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Abstract— One of the therapeutic approaches to age-related diseases is modulation of body cell metabolism 

through certain diets or their pharmacological mimetics. The ketogenic diet significantly affects cell energy 

metabolism and functioning of mitochondria, which has been actively studied in various age-related pathologies. 

Here, we investigated the effect of the ketogenic diet mimetic beta-hydroxybutyrate (BHB) on the expression of 

genes regulating mitochondrial biogenesis (Ppargc1a, Nrf1, Tfam), quality control (Sqstm1), functioning of the 

antioxidant system (Nfe2l2, Gpx1, Gpx3, Srxn1, Txnrd2, Slc6a9, Slc7a11), and inflammatory response (Il1b, Tnf, 

Ptgs2, Gfap) in the brain, lungs, heart, liver, kidneys, and muscles of young and old rats. We also analyzed mito-

chondrial DNA (mtDNA) copy number, accumulation of mtDNA damage, and levels of oxidative stress based on 

the concentration of reduced glutathione and thiobarbituric acid-reactive substances (TBARS). In some organs, 

aging disrupted mitochondrial biogenesis and functioning of cell antioxidant system, which was accompanied by 

the increased oxidative stress and inflammation. Administration of BHB for 2 weeks had different effects on the 

organs of young and old rats. In particular, BHB upregulated expression of genes coding for proteins associated 

with the mitochondrial biogenesis and antioxidant system, especially in the liver and muscles of young (but not 

old) rats. At the same time, BHB contributed to the reduction of TBARS in the kidneys of old rats. Therefore, our 

study has shown that administration of ketone bodies significantly affected gene expression in organs, especial-

ly in young rats, by promoting mitochondrial biogenesis, improving the functioning of the antioxidant defense 

system, and partially reducing the level of oxidative stress. However, these changes were much less pronounced 

in old animals. 
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INTRODUCTION

Aging is associated with accumulation of various 

defects leading to cell and tissue dysfunction. Organ 

failure during aging is thought to be related to dys-

regulation of nutrient metabolism and mitochondrial 

function [1]. Mitochondria are major organelles re-

sponsible for the maintenance of cell energy homeo-

stasis. Their main function is ATP production, but mito-

chondria are also involved in other cellular processes, 

such as regulation of calcium metabolism and redox 

status of the cell, synthesis of metabolic intermediates, 
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generation of reactive oxygen species (ROS), and reg-

ulation of apoptosis. Mitochondrial dysfunction is one 

of the key factors in the pathogenesis of various diseas-

es [2]. Due to excessive ROS production or lack of mito-

chondrial antioxidants [3], the damage and mutations 

in the mitochondrial DNA (mtDNA) can accumulate 

with age, impairing the functioning of mitochondrial 

respiratory chain and leading to a further increase in 

the ROS production and damage to cellular compo-

nents [4].

Diet is an important factor influencing metabo-

lism and mitochondrial functions. The effects of a diet 

on various aspects of metabolism are currently active-

ly investigated in basic research and clinical studies. 

The ketogenic diet, which is characterized by a low 

content of carbohydrates, moderate protein intake, and 

high content of fats, has recently become increasingly 

popular [5]. This diet stimulates production in the liv-

er of compounds called the ketone bodies, e.g., β-hy-

droxybutyrate (BHB), which are effective in preventing 

and treating of certain diseases, including epilepsy [6], 

Alzheimer’s disease [7], Parkinson’s disease [8], cardio-

vascular disorders [9], and stroke [10].

It had been previously thought that in many tis-

sues, mitochondria use BHB as an alternative substrate 

for ATP production to significantly improve the energy 

supply to the tissue. However, there is a growing point 

of view that BHB is not only a metabolic substrate but 

also an important regulator of physiological processes 

that acts through various signaling mechanisms [11]. 

In particular, BHB significantly improves mitochon-

drial functions and downregulates mitochondrial Ca2+ 

levels, ROS production, and mitochondrial permeabili-

ty transition pore (mPTP) activation, thus contributing 

to the reduction of inflammatory processes [12].

The effects of BHB as a transcriptional modula-

tor, particularly in animals of different age, have been 

studied to a much lesser extent, although BHB is known 

to affect the level of histone acetylation [13] and, con-

sequently, gene expression. BHB may also contribute 

to changes in the activity of the Nrf2/ARE [14], PGC-1α, 

FoxO1 [15], and NF-kB [16] signaling pathways. These 

signaling pathways are associated with the regulation 

of mitochondrial processes; some of them are consid-

ered as promising targets for geroprotection [17, 18].

The aim of this study was to analyze the effects 

of BHB administration for 2 weeks on the expression 

of genes coding for proteins involved in mitochon-

drial biogenesis, quality control, antioxidant defense 

functioning, and inflammation in major organs, such 

as brain, lung, heart, liver, kidney, and muscle. We as-

sessed changes in the mtDNA copy number, amount of 

large-scale deletions, and extent of mtDNA damage in 

the organs of young and old rats to investigate the ef-

fect of BHB on the integrity of mitochondrial genome. 

We also analyzed the levels of oxidative stress in dif-

ferent tissues and the effects of aging and BHB therapy 

on this process.

MATERIALS AND METHODS

Animals and experimental design. Experiments 

were carried out in young (n = 12; age, 3-4 months; 

body weight, 300-400 g) and old (n = 15; age, 27 months; 

body weight, 600-800 g) male Wistar rats. The protocols 

for working with the animals were approved by the 

Ethics Committee of the Belozersky Research Institute 

of Physico-Chemical Biology of the Lomonosov Mos-

cow State University (protocol no. 006-1/1/2024). All 

manipulations with the animal were performed in ac-

cordance with the ARRIVE guidelines. Young and old 

animals were randomly divided into 2 groups: the ex-

perimental group received a subcutaneous injection of 

BHB at a dose of 200 mg/kg day for 14 days, and the 

control group received a subcutaneous injection of an 

equivalent volume of saline. On day 14 of BHB admin-

istration, the animals were sacrificed, and tissue sam-

ples (brain, lungs, heart, liver, kidneys, and muscles) 

were collected for further analysis. The last injection 

of BHB was performed 1 h before freezing the organs 

in liquid nitrogen.

Assessment of gene expression levels. RNA 

was isolated using ExtractRNA reagent (Evrogen, 

Russia); cDNA was synthesized with a REVERTA-L 

kit (AmpliSens, Russia). Quantitative PCR (qPCR) was 

performed with a CFX96TM Real-Time System thermal 

cycler (Bio-Rad, USA) using a qPCRmix-HS SYBR kit. 

Normalized gene expression levels were calculated us-

ing the formula 2(–ΔΔCq). Gene expression results were 

presented as heat maps that were produced using the 

Bio-Rad CFX Manager software (version 2.1). For genes 

with statistically significant changes in expression, 

the results were further presented as histograms. The 

Gapdh gene was used as a reference. The primer se-

quences for the studied genes are shown in Table 1.

Assessment of mtDNA copy number. Relative 

mtDNA copy number was assessed by qPCR using 

a 5X qPCRmix-HS SYBR mixture (Evrogen). To am-

plify rat mtDNA, the following pair of primers was 

used: forward: 5′-CTCAAAGGACTTGGCGGTACT-3′; 

reverse: 5′-GCTGAATTAGCGAGAAGGGGT-3′. The ob-

tained results were normalized to a fragment of nu-

clear DNA amplified with the following primers: 

forward: 5′-GGCTCCCTAGGCCCCTCCTG-3′; reverse: 

5′-TCCCAACTCGGCCCCCAACA-3′. Reaction conditions: 

denaturation at 95°C for 3 min; 35 cycles of denatur-

ation at 95°C for 10 s, primer annealing at 59°C for 30 s, 

Abbreviations:  BHB,  beta-hydroxybutyrate; mtDNA, mito-
chondrial DNA; ROS, reactive oxygen species; TBARS, thio-
barbituric acid-reactive substances. 
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and elongation at 72°C for 30 s. mtDNA copy number 

was calculated with the Bio-Rad CFX Manager software 

(version 2.1) using the formula 2(–ΔΔCq).

Estimation of the amount of large-scale mtDNA 

deletions. Total DNA from rat tissues was isolated 

with a PROBA-GS kit (DNA-technology, Russia) ac-

cording to the protocol recommended by the man-

ufacturer. The  relative number of large-scale dele-

tions in rat mtDNA (ΔmtDNA4834) was determined by 

qPCR using TaqMan probes as described previously 

[19]. The amount of ΔmtDNA4834 (a region formed by 

the joined sequences flanking the deleted mtDNA re-

gion) was normalized to the total amount of mtDNA. 

To normalize the number of deletions to the number 

of mtDNA copies, the D-loop region was amplified us-

ing 5X qPCRmix-HS mixture (Evrogen). Reaction condi-

tions: denaturation at 95°C for 3 min; 35 cycles of dena-

turation at 95°C for 10 s, primer annealing at 64°C for 

15 s, and elongation at 72°C for 20 s.

Estimation of the extent of mtDNA damage. The 

extent of mtDNA damage was assessed by PCR of long 

fragments using Encyclo polymerase (Evrogen). The 

protocol and the primer panel for rat mtDNA were de-

veloped and optimized previously [20]. The method is 

based on the assumption that the presence of damage 

in the DNA structure (e.g., single-strand breaks, mod-

ified bases, nucleotide adducts) impairs the function-

ing of DNA polymerase and reduces accumulation of 

PCR product. Therefore, the efficiency of amplification 

is inversely proportional to the number of DNA mol-

ecules with a damage in the amplified DNA region. 

Reaction conditions: denaturation at 95°C for 3  min; 

35 cycles of denaturation at 95°C for 10 s, primer an-

nealing at 59°C for 4 min 30 s, and elongation at 72°C 

for 30 s. The ΔCq values for the control and experimen-

tal (damaged) long mtDNA fragments were compared 

with the ΔCq values for the control and experimental 

short fragments that were used as references.

Measurement of thiobarbituric acid reactive 

substances (TBARS). The content of TBARS was de-

termined by a spectrophotometric method based on 

the reaction with 2-thiobarbituric acid [21] with some 

modifications. Rat tissues were homogenized in 1× PBS 

(pH 7.4) at a 1 : 10 (w/v) ratio. The homogenate (200 μl) 

was mixed with 20 μl of 50% trichloroacetic acid and 

800 μl of TBA reagent containing 0.5% (w/v) 2-thio-

barbituric acid, 0.35 M sodium hydroxide, and 1.75 M 

acetic acid. The samples were boiled for 1 h, cooled in 

an ice bath to room temperature, and centrifuged at 

10,000g for 10 min at 4°C. The optical density of the 

supernatant was measured at 532  nm on an Ekros 

PE-5400UF spectrophotometer (Ekroskhim, Russia). 

Table 1. Primer sequences for assessing gene expression in rats

Gene Forward primer, 5′-3′ Reverse primer, 5′-3′

Gapdh GGCTCCCTAGGCCCCTCCTG TCCCAACTCGGCCCCCAACA

Gfap CGAAGAAAACCGCATCACCA CCGCATCTCCACCGTCTTTA

Gpx1 AGTCCACCGTGTATGCCTTCT GAGACGCGACATTCTCAATGA

Gpx3 CCATTCGGCCTGGTCATTCT CCCGGTCGAACGTACTTGAG

ll1b GGCTTCCTTGTGCAAGTGTCT TCTGGACAGCCCAAGTCAAG

Nfe2l2 CACATCCAGACAGACACCAGT CTACAAATGGGAATGTCTCTGC

Nrf1 TTACTCTGCTGTGGCTGATGG CCTCTGATGCTTGCGTCGTCT

Ppargc1a GCACCAGAAAACAGCTCCAA TTGCCATCCCGTAGTTCACT

Ptgs2 CTCTGCGATGCTCTTCCGAG TCTTGTCAGAAACTCAGGCGTA

Slc6a9 AAGGGATGYTGAATGGTGCT TAGCCCACGCTCGTCAGTA

Slc7a11 CTGGGCAKGAGAAGGTRGTTC CCCTTGGGGGAGATGAAGATG

Sqstm1 TCCCTGTCAAGCAGTATCC TCCTCCTTGGCTTTGTCTC

Srxn1 CCARGGYGGYGACTACTACTA AAGGGTYGACCTCACGAGCTT

Tfam ATCAAGACTGTGCGTGCATC AGAACTTCACAAACCCGCAC

Tnf ATGGGCTCCCTCTCATCAGT GCTTGGTGGTTTGCTACGAC

Txnrd2 GATCTCTTGGTGATCGGTGGG CGGGGAGAGGGTTCCACATA
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The content of TBARS was calculated using a molar ex-

tinction coefficient of 156,000 M–1cm–1 and expressed 

in nmol/mg total protein. The total protein content 

in the homogenate was determined using the Lowry 

method [22].

Measurement of reduced glutathione (GSH) 

content. The levels of GSH were determined by a spec-

trophotometric method based on the reaction with 

the Ellman’s reagent [23] with some modifications. 

Rat tissues were homogenized in a buffer contain-

ing 50 mM Tris-HCl (pH 7.4), 150 mM KCl, 1 mM EDTA, 

0.5% Triton X-100 at a 1 : 10 (w/v) ratio. Deproteiniza-

tion was carried out by adding 50% trichloroacetic 

acid to the homogenate at a 1 : 9 ratio, and the sam-

ples were centrifuged for 10 min at 10,000g at 4°C. 

Next, the supernatant was mixed with 0.4 M Tris-HCl 

(pH 8.9) containing 1 mM EDTA at a 1 : 2 (v/v) ratio, 

and Ellman’s reagent was added to a final concentra-

tion of 0.2 mmol/liter. The samples were incubated at 

room temperature for 15 min and the optical density 

was measured at 412 nm on an Ekros PE-5400UF spec-

trophotometer. The GSH content was calculated using 

a molar extinction coefficient of 14,150 M–1cm–1 and 

expressed in nmol/mg total protein. The total protein 

content in the homogenate was determined using the 

Lowry method [22].

Statistical analysis. Statistical analysis was per-

formed with the STATISTICA 12 software package (Stat-

Soft, USA). The results are presented as mean ± standard 

error of the mean (SEM). The t-test or nonparametric 

Kruskal–Wallis analysis of variance were used for sta-

tistical analysis.

RESULTS

Aging has a negative effect on the cell antiox-

idant defense system and expression of genes in-

volved in the regulation of mitochondrial biogenesis 

and quality control. The expression of genes involved 

in mitochondrial biogenesis, inflammation, and func-

tioning of the quality control and antioxidant defense 

systems was analyzed in the organs of young and old 

rats (Fig. 1). Aging significantly altered expression of 

these genes, especially in the brain, muscles, and lungs 

(Fig.  1). In particular, we revealed an age-dependent 

decrease in the levels of mRNAs for enzymes regulat-

ing mitochondrial biogenesis (Ppargc1a, Tfam) in the 

muscles and brain (Fig. 1, a-c). Age-related changes in 

the muscles were associated with a decrease in the ex-

pression of Sqstm1, whose product is involved in pro-

tein and organelle quality control (Fig. 1d). We also re-

vealed a significant decrease in the expression of genes 

associated with the antioxidant defense system (Gpx1, 

Srxn1, Txnrd2, Slc7a11, and Slc6a9) in the lungs and 

muscles of old rats (Fig. 1, e-l). The observed negative 

changes were also accompanied by upregulation of in-

flammatory markers, in particular, elevated expression 

of Tnf, Ptgs2, Gfap, and Il1b, especially in the brain and 

kidneys of old rats (Fig. 1, m-p).

BHB upregulates expression of genes involved 

in mitochondrial biogenesis and antioxidant defense 

system in the liver and muscles of young but not old 

rats. We analyzed the effect of BHB on the expression 

of studied genes in the organs of young and old rats and 

found that subcutaneous injection of BHB for 2 weeks 

caused the most pronounced positive effect in the liver 

and muscles of young rats. In  particular, in the liver, 

BHB increased expression of genes related to mito-

chondrial biogenesis (Ppargc1a, Nrf1, Tfam) (Fig. 2, a-c) 

and antioxidant defense system (Nfe2l2, Gpx1, Txnrd2, 

Slc7a11, Slc6a9) (Fig. 2,  d-h). In  the muscles, BHB also 

stimulated genes involved in mitochondrial biogenesis 

(Nrf1, Tfam) and antioxidant defense (Srxn1, Slc6a9) 

(Fig.  2,  i-l). However, in old rats, BHB only slightly af-

fected expression of the analyzed genes; no upregulat-

ed expression of genes related to mitochondrial biogen-

esis and antioxidant defense system was observed in 

the liver, muscles, or other organs (Fig. 3).

Aging influences mtDNA copy number in tis-

sues. Since aging and BHB significantly affected ex-

pression of genes encoding proteins responsible for 

mitochondrial biogenesis and antioxidant defense 

system, mtDNA copy number, which indirectly re-

flects the number of mitochondria, was measured in 

the organs of young and old rats (Fig. 4). The mtDNA 

copy number was significantly lower in the brain and 

lungs of 27-month-old rats compared to 4-month-old 

rats. However, in the kidneys and heart of old rats, 

the mtDNA copy number was increased. In other or-

gans, the mtDNA copy number in young and old rats 

did not differ. Administration of BHB had no signifi-

cant effect on the mtDNA copy number in either young 

or old rats.

Aging increases the amount of large-scale dele-

tions and extent of mtDNA damage. It is known that 

aging is associated with disturbances in the protein 

and organelle quality control. Therefore, we assessed 

the level of large-scale deletions and extent of mtDNA 

damage in the organs of young and old rats (Figs. 5 

and  6). The number of large-scale mtDNA deletions 

in the kidneys and heart (but not in other organs) in-

creased with aging (Fig. 6). Thus, the extent of mtDNA 

damage in the kidneys of old rats was by 53% higher 

than in young 4-month-old rats (Fig. 5). Administra-

tion of BHB had no effect on the number of large-scale 

mtDNA deletions and extent of mtDNA damage in ei-

ther young or old animals (Figs. 5, 6).

Effect of aging and BHB administration on the 

oxidative stress level in rat tissues. Since aging had 

a negative effect on the expression of genes related to 

the antioxidant defense system, while administration 
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Fig. 1. Effect of aging on the expression of genes responsible for mitochondrial biogenesis  (a-c), autophagy (d), antioxidant 
defense system (e-l), and inflammation (m-p). The data are shown as mean ± SEM; * p < 0.05 (t-test).
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of BHB, on the contrary, increased expression of these 

genes at least in the liver and muscles of young ani-

mals, we studied the level of oxidative stress in these 

animals. The content of TBARS was used as a marker of 

oxidative stress in rat tissues. Our results showed that 

the TBARS concentration in the muscles of 27-month-

old rats increased more than twofold compared to 

4-month-old rats (Fig. 7). Similarly, the TBARS levels in-

creased in the kidneys of old rats, while administration 

of BHB significantly reduced the concentration of these 

compounds (Fig. 7). In addition, we examined the GSH 

content, which decreased fourfold in the lungs of old 

rats compared to young ones (Fig. 8). However, admin-

istration of BHB failed to increase the GSH levels in the 

organs of either young or old rats.

DISCUSSION

Most researchers define aging as an irreversible 

complex process involving epigenetic changes [24], loss 

of protein homeostasis [25], metabolic disorders [26], 

and mitochondrial dysfunction [27]. According to the 

free radical theory, aging is accompanied by an imbal-

ance between the ROS production and degradation in 

the mitochondria, which causes oxidative damage to 

various cellular macromolecules and organelles. Mito-

chondrial damage leads to an even greater disruption 

in the regulation of redox homeostasis and develop-

ment of a vicious cycle promoting oxidative stress [28].

Aging can be manifested differently in different tis-

sues. In particular, it was shown that the age-dependent 

Fig. 2. Effect of subcutaneous administration of BHB on gene expression in young rats. Changes in gene expression of proteins 
responsible for mitochondrial biogenesis and antioxidant system are shown for liver  (a-h) and muscle tissue (i-l). The data 
are shown as mean ± SEM; * p < 0.05 (t-test).
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Fig. 3. Heat maps showing the effects of aging and BHB treatment on gene expression in the brain, lungs, heart, liver, kidneys, 
and muscles of rats.

changes in the patterns of gene expression differ de-

pending on the organ [29]. In this study, we found that 

aging most strongly affected expression of particular 

genes (including those involved in mitochondrial bio-

genesis, quality control, and antioxidant defense sys-

tem) in the muscles, brain, and lungs of rats (Figs. 1 

and 3). Negative changes that occur during aging have 

been associated with an increased oxidative stress 

and expression of proinflammatory cytokines in some 

organs (Figs. 7 and 8).

The hallmarks of aging include changes in the 

number and functional activity of mitochondria in the 

tissues, which can directly affect the energy supply of 

cells [30]. We showed that the age-related alterations 

in the mtDNA copy number (which indirectly indicates 

the number of mitochondria) varied from organ to or-

gan. In the brain and lungs, for example, the mtDNA 

copy number decreased significantly (Fig. 4), which 

was accompanied by a decrease in the expression of 

genes associated with mitochondrial biogenesis (Figs. 1 

and  3). At the same time, the mtDNA copy number 

in the kidneys and heart increased with age (Fig. 4), 

which may be an adaptive response of these organs 

to an elevated extent of mtDNA damage and growing 

number of large-scale deletions. Violation of the struc-

tural integrity of mitochondrial genome can lead to 

the disruption of cellular energy metabolism and, as a 

consequence, activation of signaling pathways aimed at 

promotion of mitochondrial biogenesis [31]. Indeed, we 

observed an age-related increase in the expression of 

Tfam and Nrf1 genes in the heart and kidneys (Fig. 3).

In order to maintain an efficient energy metabo-

lism, it is essential to maintain the stability of mtDNA 

in the cells. The mitochondrial genome does not have 

sufficiently effective repair system for particular 

types of DNA damage, making it more susceptible to 

external and internal stressors compared to the nu-

clear genome [32]. The frequency of mtDNA deletions 
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Fig. 4. Effect of subcutaneous BHB injection on the mtDNA copy number in the tissues of rats of different age. The data are 
presented as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001 (Kruskal–Wallis test).

Fig. 5. Effect of subcutaneous BHB injections on the extent of mtDNA damage in the tissues of young and old rats. The data are 
shown as mean ± SEM; * p < 0.05, ** p < 0.01 in comparison with 4-month-old rats (Kruskal–Wallis test).

Fig. 6. Effect of subcutaneous BHB injections on the amount of large-scale deletions in mtDNA from the tissues of young and 
old rats. The data are shown as mean ± SEM; * p < 0.05, ** p < 0.01 in comparison to 4-month-old rats (Kruskal–Wallis test).
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increases with age, and these changes are most com-

mon in the tissues with high energy consumption [33]. 

An increase in the number of large-scale deletions can 

lead to age-related organ dysfunction due to the loss of 

important coding sequences, resulting in defective re-

spiratory chain assembly [34]. In this study, we showed 

that the organ most susceptible to such type of damage 

is kidney, where most large-scale deletions and mtDNA 

damage accumulate with age (Figs.  5,  6). The kidney 

is a mitochondria-rich organ, and mutations in mtDNA 

Fig. 7. Effect of subcutaneous injections of BHB on the TBARS content in the tissues of young and old rats. The data are ex-
pressed as mean ± SEM. * p <0.05, ** p < 0.01, and *** p < 0.001 compared to 4-month-old rats (Kruskal–Wallis test).

Fig. 8. Effect of subcutaneous injections of BHB on the GSH content in the tissues of young and old rats. The data in a group are 
expressed as mean ± SEM; *** p < 0.001 in comparison to 4-month-old rats (Kruskal–Wallis test).
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and its damage are important contributors to the de-

velopment of chronic and acute kidney diseases [35].

The increase in the amount of large-scale mtDNA 

deletions with age was more pronounced that the in-

crease in the extent of mtDNA damage (Figs. 5 and 6), 

which could be due to the fact that the long-range PCR 

used in our work allowed us to detect particular types 

of mtDNA damage, such as chain breaks, base modi-

fications, and apurinic sites [36]. It is known that the 

modified nitrogenous bases and nucleotides in mtDNA 

can be repaired, as mitochondria have base and nu-

cleotide excision repair systems (BER and NER, respec-

tively), while the systems for the repair of DNA breaks, 

especially, double-strand breaks, are poorly represent-

ed in the mitochondria [37]. Basically, most mtDNA 

molecules with double-strand breaks are eliminated. 

However, double-strand breaks are one of the main 

causes of mtDNA deletions [38]. Molecules containing 

deletions can replicate and accumulate throughout 

the lifetime and can even be inherited via the mater-

nal line [39], whereas damaged molecules, which we 

detected by long-fragment PCR, are either repaired or 

degraded. This could explain why point mutations in 

mtDNA accumulate with age to a lesser extent than 

large-scale deletions.

One of the approaches to treating age-related dis-

eases is modulation of cell metabolism through various 

diets or their pharmacological mimetics. In particular, 

the use of ketone bodies, whose levels increase in the 

case of ketogenic diet or caloric restriction, has been 

proposed as a component of geroprotective therapy 

[40]. It has already been shown that administration of 

exogenous BHB leads to global changes in gene tran-

scription, including changes in the expression of genes 

encoding factors determining cell resistance to oxida-

tive stress [41].

In our study, we demonstrated that BHB produced 

different effects on gene expression in different or-

gans, and these effects varied significantly between 

the young and old rats. Among the organs analyzed, 

the widest range of changes in gene expression upon 

BHB treatment was observed in the liver of young rats 

(Fig. 3). Although liver synthesizes ketone bodies, it is 

unable to metabolize them [42]. BHB upregulated ex-

pression of genes related to mitochondrial biogenesis 

in the liver, as well as those coding for enzymes of the 

cell antioxidant defense system (Fig. 3). Mitochondrial 

biogenesis and mitophagy contribute to the mainte-

nance of the appropriate number of mitochondria and 

their quality in the cells [43, 44]. Therefore, activation 

of mitochondrial biogenesis should be accompanied by 

the corresponding removal of damaged or poorly func-

tioning organelles [45].

The pronounced effects of BHB in the liver may 

be due to the fact that liver is the main source of en-

dogenous BHB [46] and that the highest concentrations 

of ketone bodies during administration of exogenous 

BHB can be achieved in the liver. The effect of BHB in 

the liver may be mediated by β-hydroxybutyrylation 

of histones [47], which affects gene expression, as well 

as through signaling via the HCAR2 receptor. In par-

ticular, BHB was previously shown to inhibit NLRP3 

inflammasome-mediated inflammation and also to dis-

play a hepatoprotective effect by acting on HCAR2 [48]. 

Through the HCAR2 signaling, BHB activates AMPK, 

which may potentially improve metabolic functions 

impaired in hepatic steatosis [49]. Another possible 

mechanism is inhibition of class I histone deacetylases 

(HDACs). Class I HDACs deacetylate lysine residues in 

histones and non-histone proteins and regulate genes 

involved in gluconeogenesis, mitochondrial function, 

and protection against oxidative stress [50]. Inhibi-

tion of HDACs blocks proteasomal degradation of Nrf2, 

thereby facilitating its binding to the promoter regions 

of genes responsible for cell antioxidant defense [51]. 

BHB was also found to inhibit glycogen synthase ki-

nase-3β (GSK3β), which is a negative regulator of Nrf2 

[52]. We have previously shown that the treatment 

of focal ischemic stroke with BHB contributed to the 

upregulation of expression of several important anti-

oxidant defense genes via an Nrf2-dependent mecha-

nism [53]. Therefore, the increase in the expression of 

antioxidant defense genes as a result of ketone body 

therapy observed in our study might be related to the 

activation of the Nrf2/ARE signaling pathway. This is 

also indicated by the upregulated Nfe2l2 expression 

in the liver and heart of rats receiving BHB injections 

(Figs. 2 and 3), as it is known that the Nfe2l2 promoter 

contains ARE sequences [54], which provides self-am-

plification of its expression.

Beside affecting gene expression, the administra-

tion of BHB led to a drop in the levels of lipid perox-

idation products, which were otherwise increased in 

the kidneys and muscles of old animals (Fig. 7). These 

results are consistent with the previous data showing 

that administration of exogenous BHB protected kid-

neys from the oxidative stress induced by cisplatin 

[55] and that the ketogenic diet led to positive changes 

in the muscles [56]. However, BHB had no significant 

effect on the TBARS content in other organs of young 

and old animals, although it significantly affected ex-

pression of genes related to the cellular antioxidant 

defense systems in the liver and muscles of young rats 

(Figs. 2 and 3).

CONCLUSION

In this study, we showed that the BHB therapy 

affected differently various organs in the animals of 

different age. BHB strongly altered expression of genes 

involved in mitochondrial biogenesis and cellular 
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antioxidant defense primarily in the liver and mus-

cles of young rats. The stimulation of mitochondrial 

biogenesis might trigger mitochondrial renewal, lead-

ing to the improved functioning of mitochondria and 

decreased levels of oxidative stress. However, despite 

these positive effects, no significant influence of BHB 

on the mtDNA integrity was observed in either young 

or old animals. We suggest that achieving a more 

pronounced effect on the mtDNA integrity, oxidative 

stress, and inflammation requires a longer therapy 

with BHB. The data obtained in this study expands the 

understanding of therapeutic effects of ketone bodies, 

including their potential use in the treatment of age- 

related diseases.
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