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ABSTRACT

Citric acid is recognized and utilized as a dietary supplement for its ability to eliminate fatigue. However, the molecular
and cellular mechanism underlying this effect has not been elucidated. This study investigated the effect of intragastric
citric acid administration on the energy metabolism and gene expression in the skeletal muscles of mice that had been
fasted without exercise, using biochemical analyses of metabolic indicators and DNA microarrays. Expression of the
genes involved in the glycolysis, tricarboxylic acid cycle and S-oxidation of fatty acids were not affected by citric acid
administration. However, citric acid increased the level of blood glucose and expression of the phosphoenolpyruvate
carboxykinase gene. These results indicate that citric acid ingestion may eliminate fatigue by promoting gluconeogene-
sis.
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1. Introduction lying this anti-fatigue response has not been resolved.
There is sound rationale for each of the proposed hy-
pothesis. For example, suppression of lactic acid build-up
in the blood is thought to be achieved when citric acid,
produced in the tricarboxylic acid (TCA) cycle, inhibits
phosphofructokinase (Pfk), a rate-limiting enzyme of the
glycolytic pathway, which in turn limits excess accumu-
lation of pyruvic acid [4-6]. Meanwhile, increased ATP
production is believed to occur when citric acid is sup-
plied to the mitochondria, where it accelerates the TCA
cycle and the electron transport chain [7]. The suppres-
sion of ketone body production from reduced fatty acid
f-oxidation is thought to occur in response to a citric-
acid induced rise in malonyl CoA. Citric acid is be-
lieved to stimulate malonyl CoA production by increas-
ing the activity of acetyl-CoA carboxylase, an enzyme
that converts acetyl CoA to malonyl CoA [4]. The rise in
malonyl CoA inhibits carnitine palmitoyltransferase in
the inner membrane of the mitochondria, which then im-
pairs the transport of fatty acids into the mitochondria. In
addition, stimulation of glycogenesis was shown using in
vitro experiments on rat skeletal muscle and livers. In
*Corresponding author. these experiments, an increase in the concentration of

Citric acid has long been recognized for its ability to re-
lieve physical fatigue. Accordingly, citric acid is growing
in popularity as a supplement in sports nutrition. For
example, intake of citric acid from lemons (2.7 g/day, 28
days) was determined to be effective for the reduction of
lassitude, stress, and boredom in one investigation [1].
Moreover, sodium citrate ingestion (0.4 g/kg body weight)
has been reported to improve muscle performance, as
determined by an ergometer, during exercise in humans
[2]. Oopik et al. have suggested that the ingestion of 0.5
g of sodium citrate/kg body mass shortly before a 5 km
running time trial improves performance in well trained
college runners [3].

Several hypotheses have been proposed to explain the
anti-fatigue effects of citric acid, including: 1) that it
suppresses the accumulation of lactic acid in the blood; 2)
that it increases ATP production; 3) that it suppresses the
production of ketone bodies, a fatigue factor, by curtail-
ing fatty acid S-oxidation; 4) that it stimulates glycol-
genesis. However, the physiological mechanism under-
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glucose-6-phosphate, resulting from a citric-acid induced
rise in hexokinase activity, inhibited Pfk, a rate-limiting
enzyme of the glycolytic pathway [5].

Despite physiological evidence that citric acid is able
to reduce or eliminate fatigue, the underlying molecular
mechanism and cellular pathways responsible for this
effect remain unresolved. The aim of this study was to
investigate the cellular and molecular effects of citric
acid ingestion on energy metabolism pathways of skele-
tal muscle. We looked at the early changes in the expres-
sion of genes involved in these pathways by using a
combination of biochemical and DNA microarray analy-
ses.

2. Materials and Methods
2.1. Animals and Experimental Design

Eight-week-old male C57BL/6J mice were purchased
from Charles River Laboratories, Japan Inc. The mice
were kept in individual plastic cages at 23°C + 2°C with a
12-hour light-dark cycle (light from 8 a.m. to 8 p.m.).
After mice were maintained for one week on commercial,
non-purified chow diet (CRF-1: Charles River Laborato-
ries Japan Inc.), they were divided equally into a distilled
water ingestion group (control) and a citric acid ingestion
group (n = 3). The mean weights of the control and
treatment groups were equal. After 20 hours of fasting,
the mice were deprived of water for 2 hours, after which
distilled water or a citric acid solution (20 mg/30g body
weight) was administered intragastrically with a probe.
Forty minutes after administration the mice were sacri-
ficed by decapitation and samples of their blood and
skeletal muscle (soleus and gastrocnemius muscles) were
collected. The blood samples were used to measure blood
glucose and lactic acid, and an aliquot was centrifuged
(10000 x g, 5 min) to obtain plasma. The plasma was fro-
zen and stored at —30°C until it was analyzed to deter-
mine the citric acid concentration. The skeletal muscles
were sampled for microarray analysis, immediately im-
mersed in RNA later and submitted for analysis. This
study was approved by the experimental animal ethics
committee of Showa Women’s University and was con-
ducted according to the experimental animal.

2.2. Microarray Analysis

DNA microarray analysis was conducted by a DNA Chip
Research Inc. This analysis was performed on pooled
total RNA isolated from the muscle samples of three
animals.

2.3. Measurement of Plasma Citric Acid Level

An improvement on the method of Yasukawa et al. [8,9]
was used to measure plasma citric acid concentration.
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Briefly, 500 pL of 6% perchloric acid to 250 puL plasma,
incubated at room temperature for 5 minutes, then cen-
trifuged (10000 x g, 5 min) to obtain a deproteinized su-
pernatant. Of this supernatant, 500 pL was neutralized
with approximately 150 pL of 2N KOH, after which 350
uL of 1.2 M KCI/1M Tris HCI buffer (pH 8.6) was added,
and the mixture was centrifuged (10000 x g, 5 min).
Next, 500 puL of this supernatant was collected, 500 pL
of reagent (1 M Tris HCI buffer pH 8.6 0.025 mL/sample,
0.4 mM ZnSO4 0.25 mL/sample, f/~-NADH 0.2 mL/sample,
MDH 0.025 mL/sample) was added and samples were
incubated for 5 minutes at room temperature. Samples
were then divided into 2 portions and 20 pL of solvent
(0.15 M Tris HCI buffer pH 8.6) was added to one and
20 pL of citrate lyase (CL 0.5 mg/0.15M Tris HCI buffer
pH 8.6) to the other. The resulting solutions were incu-
bated at room temperature for 20 minutes before the ab-
sorbance (at 340 nm) was measured with a spectropho-
tometer. NADH consumption was determined from the
difference in absorbance between the two samples and
used to calculate the plasma citric acid concentration.

2.4. Measurement of Blood Glucose and Lactate
Levels

Blood glucose and lactic acid values were measured at
the time of dissection. Medisafe Chips (Terumo Corp.)
were used to measure blood glucose, and Lactate Pro
(Arkray Inc.) was used to measure lactic acid. Manufac-
turer protocols were followed for each analysis and all
measurements were performed in duplicate.

2.5. Statistical Analysis

All data was expressed as mean + standard error. The
student’s t-tests were used to examine differences be-
tween the two groups in this chapter. Results were con-
sidered significant at P < 0.05.

3. Results

3.1. Plasma Citric Acid, Blood Glucose and
Lactic Acid Levels

Forty minutes after intragastric citric acid administration,
citric acid concentration in blood plasma was 12.1 mg/dL,
higher than the 3.6 mg/dL in the distilled water ingestion
group (Figure 1(a)). Blood glucose levels were also sig-
nificantly elevated in the citric acid group. Glucose levels
were 106 £ 17 mg/dL in the distilled water ingestion
group and 245 + 9 mg/dL in the citric acid group (Figure
1(b)). In contrast, blood lactic acid levels did not differ
between groups —2.8 + 0.4 mM in the distilled water in-
gestion group versus 2.4 + 0.3 mM in the citric acid
group (Figure 1(c)).
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Figure 1. (a) Citric acid concentration in plasma; (b) Blood glucose levels; (¢) Blood lactic acid levels.

3.2. Transcriptional Changes: DNA Microarray
Analysis

Differences in gene expression in skeletal muscles,
following citric acid ingestion, are shown in Figures 2
and 3. No differences were observed in the expression of
enzymes involved in the TCA cycle (Figure 2) or in the
expression of phosphofructokinase genes (Pfk: Pfkm,
Pfkl, Pfkp), a rate-limiting enzyme of the glycolytic path-
way (Figure 3). Also, no differences were observed in
the expression of genes related to fatty acid f-oxidation or
those involved in glycogenesis (data not shown). In dra-
matic contrast to the stable expression of these genes,
phosphoenolpyruvate carboxykinase (Pckl), a major re-
gulatory enzyme of gluconeogenesis, was elevated by
more than 10-fold following the administration of citric
acid (Figure 3).

4. Discussion

There have been numerous reports on fatigue relief and
other beneficial effects of citric acid [1-3]. The mecha-
nism responsible for these effects remains unclear; in-
stead, all reports on anti-fatigue effect of dietary citric
acid were performed as open-label trials. The results of
the present study lend insight into the underlying mo-
lecular mechanism.

One hypothesized mechanism argues that citric acid
ingestion suppresses lactic acid accumulation by inhibit-
ing phosphofructokinase (Pfk), a rate-limiting enzyme of
the glycolytic pathway, thereby limiting the accumula-
tion of pyruvic acid, and, in turn, the accumulation of
lactic acid [4,6]. This hypothesis is based on a report that
Pfk activity is suppressed when citric acid, produced in
the TCA cycle, moves from the mitochondria to the cy-
toplasm [4]. Evidence for this hypothesis is limited, but
one study reported that the intake of both citric acid (0.4
g/kg body weight) and glucose (1.5 g/kg body weight)
decreased blood lactate level 60 min following exercise
in healthy adult men relative to levels measured in sub-
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jects that were administered only glucose [4]. Also, the
production of lactate is suppressed in chicken liver cells
when 10 mM citric acid is added to culture medium [6].
However, no change in Pfk was observed in the skeletal
muscle experiment in this study, suggesting that citric
acid ingestion does not suppress glycolysis in skeletal
muscle. In addition, there were no significant differences
in blood lactic acid levels between the control and the
citric acid group at 40 minutes following administration,
indicating that citric acid did not suppress the accumula-
tion of lactic acid under the conditions of this study.
Since glycolysis does not intrinsically progress much
under conditions of fasting without exercise, it is also
possible that these conditions made it difficult for glycol-
lysis suppression due to Pfk inhibition to appear.

Until now it has generally been thought that citric acid
participated in energy production via the mitochondria
where it activates the TCA cycle [7]. However, in this
study, expression of enzymes involved in the TCA cycle
did not differ between the skeletal muscle of the control
and citric acid groups, suggesting that citric acid does not
activate the TCA cycle. These results suggest that in-
gested citric acid does not accelerate the TCA cycle, re-
gardless of the fact that these experiments were con-
ducted under fasting conditions. This result also indicates
the possibility that dietary citric acid is not delivered to
the mitochondria.

Another mechanism proposed to explain the anti-fa-
tigue effects of citric acid ingestion is the action of citric
acid on the suppression of ketone bodies, a fatigue factor,
via inhibition of fatty acid f-oxidation [10]. However, no
differences were observed in the expression of genes
involved in fatty acid f-oxidation in skeletal muscle (data
not shown), indicating that citric acid ingestion does not
suppress fatty acid f-oxidation.

On the other hand, this study showed that citric acid
accelerated gluconeogenesis, a result that has not been
reported previously. Expression of phosphoenolpyruvate
carboxykinase (Pckl), a major regulatory enzyme of
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gluconeogenesis, was 11.1 times greater in mouse skele-
tal muscle following citric acid ingestion, than in control
mice. The blood glucose level in the citric acid group
was 245 + 9 mg/dL, significantly higher than the 106 +
17 mg/dL measured in the distilled water ingestion con-
trols, suggesting that citric acid ingestion activated Pckl
and accelerated gluconeogenesis. Moreover, additional
unpublished data from our lab also shows occurrence of
gluconeogenesis by sole citric acid ingestion in similar
experimental condition. For example, one study showed
that blood glucose values were 115 £ 4 and 151 £ 8
mg/dL for the distilled water ingestion group and citric
acid ingestion group, respectively (P = 0.016). These
results indicate that citric acid ingestion may eliminate
fatigue by promoting gluconeogenesis. However, glu-
coneogenesis does not occur in skeletal muscle, the organ
that was used for DNA microarray analysis. Therefore,
we wanted to verify whether we could observe additional
evidence for Pckl activation in the liver, the main organ
of gluconeogenesis.

To our knowledge, this is the first study to suggest the
possibility that dietary citric acid increases gluconeo-
genesis.
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