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INTRODUCTION

We have long understood that  our body rel ies on three main c lasses of 
macronutr ients to funct ion at  i ts  opt imal  state – carbohydrates,  fats ,  and 
proteins – as wel l  as micronutr ients .  Recent ly,  i t  has become clear that 
there is  a fourth macronutr ient  – ketone bodies – that  play a role in both 
energy metabol ism and also appear to have drug- l ike propert ies which 
address condit ions f rom inf lammation and oxidat ive stress at tenuat ion to 
their  ef fects on aging,  cognit ion,  immunity,  gene expression,  stem cel ls 
and vascular  funct ions  [1 ].

What are ketones? What has been their  h istory in heal th? And what is 
their  potent ia l?
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OVERVIEW OF KETONES

Ketone bodies were f i rst  d iscovered in the late 19th century as a 
byproduct  found in abundance in the ur ine of  pat ients in diabet ic 
coma, associated with potent ia l ly  fata l  d iabet ic  ketoacidosis [2].  This 
was only in the ear ly  20th century that  ketones were recognized as 
an al ternat ive energy source produced in the l iver  to fuel  per ipheral 
t issues in response to disrupted carbohydrate metabol ism [3]–[6].  Our cel ls 
require adenosine tr iphosphate (ATP)  as their  pr incipal  energy source, 
and the body’s preferred way to produce ATP is  through the ut i l izat ion 
of  glucose as pr imary fuel  by mitochondria l  oxidat ion – a process cal led 
glycolysis .  However,  our bodies also developed a secondary pathway 
to produce the energy needed by mitochondria through the conversion 
of  body fat  to ketones.  This process cal led ketogenesis takes place 
when carbohydrates are l imited in a manner s imi lar  to the fast ing 
per iods exper ienced by our ancestors .  However,  in  the developed and 
developing world,  we are no longer exper iencing prolonged per iod of 
food scarci ty  and starvat ion. 

Ketones bodies include three main metabol i tes: 

• 	 Acetoacetate (AcAc) :  produced in the l iver  f rom the breakdown 
of  fat ty-acids in fasted state,  i t  can be converted into Beta-
hydroxybutyr ic  acid or  Acetone.

• 	 Beta-hydroxybutyric acid (BHB) : technically not a “true” ketone due 
to its slight difference in structure but considered as the most efficient 
derived ketone synthetized from AcAc during prolonged ketosis.

• 	 Acetone :  a  byproduct  of  AcAc that  cannot be used for  energy 
product ion.  Excreted in our breath,  ur ine and sweat ,  Acetone is 
responsible of  the unpleasant so-cal led “keto breath”.
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How does this  work? Both AcAc and BHB undergo a ser ies of  oxidat ive 
react ions leading to ATP product ion.  As our organs demand for  energy 
increase in a carbohydrate l imited diet ,  more AcAc is  produced and 
converted into BHB freely navigat ing through the body and dr iv ing 
the KREBS cycle to preferent ia l ly  fuel  the brain,  muscles,  and other 
per ipheral  t issues. 

Unti l  recently,  the only way to produce ketones and be in ketosis,  has 
been to embrace a very low carbohydrate diet (VLCD) -  less than 50 grams 
a day. This means that eating just one apple would account for almost a 
third of your dai ly carbohydrate intake al lowed on a ketogenic diet.  For 
proteins – the bui lding blocks of our body – many ketogenic diets restr ict 
intake to about 100 grams a day. Then what’s left? Fat,  a lot of i t . 

Examples of  keto-fr iendly foods include eggs,  oi l ,  butter,  cheese, 
avocado,  fat ty  f ish,  and marbled steak.  F l ipping the convent ional 
“heal thy food pyramid” – comprised of  about 65% of  carbs and f ibers, 
30% of  proteins and 5% of  fat  – wi l l  resul t  in  a typical  ketogenic diet . 
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THE BEGINNING, DECLINE, AND RESURGENCE 
OF KETONES IN MEDICINE

The therapeut ic potent ia l  of  ketones as a part  of  our diet  has a long 
history.  The use of  fast ing – which would have resul ted in ketone body 
generat ion – in the t reatment of  epi lepsy has been documented as 
ear ly  as 400BC with Hippocrates descr ibing how certain diet  pract ices 
could exacerbate seizure  [7].  However,  a constant  fast ing state is  not 
sustainable for  the body and seizure wi l l  eventual ly  resume as the 
person gets back to a regular  diet . 

In  the 1920s,  Dr.  Russel l  Wi lder at  the Mayo Cl in ic coined the term 
“Ketogenic diet”,  a  High Fat  Low Carbs diet  (HFLC) used to mit igate the 
symptoms of  epi lepsy as physic ians real ize i ts  potent ia l  in  mimicking a 
fast ing state.  Tested and adopted by other inst i tutes i t  quickly became 
recognized as a v iable method to dramat ical ly  reduce episodes of 
seizure in epi lept ic  pat ients .  After  two decades,  th is  therapy s lowly 
decl ined with the emergence of  ant iepi lept ic  drug treatment  [8].  Yet ,  drugs 
have their  l imits .  With a th i rd of  epi lept ic  pat ients remaining resistant 
to medicat ion [9],  keto diet  st i l l  const i tutes a valuable al ternat ive. 
“Rediscovered” in the 1970s at  Johns Hopkins with the creat ion of  the 
Pediatr ic  Ketogenic Diet  Center to t reat  epi lept ic  chi ldren,  we are seeing 
a resurgence of  ketogenic diet  therapies for  neurological  t reatment  [10]. 
Nowadays,  part icular  at tent ion is  given to indiv idual  to lerabi l i ty  through 
the creat ion of  more f lexible and palatable forms of  ketogenic programs 
including Modif ied Atkins Diet  (MAD),  the low glycemic index treatment 
(LGIT) ,  or  the ketogenic diet  combined with medium chain t r ig lycer ide oi l 
(MCT)  [11 ]. 

Given the potent ia l  benef i ts  conferred by ketosis  for  glycemic control , 
ketogenic diet  is  seen as a promising tool  for  the management of 
diabetes in therapeut ic sett ings and became recognized as a valuable 
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a l ternat ive by the healthcare system [12] ,  [ 13].  When dietary carbohydrate is 
restr icted s igns and symptoms of  insul in resistance may improve.  Recent 
studies reported both short  and long-term effects of  nutr i t ional  ketosis 
with a s igni f icant  improvement in glucose metabol ism, l ip id marker and 
restorat ion of  insul in sensi t iv i ty  in T2DM pat ients fed a keto diet  [14]–[16]. 
I t  is  worth not ing that  to precisely decipher the role played by ketones 
in metabol ic  disorder and establ ish a causal  l ink regarding their  act ion 
in glycemic control ,  more studies performed in indiv iduals with elevated 
ci rculat ing ketones and normal  carbohydrate prof i le are required. 

Based on observat ion f rom fast ing t reatments,  ketogenic diet  is  making a 
comeback in cancer therapy as wel l .  The rat ionale in providing a fat - r ich, 
low-carbohydrate diet  in cancer therapy is  to reduce ci rculat ing glucose 
levels and induce ketosis  such that  cancer cel ls  are starved of  energy 
whi le normal  cel ls  adapt their  metabol ism to use ketone bodies and 
survive  [17].  Indeed,  a hal lmark of  cancer cel ls  is  their  deviant  energet ic 
metabol ism character ized by an increased rate of  glucose uptake with 
high glucose level being an important factor for tumor prol i ferat ion [18]. 
Whi le chemotherapy is  one of  the f i rst - l ine t reatment strategies for 
many forms of  cancer i t  a lso appears to dr ive glucose usage in the 
surrounding environment of  cancer cel ls  [19].  However,  combined with KD, 
i t  may potent iate the ant i -cancer ef fect  of  chemotherapy treatment by 
reducing the glucose avai labi l i ty  to cancer cel ls  and making tumors more 
sensi t ive to oxidat ive stress.  Recent f indings suggest  that ,  in  mouse 
model  of  pancreat ic  cancer,  the associat ion of  KD with chemotherapy 
treatment t r ip led survival  t ime compared with chemotherapy alone [20]. 
Whi le ongoing cl in ical  t r ia l  wi l l  reveal  whether these resul ts  can be 
repl icated in human,  th is  const i tutes a promising avenue to improve 
cancer therapy ef f icacy. 
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THE POPULARIZATION OF THE 
KETOGENETIC DIET 

Beyond the recognized therapeut ic ef fects of  keto diet  in epi lepsy and 
related neurological  condit ions,  the ketogenic diet  has been popular ized 
as a diet  that  is  ident i f ied with weight  loss.  E ighty- four percent of  keto-
adopters  [17] ranked weight  loss as the pr imary mot ivat ion in using the 
ketogenic diet .  Widely advert ised as an ef fect ive and quick way to lose 
pounds,  “keto” was the most Googled food-related topic in the world 
with 25.4 mi l l ion searches in 2020 [18]. 

Whi le i t  technical ly  has the abi l i ty  to be ef f icacious in th is  regard – 
for  the same reasons the ketogenic diet  is  ef fect ive as a t reatment in 
diabetes (eg;  in most  part  l inked to carb restr ict ion)  – achieving ketosis 
through nutr i t ion requires drast ic  changes in l i festy le and this  makes 
adherence di f f icul t .  No s ingle diet  is  sui table for  everyone.  Adverse 
ef fects associated with keto diet  known as “keto f lu”  include,  digest ive 
discomfort ,  gut  microbiome al terat ion,  nausea,  s leep issue and increased 
hunger.  Without proper medical  supervis ion i t  can have deleter ious 
heal th consequences especial ly  for  people with pre-exist ing condit ion 
such as pancreat i t is ,  l iver  fa i lure or  dysl ip idemia  [19]. 

However,  regardless of  the inherent  ef f icacy of  any dietary pract ices, 
pat ient  adherence remains a cr i t ical  chal lenge to overcome – especial ly 
consider ing the restr ict ive nature of  keto-diet .  Whether these barr iers 
may be cul tural ,  re l ig ious,  or  socio-economic they const i tute crucia l 
factors hinder ing dietary compl iance to ketogenic regimen [20] making the 
development of  a l ternat ive solut ions to achieve ketosis  [21 ] a  pr ior i ty.
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THE DEVELOPMENT OF 
EXOGENOUS KETONES 

What i f,  instead of the imposing dietary restr ict ions to force the body to 
generate ketones, you could – l ike other macronutr ients – make ketones 
and consume them? This has been the interest in developing exogenous 
ketones. So far,  exogenous ketones have l imitat ions and side effects. 
There are several  options on the market to exogenously increase your 
circulat ing ketones level ,  including Ketone Salt ,  Ketone Mono or Di-
Esters (mostly ut i l iz ing BHB over AcAc for i ts better stabi l i ty and eff icacy) , 
various formulat ion of Butanediol  (BHB precursors)  and free-BHB acids.

Ketone Salts :  Formulated as powder that can be dissolved in l iquid to 
be consumed as a drink,  Ketone salts contain KBs (BHB) bound to amino 
acids or minerals,  commonly sodium, magnesium, or calcium. While they 
usual ly are less expensive and don’t  taste as bad as Ketone esters,  there 
are not as eff ic ient in raising your blood ketone [22].  Studies conducted 
in animals and humans show low to moderate (0.6 to 1  mM) elevation 
of blood BHB level after ketone salt  consumption [23],  [24].  In addit ion 
most ketone salts are synthetic and produced in racemic form – L-BHB 
and D-BHB – meaning that only half  of i t  ( the D-BHB) is bioavai lable. 
Therefore to signif icantly increase blood circulat ing ketones, high intake 
of ketone salt  is needed. The presence of salt  s ignif icantly increases 
electrolyte levels which can in turn be damaging for the kidney, can 
dangerously increase blood pressure (people with hypertension, stay 
away) and cause GastroIntest inal  (GI)  distress and dehydrat ion.

Ketone Ester :  Research on Ketone ester began in the early 90’s through 
a col laborat ion between Oxford University and National Inst i tutes of 
Health (NIH) research group working on endogenous ketone projects. 
I t  consti tuted the groundwork for the init iat ion of a program involving 
the Defense Advanced Research Projects Agency’s (DARPA),  aiming to 
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develop novel ,  energetical ly eff ic ient food that would al low soldiers 
to maintain their  physical  and mental  performance [25].  From this effort 
resulted the creation of D-β-hydroxybutyrate-(R)-1 ,3 butanediol  monoester. 
Essential ly,  BHB l inked to a monoester,  which when broken down, 
releases in the bloodstream a molecule of D-BHB readi ly avai lable to 
supply peripheral  t issues along with butanediol  (BDO).  Once metabol ized 
in the l iver BDO generates a second molecule D-BHB for slower release 
leading to a longer elevation of circulat ing ketone in the blood. As 
compared to salt  ketone monoester not only al lows individuals to reach 
maximum plasma level of ketone (3.30 mM within 1  to 2 hours)  faster and 
more continuously – without exceeding a safe range – but also present 
the advantage to al leviate GI symptoms observed with ketone salts.  From 
a pract ical  standpoint ketone monoesters are very expensive and have an 
unpleasant taste.

Medium-Chain Triglycerides (MCTs) :  Technical ly not considered as 
ketone, these types of fat  made-up of glycerol bound to 6-12 carbon 
chains of fatty acids are frequently found on the keto supplement shelf 
in form of oi l  or powder for their  abi l i ty to serve as precursors for 
ketogenesis.  Once ingested MCTs direct ly enter the l iver to be broken 
down and metabol ized into ketones and are less- l ikely to be stored as fat 
than their  long-chain counterpart .  MCTs include caproic acid (C6),  capryl ic 
acid (C8),  capric acid (C10) ,  and lauric acid (C12) – abundant in Coconut 
oi l  – with capryl ic acid (C8) offer ing the most ketogenic benefits.  While 
they are not as eff ic ient as Ketone salts and esters to r ise circulat ing 
ketones level and can st i l l  create GI issues, they consti tute more 
palatable,  versat i le and cost-effect ive options for new keto-adopters.

Consumer needs addressed by the commercial izat ion of exogenous 
Ketones fal l  into three 3 major segments:  Physical  performance, Mental 
performance, and On-demand Ketosis for keto-l i festyle adopters (mostly 
motivated by weight loss) .  Although consumers associated with each 
segment may exhibit  di f ferent sensit iv i ty and adherence to exogenous 
ketone, so far,  the market is st i l l  heavi ly constrained by taste issues, 
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excessive price point and lack of cl inical  studies that would faci l i tate 
stronger claims. The science behind ketone biology is st i l l  maturing, 
and not al l  the benefits advert ised are necessari ly supported by sol id 
scienti f ic evidence. Depending on the type of  product  and dosage used, 
resul ts  on physical  and cognit ive performance remain inconsistent 
(Table.  1 ) .  As the number and type of exogenous ketone consumer 
products continue to grow, further research is required to overcome 
current chal lenges associated with the market and the products 
themselves. In paral lel ,  the emergence of non-consumer approaches such 
as medical food products are expected to unlock new market segments.

Compound Model Test Dose [BHB] (mM) Result Reference Eff icacy

ENDURANCE

BHB KE Cycl ists 60’  pre fat igue 
+30’  TT

573mg/kg l iquid 
KE +CHO (Fasted) 2 – 3 mM + 2% 

distance Cox et  a l  ‘ 16 ✓

BHB KE Rowers 30’  TT (powdered KE) 
+CHO (Fasted) 2.5 mM +0.7% 

distance

Patent  & 
Cox Thesis 
unpubl ished

✓

BHB KE Soccer LIST Cont inuous 
Running

750mg/kg l iquid 
KE +CHO (Fed) 1 .5 -  2.5 mM NS Evans et  a l  ‘ 18 =

BHB KE Runners 60’  pre fat igue 
+10km TT

573mg/kg l iquid 
KE +CHO (Fed) 0.9 – 1 .3 mM NS Evans et  a l  ‘ 19 =

BHB KE Cycl ists
3h mixed intensi ty 
then 15’  TT and 
TTE spr int

65g of  KE  (Fed) 3 mM NS Poffé et  a l 
‘20a =

BHB KE + 
Bicarbonate Cycl ists

3h mixed intensi ty 
then 15’  TT and 
TTE spr int

65g of  KE  (Fed)  + 
bicarbonate 3 mM +5% power: 

KE+BIC
Poffé et  a l 
‘20b ✓

BHB KE + 
Bicarbonate Cycl ists

3h mixed intensi ty 
then 15’  TT and 
TTE spr int

65g of  KE  (Fed)  + 
bicarbonate 3 – 3.7 mM NS Poffé et  a l  ‘21a =

BHB KE + 
Bicarbonate Cycl ists 30’  TT 50g KE (Fed)  + 

bicarbonate 3-4 mM -1 .5% power: 
KE & KE+BIC Poffé et  a l  ‘21b X

BHB KE Firef ighter Live burn 500mg/kg ~3 mM NS t ime to 
complete

Waldman et 
a l  ‘22 =

AcAc KE Cycl ists ~31km TT 500mg/kg l iquid 
KE +CHO (Fed) ~1  mM -2% t ime Leckey et  a l 

‘ 18 X

KS Runners 5k TT 0.3g/kg KS +MCT 0.7 mM NS Prins et  a l  ‘20 =

KS Cycl ists 4’  TT 30ml KS 0.6 mM NS Rodger et  a l 
‘ 17 =

KS Cycl ists ~12’  TT 0.3g/kg KS 0.8 mM -7% power O’Mal ley et 
a l  ‘ 17 X

SPRINT 
EXERCISE

BHB KE Cycl ists Ramp test 330mg/kg KE 2.5-3.5 mM NS Dearlove et  a l =

BHB KE Soccer LIST Spr int  Speed 750mg/kg KE 
+CHO 1.5 -  2.5 mM NS Evans et  a l  ‘ 18 =

KS Cycl ists Wingate 11g BHB 0.5 mM NS Waldman et  a l =

COGNITIVE 
PERFORMANCE

BHB KE Soccer Mult i  Tasking Test 750mg/kg l iquid 
KE +CHO 1.5 -  2.5 mM Smal l  s ig. 

improvement Evans et  a l  ‘ 18 ✓

BHB KE 10km 
running Mult i  Tasking Test 573mg/kg l iquid 

KE +CHO 0.9 – 1 .3 mM NS Evans et  a l  ‘ 19 =

KS Cycl ists 
Cognit ive 
chal lenge + 
exercise

0.3g/kg 0.8 mM NS O’Mal ley et  a l =

Table. 1: Studies reporting the efficacy of exogenous ketone (KE: Ketone Esters and KS: Ketone Salts) on physical and 
cognitive performance. (TT: time trial; TTE: time-to-exhaustion; ✓: positive; =: null; X: negative effect). From Brianna Stubbs.
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THE POTENTIAL HEALTH BENEFITS 
OF EXOGENOUS KETONES

Despite the early chal lenges, the recent avai labi l i ty of ketone esters has 
made i t  possible to study the effects of ketones beyond their  appl icat ion 
in the body’s energy system. Init ial  f indings seem to indicate that the 
potential  of ketone supplement for improved physical  performance, 
metabol ic health,  and mental  health is signif icant.  From neuroproctection, 
blood sugar control  improvement,  enhanced physical  performance 
al l  the way to extended longevity in animal models  [16] ,  [26],  evidence is 
accumulat ing – so let us look at the science behind i t .

Brain Health

While the brain is  a demanding organ in terms of  energy – consuming 
near ly  20% of  the body’s total  energy expenditure – glucose is  not 
necessar i ly  i ts  preferred energy source  [27].  Ketone appears to be a more 
ef f ic ient  fuel .  Studies suggests that  under ketosis ,  75% of  the brain 
energet ic  needs are fu l f i l led by ketone bodies and only 25% by glucose 

[28].  Moreover,  BHB – the most abundant and potent  form of  ketone – 
y ields to more energy as compared to glucose.  Indeed,  studies show 
that  cul tured neurons ut i l ize ketone bodies for  oxidat ive metabol ism 
at  rates far  greater  than they ut i l ize glucose and can prevent neuronal 
death  [27] ,  [29].  In  addit ion to their  wel l -establ ished role in epi lepsy,  a 
neuroprotect ive role at t r ibuted to ketone bodies is  supported by their 
ef fects in the t reatment of  brain dysfunct ion and neurodegenerat ive 
diseases in which brain glucose metabol ism is  a l tered,  such as 
Alzheimer,  Parkinson,  or  dement ia .  In the context  of  mi ld cognit ive 
impairment or  moderate Alzheimer disease,  exogenous supplementat ion 
with ketogenic dr ink over a 6 months per iod has been shown to 
improve recal l ,  verbal  f luency,  confrontat ion naming,  v isual  at tent ion 
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and task switching  [30].  Studies suggests that  the aging brain favors 
ketone metabol ism, perhaps as compensatory response to glucose 
hypometabol ism [31 ].  Glucose transporter  1  def ic iencies associated 
with oxidat ive stress can reduces our ant ioxidant  defenses and favors 
aggregat ion of  misfolded protein,  promoting inf lammation  [32].  Recent 
evidence suggests that  ketone bodies,  in  contrary,  can mit igate oxidat ive 
stress,  reduce inf lammation and regulate neuronal  exci tabi l i ty  through 
direct  and indirect  pathways  [27] ,  [33].

Implication in Metabolic Syndrome

The health benefit  provided by ketone bodies may not be l imited 
to the brain and could extend to other body systems, as well .  Since 
ketone bodies affect the way our body burns energy, i t  appears as an 
effect ive tool to improve a range of health markers associated with 
Metabol ic syndrome – a cluster of condit ions leading to increased r isk 
of type I I  diabetes,  heart disease and stroke. A study investigating 
the role exogenous ketones suggests that ingestion of BHB not 
only acutely increased BHB blood concentrat ion but lowered the 
glucose plasma concentrat ion in adults with pre-diabetes [34].  Although 
results on endogenous insul in secretion are unclear and required 
further investigation to determine the effects of exogenous ketone 
on glucoregulatory mechanisms, i t  i l lustrates their  effect iveness in 
achieving ketosis without undergoing drast ic dietary change. Research on 
cardiovascular health is promising too, as other studies suggest posit ive 
effects of keto supplement on Cardio Vascular Diseases (CVD) through an 
improved management of blood pressure, inf lammation, oxidative stress, 
endothel ial  functions,  and l ipid metabol ism [35].  In addit ion, a recent study 
performed on animal models suggests that chronic oral  supplementat ion 
with ketone ester is effect ive in both prevention and treatment of 
heart fai lure [36].  The potential  of Ketones in metabol ic and endocrine 
functions is also supported by the beneficial  role that endogenous 
production of butyrate plays on intest inal  homeostasis and energy 
metabol ism [37].  Butyrate and BHB share similar signal ing pathway and 
their  coupl ing may translate into synergist ic effect for ketosis induction 
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[38].  A better understanding of the mechanism of act ion of butyrate in 
intest inal  physiology and l ipid metabol ism wil l  faci l i tate the appl icat ion of 
exogenous ketone in gut health improvement as well  as the control  and 
the prevention of metabol ic diseases.

Muscle Health and Performance

During exercise our muscle demand for ATP skyrockets.  Ketosis may 
provide thermodynamic advantages over other carbon substrates by 
increasing the free energy conserved in ATP by the oxidation of ketones 
during mitochondrial  oxidative phosphorylat ion. By providing an alternate 
fuel source to the muscle for oxidative respirat ion, KBs may improve 
energetic eff ic iency and translate into higher power output during 
exercise [39].  In addit ion, i t  may also offer the potential  to l imit  oxidative 
stress and inf lammation during exercise and spare the proteins required 
to bui ld muscle.  In aging mice ketogenic diet results in an increase 
in muscle mass and strength through a maintenance of fast oxidative 
muscle f ibers usual ly impacted with age. Interest ingly recent f indings 
suggest a role of ketogenic diet and exercise in connecting muscle and 
brain health through the regulat ion of kynurenic acid – a neurotoxic 
molecule [40].   However,  results vary greatly depending on how ketosis 
is achieved. Exercising under ketogenic diet may hinder performance 
due to i ts inherent lack of carbs and altered macronutr ient composit ion 
[41]–[43].  Ingestion of exogenous ketone to achieve ketosis,  on the other 
hand, present the advantage to increase fat oxidation while preserving 
intramuscular glycogen storage which in turn may result  in improved 
endurance performance. However,  in the context of high-intensity 
exercise relying on rapid glycolyt ic f lux,  performance may be negatively 
affected during exogenous ketosis [44]. 

Immunity

As evidence is accumulat ing regarding the drug-l ike signal ing propert ies 
of KBs in immune activi ty,  the use of induced ketosis as metabol ic 
strategy to target viral  disease progression is receiving increasing 
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attention. BHB have been associated with a series of molecular effects 
including reduced inf lammation and oxidative stress,  st imulat ion of 
antioxidant genes and anti - inf lammatory pathways, apoptosis resistance 
and metabol ic maintenance [45].  The immunomodulatory propert ies of 
KBs consti tute a promising avenue to mit igate respiratory viral  infect ion 
and help with recovery.  Recent study in mice infected with inf luenza A 
virus suggest that KD feeding resulted in an expansion of γδ T cel ls in 
the lung that improved barr ier functions,  thereby enhancing anti -viral 
resistance [46].  In human, the use of ketogenic diet is currently under 
cl inical  investigation to determine whether i t  can halt  cytokine storm in 
patients with SARS-COV2 [47],  which wil l  provide insights on the potential 
of Ketones in human immunity.  I t  is important to highl ight that most of the 
effects of KBs on immune response have been characterized under KD 
and that i t  is st i l l  unclear whether similar results can be obtained using 
Ketone supplements.

Potential  barriers to mainstream adoption 

While the potential  of exogenous ketone on human health is considerable, 
large publ ic adoption wil l  require to overcome some chal lenges. Currently 
the poor palatabi l i ty of ketone esters consti tutes an important barr ier for 
consumer and extensive work is needed to improve their  organoleptic 
propert ies.  The role of ketones has been heavi ly t ied to the weight- loss 
components of the ketogenic diet contr ibuting to the confusion between 
the effect driven by ketosis through the adoption of low carb regimen 
and the benefit  provided purely by ketones consumed exogenously under 
normal diet .  In addit ion, ketone is produced by the body and cannot be 
measured direct ly in food which consti tute a major point of resistance 
in people mindset and consider ketone as a 4th macronutr ient.  The 
development of more advanced monitoring techniques and wearables 
to track ketone blood level is expected to faci l i tate the shift  in publ ic 
perception to therefore demonstrate to consumer the effect of exogenous 
ketone on their  entire energy metabol ism. As consumers wi l l  gain 
visibi l i ty on the continuous trends of their  energy biomarkers – Glucose, 
BHB, Lactate – they wil l  be able to measure how their  own metabol ism 
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responds to them, to clearly evaluate the impact of exogenous ketones on 
their  overal l  health.

Conclusion

Improving the characterist ics of exogenous ketones could create 
opportunit ies for individual to real ize the many health benefits of ketones 
without the chal lenges of adherence that come with the conventional 
ketogenic diet .  Addit ional science-based evidence is st i l l  needed; we can 
expect more to come as our understanding of ketone biology progresses. 

So far only few studies referr ing to the role of dietary intake of ketone 
supplement in interact ion with substrate metabol ism and muscle fuel 
select ion have been publ ished and further investigation is needed. 
Several  mechanisms have been proposed on how ketone supplement can 
al leviate fat igue and help with recovery,  including reduction in ammonia 
production, decrease in protein breakdown and improved post-exercise 
glycogen replenishment  [48] ,  [49]. 

Nonetheless,  i t  is important to keep in mind that elevated circulat ing 
ketone in the presence of normal muscle glycogen, co-ingested 
carbohydrate and elevated insul in is not something natural ly occurr ing in 
our body. While the promise offered by exogenous KBs supplementat ion 
is seducing, further research is required to precisely understand how 
this unique associat ion can affect our entire metabol ism. Final ly,  ongoing 
studies focusing on doses responses and formulat ion wil l  shed the l ight 
on the optimal intake of ketone supplements required to mediate more 
targeted health benefit  such as enhanced physical  performance or brain 
health,  depending on consumer needs and therapeutic object ives.



Ketones:  The Fourth Macronutr ient  |  17

INSTITUTE STAFF

INSTITUTE ADVISORY BOARD

Antoine Abrieux 
Strategic Research Associate,  Innovat ion Inst i tute for  Food and Health

Dana Armstrong
Talent  Development Coordinator,  Innovat ion Inst i tute for  Food and Health

Mary Avi l la
Program Manager,  Innovat ion Inst i tute for  Food and Health

Mariana Barboza Gardner
Research Program Manager,  Innovat ion Inst i tute for  Food and Health

Veronica Keys
Program Assistant ,  Innovat ion Inst i tute for  Food and Health

Marissa Pickard
Lead Community Coordinator,  Innovat ion Inst i tute for  Food and Health

Justin B.  Siegel
Associate  Professor  of  Chemist ry,  B iochemist ry  & Molecular  Medic ine, 
UC Davis  |  Facul ty Director,  Innovat ion Inst i tute for  Food and Health

Tom Andriola
Vice Chancellor, Information, Technology and Data & Chief Digital Officer, UC Irvine

Stephen Badger
Board Member and former Chairman of  Mars,  Incorporated

Aryeh Ganz
Founder & Managing Partner,  Cornucopian Capita l

Robert  Lustig
Professor Emeritus of Pediatrics, Division of Endocrinology, UC San Francisco

Jonna Mazet
Vice Provost ,  Grand Chal lenges at  the Univers i ty  of  Cal i fornia ,  Davis
Chancel lor ’s  Leadership Professor of  Epidemiology and Disease Ecology 
Founding Execut ive Director,  One Health Inst i tute

Harold Schmitz
Founding Partner,  The March Fund

Roy Steiner
Senior  Vice President ,  The Rockefel ler  Foundat ion

Bernhard Van Lengerich
Founder,  Seeding The Future Foundat ion

Wesley Wilson
Execut ive Chair,  Innovat ion Inst i tute for  Food and Health



Ketones:  The Fourth Macronutr ient  |  18

ENDNOTES

[1] B. Stubbs, A. Koutnik, J. Volek, and J. Newman, “From bedside to battlefield: 
intersection of ketone body mechanisms in geroscience with military resil-
ience,” GeroScience, vol. 43, Oct. 2020, doi: 10.1007/s11357-020-00277-y.

[2] Gerhardt, J., “(1865) Diabetes mellitus und aceton. Wiener Medizinische Pres-
se 6, 672.,” 1865.

[3] “Cohen PP. Studies in ketogenesis. J Biol Chem. 1937;119:333 –346”.

[4] “Cohen PP, Stark IE. Hepatic ketogenesis and ketolysis in different species. J 
Biol Chem. 1938;126:97– 107”.

[5] “Jowett M, Quastel JH. Fat metabolism III. The for- mation and breakdown of 
acetoacetic acid in animal tissues. Biochem J. 1935;29:2181–2191”.

[6] G. F. Cahill and R. L. Veech, “Ketoacids? Good medicine?,” Trans Am Clin 
Climatol Assoc, vol. 114, pp. 149–163, 2003, Accessed: Jun. 14, 2022. [Online]. 
Available: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2194504/

[7] “The Internet Classics Archive | On the Sacred Disease by Hippocrates.” 
http://classics.mit.edu/Hippocrates/sacred.html (accessed May 23, 2022).

[8] J. W. Wheless, “History of the ketogenic diet,” Epilepsia, vol. 49 Suppl 8, pp. 
3–5, Nov. 2008, doi: 10.1111/j.1528-1167.2008.01821.x.

[9] F. Tang, A. M. S. Hartz, and B. Bauer, “Drug-Resistant Epilepsy: Multiple 
Hypotheses, Few Answers,” Frontiers in Neurology, vol. 8, 2017, Accessed: 
May 23, 2022. [Online]. Available: https://www.frontiersin.org/article/10.3389/
fneur.2017.00301

[10] S. Morris, “Timeline: Ketogenic Diet Therapy for Epilepsy | Johns Hopkins 
Medicine.” https://www.hopkinsmedicine.org/neurology_neurosurgery/cen-
ters_clinics/epilepsy/keto-diet-timeline.html (accessed May 23, 2022).

[11] T. J. Williams and M. C. Cervenka, “The role for ketogenic diets in epilepsy 
and status epilepticus in adults,” Clin Neurophysiol Pract, vol. 2, pp. 154–160, 
Jul. 2017, doi: 10.1016/j.cnp.2017.06.001.



Ketones:  The Fourth Macronutr ient  |  19

[12] J. D. Merrill, D. Soliman, N. Kumar, S. Lim, A. I. Shariff, and W. S. Yancy, 
“Low-Carbohydrate and Very-Low-Carbohydrate Diets in Patients With Dia-
betes,” Diabetes Spectr, vol. 33, no. 2, pp. 133–142, May 2020, doi: 10.2337/
ds19-0070.

[13] A. B. Evert et al., “Nutrition Therapy for Adults With Diabetes or Prediabetes: 
A Consensus Report,” Diabetes Care, vol. 42, no. 5, pp. 731–754, May 2019, 
doi: 10.2337/dci19-0014.

[14] H. M. Dashti et al., “Long Term Effects of Ketogenic Diet in Obese Subjects 
with High Cholesterol Level,” Mol Cell Biochem, vol. 286, no. 1–2, pp. 1–9, 
Jun. 2006, doi: 10.1007/s11010-005-9001-x.

[15] W. S. Yancy, M. Foy, A. M. Chalecki, M. C. Vernon, and E. C. Westman, “A 
low-carbohydrate, ketogenic diet to treat type 2 diabetes,” Nutr Metab (Lond), 
vol. 2, p. 34, Dec. 2005, doi: 10.1186/1743-7075-2-34.

[16] A. Paoli, A. Rubini, J. S. Volek, and K. A. Grimaldi, “Beyond weight loss: a re-
view of the therapeutic uses of very-low-carbohydrate (ketogenic) diets,” Eur 
J Clin Nutr, vol. 67, no. 8, pp. 789–796, Aug. 2013, doi: 10.1038/ejcn.2013.116.

[17] “We Surveyed People on the Keto Diet. Here’s What They Say,” US News & 
World Report. https://health.usnews.com/wellness/articles/we-surveyed-peo-
ple-on-the-keto-diet-heres-what-they-say (accessed May 23, 2022).

[18] J. Simon, “Global Keto Diet Trends | Statistics & Market Size of the Ketogenic 
Diet,” Bolst Global. https://bolstglobal.com/portfolio-items/global-keto-di-
et-trends/ (accessed May 23, 2022).

[19] W. Masood, P. Annamaraju, and K. R. Uppaluri, “Ketogenic Diet,” in StatPearls, 
Treasure Island (FL): StatPearls Publishing, 2022. Accessed: Apr. 14, 2022. 
[Online]. Available: http://www.ncbi.nlm.nih.gov/books/NBK499830/

[20] N. K. Kumar, J. D. Merrill, S. Carlson, J. German, and W. S. Y. Jr, “Adherence 
to Low-Carbohydrate Diets in Patients with Diabetes: A Narrative Review,” 
DMSO, vol. 15, pp. 477–498, Feb. 2022, doi: 10.2147/DMSO.S292742.

[21] A. Soto-Mota, N. G. Norwitz, R. Evans, K. Clarke, and T. M. Barber, “Exoge-
nous ketosis in patients with type 2 diabetes: Safety, tolerability and effect 
on glycaemic control,” Endocrinology, Diabetes & Metabolism, vol. 4, no. 3, p. 
e00264, 2021, doi: 10.1002/edm2.264.

[22] B. J. Stubbs et al., “On the Metabolism of Exogenous Ketones in Humans,” 
Front Physiol, vol. 8, p. 848, Oct. 2017, doi: 10.3389/fphys.2017.00848.

[23] S. L. Kesl et al., “Effects of exogenous ketone supplementation on blood 
ketone, glucose, triglyceride, and lipoprotein levels in Sprague-Dawley rats,” 
Nutr Metab (Lond), vol. 13, p. 9, 2016, doi: 10.1186/s12986-016-0069-y.



Ketones:  The Fourth Macronutr ient  |  20

[24] M. Evans, E. Patchett, R. Nally, R. Kearns, M. Larney, and B. Egan, “Effect of 
acute ingestion of β-hydroxybutyrate salts on the response to graded exer-
cise in trained cyclists,” European Journal of Sport Science, vol. 18, no. 3, pp. 
376–386, Mar. 2018, doi: 10.1080/17461391.2017.1421711.

[25] “About,” deltaG Ketones. https://www.deltagketones.com/pages/about (ac-
cessed Jun. 15, 2022).

[26] M. N. Roberts et al., “A Ketogenic Diet Extends Longevity and Healthspan 
in Adult Mice,” Cell Metab, vol. 26, no. 3, pp. 539-546.e5, Sep. 2017, doi: 
10.1016/j.cmet.2017.08.005.

[27] N. J. Jensen, H. Z. Wodschow, M. Nilsson, and J. Rungby, “Effects of Ketone 
Bodies on Brain Metabolism and Function in Neurodegenerative Diseases,” 
Int J Mol Sci, vol. 21, no. 22, p. 8767, Nov. 2020, doi: 10.3390/ijms21228767.

[28] S. C. Cunnane, “Ketones, omega-3 fatty acids and the Yin-Yang balance in the 
brain: insights from infant development and Alzheimer’s disease, and implica-
tions for human brain evolution,” OCL, vol. 25, no. 4, p. D409, Jul. 2018, doi: 
10.1051/ocl/2018020.

[29] L. Camberos-Luna, C. Gerónimo-Olvera, T. Montiel, R. Rincon-Heredia, and 
L. Massieu, “The Ketone Body, β-Hydroxybutyrate Stimulates the Autophagic 
Flux and Prevents Neuronal Death Induced by Glucose Deprivation in Cortical 
Cultured Neurons,” Neurochem Res, vol. 41, no. 3, pp. 600–609, Mar. 2016, 
doi: 10.1007/s11064-015-1700-4.

[30] M. Fortier et al., “A ketogenic drink improves cognition in mild cognitive im-
pairment: Results of a 6-month RCT,” Alzheimer’s & Dementia, vol. 17, no. 3, 
pp. 543–552, 2021, doi: 10.1002/alz.12206.

[31] D. Kapogiannis and K. I. Avgerinos, “Chapter Three - Brain glucose and ke-
tone utilization in brain aging and neurodegenerative diseases,” in Interna-
tional Review of Neurobiology, vol. 154, G. Söderbom, R. Esterline, J. Oscars-
son, and M. P. Mattson, Eds. Academic Press, 2020, pp. 79–110. doi: 10.1016/
bs.irn.2020.03.015.

[32] Y. Zilberter and M. Zilberter, “The vicious circle of hypometabolism in neu-
rodegenerative diseases: Ways and mechanisms of metabolic correction,” 
Journal of Neuroscience Research, vol. 95, no. 11, pp. 2217–2235, 2017, doi: 
10.1002/jnr.24064.

[33] “Frontiers | Ketone Bodies in Neurological Diseases: Focus on Neuroprotec-
tion and Underlying Mechanisms | Neurology.” https://www.frontiersin.org/arti-
cles/10.3389/fneur.2019.00585/full (accessed May 23, 2022).

[34] “Acute Nutritional Ketosis and Its Implications for Plasma Glucose and Glu-
coregulatory Peptides in Adults with Prediabetes: A Crossover Placebo-Con-
trolled Randomized Trial | The Journal of Nutrition | Oxford Academic.” https://
academic.oup.com/jn/article/151/4/921/6131933 (accessed Jun. 14, 2022).



Ketones:  The Fourth Macronutr ient  |  21

[35] “Therapeutic Potential of Ketone Bodies for Patients With Cardiovascular 
Disease: JACC State-of-the-Art Review - ScienceDirect.” https://www.science-
direct.com/science/article/pii/S0735109721001947 (accessed Jun. 14, 2022).

[36] S. R. Yurista et al., “Ketone Ester Treatment Improves Cardiac Function and 
Reduces Pathologic Remodeling in Preclinical Models of Heart Failure,” Cir-
culation: Heart Failure, vol. 14, no. 1, p. e007684, Jan. 2021, doi: 10.1161/CIR-
CHEARTFAILURE.120.007684.

[37] “Butyrate: A Double-Edged Sword for Health? | Advances in Nutrition | Oxford 
Academic.” https://academic.oup.com/advances/article/9/1/21/4849000 (ac-
cessed Jul. 21, 2022).

[38] F. Cavaleri and E. Bashar, “Potential Synergies of β-Hydroxybutyrate 
and Butyrate on the Modulation of Metabolism, Inflammation, Cognition, 
and General Health,” J Nutr Metab, vol. 2018, p. 7195760, Apr. 2018, doi: 
10.1155/2018/7195760.

[39] P. J. Cox and K. Clarke, “Acute nutritional ketosis: implications for exercise 
performance and metabolism,” Extrem Physiol Med, vol. 3, p. 17, Oct. 2014, 
doi: 10.1186/2046-7648-3-17.

[40] L. Z. Agudelo et al., “Skeletal muscle PGC-1α1 modulates kynurenine metabo-
lism and mediates resilience to stress-induced depression,” Cell, vol. 159, no. 
1, pp. 33–45, Sep. 2014, doi: 10.1016/j.cell.2014.07.051.

[41] K. A. Wroble, M. N. Trott, G. G. Schweitzer, R. S. Rahman, P. V. Kelly, and E. P. 
Weiss, “Low-carbohydrate, ketogenic diet impairs anaerobic exercise perfor-
mance in exercise-trained women and men: a randomized-sequence cross-
over trial,” J Sports Med Phys Fitness, vol. 59, no. 4, pp. 600–607, Apr. 2019, 
doi: 10.23736/S0022-4707.18.08318-4.

[42] P. J. M. Pinckaers, T. A. Churchward-Venne, D. Bailey, and L. J. C. van Loon, 
“Ketone Bodies and Exercise Performance: The Next Magic Bullet or Mere-
ly Hype?,” Sports Med, vol. 47, no. 3, pp. 383–391, Mar. 2017, doi: 10.1007/
s40279-016-0577-y.

[43] “Effects of a Ketogenic Diet on Muscle Fatigue in Healthy, Young, Nor-
mal-Weight Women: A Randomized Controlled Feeding Trial - PMC.” https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC7231033/ (accessed Apr. 13, 2022).

[44] D. J. Dearlove, O. K. Faull, and K. Clarke, “Context is key: exogenous ketosis 
and athletic performance,” Current Opinion in Physiology, vol. 10, pp. 81–89, 
Aug. 2019, doi: 10.1016/j.cophys.2019.04.010.



Ketones:  The Fourth Macronutr ient  |  22

[45] “Investigating Ketone Bodies as Immunometabolic Countermeasures against 
Respiratory Viral Infections - PMC.” https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC7362813/ (accessed Jul. 15, 2022).

[46] “Ketogenic diet activates protective γδ T cell responses against influenza 
virus infection.” Accessed: Jul. 15, 2022. [Online]. Available: https://www.sci-
ence.org/doi/10.1126/sciimmunol.aav2026

[47] Johns Hopkins University, “Keto-diet for Intubated Critical Care COVID-19 
(KICC-COVID19),” clinicaltrials.gov, Clinical trial registration NCT04358835, 
Aug. 2020. Accessed: Jul. 13, 2022. [Online]. Available: https://clinicaltrials.
gov/ct2/show/NCT04358835

[48] M. Evans, K. E. Cogan, and B. Egan, “Metabolism of ketone bodies during 
exercise and training: physiological basis for exogenous supplementation,” J 
Physiol, vol. 595, no. 9, pp. 2857–2871, May 2017, doi: 10.1113/JP273185.

[49] L. S. Mansor and G. H. Woo, “Ketones for Post-exercise Recovery: Potential 
Applications and Mechanisms,” Frontiers in Physiology, vol. 11, 2021, Ac-
cessed: Apr. 14, 2022. [Online]. Available: https://www.frontiersin.org/arti-
cle/10.3389/fphys.2020.613648


