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Abstract
A ketogenic diet (KD; high-fat, low-carbohydrate) can benefit refractory epilepsy, but underlying mechanisms are 
unknown. We used mice inducibly expressing a mutated form of the mitochondrial DNA repair enzyme UNG1 (mutUNG1) 
to cause progressive mitochondrial dysfunction selectively in forebrain neurons. We examined the levels of mRNAs and 
proteins crucial for mitochondrial biogenesis and dynamics. We show that hippocampal pyramidal neurons in mutUNG1 
mice, as well as cultured rat hippocampal neurons and human fibroblasts with H2O2 induced oxidative stress, improve 
markers of mitochondrial biogenesis, dynamics and function when fed on a KD, and when exposed to the ketone body 
β-hydroxybutyrate, respectively, by upregulating PGC1α, SIRT3 and UCP2, and (in cultured cells) increasing the oxygen 
consumption rate (OCR) and the NAD+/NADH ratio. The mitochondrial level of UCP2 was significantly higher in the 
perikarya and axon terminals of hippocampus CA1 pyramidal neurons in KD treated mutUNG1 mice compared with 
mutUNG1 mice fed a standard diet. The β-hydroxybutyrate receptor GPR109a (HCAR2), but not the structurally closely 
related lactate receptor GPR81 (HCAR1), was upregulated in mutUNG1 mice on a KD, suggesting a selective influence 
of KD on ketone body receptor mechanisms. We conclude that progressive mitochondrial dysfunction in mutUNG1 
expressing mice causes oxidative stress, and that exposure of animals to KD, or of cells to ketone body in vitro, elicits 
compensatory mechanisms acting to augment mitochondrial mass and bioenergetics via the PGC1α-SIRT3-UCP2 axis 
(The compensatory processes are overwhelmed in the mutUNG1 mice by all the newly formed mitochondria being 
dysfunctional).
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Introduction

Mitochondria are of central importance for the complex pro-
cesses of neurotransmission, neuronal plasticity, and energy 
homeostasis of neurons [1]. Energy demand is higher in neu-
rons than in most other cells, which is reflected by high con-
sumption of oxygen in the brain. Endogenous reactive oxy-
gen species (ROS), arising from normal oxygen metabolism, 

are mainly produced in mitochondria. ROS may lead to oxi-
dative stress (OS) and mitochondrial DNA (mtDNA) dam-
age, and ultimately in neurodegenerative pathology. Damage 
to the mtDNA and associated OS during neurodegenerative 
processes can impair neuronal energy homeostasis [2]. The 
frequency of oxidative damage of mtDNA is ten to 20 times 
greater than that of nuclear DNA [3]. Therefore, mitochon-
dria need to have efficient DNA repair systems in order to 
maintain an error-free mitochondrial genome and to prevent 
dysfunction of the organelles [4, 5]. In base excision repair, 
uracil-DNA glycosylase (UNG) removes unnatural uracil 
from DNA [6], UNG1 being the mitochondrial form of the 
enzyme.

A ketogenic diet (KD) is a high fat, low carbohydrate 
and restricted protein diet that is beneficial for treatment 
of drug-resistant epilepsy [7–12]. This diet has also been 
proposed as a therapeutic diet in several neurological 
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diseases such as autism [13], amyotrophic lateral scle-
rosis [14], Huntington disease [15], Alzheimer`s disease 
[16], and Parkinson`s disease [17]. A KD mimics the 
metabolic state of long-term fasting by fatty acids being 
oxidized to ketone bodies. Ketone bodies produced in the 
liver act as an alternative energy source, compensating 
for limited availability of glucose during fasting [18]. 
Proposed hypotheses for the modes of action of KD are 
(1) lowering the blood pH, (2) shifting from glucose-
based to ketone-based metabolism to produce more ATP 
[19], and (3) upregulating GABAergic inhibition [20]. 
Notably, a KD reduces midlife mortality and improves 
memory in aging mice [21, 22]. However, the molecular 
mechanisms underlying neuroprotective and anticonvul-
sant effects of KD are yet to be elucidated. Beta-hydroxy-
butyrate (βHB), and other ketone bodies, can cross the 
blood brain barrier (BBB) through monocarboxylate 
transporters (MCTs) [23] into the brain parenchyma for 
metabolism in brain cells and interaction with the βHB 
receptor, G-protein coupled receptor 109a (GPR109a, 
also known as HCAR2). A KD or βHB upregulate MCT1 
[24], but the molecular regulation of βHB’s receptor is 
yet to be investigated.

Uncoupling proteins (UCPs) regulate fatty acid metabo-
lism. The proton conductance of UCP2 is sensitive to fatty 
acids and ROS [25]. Ketone bodies can increase the level of 
UCP2, reducing oligomycin-mediated ROS production in 
mouse hippocampus [26]. An excessive mitochondrial mem-
brane potential causes a disproportionately large amount of 
ROS production [27]. This can be counteracted by increas-
ing the level of UCP2 [28], which reduce the mitochondrial 
membrane potential through uncoupling, thereby lowering 
the kinetic rate of the electron transport chain, in addition to 
inducing an increase in the number of mitochondria, which 
thereby avoids compromising ATP production [29, 30]. 
Thus, UCP2 plays a positive physiological role in neuro-
protection [29, 31] and aging [32–34]. UCP2 has been pro-
posed as a novel neuroprotector in different neuropatholo-
gies, including Parkinson`s disease [35, 36], epilepsy [29], 
and stroke [37].

A KD increases mitochondrial density in neuronal pro-
cesses in the rat hippocampus [38]. Notably, the diet also 
raises mitochondrial proteins and UCP1 in mice [39]. The 
cytosolic and mitochondrial protein acetylation in liver is 
affected by a KD [40]. Moreover, ketone bodies protect mice 
against ischemic stroke by upregulating the mitochondrial 
NAD+-dependent deacetylase sirtuin 3 (SIRT3) [41], which 
deacetylates numerous mitochondrial proteins to regulate 
mitochondrial functions [42]. Peroxisome proliferator-acti-
vated receptor γ-coactivator-1α (PGC1α) regulates mito-
condrial biogenesis. An induction of PGC1α stimulates 
peroxisome proliferator-activated receptor γ (PPAR γ) to 
promote mitochondrial biogenesis in adipose and muscle 

tissues [43]. Mitochondrial biogenesis is controlled both by 
mitochondrial sirtuins (such as SIRT3) and nuclear sirtuins 
(such as SIRT1) [44]. PGC1α upregulates SIRT3 through 
several mechanisms [45], and may itself be upregulated 
through SIRT3 [46].

We used a transgenic mouse model expressing a mutated 
uracil-DNA glycosylase 1 (mutUNG1) enzyme, which 
induces mitochondrial toxicity, caused by increasingly high 
numbers of apyrimidinic (AP)-sites in mtDNA of fore-
brain neurons [47]. AP-sites are a threat to cellular viabil-
ity and genomic integrity [48, 49]. The resulting progres-
sive mtDNA cytotoxicity leads to neurodegeneration and 
apoptosis [47]. Hippocampal neurons are highly sensitive 
to elevated levels of AP-sites in mtDNA [50]. There is a 
loss of the mtDNA copy number in the hippocampus of 
mutUNG1-expressing mice and a reduction of total mtDNA 
expression compared to wild type littermates [50]. A gradual 
elevation of the endogenous antioxidant enzyme, superoxide 
dismutase, has also been noticed in mutUNG1-expressing 
mice, indicating increased levels of ROS produced by dys-
functional mitochondria, since the mitochondrial version of 
superoxide dismutase (Sod2) is early and highly expressed 
[50]. The increased level of ROS can cause neuronal suicide 
[51, 52]. Thus an increasing level of AP-sites in mtDNA 
could be a factor that accelerates brain aging and neurode-
generation. Collectively, the mutUNG1-expressing mouse 
is a model for progressive neurodegeneration in the hip-
pocampus, relating to mitochondrial dysfunction [47]. Pre-
viously, we showed that a KD increases mitochondrial mass 
and levels of proteins mediating electron transport (nuclear 
DNA encoded complex II), antioxidative defense (SOD2), 
mitochondrial fission (FIS1), and a longevity-associated 
deacetylase (SIRT1) in mutUNG1-expressing mice [53]. 
However, a KD nevertheless accelerates neurodegeneration 
in these mice, apparently because in the mutUNG1 mice 
the KD induced mitochondriogenesis results in only sick 
mitochondria [53].

In the present study, we test the effects of a KD or the 
ketone body βHB on induced mitochondrial toxicity in 
hippocampal tissue in vivo and in cells cultured in vitro, 
to explore mechanisms underlying ketone increased 
mitochondrial biogenesis and functions in neurological 
disease. We show that both a KD and βHB change the 
expression of mRNAs and proteins (UCP2, PGC1α, Drp1 
and Mfn1) involved in mitochondrial dynamics and bio-
genesis. We further find that βHB can rescue impaired 
mitochondrial respiration. Interestingly, the density of 
UCP2 increases in the mitochondria of neuronal somas 
and axon terminals, indicating a neuroprotective function 
of UCP2 in mutUNG1-expressing mice fed on a KD. The 
level of UCP2 is upregulated with a KD and βHB, in the 
hippocampus of mutUNG1-expressing mice and in cul-
tured rat hippocampal neurons as well as cultured human 
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fibroblasts treated with hydrogen peroxide, respectively. 
Taken together, we propose that the PGC1α-SIRT3-UCP2 
axis is activated by KD or βHB treatments to rescue mito-
chondrial function.

Materials and Methods

Experimental Mice and Treatment

In this study we used transgenic mice expressing a 
mutated form of mitochondrial DNA repair enzyme UNG1 
(mutUNG1) as previously described [47]. The expression 
of mutUNG1 was induced by adding doxycycline to the 
diet. Wild type (WT) and mutUNG1-transgenic mice were 
fed with standard diet (SD) for 8 weeks. After 8 weeks, 
mutUNG1 expression was started by feeding the transgenic 
mice with doxycycline mixed SD up to 4–6 months of age 
until death, while WT mice were continued with SD. In 
other mutUNG1 transgenic mice, doxycycline was added 
with high fat ketogenic diet (KD) (Testdiet®, St. Louis). 
Feeding regime was continuous. The weight of mice was 
monitored weekly. The mice, expressing mutUNG1 selec-
tively in forebrain neurons, showed stable body weight for 
up to the observed 17 weeks on KD, but unlike mutUNG1 
expressing mice on a standard diet, failed to increase in 
weight during the first 7 weeks ([53] Suppl Fig. 1). The 
mice thus were apparently in good physical condition 
and showed no overt behavioral phenotype during the 17 
weeks. The energy content of SD and KD was described 
previously [53]. All experiments were approved by the 
National Animal Research Authority in Norway and con-
ducted according to the laws and regulation on animal 
welfare in Norway and in the European Union.

Cell Culture and Treatment

The rat hippocampal neurons (Lonza; Cat R-HI-501) 
were seeded onto poly-D-lysine/laminin-coated culture 
plates in neurobasal medium (ThermoFisher Scientific) 
supplemented with antibiotic–antimycotic (ThermoFisher 
Scientific), N21-Max media supplement (R&D Systems) 
and l-glutamine (Sigma-Aldrich). The β-hydroxybutryate 
(βHB) treatment experiment was conducted on cell cul-
ture day 9. The rat hippocampal neurons were treated 
with βHB (7 mM) for 24 h for Western blotting analy-
sis and NAD+/NADH ratio measurements. The human 
fibroblast cell lines were grown in Dulbecco’s Modi-
fied Eagle Medium (DMEM, ThermoFisher Scientific) 
supplemented with 10% (v/v) fetal bovine serum, 2 µM 
l-glutamine, penicillin and streptomycin (all from Sigma-
Aldrich, St. Louis, USA). Cells were grown at 37 °C in 

a humidified atmosphere of 5% CO2. The fibroblasts 
were treated separately and together with βHB (7 mM) 
and hydrogen peroxide (H2O2; 50 µM) for 48 and 72 h. 
Cells were treated both 48 and 72 h for mitochondrial 
bioenergetics analysis and based on obtained results from 
mitochondrial respiration, cells were treated for 48 h for 
Western blotting analysis.

Quantitative Real‑Time Reverse Transcription PCR

Expressions of different gene markers were analyzed using 
quantitative real-time PCR (qRT-PCR, Applied Biosystems 
StepOne Plus). The PCR primers were designed by using 
the CLC Main Workbench 6.9.1 and synthesized by Euro-
fins Genomics. Each primer pair was tested for efficiency 
followed by checking respective melting curve. Total RNA 
was isolated from hippocampus of experimental mice using 
TRIzol reagents (Ambion, Ref. 15,596,026) followed by 
DNase Treatment (Qiagen) according to the manufacturer’s 
guidelines. The concentration of RNA was measured using 
Nanodrop. cDNA was synthesized from isolated RNA using 
a High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystem).

List of primer pairs used:
PGC1α, 5′-TGT​CAC​CAC​CGA​AAT​CCT​-3′ and 5′-CCT​

GGG​GAC​CTT​GAT​CTT​-3′;
UCP2, 5′-TCC​CAA​TGT​TGC​CCG​TAA​-3′ and 5′-AAG​

GCA​GAA​GTG​AAG​TGG​-3′;
Drp1, 5′-GCC​CGT​GAC​AAA​TGA​AAT​-3′ and 5′-CAG​

GCA​TCA​GCA​AAG​TCG​-3′;
Mfn1, 5′-CGA​AAA​CTT​GAA​GCC​ACT​AC-3′ and 

5′-ACC​GAA​ACA​CAA​TGT​CCT​-3′;
GPR109a, 5′-GCA​CGC​AGA​ATT​GTG​AAG​-3′ and 

5′-GGA​TGG​GCT​GGA​GAA​GTA​GTA-3′;
β-actin, 5′-AGA​TTA​CTG​CTC​TGG​CTC​C-3′ and 5′-ATC​

GTA​CTC​CTG​CTT​GCT​-3′ (reference gene).
Reverse transcription reactions were carried out in a 

mixture of 10 µl Power SYBER Green PCR Master Mix 
(Applied Biosystem), 45 nM primer (0.2 µl of each forward 
and reverse), 10 ng cDNA template (2 µl) and nuclease free 
water (7.6 µl). The qRT-PCR reactions were run on a Ste-
pOnePlus Real-Time system (Applied Biosystem) using the 
default settings of PCR cycling recommended by the manu-
facturer. The data was normalized with a reference gene, 
β-actin, and analyzed by using a standard curve method. Dif-
ferences between control and treatments are assessed with 
Student’s t test (p < 0.05).

Tissue Preparation and Post‑embedding Electron 
Microscopy

The procedure for tissue preparation for electron microscopy 
and post-embedding immunogold labeling was adapted as 
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described [54]. In brief, the experimental mice were anes-
thetized using pentobarbital (v/w, 0.3 ml/100 g). The mice 
were perfused transcardially with the fixative (4% formal-
dehyde and 0.1% glutaraldehyde in 0.1 M sodium phosphate 
buffer (PB)) through a peristaltic pump for 10 min after 
a brief flush (for a few seconds) of 2% dextran 70 in PB. 
The brains were dissected out and sliced in 500 µm thick-
ness. CA1 region was cut into small specimens (typically 
0.5 µm × 0.5 µm × 1 µm). The specimens were cryoprotected 
in glycerol and freeze substituted with Lowicryl HM20 
according to an electron microscopic immunogold protocol 
[54]. Ultrathin sections were cut (90 nm) using a diamond 
knife and dried at room temperature.

The hippocampal ultrathin sections on the grids were 
etched with 2% hydrogen peroxide (H2O2) in PB droplets 
for 15 min. Then the tissue grids were rinsed gently in PB 
(3 times × 15 s). In order to neutralize free aldehyde groups 
in the fixed tissue, sections were treated with a solution 
of Tris Buffer Saline Tween (TBST) with 50 mM glycine 
and 0.1% sodium borohydride (NaBH4) droplets for 10 min 
and then washed in TBST. Nonspecific antibody binding 
sites were blocked using 2% (wt/vol) human serum albu-
min (HSA) in TBST solution for 10 min and followed by 
the same step once again. The ultrathin sections on grids 
were then incubated with goat anti-UCP2 primary antibody 
(UCP2, 1:500) overnight at 4 °C. They were then washed 
in TBST prior to being dipped in TBST droplets (10 min), 
followed by the same step once again. Then the grids were 
dipped in TBST with 2% (wt/vol) HSA droplets for 10 min. 
Then they were dipped in 2% HSA with polyethylene glycol 
(PEG) in TBST droplets (10 min) to avoid gold particle 
aggregation. Then the ultrathin sections on grids were incu-
bated with rabbit anti-goat IgG secondary antibody (1:20, 
coupled with 10 nm colloidal gold particles in TBST with 
2% HSA and PEG) for 2 h. Finally, they were rinsed with 
TBST followed by dipping into TBST and then rinsed in UF 
(ultra-filtered) water. The dried immunolabeled ultrathin 
sections were counterstained with 1% uranyl acetate and 
0.3% lead citrate as described in the protocol [50]. Elec-
tron micrographs were taken with a FEI Tecnai 12 electron 
microscope at primary magnifications of ×26,500 and saved 
as tif files. The density of gold particles (GP) representing 
UCP2 was analyzed in the presynaptic terminals and somas 
of CA1 pyramidal neurons of the hippocampus. Density 
(UCP2 GP/µm2) = (Total number of UCP2 GP/nm2 total 
area) × 1,000,000.

Mitochondria Isolation

Mitochondria were isolated from hippocampus of WT, SD-
fed mutUNG1 and KD-fed mutUNG1 mice according to the 
protocol described previously [47]. In brief, mitochondria 
were isolated using mitochondria isolation kit (Thermo 

Scientific). The isolated mitochondrial pellet was dissolved 
in a buffer containing 0.5% Igepal CA-630 (Sigma), 2 mM 
dithiothreitol (DTT), 1% protein inhibitor cocktail (Sigma) 
and 0.5% Triton X-100 (Sigma) in phosphate-buffered saline 
(PBS). Then mitochondria were incubated on ice for 5 min 
prior to vortex for 1 min. The mitochondrial total protein 
concentration was measured using Bicinchoninic acid pro-
tein assay kit (Pierce).

Western Blotting

Western blotting assay was carried out using mitochondrial 
isolate (1 mg/ml, 20 µl) from mouse hippocampus from 3 
different groups, human cancer associated fibroblast cells 
and rat hippocampal neurons treated with a ketone body 
(βHB, 7 mM) and hydrogen peroxide (H2O2; 50 µM). The 
total protein concentration was measured using Direct 
Detect™ (Millipore). Western blotting was performed 
according to our previously published article [47, 53]. 
In brief, the proteins in SDS-PAGE gel were transferred 
onto a nitrocellulose membrane and incubated with pri-
mary antibody to UCP2 (Sigma-Aldrich SAB2501087 and 
Cell Signaling Technology, Cat. 89,326; 1:500), PGC1α 
(Abcam ab54481; 1:1000 and Novus Biologicals, Cat. 
NBP1-04676SS; 1:1000), Drp1 (Abcam ab54038; 1:2000 
and Cell Signaling Technology, Cat. 8570; 1:000), Mfn1 
(Abcam ab104585; 1:1000), sirtuin 3 (SIRT3: Cell Signal-
ing technology, Cat. 2627; 1:1000), cytochrome C (CytC; 
Cell Signaling Technology, Cat. 11,940; 1:1000) and 
β-actin (Milipore MAB1501R; 1:5000). The nitrocellulose 
membrane was incubated for 1 h with secondary antibody 
conjugated with horseradish peroxidase (HRP), for PGC1α, 
Drp1, SIRT1, SIRT3, CytC and Mfn1 with goat anti-rab-
bit IgG (BIO-RAD, Cat 170–6515; 1:20,000), for UCP2 
with rabbit anti-goat IgG (ThermoFisher Scientific, Cat. 
R-21,459; 1:20,000), and for ß-actin with rabbit anti-mouse 
IgG (Sigma-Aldrich, Cat. A9044; 1:20,000). Notably, all 
protein targets were developed on the same membrane fol-
lowed by consecutive stripping of the membrane for 30 min 
using stripping buffer (ThermoFisher Scientific). The pro-
tein band was visualized with a digital imaging system 
(Image Reader LAS-3000).

Mitochondrial Respiration Measurements

SeaHorse Bioscience methodology was used to measure 
oxygen consumption rate (OCR). The human cancer asso-
ciated fibroblast cells were harvested and re-suspended 
(the cell number was normalized to 20,000 cells/80 µl) 
to seed in 80 µl of growth medium in an Agilent Sea-
Horse cell culture 96-well microplate. The culture plates 
were incubated overnight and the cells were treated with 
β-hydroxybutryate (βHB; 7 mM) and hydrogen peroxide 
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(H2O2; 50 µM). Cell growth was monitored before the 
treatment using a microscope. Cells were treated for 48 
and 72 h. The sensor cartridge was hydrated with Sea-
Horse Bioscience XF96 calibrant overnight in the Prep 
Station (37 °C, w/o CO2) before running the cell culture 
microplate. Test assay medium was prepared by adding 
2 mM l-glutamine (Life Technologies, 25030-081), 10 mM 
glucose (Sigma, G7528), 5 mM pyruvate (Sigma, S8636) 
into XF Base Medium (Agilent Technologies, Cat. 102353-
100). Cells were washed using pre-prepared assay medium 
according to the instructions by SeaHorse Bioscience. 
Then culture microplate was placed in a 37 °C incubator 
without CO2 for an hour prior to the assay. The Sensor 
Cartridge was prepared by adding 25 µl of assay medium 
to port A with 3 µM oligomycin (Sigma, 495,455), to port 
B with 2 µM CCCP (Sigma, C2579), to port C with 1 µM 
rotenone (Sigma, R8875), and to port D with 1 µM anti-
mycin A (Sigma, A8674). After the run was completed, 
the cell microplate was washed with PBS, transferred to a 
-80 °C freezer and left overnight. The protein concentra-
tion was determined for each well in the microplate using 
a BCA protein assay (ThermoFisher Scientific), and used 
to normalize the SeaHorse XF96 primary data.

NAD+/NADH Ratio Measurements

The NAD+/NADH ratio is an essential parameter for 
mitochondrial function. We measured the NAD+/NADH 
ratio using NAD+/NADH-Glo™ bioluminescent assay 
(Promega) as described previously [55]. In brief, rat hip-
pocampal neurons (Lonza; Cat R-HI-501) were treated 
with β-hydroxybutryate (βHB; 7 mM) and/or hydrogen 
peroxide (H2O2; 50 µM) for 24 h. Cell lysates were col-
lected from each sample groups. Then each sample was 
divided into two parts separately for NAD+ and NADH 
measurement. To measure NAD+, one part of sample was 
treated with 0.4 N HCl followed by adding Trizma base 
(Sigma-Aldrich) and the other part of sample was treated 
with Trizma® base to quantify NADH. In each step, sam-
ples were heated at 60 °C for 15 min before treating with 
Trizma base. The luminescence from HCl and Trizma® 
base-treated samples represented the amount of NAD+ and 
NADH, respectively.

Statistical Analysis

Quantification of EM data of candidate protein, UCP2, 
in various subcellular areas (presynaptic terminals and 
somas) were assessed using a two-tailed Student’s t test 
where p < 0.05 is defined as significant. The same was 
applied for showing quantitative differences of genes 

and proteins expression between different experimen-
tal groups. The level of significance is symbolized 
with * (p value ≤ 0.05), ** (p value ≤ 0.01), and *** (p 
value ≤ 0.001). The statistical analysis was performed 
using Microsoft Excel 2010. The quantitative differences 
of OCR and NAD+/NADH ratio among groups were 
assessed with a one-way ANOVA test using SPSS, where 
p < 0.05 is defined as significant (Tukey tests, p < 0.05). 
Data are presented as mean ± SE or mean ± standard devi-
ation (n = 3 mice), as stated.

Results

A Ketogenic Diet Elevates the level of UCP2 
in Mitochondria of Neuronal Perikarya and Nerve 
Endings and Changes Mitochondrial Morphology 
in the Hippocampus of Mice During mutUNG1 
Induced Oxidative Stress

Ketogenic diet increases mitochondrial mass in a mouse 
model in which an induced mutated version of UNG1 
(mutUNG1) causes mitochondrial dysfunction [53]. 
Prompted by the apparent upregulation of the mitochon-
drial antioxidant system in mice expressing mutUNG1 [53] 
we examined the subcellular levels of the mitochondrial 
proton and anion carrier protein, UCP2, which uncou-
ples oxidative phosphorylation by a leak current reducing 
the membrane potential that drives ATP production and 
thereby curbs the generation of ROS [30]. Through post-
embedding immunogold labeling, mitochondrial UCP2 
was found to be present in mitochondria of CA1 pyrami-
dal cell bodies, and in nerve terminal in stratum radia-
tum, in both WT littermates and mutUNG1-expressing 
mice (Fig. 1). In the WT fed SD, the UCP2 density was 
higher in the terminals than in the somas. The density of 
UCP2 in somas and in axon terminals was raised signifi-
cantly in mutUNG1-expressing mice fed a KD compared 
to mutUNG1-expressing mice (or WT littermates) fed a 
SD (Fig. 1).

The mutUNG1-expressing mice showed a wide vari-
ety of mitochondrial shapes in the somas, as previously 
reported [53]. The shape of mitochondria was not much 
varied in presynaptic terminals (Fig. 1d–f), while somas of 
mutUNG1-expressing mice showed aggregated, clustered, 
and irregularly shaped mitochondria and an increase in the 
total mitochondrial volume, the changes being larger in 
mice fed a KD (Fig. 1b, c; and reference [53]). Clusters or 
aggregates of mitochondria may represent fusion and/or 
fragmentation, more in somas due to retrograde transport 
of the mitochondria to somas to get repaired [56]. WT 
mice showed a regular structure of mitochondria in somas 
and terminals (Fig. 1a, d).
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β‑Hydroxybutyrate Restores Mitochondrial Activity 
from Impairment by H2O2 Induced Oxidative Stress

The human cancer associated fibroblast cell line was cul-
tured to measure the real-time mitochondrial respiration 
in an extracellular flux analyzer (SeaHorse Biosciences). 
The analyzer measured the mitochondrial OCR in a tran-
sient microchamber over 3 min representing mitochondrial 

respiration. The mitochondrial OCR was significantly 
increased in βHB (7 mM) treated cells (48 h: 52.97 ± 0.50; 
72  h: 50.85 ± 0.49  pmol/min) compared to control 
cells (48 h: 47.80 ± 1.21; 72 h: 45.55 ± 1.07 pmol/min) 
(mean ± standard deviation, n = 3 replicate wells) for both 
48 and 72 h stimulation (48 h: p = 0.002; 72 h: p = 0.000) 
(Fig. 2a, b). Importantly, cells treated with H2O2 (50 µM) 
to induce OS showed a reduced OCR (48 h: 36 ± 1.09; 
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72 h: 28.78 ± 0.73 pmol/min), which was significantly 
restored by co-treatment with βHB in addition to H2O2 
(48 h: 42.53 ± 1.33; 72 h: 35.03 ± 0.99 pmol/min) for both 
48 and 72 h (48 h: p = 0.000; 72 h: p = 0.000) (Fig. 2a, 
b). There was a statistically significant (48: p = 0.002; 
72 h: p = 0.000) increment of OCR in cells treated with 
βHB (48 h: 52.97 ± 0.50; 72 h: 50.85 ± 0.49 pmol/min) 
compared to co-treatments with βHB and H2O2 (48 h: 
42.53 ± 1.33; 72 h: 35.03 ± 0.99 pmol/min) (Fig. 2a, b). 
The NAD+/NADH ratio was measured in rat hippocampal 
neurons treated with βHB (7 mM) and H2O2 (50 µM). 
Similarly to the findings on OCR in human fibroblasts, 
H2O2 significantly decreased the NAD+/NADH ratio in 
the neurons, while βHB significantly increased the ratio 
in controls and rescued the decrease caused by H2O2 
(Fig. 2c).

A Ketogenic Diet and β‑Hydroxybutyrate 
Both Increase the Levels of Proteins Involved 
in Mitochondrial Biogenesis, Uncoupling, Fission 
and Fusion

In line with the reported breakdown of mitochondrial func-
tion in mutUNG1-expressing mice [49], we investigated the 
levels of proteins controlling mitochondrial key functions, 
i.e., biogenesis, uncoupling, fission and fusion. We explored 
the proteins in rat hippocampal neurons and human fibro-
blasts treated with βHB (7 mM, 24 h and 48 h respectively), 
after being challenged with H2O2 treatment (50 µM, 48 h), 
and in hippocampi of mutUNG1 mice on a KD [53]. 
Western blotting analysis showed that there was a signifi-
cant increase of PGC1α protein, the ʻmaster regulatorʼ of 

mitochondrial biogenesis, in mutUNG1-expressing mice 
fed a KD (p < 0.008) compared to the model mice fed a 
SD (Fig. 3a). Furthermore, PGC1α protein content was 
decreased in human fibroblasts and in rat hippocampal neu-
rons treated with H2O2, a pharmacological way to induce 
OS and damage mitochondrial function in vitro, and the 
decrease was rescued by co-treatment with βHB and H2O2 
(Fig. 3b, c).

An increased level of mitochondrial UCP2 has previ-
ously been reported to be involved in mitochondrial biogen-
esis [57]. The level of UCP2 was increased in mutUNG1- 
mice fed a SD, compared to WT fed a SD, and further 
raised in the transgenic model mice fed a KD (Fig. 3a). 
The tendency to increased level of UCP2 in response to 
KD did not reach statistical significance, but was sup-
ported by in vitro experiments, which suggested that βHB 
could reverse the reduction of UCP2 by H2O2 treatment 
(Fig. 3b). As expected, βHB treatment showed the ability to 
increase the level of UCP2 in hippocampal neurons and the 
level of UCP2 followed the same expression pattern with 
H2O2 and βHB treatments (Fig. 3c). We investigated key 
proteins controlling mitochondrial fusion, such as mito-
fusion 1 (Mfn1), and dynamin-related protein 1 (Drp1), 
which mediates fission dynamics. A significant increase of 
Drp1 expression was found in mutUNG1-expressing mice 
fed a KD compared to WT littermates on SD (p < 0.013) 
(Fig. 3a), which might shift more mitochondria towards 
fission in response to a KD diet. The same tendency was 
also noticed when fibroblast and hippocampal neuronal 
cells were treated with H2O2 and βHB elevated the level of 
Drp1 (Fig. 3b, c). We further investigated the expression of 
SIRT3, a mitochondrial NAD+ dependent deacetylase, and 
found that βHB could elevate the level of SIRT3 lowered 
by H2O2 (Fig. 3b, c). The H2O2 induced OS [58], reveals 
itself by an increased level of the mitochondrial marker 
CytC (released through the mitochondrial permeability 
transition pore causing apoptosis), which was reduced by 
βHB (Fig. 3b).

Expression of Genes Involved in Mitochondrial 
Biogenesis, Uncoupling, Fission and fusion were 
Altered in the Hippocampus of Ketogenic Diet Fed 
mutUNG1‑expressing Mice

We further investigated the expression of pivotal genes for 
mitochondrial biogenesis, uncoupling, fission and fusion 
using qRT-PCR. The effects of KD on mRNA levels were 
generally clearer than those on the protein levels. PGC1α 
mRNA was reduced in mutUNG1-experssing mice com-
pared to WT fed a SD, but was significantly upregulated 
in response to KD in mutUNG1-expressing mice (p < 0.05) 
(Fig. 4a). The level of UCP2 mRNA was significantly higher 
in KD-fed mutUNG1-expressing mice compared to both 

Fig. 1   A ketogenic diet increases the level of UCP2 in the CA1 
pyramidal cell somas and axon terminals of mutUNG1-express-
ing mice. Electron microscopic immunogold localization of mito-
chondrial UCP2 a–c at the CA1 pyramidal cell somas and d–f 
at the presynaptic terminals in the CA1 stratum radiatum of WT 
(a and d), mutUNG1-expressing mice fed a standard diet (SD) 
(mutUNG1 + SD) (b and e) and mutUNG1-expressing mice fed a 
ketogenic diet (KD) (mutUNG1 + KD) (c and f). Below: Immuno-
gold quantification of UCP2 density (UCP2 gold particles/µm2) at 
the CA1 pyramidal cell somas and at the presynaptic terminal of hip-
pocampus CA1. The density of UCP2 was statistically significantly 
elevated in mutUNG1 + KD mice compared to mutUNG1 + SD mice, 
in somas as well as terminals. The increased level of UCP2 in the 
somas of mutUNG1-expressing compared to WT mice paralleled the 
concomitant increase of mitochondrial dysfunction. Data represent 
average values from 20 to 30 electron micrographs (EMs) containing 
45–63 EM profiles for the somas and for the presynaptic terminals 
from each mouse, and are presented as mean ± SE (n = 3, number of 
mice from each group). The level of significance is symbolized with * 
(p value ≤ 0.05), ** (p value ≤ 0.01), and *** (p value ≤ 0.001). Black 
arrowheads = gold particles representing UCP2, m mitochondria, t 
presynaptic terminal, s dendritic spine, and n nucleus. The nuclear 
membrane (thin V) and post synaptic density (thick V) are indicated. 
Scale bar: 500 nm

◂



29Neurochemical Research (2019) 44:22–37	

1 3

WT littermates (p < 0.01) and mutUNG1-mice fed a SD 
(p < 0.04) (Fig. 4b). Equilibrium between fusion and fission 
controls the morphology of the mitochondria [59] and the 
physiological function of neurons [60]. Genes associated 
with fission (Drp1) (Fig. 4c) showed a significant upregu-
lation in mutUNG1-expressing mice fed a KD compared 

with WT littermates (p < 0.05). A significant downregula-
tion of the mitochondrial fusion gene, Mfn1, was found in 
KD-fed compared to SD-fed mutUNG1-expressing mice 
(p < 0.02) (Fig. 4d). An alteration of both fusion and fission 
in mutUNG1-expressing mice may have aggravated mito-
chondrial dysfunction on a KD.
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We then explored whether a KD regulated the ketone 
body βHB receptor, GPR109a (also known as HCAR2), 
and interestingly found that the level of expression was 
significantly elevated on a KD in mutUNG1-expressing 
mice compared to both WT (p < 0.04) and mutUNG1-
expressing mice fed a SD (p < 0.05) (Fig. 4e). We further 
examined the expression level of lactate receptor, GPR81 
(also known as HCAR1), which has high sequence and 
structural similarity with GPR109a [61]. GPR81 contrasts 
with GPR109a by being reduced in mutUNG1 compared 
with WT, and by not being significantly upregulated by 
KD, i.e., attesting to a selective influence of KD on the 
ketone body receptor (Fig. 4f).

Discussion

Ketogenic Diet and β‑Hydroxybutyrate Increase 
the Expression of the Mitochondrial Uncoupling 
Protein UCP2

While in the WT UCP2 labeling density is higher in the 
axon terminals than in pyramidal cell somas in hippocam-
pus CA1, the mutUNG1-expressing mice showed higher 
UCP2 labeling in the pyramidal cell somas (Fig. 1). The 
mutUNG1-expressing mice exhibit a significantly higher 
density of UCP2 in the somas after KD compared to SD 
(Fig. 1). A somewhat lesser effect occurred in the synap-
tic terminals. Our data indicate that an increased mass of 
dysfunctional and unhealthy mitochondria produced by 
mutUNG1-expressing mice have followed the mitochon-
drial retrograde transport and accumulated in the somas to 
get repaired or disposed of, making it possible to supply 

healthy mitochondria to the synaptic terminal/distal parts 
of the neurons and get neuroprotection [62], and that this 
process is enhanced by a KD. To our knowledge we are the 
first to analyze UCP2 at the subcellular level in neurons, 
and to show changes in UCP2 distribution in a model of 
mitochondrial dysfunction.

The present study is consistent with studies in other neu-
rodegenerative models that support the role of UCP2 as 
a neuroprotective against neuropathologies [62, 63]. The 
role of UCP2 in counteracting OS and ROS generation in 
the brain is well-described [62]. We also find that sigs of 
dysfunctional mitochondria in terms of altered mitochon-
drial shape and fragmentation are present more often in the 
somas of CA1 pyramidal neurons in mutUNG1-expressing 
mice fed a KD (Fig. 1c) compared to SD (Fig. 1b). The 
present study is consistent with previous reports that dys-
functional mitochondria are fragmented and accumulated 
in neuronal somas in Huntington’s disease [56]. A KD 
increases the number of mitochondria in the brain and in 
muscle cells [38, 64–66]. Our findings however, indicate 
that aged and dysfunctional mitochondria might get protec-
tion from UCP2 in the somas and thereby promote supply 
of healthy mitochondria to the distal parts of neurons. The 
KD enhanced levels of UCP2 in the pyramidal cell soma 
in the mutUNG1-expressing mice suggests that more ROS 
might be produced in the mitochondria of cell somas, man-
ifested by higher level of endogenous antioxidant [50] and 
more mitochondrial fragmentation and aggregation [53] in 
mutUNG1-expressing mice. This increased mitochondrial 
fragmentation and aggregation (Fig. 1c) might relate to the 
higher quantity of UCP2 in somas of mutUNG1-expressing 
mice compared to WT littermates (Fig. 1a). Neurons are 
highly specialized cells that face unique challenges, such 
as requiring large amounts of energy for neuronal com-
munication. A defect in mitochondrial function is a key 
feature in neurodegenerative diseases and aging. Aggre-
gation of mitochondria in the soma is also a common step 
preceding apoptosis [60]. The level of UCP2 decreased in 
H2O2-exposed fibroblasts while βHB helped to elevate it 
(Fig. 3b), suggesting a protective role of UCP2 against OS. 
Attesting to the importance of this, UCP2 plays a key role 
in protecting mice from aging [34].

β‑Hydroxybutyrate Restores Mitochondrial 
Respiration and Activity from Damage by Oxidative 
Stress

βHB is a metabolic intermediate, synthesized by hepat-
ocytes from acetyl-CoA, that is utilized as an alterna-
tive energy source. βHB oxidation has been reported 
to be associated with high nicotinamide adenine 
dinucleotide (NADH) production, and increases the 

Fig. 2   A ketone body (βHB) improves mitochondrial bioenerget-
ics. The oxygen consumption rate (OCR) was measured using extra-
cellular flux analysis (SeaHorse XF96) on monolayers of human 
cancer associated fibroblast cells treated with the ketone body 
β-hydroxybutyrate (βHB) (7 mM), with and without induction of OS 
by hydrogen peroxide (H2O2 ; 50 µM) for a 48 and b 72 h. Subse-
quently, ATP synthase inhibitor (oligomycin; Oligo), mitochondrial 
uncoupler (ionophore carbonyl cyanide m-chlorophenylhydrazone; 
CCCP), complex I inhibitor (rotenone; Rot.), and complex III inhibi-
tor (antimycin A; AntiA) were added in order to determine the 
effects of βHB on mitochondrial respiration. Mitochondrial coupled 
respiration was significantly decreased by the treatment with H2O2. 
The reduction was partly reversed by βHB at both 48 and 72 h. βHB 
treated cells showed a higher respiratory capacity than control cells. 
Furthermore, we observed a striking increase in the respiratory 
capacity with βHB treated cells after the addition of CCCP. c Rat hip-
pocampal neurons treated with βHB (7 mM; 24 h) for NAD+/NADH 
ratio measurements (n = 3 separate culture samples) and shows signif-
icant alteration of NAD+/NADH ratio by βHB and H2O2 treatments. 
Statistics indicated as in Fig.  1. The quantitative differences among 
groups were assessed with one-way ANOVA test (post hoc Tukey 
tests, p < 0.05). (Color figure online)
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Fig. 3   A ketogenic diet and a 
ketone body (βHB) increase 
proteins that regulate mito-
chondrial biogenesis. Western 
blotting assay was performed 
on protein from a mouse total 
hippocampal extract (20 µg) 
and b human cancer associated 
fibroblast cells lysate (20 µg). 
The fibroblasts were treated 
with β-hydroxybutyrate (βHB; 
7 mM) and hydrogen peroxide 
(H2O2; 50 µM) for 48 h. a The 
tissue levels of the proteins 
UCP2, biogenesis regulator 
PGC1α and dynamin-related 
protein Drp1 were increased in 
the hippocampus of mutUNG1-
expressing mice fed a ketogenic 
diet (KD). Data are expressed as 
mean ± standard deviation (n = 3 
mice in each group). Statistical 
significance levels are indicated 
as in Fig. 1. b The in vitro 
effects of H2O2 induced OS in 
human fibroblasts mimicked, in 
part, the mitochondrial dysfunc-
tion in mutUNG1 express-
ing mice, leading to reduced 
expression of the mitochondrial 
key proteins PGC1α, Drp1, 
and SIRT3, which was partly 
rescued by βHB. c Rat hip-
pocampal neurons treated with 
βHB (7 mM) and H2O2 (50 µM) 
for 24 h (data presented as 
mean ± SD, n = 2 repeated 
experiments). The βHB tended 
to elevate the levels of UCP2, 
PGCα, SIRT3 and DRP1 while 
the opposite occurred by H2O2 
treatment, which was rescued 
by βHB
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phosphorylation potential in canine heart in vivo [67]. 
βHB can rescue dopaminergic neuronal degeneration 
induced by 1,2,3,6-tetrahydropyridine (MPTP) in mice 
[68]. Moreover, βHB treatment facilitates B-cell survival 
and mitochondrial respiration [69]. Herein, we show that 
βHB protects human fibroblasts from OS induced by H2O2 
exposure (Fig. 2a, b). The rate of OCR decreased with 
H2O2 exposure while co-treatment with βHB rescued 
mitochondrial respiration (Fig. 2a, b). Thus, the present 
study reveals that the ketone body, βHB, confers protec-
tion against pharmacological damage of mitochondrial 
respiration induced by H2O2. Mitochondrial respiration 
is required for ATP generation, and the ability of βHB to 
rescue mitochondrial OCR could help in restoring cellular 
metabolism. Mitochondria are the crucial source of ROS 
generation, and an exposure to H2O2 leads to increased 
production of ROS, thereby increasing the mitochondrial 
OS. Importantly, our finding showed that βHB is protec-
tive against OS in both human fibroblasts and rat hip-
pocampal neurons (Fig. 2a, c), which is in line with other 
studies showing a neuroprotective role of βHB [70]. An 
increased ratio of NAD+/NADH, a parameter of mitochon-
drial function, in βHB-treated hippocampal neurons sug-
gests an enhanced activity of the mitochondrial electron 
transport chain, as has been reported previously [55].

A Ketogenic Diet and β‑Hydroxybutyrate Enhance 
the Expression of Proteins and Genes Involved 
in Mitochondrial Biogenesis and Dynamics, 
and of the Ketone Body Receptor GPR109a

A KD has previously been shown to increase mitochon-
drial mass in neuronal tissue [53], presumably through 
upregulation of PGC1α, a master regulator of mitochon-
drial biogenesis demonstrated in mouse liver and brown 
adipose tissue [39, 71]. Here, we show that the expression 
level of PGC1α increases in mutUNG1-expressing mice 
fed a KD (Fig. 3a) and in βHB-treated cells exposed to 
H2O2 (Fig. 3b). The expression of UCP2 transcript and 
protein was significantly higher in mutUNG1-expressing 
mice fed a KD compared to SD (Figs. 3a and 4b). The 
elevated level of PGC1α could be caused by an upregu-
lation of UCP2 for mitochondrial uncoupling to rescue 
from damage by the excessive ROS, which is generated in 
mutUNG1-expressing mice fed a KD [50]. A co-treatment 
with βHB and H2O2 in fibroblasts shows the beneficial 
effects of βHB to rescue cells from OS damage. This may 
include enhancing fission dynamics through upregulat-
ing Drp1 (Figs. 3a, b and 4c). Mitochondria are dynamic 
organelles that constantly divide and fuse, thus forming 
interconnected networks or fragmented units within the 
cell [60, 72, 73]. Equilibrium between fusion and fission 

controls the morphology of the mitochondria [59]. We 
investigated key proteins regulating mitochondrial fusion 
and fission dynamics. A KD increased the expression of 
Drp1 (Figs. 3a, b and 4c), a key regulator of mitochondrial 
fission. An elevated level of Drp1 on a KD and on βHB-
treatment implies enhancement of the frequency of fission, 
serving to protect from mitochondrial toxicity. Sirtuin 3 
(SIRT3), a mitochondrial NAD+-dependent deacetylase, is 
an important activator for oxidative phosphorylation [74] 
and lack of its expression induces decreased mitochondrial 
biogenesis [14]. A study suggests that mice lacking the 
SIRT3 gene are unable to keep normal levels of ketone 
bodies upon fasting [75], and ketone bodies (βHB and ace-
toacetate) protect mice against ischemic stroke following 
transient middle cerebral artery occlusion by upregulating 
the expression of brain SIRT3 [41]. SIRT3 rescues hepat-
ocytes from oxidative damage [76]. SIRT3 plays a key 
role in mitochondrial function through the PGC1α-SOD2 
mediated pathway [77]. We show that βHB increases the 
level of SIRT3 in H2O2-treated fibroblasts (Fig. 3b), which 
suggests a protective role of βHB through activation of 
SIRT3. The monocarboxylate transporters (MCTs) are 
required for a ketone body to cross the BBB [23], and 
MCT1 and βHB transport are upregulated by a KD [24]. 
Here, we show that βHB upregulates the expression level 
of the βHB receptor, GPR109a (Fig. 4e), suggesting a 
regulatory role of βHB for its receptor and transporters. 
Further investigations are required to explore the role of 
GPR109a activation for the effects of KD and βHB on 
mitochondrial function.

UCP2-SIRT3 signaling has been reported to decrease 
mitochondrial OS [46]. In line with the proposed role 
of UCP2 in improving the NAD+/NADH ratio [46], we 
show that a KD increases the level of UCP2, which sup-
ports the findings that a high fat diet increases the NAD+/
NADH ratio [78]. An elevated level of NAD+/NADH ratio 
in βHB-treated hippocampal neurons supports the effects 
of βHB in increasing level UCP2-PGC1α and SIRT3 
(Fig. 2c). It has also been assumed that the increased level 
NAD+/NADH ratio could modulate SIRT3 and PGC1α 
to elevate mitochondrial biogenesis during cerebral 
ischemia–reperfusion injury [46]. To our knowledge, we 
are the first to show experimentally that a KD or a ketone 
body activates the PGC1α-SIRT3-UCP2 pathway in OS 
conditions.

A simplified scheme of the actions of KD and ketone 
bodies on brain mitochondria is presented in Fig. 5. Due 
to the complex network of interactions, the open arrows 
do not represent a simple sequence of events. The studies 
in live mice and cultured cells concur to show that ketones 
ameliorate the deleterious effects of OS. However, in the 
mutUNG1 mice, the ameliorative effects are overwhelmed 
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(grey arrow) by the functional deficiency being propa-
gated also in the newly formed mitochondria. Hence the 
increased oxidation caused by KD makes KD deleterious in 
these model mice [53]. Nevertheless, the mice expressing 
mutUNG1 (selectively in forebrain neurons) kept a constant 
body weight during 7 weeks on a KD [53], indicating good 
bodily health. They showed no overt behavioral phenotype. 
In future studies, it will be interesting use cognitive tests 
to examine whether a KD modifies OS induced behavioral 
deficits.

In conclusion, the results presented here suggest that 
a KD and βHB treatments help to increase mitochon-
drial mass and functional competence, apparently via the 
“PGC1α-SIRT3-UCP2 axis”.

Acknowledgements  This study was supported by research Grants from 
the Research Council of Norway, the Norwegian Health Association, 
and the Lundbeck Foundation (Denmark).

Fig. 4   A ketogenic diet shows altered key genes expression associ-
ated with mitochondrial biogenesis, uncoupling, dynamics and its 
receptor activation. We investigated mRNAs encoded by genes con-
trolling mitochondrial biogenesis (PGC1α), uncoupling (UCP2), fis-
sion (Drp1) and fusion (Mfn1) in hippocampal tissue using quanti-
tative real time PCR (qPCR). We also examined the expression of 
GPR109a, a receptor selectively stimulated by the ketone body, βHB. 
Quantitative RT-PCR shows a significant downregulation of PGC1α 
expression a in mutUNG1-expressing mice fed a SD compared to 
WT littermates and the expression level is significantly upregulated 
in response to a KD treatment. b The mitochondrial UCP2 is sig-
nificantly higher in mutUNG1-expressing mice fed a KD compared 
to WT littermates and mutUNG1-expressing mice fed a SD. c The 
expression of Drp1, which governs mitochondrial fission, is increased 
in mutUNG1-expressing mice fed a KD. d An opposite effect is found 
for Mfn1. e The expression of the ketone body receptor, GPR109a, 
was significantly increased in response to a KD in mutUNG1-
expressing mice. f The lactate receptor, GPR81, while downregulated 
in mutUNG1-experssing mice compared to WT, was not significantly 
changed in response to KD. Data are expressed as mean ± SE (n = 3). 
Statistical Significance is indicated as in Fig. 1
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Fig. 5   Schematic representation of the action of ketones on mito-
chondria via the “PGC1α-SIRT3-UCP2 axis”. A KD (left part of 
figure, black solid arrows) increases the level of the master regula-
tor for mitochondrial biogenesis, PGC1α (protein Fig.  3a; mRNA 
Fig.  4a), and ketones upregulate the mitochondrial deacetylase, 
sirtuin 3 (SIRT3) in mice [41]. The level of UCP2 increases (pro-
tein Figs.  1 and 3a; mRNA Fig.  4b), which helps to reduce oxida-
tive stress (OS) [50]. Due to the complex network of interactions, 
the open arrows do not represent a simple sequence of events. For 
example, UCP2 may increase SIRT3 to reduce mitochondrial OS 
and activate PGC1α [75]. A KD also tends to induce a higher level 
of mitochondrial fission by increasing the level of Drp1, and to 
reduce fusion through reducing Mfn1. In cultured human fibroblasts 
and rat hippocampal neurons (green and purple respectively, right 

part of figure), β-hydroxybutyrate (βHB) shows similar molecular 
effects as a KD, increasing the levels of PGC1α, SIRT3 and UCP2. 
The level of NAD+/NADH ratio, a measure of mitochondrial activity 
was significantly elevated by βHB and the opposite effect was exhib-
ited by H2O2. The mitochondrial respiration was rescued by βHB in 
H2O2-exposed fibroblasts. The effects of KD and βHB were beneficial 
in rescuing mitochondrial damage. (However, KD in sum aggravates 
mitochondrial dysfunction (grey arrow) in mutUNG1-expressing 
mice, presumably due to the self-propagating action of mutUNG1 
[53], which means that enhanced formation of mitochondria results 
only in larger masses of malfunctioning mitochondria, which generate 
increased amounts of ROS when exposed to KD.) Thin solid arrows 
indicate increase or decrease, na not analyzed in the present study
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