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Abstract: Human body can obtain energy from either carbohydrate or fat digestion. Although glucose
metabolism derived from carbohydrate-based diets has long been utilized for energy supply, it has been
recently discovered that shifting from glucose to fatty acid metabolism may become a novel way for
improving human health especially when carbohydrate is deprived. In recent years, intermittent fasting
and ketogenic diets have received a lot of attention in respect to favoring fatty acid metabolism. In all
cases, fatty acid metabolism produces D-f-hydroxybutyrate (D3HB), which is a natural ketone body, as
well as, a monomer of microbial poly-D-B-hydroxybutyrate (PHB). D3HB can be utilized by different
cells of the body as an alternative energy fuel or an intracellular signaling molecule with multiple
downstream signaling pathways. Usually, the serum level of D3HB is increased during ketogenic diets,
however, requires a very long period of adaptation (over 3-months) and exhibits unwanted adverse
effects. Hence, exogenous ketone supplements using D3HB have become a more effective approach to
induce and maintain nutritional ketosis for subsequent functional effects. This review describes how
D3HB is produced and metabolized within the body, the functional roles played by D3HB, and a
detailed summary of the different applications of exogenous ketones that have been explored to date in
both nutritional and therapeutical context.

Keywords: D-B-hydroxybutyrate; D3HB; PHB; ketone metabolism; nutritional ketosis; exogenous ketones;
biosynthesis
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Figure 1

Endogenous production and metabolism of D3HB. HMGCS2: 3-hydroxy-3-methylglutaryl CoA

synthase 2; HMGCL: 3-hydroxy-3-methylglutaryl CoA lyase; BDHI1: B-hydroxybutyrate dehydrogenase;
OXCT/SCOT: succinyl-CoA: 3-ketoacid coenzyme A transferase; TCA: tricarboxylic acid.
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Normal carbohydrate-based diet

d

Glucose as fuel

T SR DT RS R (181 3) ik, 172
B MBE AT E 2THRIRR AN IEYE D3HB
AT RE 22 25 AN Rl Q A 5 4 8 AR S A BRI 217 2R 19
WRIPPERNTS RELE RIS sh 5 BN
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2 D3HB EAMRRNH e tE A

Foe b, BARAEAR 245 A 2 0O T2 k1
AN LIRS IR TR0 w4 A, TR

Ketogenic diet

|

Ketone body as fuel

Ketone bodies (mainly D3HB)
produced through B-oxidation
of free fatty acids via hepatic
ketogenesis

Fast metabolism, provides
energy quickly

Slower metabolism, but provides
more energy in the long-term

Benefits

‘Enhance endurance exercise performance

|

‘Lower body fat/visceral body fat

|

Alleviate metabolic diseases (e.g. obesity,
type Il diabetes)

Alleviate neurodegeneration and promote
cognitive functions

2
Figure 2 Carbohydrate-based & ketogenic diet in terms of energy metabolism
metabolism. CHO: carbohydrate; PRO: protein.
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Figure 3 Major downstream target organs of D3HB.
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Table 1 Most recently explored applications of exogenous ketone body in exercise, metabolic and

age-related diseases

No. Functional area Types of exogenous ketones used References
Ketone salts Ketone esters 1,3-butanediol
1 Exercise performance ~ © © &) [55,72,77,84]
Increased fat oxidation Significant Minimal benefits
improvement in
endurance
2 Weight loss & © * [41,97-99]

anti-obesity treatment ~ Appetite control, modulation of appetite-regulating
hormones, activates BAT to help maintain energy
balance & increase resting energy expenditure

3 Muscle recovery © * [57-58,100]
Glycogen-sparing effect during exercise
Enhances post-exercise glucose uptake and
increases muscle glycogen content
4 Prevent overtraining * * [101]
symptoms Lowers GDF15 which
is a key factor that
increases when
overtraining symptoms
develop
5 Neurodegenerative &  © * [31,78,80,102]
psychiatric diseases Improves cognition and alleviates symptoms
(ALZ, PARK, PTSD) related to various neurodegenerative & psychiatric
disorders
6 Metabolic deficiencies © © * [61,88-89]
(MADD, FAO) Observed gastrointestinal May better alleviate
side effects symptoms
7 Cardiovascular health © * [64-65,103]
(Heart failure, stroke, Increases cardiac output in heart failure patients
atherosclerosis) Alleviates atherosclerosis
8 Chronic kidney disease * * © [66]
(DKD) Inhibition of renal
mTORCI1
hyperactivation and
minimizes renal
tubular damage
9 Anti-aging © * * [70-71,82]
Prevents cellular
senescence

©: very effective; ©: not very effective; *: haven’t been explored. BAT: brown adipose tissue; ALZ: Alzheimer’s disease; PARK:
Parkinson’s disease; PTSD: post-traumatic stress disorder; MADD: multi-acyl CoA dehydrogenase deficiency; FAO: fatty acid
oxidation disorders; ATH: atherosclerosis; DKD: diabetic kidney disease; mTORC1: mechanistic target of rapamycin complex 1.

BAE 7G| AN eV e 1! i (2N 2 AU I W& i
FEPE MM EER . Cox HEPIEH L s
B 51K A KME 0.5 h J5#9 D3HB /KT DL T+
% 3-5mmol/L, I H ARG T W1 1k T 1
[[PAE S
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b 2F A A T 55 A i AN N T2 A
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S IFAR W A B YT AR I RIR YT
. Wu 228978 SXFAD #35: JH BT /R 96 15 2k /N B
AN A 1.5 mmol/kg D3HB J5 &, /NI
PRI Y beta JE K3 FE B FTUTTE R/ 28 15 57 240 i
TEYEE IR, Wb T AR #EE, RS T/
U SN 51012068 . Kraeuter 25 E2y i &
(MK-801-induced) -G #ilt 73 Z4AE /I B b & L
i) = K4 A R D3HB (10-20 mmol/kg)
BN ff T 9256 /N BROAORS #0240k, b (g
R B s R scRe ). Mz
5t ) Pk 52 Sk 55 AR (pre-pulse inhibition)
TR IZ vt iz 8l 145 (sensorimotor gating) HIRE.

5 kX5E%

A AR FORTAE N IE 2 B e K R AR
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A B ) P TR o PR %) s T2 A R
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D/L-3HB iz, 345—4 12 % ) MADD (multi
Acyl-CoA dehydrogenase deficiency) & #E1T
A 5 d BIIRYT . BLSR D/L-3HB A AEH I A
TR MIRYTAKE, Horh i R R T Rk IR
TR VR ESS ) (L-3HB 75 I 455 B k(1)
KARAE FHACHHA A REpF5Y), Il D3HB
AR b & AR AL T 2 mTgE . RS 2,
D3HB 1EN—Fh AT LU o 3 SRR 2R
(RN T 00 R B A B 438 Bl R B 2 AU A Ok
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%2 D3HB AR NAMRAR
Table 2 Novel applications using D3HB in its acid form

No. Functional area Experimental Dose/ Main findings Reference
model concentration
1 Alzheimer’s 5XFAD mice 156.0 mg/(kg-d) 1 Cognitive function [85]
disease (osmotic pump) | amyloid-p (AP) deposition and
neuroinflammation
1 Mitochondrial respiratory function
1 AP toxicity and reactive oxygen species
2 Alzheimer’s ApoE”" mice 156.0 mg/(kg-d)  Anti-inflammatory effects of D3HB alters [104]
disease & (s.c.) pathology of both conditions
atherosclerosis
3 Schizophrenia ~ MK-801-induced 208.0 mg/(kg-d)  Both acute injection of highest dose and chronic [86]
SCZ mice 1.0 g/(kg-d) injection of lower dose for 3 weeks inhibited
2.1 g/(kg-d) the MK-801-induced SCZ symptoms
4 Glioma Rat C6 glioma 1.0 mmol/L Cells incubated with mid- or high doses of [68]
treatment cells (in vitro) 10.0 mmol/L D3HB demonstrated inhibition of NLRP3
25.0 mmol/L inflammasome via activating GPR109A, which
in turn inhibits the migration of C6 glioma
cells, activation of caspase-1, and IL-1p release
5 Prevents Diabetic rats 160.0 mg/kg D3HB promotes B-hydroxybutyrylation on [37]
diabetic vascular 200.0 mg/kg lysine residues of histone 3 (H3K9bhb) and
injuries 240.0 mg/kg results in increased gene expression of vascular
endothelial growth factor (VEGF)
6 Anti-depression Mice 100.0-300.0 mg/kg Alleviates depressive behaviors of mice after [105]
>i.p.) chronic administration for 11 days; lower doses
combined with fluoxetine exerts better
anti-depressive effect and alleviate symptoms
7 Prevention of Mice 1.0 g/kg (i.p.) Following 12 h fast or intraperitoneal injection [106]
liver ischemic of D3HB, mice had reduced inflammation and
reperfusion enhanced FOXO expression in which
injury (IRI) contributed to protection of the liver from IRI
8 Multi-acyl CoA Patient D/L-3HB D/L-3HB acid may be used as an adjunct to [96]
dehydrogenase  case-study 0.8-2.0 g/kg sodium-D/L-3HB salt as a potential novel way
deficiency (age 12) of treating MADD
(MADD)

5XFAD: transgenic mice model of Alzheimer’s disease; GPR109A: G-protein-coupled receptor 109A; NLRP3: nod-like
receptor pyrin-domain containing 3 inflammasome; IL-1B: interleukin-1pf; HDAC: histone deacetylase; IRI: ischemic
reperfusion injury; FOXO: transcription factor; i.p.: intraperitoneal; s.c.: subcutaneous.
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