Panlab Harvard
Apparatus, Spain). The air flow of 250 ml min-1 and 3-min switching time were used for alternating
measurements of Oz and CO2 in the metabolic cage and the external environment, respectively.
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Physical activity of mice was assessed using strain gauges for measurements of the ground reaction
forces generated by mice. Infrared light beams were also used to assess rearing activity which
including lifting of the body above the ground. All the metabolic measurements were performed at
a light phase of the day between 9:00 and 18:00. Each mouse was weighed (Kern 440-45N, Germany)
and transferred into metabolic cage for 3-h assessment of EE. The EE (kcal day') was calculated as
the average values of the last two hours of measurements.

2.4. Blood Glucose and p-Hydroxybutyrate

After overnight fast mice were subjected to intraperitoneal glucose injection (2 g glucose / kg
body wt). Blood glucose was measured (Glucocard X-mini plus, Japan) using the whole blood
samples taken from tail tips immediately before and at 15, 30, 60, 90 and 120 min after the injection.
The area under glucose—time curve (glucose AUC) was calculated with adjustment for baseline
glucose level using Prism 7.0 software. Blood (3-hydroxybutyrate (HB) levels were measured with
ketone strips (FreeStyle Optium Neo, Abbott, USA) in the whole blood samples taken from tail tips.

2.5. Statistical Analysis

The statistical analysis was performed using Prism 7.0 and IBM SPSS Statistics (v20) software.
Data normality was verified using the Shapiro-Wilk test. Analysis of variance (ANOVA) with
Bonferroni’s post hoc test was used to assess effects of succinate supplementation (SUS) and diet (RD,
HFD and KD) on various measures. Pearson’s correlation coefficient was calculated to assess strength
of the association between the variables. Linear regression analysis was also carried out. The level of
significance was set at p < 0.05. All data are presented as means + SD.

3. Results

3.1. Energy intake and Body Mass

Figure 1 illustrates the trends in energy intake and body mass changes during the study. Mice
on a regular diet (RD) maintained a steady energy intake pattern (Figure 1A) while gradually gaining
body mass (p <0.001) (Figure 1B). SUS did not alter these patterns. In contrast, mice on a high-fat diet
(HFD) exhibited a significant increase in energy intake (Figure 1C), surpassing that of RD mice (p <
0.001) and showing a trend towards exceeding the ketogenic diet (KD) group (p = 0.078). SUS
mitigated the initial spike in energy intake induced by HFD, but did not significantly affect
subsequent changes. Furthermore, HFD resulted in accelerated weight gain compared to RD (p <
0.001) and KD (p < 0.01) (Figure 1D). Although SUS attenuated the rate of weight gain during the
initial two weeks, it did not have a sustained effect on body mass thereafter. Transitioning mice to a
KD also led to an immediate rise in calorie intake, though less pronounced than that observed with
HFD (Figure 1E). SUS showed a tendency to alleviate this peak in energy intake, but its impact on
subsequent weight gain was not significant (Figure 1F).
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Figure 1. Energy intake and body mass in C57BL/6] mice were measured under three dietary
conditions: regular diet (RD, a and b, respectively), high-fat diet (HFD, c and d, respectively), and
ketogenic diet (KD, e and f, respectively) over a period of 12 weeks. The mice were provided with
either 2% succinate supplements in their drinking water (SUS) or no supplements (CON). Data on
energy intake and body mass for the 3 weeks preceding the dietary transition are also included. The
initial 2-week transition period to the different diets is highlighted by rectangles. Results are
presented as mean + SD. The effects of SUS were analyzed using two-way repeated measures ANOVA
with Bonferroni’s post hoc test. ** p < 0.001 indicates a significant interaction between time and SUS.

3.2. Tissue and Blood Measures

d0i:10.20944/preprints202407.1132.v1
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Figure 2 presents data on muscle, heart, liver, tWAT and iBAT mass as well as blood (-
hydroxybutyrate (HB) levels. SUS did not alter any of these parameters. However, muscle, liver,
tWAT and iBAT mass, as well as blood HB levels, exhibited diet-dependent variations. Specifically,
HFD induced greater skeletal muscle mass compared to RD (p < 0.05), although not significantly
different from KD (p = 0.267) (Figure 2A). No discernible differences were observed in heart mass
between the dietary groups (Figure 2B). Notably, HFD was associated with increased liver mass
relative to KD (p < 0.05), while showing no significant difference from RD (p = 0.215) (Figure 2C).
Additionally, HFD resulted in a substantial augmentation of tWAT compared to both RD (p < 0.001)
and KD (p < 0.001) (Figure 2D). KD led to greater tWAT accumulation compared to RD (p < 0.001),
but did not influence iBAT, which remained significantly smaller than that observed with HFD (p <
0.001) (Figure 2E). Blood HB levels were highest (p < 0.001) in KD groups and smallest (p < 0.001) in
RD mice (Figure 2F).
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Figure 2. Muscle mass index (a), heart mass (b), liver mass (c), total white adipose tissue mass (tWAT,
d), interscapular brown adipose tissue mass (iBAT, e), and blood -hydroxybutyrate (HB, f) levels in
C57BL/6] mice fed a regular chow diet (RD), high-fat diet (HFD), or ketogenic diet (KD) for 12 weeks.
The mice received either a 2% succinate supplement in their drinking water (SUS) or no supplement
(CON). Data are presented as mean + SD. Statistical analysis was conducted using two-way ANOVA
followed by Bonferroni’s post hoc test; * p < 0.05, *** p < 0.001 indicate significant differences from
RD, while # p <0.05, ### p <0.001 indicate significant differences from HFD.

3.3. Energy Expenditure and Physical Activity

Data on energy expenditure (EE) is presented in Figure 3. Neither diet nor SUS had an effect on
EE (Figure 3A). KD mice showed lower respiratory exchange ratio (RER) than RD (p < 0.001) and
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HFD groups (p < 0.001) (Figure 3B). Physical activity varied, and neither estimates based on ground
reaction forces nor rearing counts were affected by the diet or SUS (Figure 3C and D, respectibely).
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Figure 3. Energy expenditure (EE), respiratory exchange ratio (RER), physical activity and rearing
measures in C57BL/6] mice fed regular chow diet (RD), high fat diet (HFD) or ketogenic diet (KD) for
12 weeks with 2% succinate added to drinking water (SUS) and without SUCC in the water (CON).
Data are shown as mean with SD. Two-way ANOVA with Bonferroni’s post hoc testing was
performed; *** p < 0.001 for difference from RD, ### p <0.001 for difference from HFD, respectively.

3.4. Glucose Tolerance

Data on glucose tolerance (GT) tests are presented in Figure 4. SUS did not affect GT, but GT
was dependent on the diet (p < 0.001). Blood glucose peaked after 30 min of the test and decreased
by the end of the test (p < 0.05) in RD mice (Figure 4A). HFD and KD groups did not show any
significant decrease in glucose levels after reaching peak values during the initial 30-60 minutes of
the test (Figure 4 B and C, respectively). Glucose area under the curve (glucose AUC) was smaller (p
<0.001) in RD group compared to both HFD and KD groups (Figure 4d).
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Figure 4. Blood glucose levels during glucose tolerance tests in C57BL/6] mice fed a regular chow diet
(RD, a), high-fat diet (HFD, b), and ketogenic diet (KD, c) for 12 weeks are shown, with comparisons
between those given 2% succinate supplements in drinking water (SUS) and those without
supplements (CON). The glucose area under the curve (Glucose AUC) is also presented (d). Data are
shown as mean + SD. Two-way ANOVA with Bonferroni’s post hoc test was used to assess the effects
of diet and SUS on Glucose AUC. ** p < 0.01, *** p < 0.001 indicate significant differences from RD,
and 1 p <0.05 indicates a significant difference from peak glucose at 30 min of the glucose tolerance

test.

3.5. Muscle Hypertrophy and Atrophy

Data on hindlimb muscle mass in mice subjected to denervation are presented in Table 1. HFD
was associated with greater mass of GAS (p <0.05), SOL (p <0.001), and PL muscles compared to RD,
but not KD. Muscle mass decreased (p <0.001) in the denervated GAS and SOL muscles and increased
(p <0.001) in PL which was subjected to functional overloading as a result of the denervation.

Table 1. Muscle mass of plantaris (PL), gastrocnemius (GAS) and soleus (SOL) muscles in mice fed
regular diet (RD), high fat diet (HFD or ketogenic diet (KD) either a 2% succinate supplement in their

drinking water (SUS) or no supplement (CON)..

RD HFD KD
CON SuUS CON SUS CON SUS
CON 174+14 176+21 191+09 19711 19.6+x17 199+19
PL FO ### 232+23 233+31 258+23 263+29 256+13 26.1+26
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CON 136.6+7.6 1364+9.0 1453+5.7 148.0+7.7 140.4+8.0 140.6 +
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T DEN 60.5+6.8 621+£10.7 635x173 64.8+17.7 63.3+139 60.3 =
#h# 12.5

CON 9.0+ 09 93+ 07 105+09 103+0.8 101+1.0 10.3+0.8
SOL DEN 60+ 1.1 6.0+ 07 67+ 13 69+ 11 65+ 09 70+ 13
t #

Lk Lk

Two-way repeated measures ANOVA with Bonferroni’s post hoc testing was performed to assess effects of diet,
succinate supplementation (SUS) and effects functional overloading (FO) or denervation (DEN), respectively.
Values are presented as mean + SD. 1 p <0.05, t1 p <0.01, ttt p <0.001 for effects of diet, * p <0.05, *** p < 0.001
compared to RD, ### p < 0.001 versus CON.

The percentage changes in muscle mass are presented in Figure 5. These measures were not
affected by the diet or SUS. PL showed similar levels of hypertrophy independent of the diet (Figure
5 A, B and C). GAS consistently showed greater (p <0.001) wasting than SOL muscle (p <0.001). There
was no significant association between glucose tolerance as reflected in glucose AUC and extent of
muscle hypertrophy or atrophy when results of all three diets were pulled for this analysis (Figure 5
D, E and F).
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Figure 5. percentage changes in muscle mass of the treated hindlimb compared to the control limb for
the gastrocnemius (GAS), soleus (SOL), and plantaris (PL) muscles in C57BL/6] mice under three
different diet conditions: regular diet (RD, a), high fat diet (HFD, b), and ketogenic diet (KD, c). The
data is presented for mice that were either exposed to 2% succinate in their drinking water (SUS) or
not exposed (CON). Mean values with standard deviation (SD) are displayed. A two-way ANOVA
with Bonferroni’s post hoc test was conducted, with *** indicating p < 0.001 for differences from GAS.
Additionally, scatter plots demonstrate the association between the glucose area under the curve
(AUC) in glucose tolerance tests and the percentage hypertrophy of the PL muscle (panel D), as well
as the atrophy of the GAS (panel E) and SOL (panel F) muscles. The figures also present Pearson’s
correlation coefficients and their significance (p values).
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4. Discussion

The results presented in this study examine interaction between dietary fat content and SUS in
relation to energy intake, weight gain, glucose tolerance and changes in muscle mass after muscle
denervation and functional overloading. Understanding how SUS affects these physiological
measures in C57BL/6] mice might contribute to development of new dietary interventions in human
populations.

The major finding of the study is that SUS reduced the initial spike in energy intake induced by
transition from regular low-fat diet to high-fat diet highlighting potential usefulness of these
supplements in modulating dietary behavior. However, the lack of sustained effect on subsequent
changes in energy intake, and weight gain is a significant limitation of this treatment. Systemic
administration of succinate was associated with excessive heat generation in brown adipose tissue
and increased energy expenditure of the whole body [13]. Improved glucose tolerance was also
reported after four weeks of SUS in HFD-fed mice in this study as well. Similarly, a reduction in
weight gain was noted in mice fed HFD with SUS during the first two weeks of our study. However,
there was also a reduction in energy intake which could account for a significant part of this apparent
delay in weight gain. Importantly, no significant effects on energy intake, body composition, glucose
tolerance, energy expenditure, or physical activity were observed at the end of the 12-week study
period. Thus, the beneficial influence of SUS on metabolic health does not appear to be sustained
during prolonged exposure as examined in our study.

We have also studied effects of SUS on mice fed regular diet (RD) which is low in fat and
ketogenic diet (KD) with as much as 80% kcal from fat. Mice on RD displayed stable energy intake
throughout the study period, coupled with a gradual increase in body mass. SUS did not have any
effect on this pattern. Switching from RD to KD elicited a rise in energy intake, albeit less pronounced
than that observed with HFD. SUS tended to reduce this peak in energy intake, but this effect was
not significant. These findings suggest that the metabolic effects of SUS are not directly dependent
on the fat content of the diet and might be influenced by energy intake, which was particularly large
in the case of HFD, as observed in other studies as well [19]. Energy intake of mice increases with
dietary fat content up to 60% kcal and then starts to decrease when fat content increases beyond that
threshold up to 80% kcal, as in the KD used in this study [20]. Both carbohydrates and fat are required
to induce a strong subconscious drive to overeating [21]. Interestingly, blood (3-hydroxybutyrate (HB)
levels increased with increase in fat content of the diet indicating intensified fat metabolism, but only
KD led to a reduced respiratory exchange ratio (RER), indicating improved fat oxidation. Despite this
improvement, KD was coupled with a significant worsening of glucose tolerance compared to RD,
highlighting the negative consequences of KD feeding. Similar findings have been reported by other
investigators of KD, even when matching energy intake to that of a high carbohydrate diet similar to
the RD used in this study [22]. Despite these negative effects on glucose metabolism, KD led to a
longer lifespan of C57BL/6] mice compared to a high carbohydrate diet [22]. However, this
comparison was made under conditions of fixed energy intake of ~12 kcal per day, which is ~20% less
than what ad libitum fed KD mice were consuming in our study. This energy shortfall might translate
into a time-limited feeding effect, as mice on KD are likely to consume all their food in a shorter
period than those fed a high carbohydrate diet. Time limited feeding improves health even without
caloric restriction [22]. It is likely that the positive effects of KD on life expectancy was mediated by
feeding regime of fixed caloric intake rather than KD per se.

There is evidence that SUS promotes skeletal muscle protein deposition via the Erk/Akt
signaling pathway [14]. We did not observe any effect of succinate on tissue mass or changes in
muscle mass after denervation or functional overloading. These findings contradict the hypothesis
that extracellular succinate plays important role in skeletal muscle hypertrophy or atrophy [12].
Indeed, pathways leading to mechanical overload-induced increases in protein synthesis remain
under intensive investigation [23], but it is unlikely that succinate plays an important role in this
regard. Generally, HFD-fed mice had greater muscle mass compared to mice fed RD or KD, likely
due to greater body mass inducing greater overload of skeletal muscles, especially those associated
with posture and locomotion, such as the soleus muscle which exhibits particularly high levels of
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activity [24]. Neither increase in dietary fat content nor SUS influenced muscle response to functional
overloading or denervation. Plantaris muscle hypertrophy was not reduced in mice with significant
impairments in glucose tolerance due to HFD or KD feeding. This contrasts with other studies
showing somewhat reduced muscle hypertrophy after functional overloading in mice fed HFD [6,26].
We used a HFD with higher fat content (60% kcal compared to 45% kcal) and applied muscle
denervation rather than surgical removal of gastrocnemius and soleus muscles to induce overloading
of plantaris muscles. Muscle denervation is less invasive and is likely to induce lower levels of
inflammation. This might explain the different outcomes though we are unaware of any study
comparing physiological responses to these two models of muscle functional overloading.

Our results also question the hypothesis that obesity-linked impairment in glucose tolerance is
associated with impaired muscle response to functional overloading or disuse. HFD promotes insulin
resistance [27], and it is believed that obesity related insulin resistance is a major factor in ageing
related muscle wasting and explains the so called sarcopenic obesity [28]. This belief is not supported
by our finding. However, we studied adult mice and insulin resistance might be caused by different
factors at old compared to adult age. The HFD and KD used had 20% kcal from protein, which
appears sufficient to maintain mTORC1 signaling which is important for muscle hypertrophy and
prevent negative effects of HFD feeding linked to insulin and anabolic resistance [29].

In conclusion, while SUCC supplementation showed potential in mitigating adverse effects of
HFD on energy intake and weight gain, its efficacy was limited to the initial phase of the transition
from low to high-fat diet. Furthermore, SUCC did not have any significant effect on changes in muscle
mass after overloading or denervation, questioning the usefulness of these supplements as a
nutritional intervention to promote muscle hypertrophy or limit muscle atrophy after denervation.
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