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[Purpose] Although several physiological roles of lac-
tate have been revealed in the last decades, its effects
on energy metabolism and substrate oxidation remain
unknown. Therefore, we investigated the effects of
lactate on the energy metabolism of resting rats.

[Methods] Male rats were divided into control (Con;
distilled water), caffeine (Caf; 10 mg/kg), L-lactate
(Lac; 2 g/kg), and lactate-plus-caffeine (Lac+Caf; 2 g/
kg + 10 mg) groups. Following oral administration of
supplements, resting energy expenditure (study 1),
biochemical blood parameters, and mRNA expression
involved in energy metabolism in the soleus muscle
were measured at different time points within 120 min-
utes of administration (study 2). Moreover, glycogen
level and Pyruvate dehydrogenase (PDH) activity were
measured.

[Results] Groups did not differ in total energy expen-
diture throughout the 6 hour post-treatment evaluation.
Within the first 4 hours, the Lac and Lac+Caf groups
showed higher fat oxidation rates than the Con group
(p<0.05). Lactate treatment decreased blood free fatty
acid levels (p<0.05) and increased the mRNA expres-
sion of fatty acid translocase (FAT/CD36) (p<0.05) and
peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a) (p<0.05) in the skeletal
muscle. Hepatic glycogen level in the Lac+Caf group
was significantly increased (p<0.05). Moreover, after 30
and 120 minutes, PDH activity was significantly higher
in lactate-supplemented groups compared to Con
group (p<0.05).

[Conclusion] Our findings showed that Lac+Caf en-
hanced fat metabolism in the whole body and skeletal
muscle while increasing hepatic glycogen concentra-
tion and PDH activity. This indicates Lac+Caf can be
used as a potential post-workout supplement.

[Keywords] fatty acid translocase, carbohydrate oxi-
dation, PGC-1a, respiratory exchange ratio, glycogen,
FAT/CD36, CPT1b, PDK4, PDH activity
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INTRODUCTION

Lactate has been regarded as a waste product of anaerobic glycolysis
(e.g., during high-intensity exercise), and because of its acidic nature,
has often been viewed as a potential cause of muscle fatigue during exer-
cise™?. However, lactate production occurs naturally regardless of oxygen
concentration in our body. Moreover, the lactate acidosis paradigm has
been drastically reconsidered, as it is currently known that lactate is not
responsible for acidosis. Instead, acidosis associated with exercise has
been argued to be induced by increased H' production from ATP hydro-
lysis®. Based on the lactate shuttle theory, lactate can be produced and
transported to adjacent organs, where it is oxidized. During exercise of
any intensity, the energy for muscular contraction is also provided by lac-
tate.

Motivated by the novel physiological roles of lactate, researchers have
investigated the effects of exogenous lactate administration on muscle.
For example, lactate administration upregulates peroxisome prolifer-
ator-activated receptor gamma coactivator 1-alpha (PGC-1a) mRNA,
which is related to mitochondrial biogenesis in the muscle*. Moreover, a
cell-based approach revealed that lactate supplementation increases satel-
lite cell activity and anabolic signals in C2C12 cells®. In rats, administra-
tion of a lactate-based supplement associated with low-intensity exercise
elevates the number of myonuclei, indicating that lactate effectively
promotes the development of muscle mass®. Furthermore, lactate is used
as fuel much faster and to a greater extent than glucose, when ingested in
sports drinks®. Nevertheless, it is still unknown how exogenous lactate is
metabolized with time and how it affects energy substrate utilization. No-
tably, these previous studies used lactate-based supplements, which actu-
ally contain lactate and caffeine. Hashimoto et al.” reported that sodium
lactate and caffeine treatment followed by voluntary wheel running for
S weeks lowered the scapular fat weight relative to that of the exercise
group, along with lower body weight than that of the sedentary group.
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Concurrently, proteins, including comparative gene identifi-
cation (CGI)-58 and hormone sensitive lipase (HSL), were
higher in the lactate- and caffeine-treated groups than in the
sedentary group. However, previous studies have not eluci-
dated the metabolic effects of lactate or caffeine. Therefore,
an investigation of the metabolic effects of lactate alone
and in combination with other substances is needed®. More-
over, our laboratory previously studied the effect of lactate
administration in terms of glycogen synthesis and demon-
strated that glycogen synthesis enzymes such as pyruvate
carboxylase and glycogen synthase 2, increased following
treatment with the same dosage of lactate®. In this context,
the glycogen levels and specific mechanism based upon pre-
vious findings require further investigation.

The purpose of this study was to examine the effect of
lactate on energy metabolism and energy substrate utiliza-
tion in rats. This effect was compared to that of caffeine and
a mixture of lactate and caffeine, as caffeine is commonly
used as a positive control in these types of studies due to
the promotion of fat oxidation, energy expenditure'®'®, and
exogenous carbohydrate oxidation during exercise'. We
hypothesized that lactate can significantly increase fat ox-
idation and exert a synergistic effect with caffeine, which
might enhance fat metabolism-related mRNAs. Thus, we
hypothesized that lactate administration can enhance hepatic
glycogen concentration.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (7 weeks old) were housed in
standard plastic cages under controlled relative humidity (50
%) and temperature (23 = 1°C) conditions, with alternating
12 hours of light (07:00-19:00) and dark (19:00-07:00)
cycles'™'8, The experiments were performed during the 12
hours light cycle. Rats were fed ad libitum with a commer-
cial normal diet. This study was conducted in accordance
with the ethical guidelines of the Konkuk Institutional Ani-
mal Care and Use Committee (KU16018, KU18137).

Experimental procedure

We performed two studies referred to as study 1 and
study 2 (n = 32 per study; Figure 1). In study 1, rats were
divided into control (Con; distilled water, n = 8), caffeine
(Caf; 10 mg/kg, n = 8), L-lactate (Lac; 2 g/kg, n = §), and
lactate-plus-caffeine (Lac+Caf; 10 mg + 2 g/kg, n = §)
groups for both studies. Rats were starved for 2 hours prior
to administration. The resting metabolic rate (RMR) was
recorded using indirect calorimetry for 6 hours after the
treatment. In study 2, the same number of rats were assigned
to each group such as control (Con; distilled water, n = 8),
caffeine (Caf; 10 mg/kg, n = 8), L-lactate (Lac; 2 g/kg, n = 8),
and lactate-plus-caffeine (Lac+Caf; 2 g/kg + 10 mg, n = 8).
Rats were starved for 2 hours prior to administration. Then
rats were euthanized via cervical vertebral dislocation at dif-
ferent time intervals (0, 30, 60, and 120 minutes) after oral
administration of treatments. Subsequently, skeletal muscle
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(soleus muscle), liver, and blood samples were obtained,
frozen in liquid nitrogen, and stored at —80 °C until analysis
of mRNA levels and biochemical parameters. The soleus
muscle is selected for mRNA analysis due to its oxidative
characteristics. The dosages for treatments were based on
those used in previous studies''®, and treatments were
orally administered. In a previous study, 3 g/kg of lactate
was intraperitoneally injected to set the blood lactate levels
at approximately 20 mmol/L, which are similar to those at-
tained upon maximal exercise'®. However, this study aimed
to examine the basic effect of lactate on metabolism. There-
fore, we selected a lower stimulant dose and a previously
reported administration method.

Indirect calorimetry

To examine the effect of lactate on energy substrate
utilization in the whole body, we measured the RMR for
6 hours after treatment using an open circuit calorimetric
chamber (model RL-600, Alco System, Chiba, Japan). This
equipment is known for its accuracy and is widely used for
calculating gas exchange data'®?°, We measured the RMR
as previously described?!23,

Blood parameters and mRNA expression analyses

Blood samples were obtained from the pulmonary artery
using a syringe and stored in EDTA tubes for centrifuga-
tion. The resultant plasma samples were then analyzed for
lactate, glucose, free fatty acids (FFA), and glycerol levels
using commercial kits (Lactate Colorimetric/Fluorometric
Assay kit, Biovision; Glucose Colorimetric Detection Kit,
Arbor Assays; Free Fatty Acid Assay Kit. Cell biolabs;
Glycerol Colorimetric Assay kit, Cayman chemical). For
mRNA analyses, we extracted RNA from the soleus muscle
and analyzed it by reverse transcriptase PCR method. The
soleus muscle was selected for analysis as we did not have
any other treatment except for supplementation. Addition-
ally, we believed that the soleus muscle would be the most
appropriate tissue to study the metabolic changes. Commer-
cial kits were used for cDNA synthesis and amplification
(amfiRivert cDNA Synthesis Platinum Mater Mix, R5600,
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Table 1. Sequences of PCR primers used in the study.

Gene Primer sequence
F: TGCTGGTGCTGAGTATGTCG
GAPDH
R: TGATGGCATGGACTGTGGTC
F: GCAACAACAAGGCCAGGTAT
FAT/CD36
R: AAGAGCTAGGCAGCATGGAA
F: GCAAACTGGACCGAGAAGAG
CPT1b
R: CGACCTTTGTGGTAGACAGC
F: ATGAATGCAGCGGTCTTAGC
PGC-1a
R: TGGTCAGATACTTGAGAAGC
F: GTCAGGCTATGGGACAGATGC
PDK4

R: TTGGGGATACACCAGTCATCAGC

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; FAT/CD36, fatty acid
translocase; CPT1b, carnitine palmitoyltransferase 1b; PGC-1a, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; PDK4, pyruvate
dehydrogenase kinase 4.

Gendepot, USA, amfiEco Taq DNA Polymerase, P0701,
Gendepot). We measured the mRNA expression of glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH), fatty acid
translocase (FAT/CD36), carnitine palmitoyltransferase 1b
(CPT1b), PGC-10, and pyruvate dehydrogenase kinase 4
(PDK4). The expression levels of these genes were normal-
ized to that of GAPDH. The sequences of primers used for
PCR are listed in Table 1.

Glycogen analysis

Glycogen levels were measured from 30 mg of gastroc-
nemius muscle and 30 mg of liver, respectively. Using the
amyloglucosidase method*, we added 500 uL of 2 N HCL
to these specimens and incubated the mixtures on a heating
block for 2 hours at 96 °C. During the 2 hours of incubation,
the tubes were tapped every 30 minutes to ensure proper
digestion. After 2 hours of incubation, 1500 uL of 0.67 M
NaOH was added and centrifuged for 5 minutes at 5000 x g,
at 4 °C. The supernatant was mixed with reaction buffer and
incubated for 30 minutes at room temperature. The glucose
content was analyzed using a spectrophotometer (Thermo
Fisher scientific, USA) at 340 nm.

Pyruvate dehydrogenase (PDH) activity analysis

PDH activity was measured from liver tissue samples
using the PDH Activity Colorimetric Assay Kit (Biovision,
Mountain View, CA, USA). According to the instructions,
we used BioVision’s Mitochondria Isolation Kit (K288-50)
to isolate mitochondria from the tissue. The PDH activity
was determined using 10 mg of liver sample. The colorimet-
ric measurement of the kinetic reduction of NAD" to NADH
was conducted for 60 minutes at 450 nm.

Statistical analysis

Data are presented as mean + standard error (SE). In
study 1, statistical significance was evaluated using two-
way repeated measures analysis of variance (ANOVA) for
respiratory gas exchange data and one-way ANOVA for
the 2 hours sum of respiratory gas exchange data. In study
2, one-way ANOVA was used to determine the changes
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in mRNA levels and blood parameter concentrations, and
Bonferroni post-hoc analysis was conducted if significance
was reached. Differences were considered significant at P
< 0.05. Differences between the groups for the analysis of
glycogen were determined by independent sample #-test.
For statistical analysis of PDH activity, we used two-way
repeated measures analysis of variance (ANOVA), and one-
way ANOVA between the groups in the same time period. P
< 0.05 was considered statistically significant. PDH

RESULTS

Respiratory gas exchange

In study 1, we measured the RMR for 6 hours in each
group, whereby we calculated energy expenditure, fat and
carbohydrate oxidation, and respiratory exchange ratio. En-
ergy expenditure did not differ significantly among groups
throughout the measurement period (Figure 2a). Moreover,
the accumulated energy expenditure within 2 hours intervals
did not differ significantly (Figure 2b).
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The rates of fat oxidation were higher in the Lac and
Lac+Caf groups than in the Con group throughout the 6
hours measurement (Figure 3a). Furthermore, animals in
the Lac and Lac+Caf groups showed significantly higher fat
oxidation in the first 4 hours post-administration than those
in the Con group (p<0.05) (Figure 3b). Interestingly, when
the global rate of fat oxidation was analyzed in relation
to the total time of measurement (6 h), only the Lac+Caf
group presented higher fat oxidation rates than those of the
Con group (Figure 4). As expected, an opposite trend was
observed for carbohydrate oxidation (Figure Sa), which was
lower in the first 2 hours post-administration in the Lac+Caf

group than in the Con group (p<0.05) (Figure 5b).

Blood parameters

Plasma lactate levels were higher in the Lac, Caf, and
Lac+Caf groups than in the Con group during the first 60
minutes after treatments (p<0.05) (Table 2). At 120 min-
ute, there were no significant differences between groups.
Moreover, no significant changes were observed in plasma
glucose levels at any sampling time (Table 2). In contrast,
we found significant differences in FFA levels between
groups at all sampling times (p<<0.05) (Table 2). Lactate ad-

Table 2. Key metabolite concentrations in the blood of rats treated with lactate, caffeine, and lactate-plus-caffeine.

Experimental group
Parameter Time (min)
Con Lac Caf Lac+Caf

30 0.34+0.192 0.92+0.20° 0.94 & 0.49bc 1.41+0.33¢
Lactate

60 0.91+0.242 1.58+0.29° 1.44 +£ 0.34° 1.39+£ 0.42b
(mmol/L)

120 0.91+0.33 0.81+0.34 0.69 + 0.46 0.98+0.30

30 6.05+1.17 6.17+0.62 6.11 £ 0.67 5.77+1.01
Glucose

60 6.58+0.38 6.18+0.75 6.17+0.46 6.18+0.44
(mg/dL)

120 5.33+0.85 5.48+ 0.68 5.11+1.14 5.39+0.72

30 144.1+15.92 94.9+ 15.1° 146 +17.52 62.1+13.8¢

FFA
60 69.7+ 55.22 109.4 + 88.1¢ 206.1+66.1° 219.2+49.9>
(mmol/mL)

120 244.6+45.42 176.1 &+ 46.8 269 + 50.82 208 + 68.7%

30 6.24 +1.502 6.09+1.282 8.70 + 1.66° 7.55+0.90%
Glycerol

60 4.08+1.122 4.72 £ 1.602 7.09 + 1.05% 4.98 + 0.802

(mg/L)
120 7.71 £ 1.50 9.60+ 1.52 10.64+2.78 8.80 £ 2.69

Con, rats treated with distilled water; Lac, rats treated with 2 g/kg lactate; Caf, rats treated with 10 mg/kg caffeine; Lac+Caf, rats treated with
10 mg/kg caffeine plus 2 g/kg lactate; FFA, free fatty acids. Values are presented as mean + SE. Different superscript letters indicate significant
differences between groups within the sampling time (P < 0.05).
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ministration, as either Lac or Lac+Caf, significantly lowered
FFA levels relative to those of the Con group at 30 minute
(p<0.05). In that regard, the co-administration of caffeine
and lactate resulted in lower levels of FFA than those in
animals treated with lactate alone. This pattern changed
at 60 minute, when FFA levels were higher in the Lac and
Lac+Caf groups than in the Con group (p<0.05), and higher
levels of FFA were noted in caffeine-treated animals (Caf
and Lac+Caf) than in animals that received only lactate
(p<0.05). After 120 minutes, the only significant difference
in FFA levels was between the Con and Lac groups, wherein
animals treated with lactate had lower FFA concentrations
than Con animals (p<0.05). In the case of glycerol, the Caf
group showed significantly higher plasma levels than the
Con and Lac groups 30 minutes after the treatments (p<0.05)
(Table 2). Furthermore, the Caf group presented the highest
glycerol level at 60 minute (p<0.05), whereas no changes
were observed between groups at 120 minute.

mRNA expression analysis

The transcript levels of FAT/CD36 did not differ signifi-
cantly during the first 30 minutes (Figure 6a). However,
at 60 minute, the Lac group had significantly higher FAT/
CD36 mRNA levels than the Lac+Caf group (p<0.05) (Fig-
ure 6a). Moreover, the Lac group presented higher FAT/
CD36 mRNA expression than the Con and Caf groups
after 120 minutes (p<0.05) (Figure 6a). No changes were

Y\

Phuysical Activity and Nutrition

observed in CPT1b mRNA levels among groups (Figure
6b). In the case of PGC-Ia expression, mRNA levels were
higher in the Lac group than in the Caf and Lac+Caf groups
at 30 minute (p<0.05) (Figure 6¢). The same trend was ob-
served for PDK4 mRNA, whose levels were higher in the
Lac group than in the Caf and Lac+Caf groups at 30 minute
(p<0.05) (Figure 6d).

Glycogen concentration analysis

We examined the glycogen concentration following
treatment with supplements. Lac and Lac+Caf were selected
based on previous results. Either of the treatments was ad-
ministered to each group to examine the changes in glyco-
gen levels. The glycogen concentration did not show signifi-
cant changes following lactate administration (Figure 7-a,c).
However, following treatment with Lac+Caf, the concentra-
tion of glycogen was significantly increased (p<0.05) (Figure
7-d).

PDH activity analysis

The PDH activity level was measured following the ad-
ministration of each supplement at timepoint (0, 30, 60, and
120 minutes) (Figure 8). Interestingly, the Lac+Caf and Lac
group maintained significantly higher PDH activity for the
entire 120 minutes following administration compared to the
Con group (p<0.05). The Lac and Lac+Caf groups showed
significantly higher levels compared to Caf at the 30- and
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120-minute time point as well (p<0.05)-highlighting the
effect of lactate-based supplements on PDH activity.

DISCUSSION

In this study, we aimed to investigate the effect of ex-
ogenous lactate and a lactate-based supplement on energy
metabolism and energy substrate utilization in resting rats.
We assessed whole-body energy metabolism in study 1
and further conducted gene expression analysis and blood
parameter assessment in study 2. The parameters for gene
expression and blood analysis were determined based on the
results of study 1.

to significantly affect fat oxidation. We found that fat oxi-
dation increased in response to the acute Lac and Lac+Caf
treatments in the first 4 hours after administration. Although
not statistically significant, fat oxidation rates in the Lac and
Lac+Caf groups tended to be higher than those in animals
that received caffeine alone in the initial 4 h. These results
are concurrent with previous findings on the combinatorial
effects of lactate and caffeine. Chronic caffeine intake is
known to reduce body fat levels’. Therefore, we could not
determine whether fat reduction after combinatorial caf-
feine and lactate treatment resulted from the synergic effect
of both supplements or the individual effects of caffeine
and lactate. Moreover, in a previous study, the ingestion
of caffeine increased the metabolic rate by 0.2 kJ/min and
this increase lasted for 3 hours in healthy male volunteers'2.
Similar results were also reported in resting rats, where their
0, uptake was significantly higher (P < 0.05) 2 hours after
the administration of 10 mg of caffeine than that of the con-
trol"3. In our study, we detected differences in fat oxidation
for a longer period (4 h) after the acute administration of
lactate and lactate-plus-caffeine. Moreover, when the fat
oxidation data during the 6 hours were combined, we found
that the Lac+Caf group had significantly higher fat oxida-
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tion rate than the Con group. Considering that caffeine alone
did not cause significant changes in fat oxidation, lactate
alone can be regarded as a remarkable supplement that in-
duces fat oxidation in vivo. Indeed, mice treated for 14 days
with lactate injections (2 g/kg) showed 4 % weight loss?.
Overall, our results indicate that not only lactate, but also
lactate-plus-caffeine, may have positive effects on fat oxida-
tion. The mechanisms by which lactate and lactate-plus-caf-
feine exert their effects require elucidation.

To explore the biochemical and molecular mechanisms
underlying the effects of exogenous lactate administration,
we assessed selected mRNAs in muscle samples and bio-
chemical parameters in blood. Based on our acute experi-
mental design, we determined that mRNA analysis would be
more appropriate than protein analysis. We found that two
transcripts associated with energy metabolism, FAT/CD36
and PGC-10, were affected by lactate treatment. FAT/CD36
plays an important role in transporting fatty acids, while
PGC-1a is the main regulator of mitochondrial biogenesis.
Other functions of PGC-1a include regulation of the meta-
bolic rate?, control of mitochondrial gene expression®, and
modulation of many genes related to energy homeostasis
and mitochondrial biology??°. Our observations are consis-
tent with those of previous studies, in which PGC-1a levels
increased in L6 cells (isolated from rat skeletal muscle) after
6 hours of lactate treatment (10 and 20 mM)**. Interest-
ingly, lactate, which is regarded as a harmful byproduct of
glycolysis, induces the expression of PGC-1a. Lactate has
been recently reported to be strongly associated with trans-
forming growth factor-beta 2 (TGF-B2), which improves
glucose tolerance and insulin sensitivity, increases fatty acid
uptake and oxidation, and stimulates glucose uptake in the
skeletal muscle, heart, and brown adipose tissue®'. These ef-
fects of TGF-P2 may have stimulated fat metabolism herein.
Similarly, numerous proteins enhancing fat metabolism may
have been stimulated upon lactate treatment. Therefore,
the expression of other proteins needs to be analyzed after
chronic lactate administration at an optimized dose. Previ-
ous studies have used protocols involving the injection of
lactate into animals or the incubation of cells with lactate.
However, we administered lactate orally, which is a more
convenient and less invasive route of administration. Never-
theless, our results are consistent with those of studies using
other routes, indicating that this approach may be used to
further investigate the role of exogenous lactate, including
its specific mechanisms and effects of chronic treatment.
Furthermore, the analysis of protein levels may also shed
some light on the underlying mechanism of action. Addi-
tionally, our understanding of the results of blood parameter
analysis is limited. Caffeine increased fat oxidation-en-
hanced lipolysis, such that FFA levels were increased in 60
minutes, while lactate did not cause drastic alteration in FFA
levels compared to Con treatment. However, gas exchange
analysis showed that lactate increased fat oxidation in the
whole body. Therefore, the effect of lactate on blood and
whole-body parameters requires more supportive data from
studies involving chronic lactate treatment to elucidate the
underlying mechanism.
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Considering the other applications of lactate, based on
respiratory gas exchange data and mRNA analysis, we
could detect an imbalance between carbohydrate and fat ox-
idation, in which carbohydrate oxidation was inhibited and
fat oxidation was enhanced. These results were confirmed
via microarray analysis (data not shown) by the presence of
several enzymes such as phosphoenolpyruvate carboxyki-
nase 1 (PCK1) and acetyl-CoA acetyltransferase 2 (acat2)
which has a role in carbohydrate and lipid metabolism,
respectively. Moreover, we demonstrated an increase in
hepatic glycogen level via a single bout of Lac+Caf admin-
istration. Likewise, in mice, the chronic administration of 2.5
mg/g lactate for 3 weeks after a bout of treadmill exercise
increased glycogen concentration in the white muscle when
compared to mice treated with saline®2. Moreover, lactate
incubation with C2C12 cells (mouse muscle cells) increased
the follistatin protein level and phosphorylation of P70S6K,
which are anabolic signals and critical regulators of exer-
cise-induced muscle protein synthesis and hypertrophy?5.
These observations imply that post-exercise lactate admin-
istration could be effectively used to optimize muscular
anabolic signals and glycogen restoration, which may have
important implications in the training context (e.g., for ath-
letes). Furthermore, the PDH activity was enhanced follow-
ing the administration of lactate-based supplements. In this
regard, lactate enhances both glycogen synthesis and glycol-
ysis regulated by PDH activity. From previous research®,
upregulated PDHa activity by exercise was examined
concomitant with elevated plasma FFA levels. Moreover,
elevated FFA levels are also associated with enhanced PDK
4 expression®s38. In the current study, the whole-body gas
results confirmed the increase in fat oxidation with the ad-
ministration of Lac+Caf. Therefore, based on the previous
studies, metabolic changes in enhancing fat oxidation may
induce PDK4 and PDH activity similar to when exposed to
exercise, resulting in increased hepatic glycogen concentra-
tion. Based on these findings, the research for determining
optimizing timing for lactate supplementation on sparing
circulating carbohydrate and glycogen reserves. Moreover,
further research is required to study the effect of Lac+Caf
with different component ratios on glycogenesis and fat
oxidation. This may potentially improve the management
of individualized supplementation on individuals’ purpose
of either glycogen synthesis or fat oxidation or different
component ratio based on supplementation timings. Lastly,
another possible application of lactate is for the treatment of
sedentary people. Albeit no significance in energy expendi-
ture, we demonstrated a single bout of lactate administration
enhanced fat oxidation. Therefore, our results suggest that
chronic lactate intake potentially enhances fat oxidation,
thus potentially leading to body fat loss, even in sedentary
individuals. Furthermore, our findings indicate that the com-
bination of low-intensity exercise, which is not burdensome
to sedentary individuals, and regular dietary control with
lactate treatment could exert more significant effects on
weight reduction.

Of note, as the purpose of our study was to examine
the fundamental effect of lactate supplementation and lac-
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tate-based supplements compared to that of control and
caffeine treatment, the design of our study involved an acute
treatment. Moreover, we considered the practical future
application of lactate and decided to administer the sup-
plements orally to mimic the eventual administration route
in humans (e.g., drinkable supplements). Therefore, even
though we considered the changes among groups in whole-
body parameters with P < 0.05 as significant, it is possible
that the treatments in the present study were not enough to
affect the gene expression and blood parameters.

In conclusion, we found that exogenous lactate orally
administered to resting rats increased their fat oxidation
rates. The induction of fat oxidation was associated with
changes in mRNA levels of key genes involved in lipid
metabolism and circulating levels of FFA. Lactate treatment
showed remarkable effect on the induction of fat oxidation,
thus providing novel insights into the metabolic effects of
lactate treatment. Moreover, when ingested with caffeine,
lactate also showed sparing effect of glycogen which may
elicit huge advantages in athletes. Further research, includ-
ing the assessment of long periods of treatment, may reveal
additional details on the specific mechanisms underlying the
metabolic effects of exogenous lactate.

Our current study has a limitation. As lactate administra-
tion or infusion is known to induce alkalosis which inhibits
carbon dioxide ventilation®’-°, the respiratory exchange
ratio could have been misrepresented. Thus, the isotope
method could be considered to revise this calculation. How-
ever, in the current study, there was no significant difference
within groups in terms of oxygen uptake and carbon dioxide
production (data not shown). Moreover, the mRNA results
show some metabolic changes to be favorable to fat oxida-
tion. Therefore, from the current study—besides alkalosis—
lactate administration seems to enhance fat oxidation in the
whole body.
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