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ABSTRACT ARTICLE HISTORY
Objective: We examined the effects of short-term KD on exercise Received 3 November 2022
efficiency and hormonal response during and after the graded Accepted 22 September 2023
exercise testing.

Methods: Fourteen untrained healthy adultzs (8 males, 6 females, E:tz;g;%siet; exercise
age 26.4 + 3.1 [SD] years; BMI 24.8 £ 4.6 kg/m*; peak VO,max 54.0 + efficiency; exercise stress
5.8 ml/kg FFM/min) completed 3-days of a mixed diet (MD) fol-

lowed by another 3-days of KD after 3-days of washout period.

Upon completion of each diet arm, participants underwent graded

exercise testing with low- (LIE; 40% of VO,max), moderate- (MIE;

55%), and high-intensity exercise (HIE; 70%). Exercise efficiency was

calculated as work done (kcal/min)/energy expenditure (kcal/min).

Results: Fat oxidation during the recovery period was higher in

KD vs. MD. Despite identical workload during HIE, participants

after having KD vs. MD showed higher energy expenditure and

lower exercise efficiency (10.1 £ 0.7 vs. 12.5+0.3%, p <.01). After

KD, free fatty acid (FFA) concentrations were higher during MIE

and recovery vs. resting, and beta-hydroxybutylate (BOHB) was

lower at HIE vs. resting. Cortisol concentrations after KD was

higher during recovery vs. resting, with no significant changes

during graded exercise testing after MD.

Conclusions: Our data suggest that short-term KD is favorable to

fat metabolism leading increased circulating FFA and BOHB during

LIE to MIE. However, it is notable that KD may cause 1) exercise

inefficiency manifested by increased energy expenditure and 2)

elevated exercise stress during HIE and recovery.

Trial registration: KCT0005172, International Clinical Trials Registry
Platform.
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1. Background

Obesity is a global health concern [1] as it can cause various metabolic health disorders
including insulin resistance, metabolic syndrome, and type 2 diabetes [2]. Although
pharmacological treatment of those metabolic diseases is an efficient solution, lifestyle
modifications including diet and exercise are considered the first-line preventive/thera-
peutic approach to tackle any metabolic disturbances with minimal adverse events
compared to drug treatments [3,4]. Of them, a ketogenic diet (KD), which is comprised
of very low carbohydrate contents (20-50 g/day) [5], has been suggested to treat obesity
[6], metabolic syndrome [3], and type 2 diabetes [7] by improving their metabolic,
inflammatory and dysglycemic biomarkers.

Despite potential merits of KD on metabolic health [3,6,7], it is controversial whether KD
has positive or negative impact on exercise performance [8-10] and exercise efficiency
[11,12], and exercise fatigue [13,14] during endurance exercise. A recent systematic review
and meta-analysis of 10 studies reported that mid- (3-6 weeks) to long-term (>3-4 months)
KD had no striking effects on aerobic capacity measured by maximal oxygen consumption
(VO,max), and exercise performance measured by time to exhaustion, and fatigue mea-
sured by the rating of perceived exertion (RPE) during endurance exercise [15]. In addition,
two studies reported inconsistent findings with respect to the effect of KD on exercise
efficiency [11,12]. Cole et al. [11] observed no changes (within each group) and differences
(between two groups) in exercise efficiency after 3 days of moderate amount of carbohy-
drate diet vs. after 3 days of low-carbohydrate diet in 15 healthy trained male cyclists.
Conversely, Shaw et al. [12] observed that a 31 days of KD reduced exercise efficiency
during treadmill exercising at > 70% VO,max (exercise efficiency was preserved at < 60%
VO,max) in eight trained male endurance athletes. Furthermore, previous findings [16-19],
including well-trained endurance athletes or competitive recreational athletes, showed
that both short-term (<7 days) and long-term KD (>3-4 months) alters metabolic response
to exercise, resulting in changes in substrate utilization, particularly a shift toward increased
fat oxidation and reduced reliance on carbohydrates compared to moderate and high
carbohydrate diets. However, individual responses to the KD can vary depending on the
duration of diet periods and training status.

As such, there is accumulating interest in KD research with respect to exercise perfor-
mance and/or exercise efficiency and/or substrate utilization in well-trained endurance
athletes [15,17,20,21]; however to date, limited evidence is available in terms of 1) very
short-term (within 2 weeks) KD effects and 2) exercise-related metabolic response to the
KD in non-trained healthy adults. Therefore, the purpose of this study was to investigate
potential effects of a short-term (3 days) KD on exercise efficiency and metabolic/hormo-
nal responses at rest and during graded exercise testing and recovery in untrained healthy
adults.

2. Methods
2.1. Participants

A total of 14 adults (age 18-45 years, eight males and six females) participated in the
present study, which was approved by the Yonsei University Institutional Review Board,
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Seoul, South Korea (Yonsei IRB no. 201701-HR-744-03). A signed consent form was
collected from each participant. The exclusion criteria were: history of hypertension or
cardiovascular disease or diabetes; use of any medications in the past 3 months, including
any hormonal contraceptive use that could affect the responsiveness to aerobic endur-
ance training; pregnant and/or menstruating individuals.

2.2. Experimental procedure

This study consisted of three visits before and after each intervention (i.e. two diet
arms). All participants came to the Yonsei Exercise Physiology Laboratory at 7:30
am after a 10 h overnight fast, and they were asked to abstain from caffeine,
smoking, drinking alcohol, and moderate to vigorous physical activity for at least
24 h prior to measurements. All participants completed the following study pro-
cedures (Figure 1). At Visit 1, body composition was measured with a bioelectrical
impedance analysis device (InBody 720, Biospace, Seoul, South Korea). To measure
cardiorespiratory fitness level, VO,max test was determined by peak VO, , and
conducted on a treadmill employing a computerized cardiac stress testing system
(Cardiac Science, Q-stress TM65, Waukesha, WI, USA). During the test, participants
wore a non-rebreathing facemask (Hans Rudolph, Rudolph series 7910, Kansas, MO,
USA), while their heart rate (HR) was continuously measured using radiotelemetry
(Polar, Electro Oy, Finland). Oxygen consumption was continuously monitored
breath-by-breath through utilization of a computerized metabolic measurement
system (ParvoMedics, TrueOne 2400, Sandy, UT, USA). A well-trained researcher
followed the Bruce protocol [22]. Together with voluntary exhaustion, the following
criteria were used to determine whether VO,max was reached: a plateau in VO,
despite an increase in workload and a respiratory exchange ratio (RER) =1.10,
within 5bpm of the HRmax. At Visit 2 (after the completion of Mixed Diet [MD]),
body composition and resting energy expenditure (REE) were measured. During
REE testing, all participants rested for 30 min, while wearing a non-rebreathing
facemask in a quiet and private room within the exercise physiology lab, where the

Visit 1 3-days Mixed Diet | Visit 2 3-days Wash-out 3-days Ketogenic Diet | Visit 3
Body composition  Diet record Diet record
VO,max test

Dietary education

Visit2 & 3
Graded exercise test with indirect calorimetry

VO2 max
9 70%
High

VO2 max
55%

Blood
Sampling Moderate
VO2 max

40%

o

Low

Body 2
Composition 5 iy 1520min _ 10-1Smin _ 5-10 mi 30 min ks

REE Incremental Treadmill Test Recovery

Figure 1. Study design. Abbreviation: REE; resting energy expenditure.
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temperature and humidity were carefully controlled. The modified Weir equation
was used to calculate REE [23]. After the REE measurement, participants ran on
a treadmill with a 5% incline until they expended 100 kcal at exercise intensities (a
total of 300 kcal) of low (40% of VO,max), moderate (55% of VO,max), and high
(70% of VO,max) [24]. At the end of an exercise session, participants rested for 30
min in a supine position. During graded exercise testing, RPE was measured using
the Borg scale 6-20 at the end of each exercise [25]. After the second visit,
participants completed a 3-day washout period, followed by 3 days of a KD. At
Visit 3, the same protocol and identical measurements of the Visit 2 were applied
to all participants who completed KD 3 days.

2.3. Dietary intervention: 3 days of a Mixed Diet (MD) or Ketogenic Diet (KD)

All participants were instructed to be on a MD for 3 days followed by a KD for 3
days after having 3-day washout periods. Participants were educated on dietary
composition for the MD and the KD at the first visit, and they were educated
about the benefits and negative effects of both dietary interventions. The recom-
mended proportions of each nutrient for MD were 15% fat, 25% protein, and 60%
carbohydrate, whereas the KD was composed of 75% fat, 20% protein, and 5%
carbohydrate [26]. Participants were asked to keep a dietary record during the 3
days of MD or KD. The dietary composition was analyzed using CAN Pro version 5.0
software (Computer-Aided Nutritional Analysis Program, 2016 Korean Nutrition
Society).

2.4. Analyses of biomarkers

All participants fasted at least 10 h before blood sampling and did not consume any food
during testing. The blood samples were collected at the following time points during
the second and third visits: 1) baseline (after testing REE), 2) after each exercise (low, moderate,
high), and 3) 30-min post-exercise recovery. Blood samples (10 mL each) were collected by
standard venipuncture into a plain tube. The blood samples were centrifuged at 3,000 rpm for
10 min. The serum was separated and stored at —80°C until further analysis. Serum concen-
trations of fasting glucose, total cholesterol, high-density lipoprotein cholesterol, free fatty
acids (FFAs), beta-hydroxybutylate (BOHB), and triglycerides were assayed using the ADVIA
1650 Chemistry system (Siemens, Tarrytown, NY, USA), with inter-assay coefficient of variation
(CV) 0.5-1.6% and intra-assay CV 0.9-2.4%. Fasting insulin was assessed with an electroche-
miluminescence immunoassay using the Elecsys 2010 (Roche, Indianapolis, IN, USA).
Epinephrine, norepinephrine, triiodothyronine (T3), and tetraiodothyronine (T4) were mea-
sured with enzyme immunoassay kits (Mesdia, Seoul, Korea).

2.5. Exercise efficiency

The calculation of exercise efficiency was based on gross efficiency [27], which divides the
work accomplished per minute (Watts converted to kcal/min) by the total energy cost
required to do the work:
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Gross Efficiency (%) = Work Done (kcal/min)/Energy Expenditure (EE) (kcal/min) x 100

EE at rest and during steady-state exercise was calculated using the Weir equation [23]: EE
(kcal/min) = 3.9 x VO, (I/min) + 1.1 x VCO5 (I/min)

2.6. Statistical analyses

Descriptive analysis was conducted for all variables. Mauchly’s W tests were used to verify
the estimated sphericity, and the Greenhouse-Geisser correction was conducted when
the assumption of sphericity was found to be violated. Before implementing parametric
tests, the assumption of normality was confirmed using the Kolmogorov-Smirnov test.
Within-group changes from the MD to the KD were examined using Student’s paired-tests
for dependent variables. A two-way repeated-measures analysis of variance was used to
examine the main effect of the diets, the main effect of exercise protocol time points, and
interaction between diet and exercise protocol time points for each variables of interest.
A post-hoc analysis was conducted when a significant effect was observed using
Bonferroni adjustments for multiple comparisons. Data were analyzed using SAS 6.4
software (SAS Institute, Cary, NC, USA) and presented as mean £ SD, unless otherwise
specified, with significance set at P <.05.

3. Results

Fourteen untrained healthy adults successfully completed all requirements asso-
ciated with the current study protocols. At baseline, mean values (with SD) of the
participants’ age, body mass index (BMI), and maximal oxygen consumption (VO,
max) were 26.4 +3.1years, 24.8+4.6 kg/mz, and 54.0 £ 5.8 ml/kg FFM/min, respec-
tively (Table 1). Table 1 shows that all participants have “good” or “excellent” VO,
max scores when compared to sex and age-appropriate reference values (men:
>42.5 ml/kg/min, women: >33.0 ml/kg/min) [24]. Male had higher height, weight,
muscle mass, fat-free mass, body fat percent, and VO,max compared with female,
with no differences in age, BMI, and fat mass. All participants complied with the
recommended MD and KD compositions. Fat and protein intake was higher and

Table 1. Participants’ characteristics.

Total (N=14) Men (N=28) Women (N =6) p value

Age (years) 26.4 3.1 275+£29 248 2.7 .108
Height (cm) 1703+7.6 176.2+10.8 163.2+44 .001
Weight (kg) 73.0+16.2 84.7+10.8 573127 .001
BMI (kg/mz) 248 +4.6 24.1+£9.2 215+ 1.1 513
Muscle Mass (kg) 31.0+8.1 374+34 225+1.1 .001
Fat Mass (kg) 178+4.4 19.1+54 16.2+23 24

FFM (kg) 55.1+£13.3 65.6+5.9 41.1+£20 .001
Body Fat Percent (%) 247 £4.6 222+36 282+33 .008
VO,max (ml/kg/min) 40.6+4.8 439+3.3 36.3+20 .001
VO,max (ml/kg FFM/min) 540+5.8 56.6 £ 6.1 506+33 .036

Mean=SD. Abbreviation: BMI; body mass index, FFM; fat-free mass, VO,max; maximal oxygen consumption.
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carbohydrate intake was lower in the KD vs. the MD. However, no significant
difference in total energy intake was observed between the two diet groups
(Supplementary Table S1).

3.1. Body composition in response to ketogenic diet vs. mixed diet

Compared with MD group, KD group had lower in bodyweight (74.9 +£ 16.2 vs. 70.7 £ 15.6 kg,
P =.001), muscle mass (32.0+ 8.1 vs. 30.0+ 79kg, p =.001), FFM (56.7 £ 13.3 vs. 54.0 + 12.5
kg, P =.001), and total body water (40.4 + 9.8 vs. 38.8 +9.4, P=.001), while BMI, body fat
percentage, and fat mass did not change (data not shown).

3.2. Exercise efficiency at rest and during graded exercise

Exercise efficiency measured by gross efficiency decreased in the KD vs. MD (P =.045),
and during exercise testing (P=.001), while there was no significant interaction
between group (KD vs. MD) and time (LIE vs. MIE vs. HIE) (P=.761) (Figure 2).
Exercise efficiency gradually decreased as exercise intensity increased from low to
mid to high in both MD and KD groups (P=.001). Exercise efficiency was lower during
HIE after the KD compared with the MD (P <.05) (Figure 2). There were no significant
differences in exercise efficiency during LIE and MIE between the two diet arms.

--e--MD Group, P <0.05

Time, P=0.001
20k —=— KD Interaction, P = 0.761

-
(4]
I

Exercise Efficiency (%)
L)

5 1 1 1
Low Moderate High

Figure 2. Exercise efficiency at mixed diet and after short-term ketogenic diet. Abbreviation: MD;
mixed diet, KD; ketogenic diet, CHO; carbohydrate. *: significant difference of P < .05, between MD and
KD. *: significant difference of P < .05, between compared to baseline value.
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Figure 3. Substrate utilization at mixed diet and after short-term ketogenic diet. CHO (a); fat (b).
Abbreviation: MD; mixed diet, KD; ketogenic diet, CHO; carbohydrate. *: significant difference of
P < .05, between MD and KD. *: significant difference of P <.05, between compared to baseline
value.

3.3. Substrate utilization at rest and during graded exercise

Figure 3 demonstrates statistically significant effects of diet intervention on carbohydrate
oxidation (P =.002), and fat oxidation (P =.029), and significant effects of exercise in both
substrate utilization during the graded exercise testing were observed in both groups
(MD and KD, all P=.001). Moreover, a significant interaction in the carbohydrate oxidation
was detected (P=.004). When comparing fuel oxidation rates between the two diet
groups, carbohydrate oxidation was ~2.3-fold higher in the MD than in the KD at rest,
during LIE, MIE, HIE, and recovery period (all P <.01) (Figure 3a), while fat oxidation was
~1.3-fold higher in participants consuming the KD than the MD at rest, during LIE, MIE,
HIE, and recovery period (all P <.05) (Figure 3b).

Table 2 indicates HR, oxygen consumption, RER, EE, RPE, and exercise time values after the
mixed and ketogenic diets during the graded exercise protocol. During the graded exercise
from low to high intensity, HR and oxygen consumption were significantly higher, and RER
was lower in the KD compared with the MD (Table 2). A two-way repeated measures ANOVA
and post hoc tests revealed that significant effect are observed at rest on the oxygen
consumption and RER (P=.002 and P=.001), during the LIE (P=.001 and P=.001), MIE
(both P=.001), HIE (both P=.001), and the recovery period (P=.018 and P=.001) after the
KD vs. MD. Furthermore, a significant interaction in the carbohydrate oxidation was detected
(P=.004). After the KD, EE was higher at rest and high-intensity exercise compared to the MD
(both P < .05) (Table 2). RPE was higher during low- and high-intensity exercise after the KD vs.
MD (Table 2). There was no difference in exercise time detected between the two diet groups.

3.4. Hormonal response at rest and during graded exercise

With respect to FFA concentrations, Figure 4a reveals main effects for diet intervention
(P=.001) and exercise (P=.001), and an interaction effect (P=.001). Post hoc tests
showed that KD groups have higher serum FFA concentrations at rest (P=.001), during
the exercise and at recovery (all P=.001) compared to the MD group because of the
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Figure 4. Fasting blood parameters. Abbreviation: MD; mixed diet, KD; ketogenic diet. Free fatty acids
(a); BOHB (b); glucose (c); insulin (d); cortisol (e). *: significant difference of P < .05, between MD and
KD. *: significant difference of P < .05, between compared to baseline value.

nature of diet composition in the two diet arms. Our within-group analysis showed
that serum FFA concentrations maintain constant during the graded exercise testing
from low-, to moderate-intensity. However, a significant decrease in FFA concentra-
tions was observed during high-intensity exercise in individuals after the KD, and an
increase in FFA concentrations was noted during the recovery period in both diet
groups (Figure 4a). For BOHB concentrations, main effects for diets (P=.001) and
exercise (P=.001) were observed, while there was no interaction effect between
diets and exercise (P=.071). Post hoc tests exhibited that BOHB concentrations are
higher at rest (P=.001), during exercise (all P<.01), and recovery period (P=.002) in
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the KD vs. the MD groups (Figure 4b). BOHB concentrations decreased gradually over
the exercise testing with a subsequent rebound of BOHB concentrations at the
recovery period (Figure 4b). In contrast, after the MD, BOHB concentrations did not
change over the exercise testing, yet a significant increase in BOHB was observed at
the recovery period.

With respect to glucose concentrations, Figure 4c shows significant main effect for diet
intervention (P=.001), and exercise (P=.001), but no interaction effect was observed (P
=.850). Our between-group analysis (by post hoc tests) showed that glucose concentra-
tions of KD group decreased at rest (P=.001), during the graded exercise (all P=.001), and
the recovery (P =.001) compared to those concentrations of MD group (Figure 4c). For the
glucose metabolism, within-group analysis showed that glucose concentrations increase
at high-intensity exercise compared to the resting period in both diet groups, with no
change in glucose concentrations during low- to moderate-intensity exercise compared
to resting period in both diet groups (Figure 4c). For insulin concentrations, main effects
for diets (P =.003) and exercise (P=.001) were observed, while there was no interaction
effect between diets and exercise (P=.184). Our between-group analysis showed that
individuals after the KD have lower insulin concentrations at rest (P =.004), during low-
moderate- and high-intensity exercise (all P <.05), and the recovery period (P=.001)
compared to MD group (Figure 4d). For the insulin dynamics, our within-group analysis
showed that insulin concentrations decrease along with elevation of exercise intensity in
both diet groups, with no differences in insulin concentrations between rest vs. recovery
periods (Figure 4d).

In terms of cortisol concentrations, main effects for exercise (P =.025) were observed,
while there were no diets (P=.36) and interaction effect (P=.184). Between-group
analysis showed that KD group has higher cortisol concentrations at moderate-, high-
intensity exercise (all P <.05), and recovery period (P =.009) compared to the MD group
(Figure 4e). Within-group analysis showed that cortisol concentrations increase during
high-intensity exercise and the recovery period after the KD compared to the resting
period. In contrast, after the MD, cortisol concentrations did not change over the exercise
testing (Figure 4e).

For the T3 and T4 dynamics, our between-group analysis showed that T3 con-
centrations were generally lower over exercise testing after KD compared to the MD
(all P=.001), and T4 concentrations were higher at rest (P=.024) and the recovery
period (P=.003) after the compared to the MD (Table 3). Our within-group analysis
showed that T3 and T4 concentrations does not change over the graded exercise
testing from low-, to moderate-, to high-intensity, and recovery period compared to
the resting period in both diet groups (Table 3).

Lastly, between-groups analysis showed that epinephrine concentrations increase
during high-intensity exercise after the KD compared to the MD (P =.041); however,
norepinephrine concentrations did not change after KD compared to the MD
(Table 3). Our within-group analysis showed epinephrine concentrations does not
change in response to exercise in either diet group; however, norepinephrine con-
centrations significantly increase at recovery period compared to the resting group
(Table 3).



JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION 815

"J31p 21Uab033Y 0 PaXIW JaYYS dNjeA dulfaseq o3 paledwod ‘50" > d Jo dudIYIP JuedYIubIS,
"131p 21usb013Y pue 13Ip PaXIW USBIMII] ‘SO > d JO dUIYIP JuRdYIUBIS,
"uIX0JAy3 ] ‘duiuoikylopolis} :g] ‘sunydauidaio :3-10N :uoneIARIqqy dSFUe|

(Tw/6d)
8810 990  ¥8TO0 LELFECE  IEF6IC 'y F €9 6EF69T  SOFLLC 6EFELL  LLFO6C  SSLFETE OV FLLT 06FT6C 3-10N

(Jw/Bd)
6710 08/0 TL60 SOLFE0E «ECLFFEC LYLF6EC LSLFLLC TOLFLLE OVLFO6L 9SLFOCE  9CULFLHC vYSLF6EC ¥ILFC6C duuydauidy
670 L000 €610 «/'L¥88 SLFT6 OLF /L8 SLFV8  «9LF98 TLF6L SLF88 VIFL Y1F08 LLF6L  (1p/bn) L
€8€°0 S000 /L00 «C0F60  «L0F60  «L0F60 «L0F60 «T0F60 CTOFLL TOFTL TOFLL TOFLL TOFLL  (w/bu) gl
uonpesdu| (3sIX3) (331Q)  A1anoday Ajsuazuy Ausuaug Ajsuazuy 159y JSETVREN] Ausuaiul Ausuaiul Aysuaun 159y s9|qelep

swil  dnoip ybIH pow Mo ybIH pow Mo
$21SIeIS YAONY (¥1 = N) 1310 d1uabo1aY (PL =N) 321Q paxI

"|0d0304d 3sppIaxa Hulnp pue 131p d1uaho1ay 01 asuodsas [eUOWIOH € 3|qel



816 W. CHO ET AL.

4. Discussion

The present study compared the effects of 3 days of KD vs. MD on body composition,
exercise efficiency, substrate utilization, and metabolic/hormonal regulation during
a graded exercise test. After the KD compared with the MD, participants had: 1) significant
weight loss, most of it due to a reduction in muscle mass, 2) impaired exercise efficiency as
indicated by 16% decrease in gross efficiency during high-intensity exercise; 3) decreased
RER, indicative of increased fat utilization as a fuel, during the graded exercise; 4)
increased ketosis as evidenced by a two-fold increase in FFAs and BOHB; and 5) increased
exercise stress measured by higher RPE during the exercise and higher cortisol concen-
trations during the recovery period, respectively.

Our data showed a significant body weight reduction in response to the 3-day KD
vs. MD resulting from muscle mass loss, without any change in fat mass. In line with
our study, a recent systematic review showed that effects of a KD on body mass
changes in individuals with normal weight over a period of 3-12 weeks in the 18
studies [28]. Fifteen studies observed reductions in body mass, averaging approxi-
mately 2 kg. Additionally, the 14 studies that examined body composition, 12 of them
reported decreases in fat mass [28]. However, previous studies implementing long-
term ketogenic diets demonstrated a significant reduction in fat mass [29,30].
Compared to the long-term KD, the decrease in muscle observed in our short-term
KD might be attributed to the reduction in total body water caused by glycogen
depletion. Glycogen stores are typically depleted within 48 h during carbohydrate
restriction diet, the process entails the mobilization of glycogen stored in the liver and
muscles [31]. Each gram of glycogen mobilized is accompanied by approximately 2
g of water. Consequently, it is estimated that the total mobilization of glycogen stores
leads to a weight loss of approximately 1 kg [32]. Despite the potential limitations in
the assessment of body composition, the reduction in body weight is significant for
endurance athletes, given that carrying weight distally during exercise increase the
aerobic demand during exercise [33].

Our major novelty of the present study is that the short-term KD reduced exercise
efficiency during high-intensity exercise compared with the MD despite having similar
concentrations of exercise efficiency until mid-intensity exercise between the two diet
arms. This is further supported by the observation of increased oxygen consumption and
higher EE during high-intensity exercise after the short-term KD. This results coincide with
a study [12] demonstrating exercise inefficiency measured by predicted VO, during
exercise after 31-days of KD. Shaw et al. [12] showed that 31-days of the KD derive
impaired exercise efficiency, particularly at >70% VO,mayx, as evidenced by increased EE
in eight male elite runners with a higher oxidative capacity measured by VO,max from
treadmill test. However, Cole et al. [11] reported that there were no differences in exercise
efficiency between moderate-carbohydrate and 3-days of low-carbohydrate diet in 15
trained male cyclists. The study observed reduction of exercise efficiency (3.5%) during
submaximal cycling (60% maximal minute power) following a 3-days of low-carbohydrate
diet compared with a 3-days of high-carbohydrate diet. Collectively, above inconsistent
findings from multiple studies including ours in terms of KD effects on exercise efficiency
would be stemmed from differences in EE. The increase in EE when consuming a KD,
compared to a MD, may be due to the thermic effect of food [34], uncoupling protein [35],
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and increased hepatic oxygen consumption proportional rate to the rate of ketone
production [36]. However, the mechanism regarding KD and increased EE remains unclear
[37]. Furthermore, another potential difference is study design, i.e. exercise intensity and
target participants.

In the present study, we could verify that all participants were in ketosis after the KD
from a series of our observations regarding lower RER, FFAs, BOHB together with higher
fat oxidation and lower carbohydrate oxidation at rest, during and after the graded
exercise testing. Those observations may provide insights into potential mechanism
responsible for the relationship between the KD and exercise inefficiency. First,
a significant decrease in RER in participants after the KD vs. the MD attests ~1.3-fold
higher fat oxidation and ~2.3-fold lower carbohydrate oxidation during the graded exer-
cise testing. Our observation is in line with previous studies showing that KD increased fat
oxidation and reduced the carbohydrate oxidation during exercise [5,8,9,12,16-19]. In
a recent study by Prins et al. [17] found that the consumption of a short-term KD (4-days)
resulted in a significant ~4.5-fold increase in the rate of fat oxidation, from ~0.14 to ~0.63
g min~" during a 5-km time trial performed at an intensity of about 82-84% of VO,max in
seven male competitive recreational athletes. Additionally, a longer period of 7 days on
the KD led to ~1.8-fold higher rates of fat oxidation and reduced carbohydrate utilization
in nine endurance-trained males [19]. This suggested that a KD decreases availability of
carbohydrate substrate, potentially followed by additional decrease in muscle and hepatic
glycogen stores during exercise [38]. Considering the important role of carbohydrates as
a major energy resource during high-intensity increases (>65% VO,max) [39] and a source
of carbon for biosynthesis and anaplerosis [40], it is physiologically natural that the KD
derives elevation of fat availability along with reduced muscle glycogen content, thereby
potentially causing impaired endurance performance during exercise [41,42].
Furthermore, given that fat oxidation requires more oxygen for combustion to generate
the equivalent yield compared to carbohydrate oxidation, oxygen uptake would have
been expected to increase after consuming the KD. This increased oxygen cost of exercise
after ketosis can then impair exercise efficiency especially during high-intensity endur-
ance exercise [9]. Therefore, an elevated fat oxidation rate and reduced carbohydrate
oxidation rate after the KD is likely to increase exercise inefficiency during high-intensity
exercise.

Our findings of increased concentrations of circulating FFA and BOHB during a graded
exercise after the short-term KD compared with the MD further support that participants
were in ketosis. FFA and BOHB concentrations significantly decreased during high-
intensity exercise but significantly increased during the recovery period in individuals
after the KD. As previously noted (i.e. KD led increased fat oxidation), it could be
speculated that the KD derives an increase in FFA contribution to the total EE over
exercise testing compared with the MD. Taken together, due to the lack of optimal
carbohydrate availability, increased FFA oxidation results in the formation of ketone
bodies (BOHB, acetoacetate, and acetone) as an additional fuel source of metabolism
[5], and spares endogenous carbohydrate stores to maximize fat oxidation [5,10,11]. It
could be postulated that the mechanisms provided above (i.e. increased fat availability
relative to carbohydrate together with our ketosis theory) can be promising drivers for
exercise inefficiency during the high-intensity exercise.
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Several studies investigated the metabolic and hormonal responses to aerobic
exercise in a glycogen-depleted state resulting from adaptation to a mid to long-
term KD in well-trained male endurance athletes [43-46]. These studies showed that
a KD increases activation of the sympathetic nervous system, decreases insulin con-
centrations, and enhances the secretion of glucagon, adrenaline, cortisol, and growth
hormone [43-46]. Although our participants consumed only 3 days of the KD, we also
observed significant decreases in circulating glucose and insulin concentrations and an
increase in cortisol concentrations during a graded exercise testing, which were in line
with previous studies [43-46]. These hormonal changes were probably due to short-
term ketosis enhancing the glucostatic mechanism. Thus, depletion of muscle and liver
glycogen due to the KD could stimulate lipolysis and glucose production, derived by
potential alternations in the secretion of glucoregulatory hormones such as glucagon
[47]. Another debating finding from ours and others would be a significant increase in
EE in individuals who took the KD vs. the MD. We observed a decrease in circulating T3
concentrations in our participants after the KD. Despite the fact that thyroid hormones
could significantly and negatively affect EE [48,49], we did not observe reduction in EE
during exercise testing. In fact, there was a significant increase in EE accompanied by
an increased HR, without any changes in epinephrine or norepinephrine concentra-
tions which could affect sympathetic tone and metabolic rate. Our findings suggest
that other factors besides thyroid hormones and sympathetic response to the KD may
play a role in EE regulation during exercise.

Our observations of elevated cortisol concentrations and increased RPE scores at high-
intensity exercise in participants who took the KD vs. MD support the relationship between
KD and exercise stress. This was the same case in recreational male athletes who took
a 2-weeks of KD [50]. Increased concentrations of cortisol, which is a neuroendocrine marker
of stress, reflected the stress [51], and highly correlated with RPE level and pain perception
during exercise [52]. It is confirmed by us showing increased levels of RPE at high-intensity
exercise together with elevation of cortisol concentrations. According to the previous reports
[50,53,54], participants who consumed very low-carbohydrate diets had higher concentra-
tions of cortisol during endurance exercise compared with those who took normal or high
carbohydrate diet. We speculate that low-carbohydrate availability during high-intensity
exercise could derive increased burden of protein breakdown and cortisol promoting gluco-
neogenesis in the liver [55,56]. Additional mechanistic studies should be warranted to
investigate relationship between changes in stress and ketosis over a variety of KD periods.

Our study has strengths and limitations. First of all, the present investigation provides new
evidence of very short term (3-days) KD effects on substrate utilization and metabolic
regulations during exercise in untrained healthy adults. Moreover, the current study also
investigated exercise efficiency according to the different exercise intensities (low, moderate,
high) between participants consumed MD vs. KD. Our study has several limitations as well.
First, we could not control for potential confounding factors including physical activity,
habitual diet, and menstrual cycle/hormonal contraception. Second, although we had
3-days of wash-out periods between the two diet arms, it is possible that participants had
learning effect after MD prior to the KD. Lastly, because we had a relatively small sample size,
a larger trial with comprehensive examinations of exercise performances, such as exercise
time trial, sprint test, and critical power test should be warranted.
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5. Conclusions

In summary, a very short-term KD is favorable for fat metabolism leading to increased
circulation of FFAs and BOHB during low to moderate exercise in untrained healthy adults.
However, a KD may cause exercise inefficiency manifested by increased EE during exercise
and elevated exercise stress during high-intensity exercise and recovery as evidenced by
the RPE and high cortisol concentration.
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