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ABSTRACT

The present study investigated the effect of a ketogenic diet on the blood redox status of
healthy female subjects. Twenty healthy females with mean body mass index of 21.45 * 2.05
kg/m? were provided a low-carbohydrate (55 = 6 g; 13% total energy), high-fat (138 = 16 g;
74% total energy), calorie-restricted (—465 = 115 kcal/d) diet. The followings were tested prior
to and after 14 days consumption of the diet: Whole body, body weight and total body fat;
blood, complete blood count, red blood cells, white blood cells, hemoglobin, and hematocrit;
plasma, 3-B-hydroxybutyrate, total antioxidative status, and uric acid; red blood cells, total
sulfhydryl content, malondialdehyde, superoxide dismutase activity, and catalase activity. Af-
ter 14 days, weight loss was significant whereas no changes were detected in body fat. No al-
terations were observed in blood count or morphology. 3-B-hydroxybutyrate, total antioxida-
tive status, uric acid, and sulfhydryl content were significantly increased. There were no
alterations in malondialdehyde, or superoxide dismutase or catalase activity. The present
study demonstrates that 14 days of a ketogenic diet elevates blood antioxidative capacity and
does not induce oxidative stress in healthy subjects.

INTRODUCTION elevate the risk of vascular diseases.”8 In pa-
tients with diabetes, elevated ketone bodies
decreases the antioxidative capacity, induces
oxidative modification of low-density lipopro-
teins, and causes development of vascular dis-

eases.” 11

HE EFFECTS OF KETOGENIC DIETS (KD) and ke-
tosis on oxidative stress and antioxidative
capacity varies in different diseases and sys-
tems. In neurologic disorders including Alz-

heimer’s and epilepsy, ketosis induced by ad-
ministration of ketone bodies or calorie and
carbohydrate restricted KDs elevates antiox-
idative capacity in the central nervous system
of animal models, and improves the conditions
of patients.! In contrast, high fat and ketosis
may induce oxidative stress in the blood and

Although numerous studies have addressed
the effects of hypocaloric nonketogenic diets on
oxidative stress and redox status,'? the effect of
hypochaloric ketogenic diets on the redox sta-
tus of healthy subjects has not been studied.

As the popularity of short-term KDs remains
high among healthy subjects for lowering body
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mass,!314 there emerges need for understand-
ing the effect of those diets on oxidative stress
and antioxidative capacity of healthy subjects.
The present study investigated the effect of 14
days of KD on oxidative stress and antioxida-
tive capacity in the blood of healthy female sub-
jects.

METHODS

Subjects

Twenty recreationally active and healthy
nonsmoking women took part in the present
study. Subjects were between 21-23 years with
average body mass index (BMI) of 21.45 * 2.05
kg/m?2.

The subjects did not have neurologic disor-
ders, hypertension, or diabetes mellitus, and
were not engaged in tobacco use. Subjects
abstained from any medications, alcohol, or
antioxidant supplements during the study. Par-
ticipants gave consent on the study and exper-
imental procedures.

Characteristics of the diet

Subjects were provided a low-carbohydrate
(55 = 6 g), high-fat (138 = 16 g), and calorie-re-
stricted (—465 £ 115 kcal/d) diet. Those values
correspond to 13% and 74% of total energy for
carbohydrate and fat, respectively. The diet
was based on animal products enriched in fat
including pork, beef, butter, lard, cheese, eggs,
and up to 100 g/d of vegetables and fruits. The
subjects received a list of products they could
consume, information about the protein, car-
bohydrate, fat, and energy content of the food
products, and recipes to prepare meals accord-

ingly.
Body mass and body composition

Body mass and body composition were mea-
sured in the morning of the day before the be-
ginning of the study, and in the morning after
the fourteenth day of the study. Body mass was
measured to the nearest 0.1 kg, and body fat
expressed as percentage of body mass to the
nearest 0.1%. Body fat was assessed by mea-
surements of bioelectrical impedance analysis
(BIA).
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Blood collection and analysis

Blood was drawn from the antecubital vein
after 16 hours fasting, in the morning of the day
before the beginning of the study, and in the
morning after the fourteenth day of the study.
The red blood cells (RBC) and plasma were col-
lected and the following tests were performed.

Blood. Complete blood count (CBC) and mor-
phology was tested using Sysmex SF-3000
Automated Hematology Analyzer (GMI, Inc.,
Ramsey, MN).

Plasma. 3-B-hydroxybutyrate (3HB) was
measured using kinetic assay at 340 nm based
on oxidation of 3HB to acetoacetate by 3HB de-
hydrogenase, and reduction by 3HB dehydro-
genase of NAD™ to NADH. This test was per-
formed using the commercially available assay
reagents (Randox Laboratories, Ltd., County
Antrim, UK).

Total antioxidant status (TAS) of fresh
plasma was determined by testing the ability
of the plasma to inhibit oxidation by H,O, of
2,2-azino-di-[3-ethylbenzthiazoline sulfonate]
(ABTS®; Randox Laboratories Ltd.) in the pres-
ence of metmyoglobin. Plasma was mixed with
Chromogen (ABTS® and metmyoglobin) and
optical density at 600 nm was measured before
and 3 minutes after addition of H,O,.

Plasma uric acid (UA) was measured by stan-
dard colorimetric method (Randox Laborato-
ries, Ltd.). This assay is based on conversion
of UA by uricase to allantoin and hydrogen
peroxide that oxidizes 3,5-dichloro-2-hydroxy-
benzenesulfonic acid and 4-aminophenazone
to form a red-violet quinoneimine compound
measured at 520 nm.

Red blood cells. Catalase (CAT) activity was de-
termined by measuring at 240 nm the decrease
in HyO, concentration.!> CAT activity is ex-
pressed as units per gram (U/g) hemoglobin.

Superoxide dismutase (SOD) activity was
measured as described.!® This method utilizes
xanthine and xanthine oxidase to generate su-
peroxide that reacts with 3-(4-iodophenyl)-2-
(4-nitrophenyl)-5-phenyltetrazolium (INT) to
form a red formazan dye that was measured at
505 nm. SOD activity is expressed as U/g he-
moglobin.
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RBCs were tested for sulfhydryl group (SH)
content using dithionitrobenzoic acid (DTNB)
at 412 nm as described.!” Reduced glutathione
(GSH) was used to prepare standard curve, and
SH content is expressed as micromole (umol)
GSH per gram (g) hemoglobin.

Malondialdehyde (MDA) content was mea-
sured by reacting RBCs with N-methyl-2-
phenylindole dissolved in acetonitrile and
methanol, followed by adding HCl. Samples
were incubated at 45°C for 1 hour, centrifuged
at 3000 rpm/min for 10 minutes, and the opti-
cal density of the supernatant was measured at
586 nm.

The hemoglobin content of RBCs was mea-
sured with Drabkin’s Reagent containing
potassium cyanide that forms cyanmethemo-
globin absorbing at 540 nm. Standard hemo-
globin solution (Randox Laboratories, Ltd.)
was used to prepare standard curve. All other
chemicals and reagents were obtained from
Sigma (St. Louis, MO).

Ethics

The present study was approved by the Lo-
cal Ethical Committee of Gdansk (KB-1207/05)
and procedures followed in accordance with
institutional guidelines.

Statistics

Data are presented as mean * standard de-
viation. Paired t test was used to compare the
data using Statistica 7.0 software (StatSoft Inc.,
Tulsa, OK). Differences with p < 0.05 were con-
sidered statistically significant.

RESULTS

The effects of KD are shown in Table 1. No
changes were observed in CBC or blood cells
morphology, as well as white blood cell count
(WBC), RBC, hemoglobin, and hematocrit val-
ues are shown. Body mass was significantly de-
creased from 61.7 £ 9.9 kg to 60.0 = 9.6 kg.
Change in total body fat from 27.1% * 5.9% to
25.1% = 5.5% was not significant. 3HB, TAS,
UA, and SH content were significantly in-
creased. MDA content was not altered. Activi-
ties of CAT and SOD remained unchanged.
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TasLE 1. EFrecT OF THE KETOGENIC DIET
ON THE BLooD oF HEALTHY SUBJECTS

Parameter Before diet After diet
D3HB (mmol/L) 0.03 = 0.06 0.73 + 0.082
WBC (g/L) 6.51 = 1.31 591 +1.31
RBC (T/L) 4.64 =025 457 £0.22
Hemoglobin (g/dL) 13.56 = 0.82 13.54 = 0.86
Hematocrit (%) 41.26 £ 1.84 40.41 £1.78
TAS (mmol/L) 1.53 = 0.02 1.74 = 0.122
UA (umol/L) 233.91 £ 40.61  285.63 = 50.292
SH (umol GSH/g Hg) 9.43 + 2.38 14.59 + 3.582
MDA (nM/g Hg) 5.92 + 0.64 6.00 = 0.51
CAT (U/gHg) 271.65 £ 31.50 286.46 = 39.88
SOD (U/g Hg) 631.36 = 108.72 611.28 £ 76.89

aStatistically significant (p < 0.05) difference.

Data are expressed as mean =* standard deviation (SD).

D3HB, 3-B-hydroxybutyrate dehydrogenase; WBC,
white blood cell count; RBC, red blood cell count; TA’s,
total antioxidant status; UA, uric acid; SH, sulfhydryl
group; MDA, malondialdehyde; CAT, catalase; SOD,
superoxide dismutase.

DISCUSSION

The present study administered to healthy
subjects a 14-day calorie-restricted, low-carbo-
hydrate, and high-fat KD. No changes were ob-
served in CBC or blood cells morphology. Be-
cause the diet did not cause negative changes
in global measurements of nutritional state in-
cluding glucose, albumin, and lipid profile,!® it
seems that 14 days KD does not impair nutri-
tional state.

3HB that is a marker of ketosis! significantly
increased, indicating subjects underwent ketosis.

Ketosis caused by KDs induces oxidative
stress in the plasma of patients with diabetes,’
whereas KDs elevate antioxidative capacity in
patients with neurological disorders.? The pres-
ent study found a significant increase in UA
and TAS in the plasma of healthy subjects af-
ter 14 days of KD. The diet used in the present
study was made of animal products enriched
in purines that increase the plasma UA.2° UA
scavenges oxidative free radicals and protects
against oxidative stress.?!?? This finding sug-
gests that 14 days KD increases the antioxida-
tive capacity in healthy subjects.

High level of ketone bodies causes lipid per-
oxidation and lowers glutathione in type 1 di-
abetes.!!

However, the present study found that lipid
peroxidation was not increased but SH content
was significantly increased in the healthy sub-
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jects. High blood glucose in diabetic patients
facilitates lipid peroxidation and decreases SH
content,”> whereas KDs are carbohydrate re-
stricted and do not increase blood glucose in
healthy subjects.!® Additionally, the KD used
in the present study increases high density
lipoprotein (HDL) in healthy female subjects.!®
HDL is a potent antioxidant preventing accu-
mulation of oxidized lipids.?*

The present study did not detect changes in
CAT or SOD activity. These findings provide
additional evidence for lack of elevated oxida-
tive stress after 14 days of KD in healthy sub-
jects.

Taken together, the present study shows that
14 days of KD increases antioxidative capacity
in the blood of healthy subjects. Elevated an-
tioxidative capacity was not an adaptive re-
sponse to increased oxidative stress, because no
evidence was obtained indicating increased ox-
idative stress. Increased antioxidative capacity
was also not due to inactivation of antioxida-
tive enzymes, because SOD and CAT activities
were not decreased. Thus, it seems that an-
tioxidative effects of 14 days carbohydrate and
calorie restriction superseded the possible ox-
idative stress induced by high fat and ketosis.
Such effect might derive from alteration in
macronutrient content, as well as elevated UA,
HDL, or amino acid turnover. Further studies
are required to test the effect of long-term KD
for the redox status of healthy subjects.

ACKNOWLEDGMENT

R.R. Nazarewicz and W. Ziolkowski con-
tributed equally. We thank all subjects who
took part in this study. Special thanks to Pro-
fessor M. Wozniak of Medical University of
Gdansk. We thank D. M. Marcinkowski for
technical assistance. This study was supported
by GMU (award 608/BW/GU/2006) and R. R.
Nazarewicz received travel grants from GMU.
Pedram Ghafourifar was supported by US Na-
tional Institute on Aging (award AG023246-02)
and the American Heart Association (award
0565221B). The present study was approved by
the Local Ethical Committee in Gdansk (KB-
1207/05) and procedures followed in accor-
dance with institutional guidelines.

10.

11.

12.

13.

NAZAREWICZ ET AL.

REFERENCES

. Coppola G, Veggiotti P, Cusmai R, Bertoli S, Cardi-

nali S, Dionisi-Vici C, Elia M, Lispi ML, Sarnelli C,
Tagliabue A, Toraldo C, Pascotto A. The ketogenic
diet in children, adolescents and young adults with
refractory epilepsy: an Italian multicentric experience.
Epilepsy Res 2002;48:221-227.

. Peterson S], Tangney CC, Pimentel-Zablah EM,

Hjelmgren B, Booth G, Berry-Kravis E. Changes in
growth and seizure reduction in children on the ke-
togenic diet as a treatment for intractable epilepsy. ]
Am Diet Assoc 2005;105:718-725.

. Sirven J, Whedon B, Caplan D, Liporace J, Glosser D,

O’Dwyer ], Sperling MR. The ketogenic diet for in-
tractable epilepsy in adults: preliminary results.
Epilepsia 1999;40:1721-1726.

. Reger MA, Henderson ST, Hale C, Cholerton B,

Baker LD, Watson GS, Hyde K, Chapman D, Craft
S. Effects of beta-hydroxybutyrate on cognition in
memory-impaired adults. Neurobiol Aging 2004;
25:311-314.

. Gasior M, Rogawski MA, Hartman AL. Neuropro-

tective and disease-modifying effects of the ketogenic
diet. Behav Pharmacol 2006;17:431-439.

. Ziegler DR, Ribeiro LC, Hagenn M, Siqueira IR,

Araujo E, Torres IL, Gottfried C, Netto CA, Goncalves
CA. Ketogenic diet increases glutathione peroxidase
activity in rat hippocampus. Neurochem Res 2003;28:
1793-1797.

. Beisswenger BG, Delucia EM, Lapoint N, Sanford R],

Beisswenger PJ. Ketosis leads to increased methyl-
glyoxal production on the Atkins diet. Ann NY Acad
Sci 2005;1043:201-210.

. Tsai WC, Li YH, Lin CC, Chao TH, Chen JH. Effects

of oxidative stress on endothelial function after a
high-fat meal. Clin Sci (Lond) 2004;106:315-319.

. Jain SK, McVie R, Jackson R, Levine SN, Lim G. Ef-

fect of hyperketonemia on plasma lipid peroxidation
levels in diabetic patients. Diabetes Care 1999;22:
1171-1175.

Jain SK, McVie R, Jaramillo JJ, Chen Y. Hyperketone-
mia (acetoacetate) increases the oxidizability of
LDL + VLDL in Type-I diabetic patients. Free Radic
Biol Med 1998;24:175-181.

Jain SK, McVie R. Hyperketonemia can increase lipid
peroxidation and lower glutathione levels in human
erythrocytes in vitro and in type 1 diabetic patients.
Diabetes 1999;48:1850-1855.

Gredilla R, Barja G. Minireview: the role of oxidative
stress in relation to caloric restriction and longevity.
Endocrinology 2005;146:3713-3717.

St Jeor SHBP. Nutrition Committee of the Council on
Nutrition, Physical Activity, and Metabolism of the
American Heart Association. Dietary protein and
weight reduction: a statement for healthcare profes-
sionals from the Nutrition Committee of the Council
on Nutrition, Physical Activity, and Metabolism of
the American Heart Association. Circulation 2000;104:
1869-1874.



EFFECT OF SHORT-TERM KETOGENIC DIET

14.

15.

16.

17.

18.

19.

20.

21.

Astrup A, Meinert LT, Harper A. Atkins and other
low-carbohydrate diets: hoax or an effective tool for
weight loss? Lancet 2004;364:897-899.

Aebi H. Catalase in vitro. Methods Enzymol 1984;
105:121-126.

Podczasy JJ, Wei R. Reduction of iodonitrotetra-
zolium violet by superoxide radicals. Biochem Bio-
phys Res Commun 1988;150:1294-1301.

Larson SK, Dwyer D, Lo HH, Ghafourifar P. Mito-
chondrial cytochrome c reacts with nitric oxide via S-
nitrosation. Biochem Biophys Res Commun 2006;342:
991-995.

Nazarewicz R, Zidlkowski W. Effect of short term low
carbohydrate high fat diet with caloric restriction on
metabolism. PJoES 2006;15:485-488.

Gilbert DL, Pyzik PL, Freeman JM. The ketogenic diet:
seizure control correlates better with serum beta-hy-
droxybutyrate than with urine ketones. ] Child Neu-
rol 2000;15:787-790.

Choi HK, Liu S, Curhan G. Intake of purine-rich
foods, protein, and dairy products and relationship
to serum levels of uric acid: the Third National Health
and Nutrition Examination Survey. Arthritis Rheum
2005;52:283-289.

Hooper DC, Scott GS, Zborek A, Mikheeva T, Kean
RB, Koprowski H, Spitsin SV. Uric acid, a peroxyni-
trite scavenger, inhibits CNS inflammation, blood-
CNS barrier permeability changes, and tissue damage

22.

23.

24.

439

in a mouse model of multiple sclerosis. FASEB ]
2000;14:691-698.

Santos CX, Anjos EI, Augusto O. Uric acid oxidation
by peroxynitrite: multiple reactions, free radical for-
mation, and amplification of lipid oxidation. Arch
Biochem Biophys 1999;372:285-294.

Ceriello A, Bortolotti N, Motz E, Crescentini A, Lizzio
S, Russo A, Tonutti L, Taboga C. Meal-generated ox-
idative stress in type 2 diabetic patients. Diabetes Care
1998;21:1529-1533.

Vohl MC, Neville TA, Kumarathasan R, Braschi S,
Sparks DL. A novel lecithin-cholesterol acyltrans-
ferase antioxidant activity prevents the formation of
oxidized lipids during lipoprotein oxidation. Bio-
chemistry 1999;38:5976-5981.

Address reprint requests to:
Dr. Pedram Ghafourifar

460 West 12" Avenue
Columbus, OH 43210

E-mail: Pedram.Ghafourifar@osumc.edu

Received: January 29, 2007
Accepted: April 9, 2007






