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Summary. Resistant to standard medications epilepsy remain a major clinical problem. Low-carbohydrate 
diet or ketogenic diet have been in use since 1920 as a therapy for epilepsy and can, in some cases, 
completely remove the need for medication. Despite intense interest in studying the mechanisms of ketogenic 
diet, it still remains an enigma. A ketogenic diet receives its name due to the high ketone levels in the blood 
and urine of patients consuming the diet. The aim of the present review is to summarize different hypothesis 
regarding mechanism of action of ketone bodies and ketogenic diet. We discuss both their direct effect on 
neuronal excitability and suggested effects on brain metabolism, important for their anticonvulsive effect. It 
is unlikely that numerous hypotheses can be uni  ed into a single mechanism. It may be instructive to ask 
the following question: If the mechanism or target in question is a critical determinant of the anticonvulsant 
ef  cacy of the ketogenic diet, then would a similar intervention known to be based on that mechanism 
yield a comparable effect? Perhaps answering this question for each mechanistic speculation might help 
substantiate (or invalidate) that particular hypothesis. Understanding how ketone bodies exert their effect will 
help optimize their use in treating epilepsy and other neurological disorders.

Key words: epilepsy, ketogenic diet, ketone bodies, GABA, glutamate, KATP-channels, Krebs cycle



35. , .   . .    ,    ...

    -
,    1%  -
   .    -

  30%   
     .  

     -  -
 ,    

    -  .   
-      -

 ,      
.        

    , 
       

.    ,   
,        

(   , -
    ).   

      
.    

       
n. vagus   .

      -
    .     - -

  .  20-   30-  
      

    .  
1921 .    ( , )  

      ( )  
     -

 [31].      -
   ,   , 

      90%  -
 .    ,    

   ,  
     .

 ,     -
       
 .      

 ? ,   ,    
  -       
. ,    -

       -
  .     

 ,    -  -
   . , -  -

        -
       

     , 
    ,   -

.  -      -
 ,    -
  ,     

    .

 ,   -
    6    

.      -
  ,    

.    -
           -

,     .
      ,  

   Phenytoin  1936 .,    
 ,         

    .  1994 .  -
  Charlie Foundation    , 

  ,      
,  -    .   4 -

   –  ,   -
     ,  

       .
    ,  

      ,  
        
  . . „  ”. e   „ -
  ”      -

      -
   .   

        
   4:1 [21].  

    50 g  .  
     -

   .    
       

  (beta-hydroxybutyrate – BHB,  -
 – ACA),    -
  .  ,    

       
      .  

   ,   ( ) -
      -

 [13].      .

     -
 ,     

  .    
    -

        
  .    -

      -
        

       
(       „  

    ”),    
      

 ( ) [13].      



36  , 16, 2014,  2

    -
  - .    -

  ,   1   -
.       . . 

  ( , -  
 ),      

  - .    -
       

   [5].    
      -  

(0,3 mmol/l)     – 4 mmol/l. 
      4 mmol/l,  

       
 .    ,    

       
  ,      -

     1 [11].  -
 ,   ,  
   7/8 mmol/l.     

,      
       . 

         
pH. ,    -

     20 mmol/l  -
  pH.

 

  ,     
  ,     -

,     . 
-        

       [5, 
10, 12].       

       .  
      -

       [7, 
27].     -

     .

1.     
   ,     

    ,  
    .  

 ,     
     -

 ( VGLUT2)     [6]. VGLUT2  -
      

 Cl-   ( . 1).   
   in vitro   , 
 Cl     VGLUT   -

    ( -   -
    ) [26].   -

     10 ,  

  -        (0,3 ). 
      

     -
 .

. 1.    -
   

1)         
    -  . 

2)     -
     

 (GLUT). 3)    -
    1- .  

    
. 4)     

  -  –     
       . 5) -

      -
  . 6)   -

      
       

   ,  -
    

    . 
     
    -

 .   -
  ,   -

,       
4-  (      

),     -
     [6].

   -
     , 

    . -
    , 

      -
        

    [24]. 
       



37. , .   . .    ,    ...

     .  , 
      

      -
   GLUT2. 

2.   
       
      

 .   
      -

  ,        
      -

    [28].    -
       . 

      
    

[29]        -
 .

        -
  alfa-ketoglutarat,   

        
  ( . 1).  ,  

  - . 
     -

     .    
    ,  -

     BHB  1 h   -
    [35].    

        
.   ,    -

       -
.        -

   ( -   )   
   .   

 ,  ,    
 ( )  ,  

       
 ,   .

    ,   
      

     
     (  

 )       
  ( . 1) [33, 34, 36, 

37].     -
   ( . .  -

    )    
   -

    ,     
        . 

 ,      
      

 ( . 2). 

. 2.     
  ,   

        -
     .  

   (1)    -  
  .     

     -
- ,         

 (2).    
   ,    

      -
  .     -  

      -
- ,   -

-     
     . -   
         -

     [3]   -
 (GAD).     

      -
 ,    -

      ,  , 
        , 
    -  . 

3. K -
 ,     

       -
,      

 . -   -
      

    (   
     – ) 

   .   -
 ,    – ,  

      
    . 

       -
    - . -

      -
    -  

  .      
    

       ,  
     -

  .



38  , 16, 2014,  2

        -
    ,  -

        
  ( . 3).  ,   

      
      

,      
 -       - -

 NA/K  [14].   -
,         

   .  
    - , -
      

 .

. 3.        
   -

      -
   (MCT-1). 

    .  -
     ( ).  

 ,       -
      Na/K  

   .      
   -    
       

.   ,    -
     

      . 
        

- a .      -
  

      
       -

     knock out  - -
.      

-   ,      
. -    ,  

     ,   -
      [14]. -

   ,    
  - ,    

 - ,       

     ( . 
 ).

      . .  
 – . .    

      -
      .   

,   Na/K   ,  
        ( -

    , . .  -
 ).     ,  

  -  , 
        – 

         
   -     

     .

4.      
   

 ,   -
  1-    

.      
         

     
  [18].    -

     
  ( ,   -
   ),    

    ,  , 
       -
 .    -

     . 
     

   ,    
   . -

       
 - ,   (    

)   . 
       

 ,   
,    - . 

       
  ,   , -

      -
    [1].

      
    , ,  

      ,   
     1- -

 .     
    .    -

      
 [4]     

  .   ,   
        



39. , .   . .    ,    ...

 DPCRX    1- . 
   ,     -

,     -
 (   )    .

5.      -
 

  ,  K   -
,  ,      

       -
    . -

    ,  -  (   
)       

.  ,  BHB  -
   , -

     1  [9].  
  ,      -

  BHB     
 2.        

2-  3-  .  
,      -

        .
    ,   
      

RNA      
.      -

    -
        [3]. 

    ,    
    -

      Na/K-ATF.
 ,  - ,  

       
      

 .

6.   
    

     -
 .  , ,  

      
 .   -

       
  ,   

 (GEPRs) [32],   -
    -

 [30],   locus ceruleus (   
 )   -

    [8].   -
   , ,  

      
 ( . . dopamine-beta hydroxylase- 

 )    
 -    . 

   ,   
      -

   .
   -

     -
     -

 ,  Neuropeptide-Y   
[30].     -

  [25].

7.   
    -

 (ROS)        
       -

  [16].    -   
NADH ,    -

  .   (  
 )      -
      

Nrf2 [19].   ,   -
  -  -

   LTP [15].    
,       -

    -
 ,   ROS.

     -
     , 

     -
    .  ,  -
      

   .    
   . -

,      , 
   .    

    -
      . -

        
,      ( . 
   – VGUT)  -

 ( .    -
       

).   AC1202 (   -
,     BHB)  -

     -
         
  ,   

      -
    .   

        . 
       

        



40  , 16, 2014,  2

  [2].      
       

 ,       .
     -

        .  
 ,    -

      , 
    .  ,    
      

.    , 
         

    .

1 .  B o i s o n , D. Adenosine augmentation therapies (AATs) 
for epilepsy: prospect of cell and gene therapies. – Epilepsy Res., 
85, 2009, 131-141.

2 .  B o u g h , K. J. et J. M. Rho. Anticonvulsant mechanisms 
of the ketogenic diet. – Epilepsia, 48, 2007, 43-58.

3 .  D e V i v o , D. C. et al. Chronic ketosis and cerebral 
metabolism. – Ann. Neurol., 3, 1978, 331-337.

4 .  F e d e l e , D. et al. Astrogliosis in epilepsy leads 
to overexpression of adenosine kinase, resulting inseizure 
aggravation. – Brain, 128, 2005, 2383-2395. 

5 .  F u k a o , T., G. D. Lopa schuk et G. A. Mitchell. Pathways 
and control of ketone body metabolism on the fringe of lipid 
biochemistry. – Prostaglandins Leukot Essent Fatty Acids, 70, 
2004, 243-251.

6 .  J u g e , N. et al. Metabolic control of vesicular glutamate 
transport and release. – Neuron., 68, 2010, 99-211.

7 .  G i l b e r t , D. et al. The ketogenic diet: seizure control 
correlates better with serum betahydroxybutyrate than with urine 
ketones. – J. Child Neurol., 15, 2000, 787-790. 

8 .  G i o r g i , F. et al. The role of norepinephrine in epilepsy: 
Fromthe bench to the bedside. – Neurosci Biobehav. Rev., 28, 
2004, 507-524.

9 .  I m a m u r a , K. et al. D-beta- hydroxybutyrate protects 
dopaminergic SHSY5Y cells in a rotenone model of Parkinson’s 
disease. – J. Neurosci. Res., 84, 2006, 1376-1384.

1 0 .  K e i t h , H. Factors in  uencing experimentally produced 
convulsions. – Arch. Neurol. Psychiatry, 29, 1933, 148-154.

11 .  K r e b s , H. A. The regulation of the release of ketone 
bodies by the liver. – Adv. Enzyme Regul., 4, 1966, 339-354

1 2 .  L i k h o d i i , S. et al. Anticonvulsant properties of acetone, 
a brain ketone elevated by the ketogenic diet. – Ann. Neurol., 54, 
2003, 219-226.

1 3 .  O w e n , O. E. et al. Brain metabolism during fasting. – J. 
Clin. Invest., 46, 1967, 1589-1595.

1 4 .  M a , W., J. Berg et G. Yellen. Ketogenic diet metabolites 
reduces  ring in central neurons by opening K(ATP) channels. – 
J. Neurosci, 27, 2007, 3618-3625.

1 5 .  M a a l o u f , M. et J. M. Rho. Oxidative impairment of 
hippocampal long-term potentiation involves activation of protein 
phosphatase 2A and is prevented by ketone bodies. – J. Neurosci. 
Res., 86, 2008, 3322-3330.

1 6 .  M a a l o u f , M. et al. Ketones inhibit mitochondrial 
production of reactive oxygen species production following 
glutamate excitotoxicity by increasing NADH oxidation. – 
Neuroscience, 145, 2007, 256-264.

1 7 .  M a s i n o , S. et al. A ketogenic diet suppresses seizures 
in mice through adenosine A1 receptors. – J. Clin. Investig, 121, 
2011, 2679-2762.

1 8 .  M a s i n o , S. et J. Geiger J. Are purines mediators of 
the anticonvulsant/neuroprotective effects of ketogenic diets? – 
Trends Neurosci, 31, 2008, 273-281.

1 9 .  M i l d e r , J. B., L. P. Liang et M. Patel. Acute oxidative 
stress and systemic Nrf2 activation by the ketogenic diet. – 
Neurobiol. Dis., 40, 2010, 238-244.

2 0 .  M u s a - V e l o s o , K. et al. Breath acetone predicts 
plasma ketone bodies in children with epilepsy on a ketogenic 
diet. – Nutrition, 22, 2006, 1-8.

2 1 .  P e t e r m a n , M. The ketogenic diet in epilepsy. – J. Am. 
Med. Assoc., 84, 1925, 1979-1983

2 2 .  R h o , J. et al. Acetoacetate, acetone, and dibenzylamine 
(a contaminant in l-(+)-betahydroxybutyrate) exhibit direct 
anticonvulsant actions in vivo. – Epilepsia, 43, 2002, 358-361.

2 3 .  P h i l l i s , J. et P. Wu. The role of adenosine and its 
nucleotides in central synaptic transmission. – Prog. Neurobiol., 
16, 1981, 187-239.

2 4 .  S a m o i l o v a , M. et al. Chronic in vitro ketosis is 
neuroprotective but not anticonvulsant. – J. Neurochem., 113, 
2010, 826-861.

2 5 .  Ta b b , K. et al. The ketogenic diet does not alter brain 
expression of orexigenic neuropeptides. – Epilepsy Res., 62, 
2004, 35-39.

2 6 .  T h i o , L. et al. Ketone bodies do not directly alter 
excitatory or inhibitory hippocampal synaptic transmission. – 
Neurology, 54, 2000, 325-331.

2 7 .  v a n  D e l f t , R. et al. Blood beta-hydroxybutyrate 
correlates better with seizure reduction due to ketogenic diet than 
do ketones in the urine. – Seizure, 19, 2010, 36-39.

2 8 .  U h l e m a n n , E. R. et A. H. Neims. Anticonvulsant 
properties of the ketogenic diet in mice. – JPET, 180, 1972, 231-
238.

2 9 .  W a n g , Z. J. et al. In vivo measurement of brain meta-
bolites using two-dimensional double-quantum MR spectroscopy–
exploratio of GABA levels in a ketogenic diet. – Magn. Reson. 
Med., 49, 2003, 615-619.

3 0 .  W e i n s h e n k e r , D. et P. Szot. The role of catecho-
lamines in seizure susceptibility: New results using genetically 
engineered mice. – Pharmacol. Ther., 94, 2002, 213-233.

3 1 .  W i l d e r , R. M. The effect of ketonemia on the course of 
epilepsy. – Mayo Clin. Bull., 2, 1921, 307-308.

3 2 .  Ya n , Q., P. Jobe et J. Dailey. Noradrenergic mechanisms 
for the anticonvulsant effects of desipramineand yohimbine in 
genetically epilepsy-prone rats: Studies with microdialysis. – 
Brain. Res., 610, 1993, 24-31.

3 3 .  Y u d k o f f , M. et al. Ketosis and brain handling of glu-
tamate, glutamine, and GABA. – Epilepsia, 49, 2008, (Suppl. 8), 
73-75.

3 4 .  Y u d k o f f , M. et al. Response of brain amino acid 
metabolism to ketosis. – Neurochem Int., 47, 2005, 119-128.

3 5 .  Y u d k o f f , M. et al. Effects of ketone bodies on astrocyte 
amino acid metabolism. – J. Neurochem, 69, 1997, 682-692.

3 6 .  Y u d k o f f , M. et al. Brain amino acid metabolism and 
ketosis. – J. Neurosci Res., 66, 2001, 272-281. 

3 7 .  Y u d k o f f , M. et al. Ketogenic diet, amino acid 
metabolism, and seizure control. – J. Neurosci Res., 66, 2001, 
931-940.

   :
. 

    
 
 

. " "  2
1431 


