
Citric Acid Effects on Brain and Liver Oxidative Stress

in Lipopolysaccharide-Treated Mice

Omar M.E. Abdel-Salam,1 Eman R. Youness,2 Nadia A. Mohammed,2

Safaa M. Youssef Morsy,2 Enayat A. Omara,3 and Amany A. Sleem4

Departments of 1Toxicology and Narcotics, 2Medical Biochemistry, 3Pathology,
and 4Pharmacology, National Research Center, Cairo, Egypt

ABSTRACT Citric acid is a weak organic acid found in the greatest amounts in citrus fruits. This study examined the effect

of citric acid on endotoxin-induced oxidative stress of the brain and liver. Mice were challenged with a single intraperitoneal

dose of lipopolysaccharide (LPS; 200 lg/kg). Citric acid was given orally at 1, 2, or 4 g/kg at time of endotoxin injection and

mice were euthanized 4 h later. LPS induced oxidative stress in the brain and liver tissue, resulting in marked increase in lipid

peroxidation (malondialdehyde [MDA]) and nitrite, while significantly decreasing reduced glutathione, glutathione peroxidase

(GPx), and paraoxonase 1 (PON1) activity. Tumor necrosis factor-alpha (TNF-a) showed a pronounced increase in brain

tissue after endotoxin injection. The administration of citric acid (1–2 g/kg) attenuated LPS-induced elevations in brain MDA,

nitrite, TNF-a, GPx, and PON1 activity. In the liver, nitrite was decreased by 1 g/kg citric acid. GPx activity was increased,

while PON1 activity was decreased by citric acid. The LPS-induced liver injury, DNA fragmentation, serum transaminase

elevations, caspase-3, and inducible nitric oxide synthase expression were attenuated by 1–2 g/kg citric acid. DNA frag-

mentation, however, increased after 4 g/kg citric acid. Thus in this model of systemic inflammation, citric acid (1–2 g/kg)

decreased brain lipid peroxidation and inflammation, liver damage, and DNA fragmentation.
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INTRODUCTION

Oxidative stress is the term used to indicate the im-
balance between reactive oxygen species and antioxi-

dant defense mechanisms. Under physiological conditions,
reactive oxygen species play integral roles in intracellular
signaling, physiological immunological responses, and gene
expression. Reactive oxygen metabolites can be generated in
excess from many sources. The most important source is the
leakage of electrons from the mitochondrial electron trans-
port chain to generate superoxide radical (O2

� - ). Other
sources are xanthine oxidase, NADPH oxidases, activated
phagocytes, and nitric oxide synthases (NOSs). When ex-
cessively produced, however, these species could result in
potential cellular and tissue damage. Being highly unstable
molecules with unpaired electrons, reactive oxygen metab-
olites, such as superoxide radical and hydroxyl radical, react
with the cellular membrane polyunsaturated fatty acids to
form lipid peroxides, oxidize and cross-link proteins in-
cluding enzymes, or oxidize DNA, with the potential to

produce a harmful or even lethal event.1–3 Cellular defenses
against free radicals and reactive oxygen species include
enzymes, such as catalase, glutathione peroxidase (GPx),
and superoxide dismutase, as well as nonenzymatic antiox-
idant mechanisms, for example, glutathione (GSH), ascorbic
acid, carotenoids, and vitamin E.2,4 Oxidative stress occurs
when redox homeostasis is tipped toward an overbalance of
free radicals, due to either their overproduction or defi-
ciencies in antioxidant defense.5 Oxidative stress has been
implicated in the pathogenesis of numerous diseases, such as
diabetes mellitus, cardiovascular disease, and neurodegen-
erative and psychiatric disorders.6,7 The brain is considered
particularly vulnerable to oxidative damage because of its
high oxygen utilization and hence generation of free radical
byproducts, the high content of polyunsaturated lipids, the
biomacromolecules most susceptible to oxidation, its modest
antioxidant defenses, and the presence of redox-catalytic
metals, such as iron and copper.7,8

Citric acid (2-hydroxy-1,2,3-propane-tricarboxylic acid)
is a weak organic acid found in the greatest amounts in citrus
fruits, such as lemon, grapefruit, tangerine, and orange.
Lemon and lime juices are rich sources.9 It is used as a
natural preservative and also to add an acidic (sour) taste to
foods and soft drinks.10 Being a component of the tricar-
boxylic acid or Krebs cycle, citric acid is found in all animal
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tissues as an intermediary substance in oxidative metabo-
lism. Studies indicated that citrate decreases lipid perox-
idation and downregulates inflammation by reducing
polymorphonuclear cell degranulation and attenuating the
release of myeloperoxidase, elastase, interleukin (IL)-1b,
and platelet factor 4.11–13 In vitro, citrate improved endo-
thelial function by reducing the inflammatory markers and
decreasing neutrophil diapedesis in hyperglycemia.14

Moreover, citric acid has been shown to reduce hepatocel-
lular injury evoked in rats by carbon tetrachloride.15 Citric
acid might thus prove of value in decreasing oxidative
stress.

Thus, in view of the antioxidant and anti-inflammatory
effects for citrate reported just now and since citrate anti-
coagulation has been employed in the critically ill patients,
it looked pertinent to study the effect of citric acid adminis-
tration on oxidative stress and tissue injury in a model of
systemic inflammatory illness caused by intraperitoneal (i.p.)
lipopolysaccharide (LPS) administration in mice. LPS is a
constituent of the cell walls of gram-negative bacteria. When
given systemically, LPS potently stimulates the immune cells
in the periphery (through plasma membrane proteins, e.g., the
toll like receptor 4 [TLR4] and CD14) to release pro-
inflammatory cytokines, such as necrosis factor-alpha (TNF-
a), IL-1b, and IL-6 in the periphery and brain. This results in
the development of systemic and neuroinflammation.16–19

LPS-induced endotoxemia is a well-established model for
infection with gram-negative bacteria and is widely used to
study endotoxin effects on peripheral tissue/organs and the
influence of systemic inflammation on the brain.

MATERIALS AND METHODS

Animals

Swiss male albino mice that weigh 22–25 g (age 5–6
weeks) were used. Mice were obtained from animal house
colony of the National Research Centre. Standard laboratory
food and water were provided ad libitum. Animal proce-
dures were performed in accordance with the Ethics Com-
mittee of the National Research Centre and followed the
recommendations of the National Institutes of Health Guide
for Care and Use of Laboratory Animals (Publication No.
85-23, revised 1985).

Drugs and chemicals

A purified, lyophilized Escherichia coli endotoxin (Ser-
otype 055:B5; Sigma) was used; it was dissolved in sterile
physiological saline, aliquoted, and frozen at - 20�C. The
same stock solutions were used for all experiments. Citric
acid and all other chemicals were of analytical grade and
were obtained from Sigma. The dose of LPS (200 lg/kg)
and the time for tissue sampling were based on previous
studies.20

Study design

Mice were randomly divided into five equal groups (six
mice each). Mice were treated with either 0.2mL of: sterile

physiological saline (group 1) or citric acid at doses of 1, 2,
and 4 g/kg, orally (groups 2–4). Treatments were given just
prior to endotoxin administration (LPS: 200 lg/kg, injected
intraperitoneally, 0.1 mL). The fifth group received just
the vehicle, no LPS (negative control). Mice were eutha-
nized after 4 h of LPS or vehicle injection by decapita-
tion under ether anesthesia, where the brain and liver of
each mouse were then removed, washed with ice-cold
phosphate-buffered saline (PBS; pH 7.4), weighed, and
stored at - 80�C until the biochemical analyses. The tis-
sues were homogenized with 0.1M PBS at pH 7.4, to give a
final concentration of 0.1g/mL for the biochemical assays.
Reduced GSH, malondialdehyde (MDA), nitric oxide (ni-
trite), GPx, and paraoxonase 1 (PON1) activity was deter-
mined in brain and liver tissues. TNF-a was measured in
brain tissue. Alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and DNA fragmentation were
measured in liver tissue.

Determination of lipid peroxidation, reduced GSH,
and nitrite levels

Lipid peroxidation was assayed by measuring the level
of MDA in brain tissue using the method of Ruiz-Larrea
et al.21 Reduced GSH was determined in tissue by Ellman’s
method.22 Nitric oxide measured as nitrite was determined
by using Griess reagent, according to the method of
Moshage et al.23

Determination of GPx activity

GPx activity in supernatants was determined spectro-
photometrically at 340 nm by the analysis of NADPH oxi-
dation using glutathione peroxidase kit (Biodiagnostics).24

One unit of GPx activity is defined as the amount of protein
that oxidized 1mM NADPH per minute. The activity of
GPx is expressed as mU/mL.

Determination of paraoxonase activity

Arylesterase activity of paraoxonase was measured
spectrophotometrically in supernatants using phenyl ace-
tate as a substrate.25,26 In this assay, arylesterase/para-
oxonase catalyzes the cleavage of phenyl acetate resulting
in phenol formation. The rate of formation of phenol is
measured by monitoring the increase in absorbance at
270 nm at 25�C. The working reagent consisted of 20mM
Tris/HCl buffer (pH 8.0) containing 1mM calcium chlo-
ride and 4mM phenyl acetate as the substrate. Samples
diluted 1:3 in buffer are added and the change in absor-
bance is recorded following a 20 s lag time. Absorbance at
270 nm was taken every 15 s for 120 s using a UV-Vis
Recording Spectrophotometer (Shimadzu Corporation).
One unit of arylesterase activity is equal to 1 lM of phenol
formed per minute. The activity is expressed in kU/L,
based on the extinction coefficient of phenol of 1310M/cm
at 270 nm, pH 8.0, and 25�C. Blank samples containing
water are used to correct for the spontaneous hydrolysis of
phenyl acetate.
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Determination of TNF-a, DNA fragmentation,
and liver enzymes

Tissue TNF-a was determined in brain tissue according to
Chen et al.27 by enzyme-linked immunosorbent assay using
TNF-a kits (Biosource International) and microtiter plate
reader (Fisher Biotech). Quantitation of DNA fragmentation
in liver tissue was done according to the method described
by Gercel-Taylor.28 ALT and AST activities in liver were
measured using commercially available kits (BioMér-
ieux).29,30

Histological assessment of liver injury

The liver from each mouse was rapidly removed and
fixed in freshly prepared 10% neutral buffered formalin,
processed routinely, and embedded in paraffin. Sections of
5-lm thick were cut and stained by hematoxylin and eosin
(H&E) for histopathological examination. All sections were
investigated by the light microscope.

Immunohistochemistry for caspase-3 and inducible nitric
oxide synthase

Paraffin-embedded liver sections were deparaffinized,
and hydrated. Immunohistochemistry was performed with
a mouse monoclonal caspase-3 and inducible nitric oxide
synthase (iNOS) for detection of the caspase cleavage and
iNOS activity. The paraffin sections were heated in a
microwave oven (25min at 720 W) for antigen retrieval
and incubated with either anti-caspase or iNOS antibodies
(1:50 dilution) overnight at 4�C. After washing with PBS,
followed by incubation with biotinylated goat-anti-rabbit-
immunoglobulin G secondary antibodies (1:200 dilution;
Dako Corp.) and streptavidin/alkaline phosphatase com-
plex (1:200 dilution; Dako) for 30min at room tempera-
ture, the binding sites of antibody were visualized with
DAB (Sigma). After washing with PBS, the samples were
counterstained with H&E for 2–3min, and dehydrated by
transferring them through increasing ethanol solutions
(30%, 50%, 70%, 80%, 95%, and 100% ethanol). Fol-
lowing dehydration, the slices were soaked twice in xylen
at room temperature for 5min, mounted, examined, and
evaluated by high-power light microscope.31

Statistical analysis

Data are expressed as mean – standard error. Data were
analyzed by one-way analysis of variance, followed by
Duncan’s multiple-range test for post hoc comparison of
group means. Effects with a probability of P < .05 were
considered to be significant.

RESULTS

Effect of citric acid on LPS-induced oxidative stress

Lipid peroxidation. The administration of LPS resulted
in a significant increase in the level of MDA in brain and
liver tissues by 140.3% (23.1 – 1.0 vs. 55.5– 2.7 nmol/g

tissue) and 62.9% (66.8 – 3.8 vs. 41.0 – 2.2 nmol/g tissue),
respectively, compared with the saline control group (Fig.
1A, B).
BrainMDAwas significantly decreased by 40.4% and 58%

after treatment with 1 and 2 g/kg citric acid, respectively,
compared with the LPS control group (33.1– 1.9 and
23.3– 1.4 vs. 55.5– 2.7 nmol/g tissue). The higher dose of
citric acid (4 g/kg) resulted in 33.3% inhibition of brain MDA
(Fig. 1A).
In contrast, no significant effect on liver MDA has been

observed after treatment with citric acid (1–4 g/kg; Fig. 1B).

Reduced GSH. Following LPS challenge, the level
of GSH decreased in brain and liver tissues by 72.1%
(1.21– 0.07 vs. 4.1– 0.28 lmol/g tissue) and 46.9%
(4.16– 0.29 vs. 7.83– 0.36 lmol/g tissue), respectively.

FIG. 1. (A) Brain and (B) liver tissue concentrations of malon-
dialdehyde (MDA: nmol/g tissue) in mice given lipopolysaccharide
(LPS) or LPS + citric acid (1–4 g/kg, p.o.). *P < .05 versus saline
control. +P< .05 versus LPS control group. #P< .05 versus LPS+2 g/kg
of citric acid. p.o., per os.
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Treatment with citric acid (1–4 g/kg) had no significant ef-
fect on brain or liver GSH (Fig. 2A, B).

Nitrite. Marked and significant increase in brain nitrite
was observed after treatment with LPS compared with the
vehicle-treated group (93.0 – 4.6 vs. 31.0 – 1.8 lmol/g tis-
sue; Fig. 3A). Similarly, the level of liver nitrite was sig-
nificantly increased by 86.3% after LPS administration
compared with vehicle-treated group (123.7– 8.6 vs.
66.4– 4.1 lmol/g tissue; Fig. 3B).

In LPS-treated mice, the level of nitrite in brain tissue
was markedly inhibited by 74.6% and 82.8% by citric
acid at 1–2 g/kg (23.6 – 1.2 and 16.0 – 0.63 vs. 93.0 – 4.6
lmol/g tissue). Nitric oxide decreased by 48.1% after
citric acid at 4 g/kg, compared with the LPS-only group
(Fig. 3A).

In the liver, nitrite decreased significantly by 17% by
citric acid given at 1 g/kg compared with the LPS control

group. The higher doses of citric acid, however, failed to
significantly alter nitrite in liver tissue (Fig. 3B).

GPx activity. GPx activity showed a significant de-
crease in brain (by 81.6%) and liver tissues (by 47.3%) after
LPS challenge compared with the vehicle-treated group.
Brain GPx activity increased by 82.6% after treatment
with 1 g/kg citric acid (P < .05) compared with the LPS con-
trol group (0.80 – 0.052 vs. 1.015– 0.061U/g tissue). No
significant effect was observed in brain GPx activity after
treatment with citric acid at 2 or 4 g/kg (Fig. 4A). On the
other hand, liver GPx activity significantly increased by
29.7%, 79.6%, and 56.5% after treatment with 1, 2, and 4 g/
kg of citric acid, respectively (Fig. 4B).

Paraoxonase activity. Paraoxonase activity significantly
decreased in brain and liver tissues by 54.2% (11.3– 0.7 vs.

FIG. 2. (A) Brain and (B) liver tissue concentrations of reduced
glutathione (GSH: lmol/g tissue) in mice given LPS or LPS + citric
acid (1–4 g/kg, p.o.). *P < .05 versus saline control.

FIG. 3. (A) Brain and (B) liver tissue concentrations of nitrite
(lmol/g tissue) in mice after treatment with LPS or LPS + citric acid
(1–4 g/kg, p.o.). *P< .05 versus saline control. +P< .05 versus LPS
control group. #P< .05 versus LPS + 2 g/kg of citric acid.
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24.7– 1.8 kU/L) and 49.8% (34.2– 2.1 vs. 68.1– 4.2 kU/L),
respectively, after LPS challenge (Fig. 5A, B). Brain PON1
activity increased by 44.9% following treatment with citric
acid at 1 g/kg. Higher doses, however, failed to significantly
alter PON1 activity (Fig. 5A). On the other hand, liver PON1
activity significantly decreased by 19.7% and 36.6% after
treatment with citric acid at 2 and 4 g/kg, respectively,
compared with the LPS control group (Fig. 5B).

TNF-a in brain tissue. A pronounced increase in TNF-
a in mice brain was observed following i.p. injection of
LPS (324.9% increase: 182.7 – 6.2 vs. saline control value
of 43.0 – 2.7 pg/g tissue). TNF-a showed a significant de-
crease by 48.4% and 28.8% after treatment with citric acid
at 1 and 2 g/kg (93.3 – 3.8 and 130.0 – 4.3 vs. LPS control
value of 182.7 – 6.2 pg/g tissue). The administration of
citric acid at 4 g/kg failed to decrease the level of TNF-a
(Fig. 6).

DNA fragmentation in the liver. DNA fragmentation
in the liver was significantly and markedly increased by
633.5% after LPS injection compared with the vehicle-
treated mice. It showed a 49.4% and 82.6% decrease after
treatment with citric acid at 1 and 2 g/kg, respectively,
compared with the LPS control value. However, a 92.5%
increment in DNA fragmentation was observed after the
highest dose of citric acid (4 g/kg; Fig. 7).

Liver transaminases. In LPS-treated mice liver, ALT
and AST significantly increased by 145.4% and 204.8%
compared with the saline-treated group. ALT significantly
decreased by 22.5% after treatment with 1 g/kg of citric
acid. The higher doses of citric acid, however, failed to

FIG. 4. Glutathione peroxidase (GPx)
activity in (A) brain and (B) liver
of mice after LPS or LPS + citric acid
(1–4 g/kg, p.o.). *P < .05 versus saline
control. +P< .05 versus LPS control
group. #P< .05 versus LPS + 1 g/kg of
citric acid.

FIG. 5. Paraoxonase 1 (PON1) ac-
tivity in mice (A) brain and (B) liver
after treatment with LPS or LPS +
citric acid (1–4 g/kg, p.o.). *P < .05
versus saline control. +P< .05 versus
LPS control group. #P< .05 versus
LPS+ 1 g/kg of citric acid.

FIG. 6. Brain tissue tumor necrosis factor-alpha (TNF-a; pg/g tis-
sue) in mice given LPS or LPS + citric acid (1–4 g/kg, p.o.). *P < .05
versus the saline control. +P< .05 versus LPS control group. #P < .05
versus the LPS + 1 g/kg of citric acid.
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significantly alter ALT in the liver of LPS-treated mice.
Meanwhile, AST significantly decreased by 26.5% and
30.4% after treatment with 1 and 2 g/kg citric acid, respec-
tively. The highest dose of citric acid, however, had
no significant effect on liver AST in LPS-treated mice
(Fig. 8A, B).

Histological results

The control livers showed normal hepatic architecture
with distinct hepatic cells, sinusoidal spaces, and a central
vein (Fig. 9A).

Histological examination of the liver from LPS-treated
mice revealed mononuclear cell infiltrations, bile duct
proliferation in the periportal areas, and minimal en-
largement in the periportal areas. In the LPS group we
also observed dilatation and congestion of the central
vein and blood sinusoids that showed numerous Kupffer
cells. Hepatocytes exhibited necrotic changes in the form
of small pyknotic nuclei with condensed or marginated

chromatin, lack of nucleoli, and strongly acidophilic cy-
toplasm (Fig. 9B, C).

On the other hand, histological examination of liver
sections from mice treated with LPS+ citric acid at 1 g/kg
showed nearly normal hepatic architecture. The hepatic
lobules appeared with prominent central vein with less si-
nusoidal dilatation and decreased number of Kupffer cells
compared with the LPS-only-treated group (Fig. 9D).

The improvement in histological appearance was more
pronounced after treatment with citric acid at 2 g/kg, evi-
denced in normal appearance of liver lobules with strains of
hepatocytes compared with section of LPS groups (Fig. 9E).

In contrast, sections from mice treated with LPS and
4 g/kg of citric acid showed mild improvement with dilated
portal areas. The hepatocytes exhibited some degree of
histological regeneration with less sinusoidal dilatation and
with decreased number of Kupffer cells and less necrotic
cells (Fig. 9F).

Caspase-3 and iNOS immunoreactivity

Activated caspase-3 labeling was specific in delineating
morphologically apoptotic cells. Caspase-3 and iNOS ex-
pression was localized in the cytoplasm of hepatocytes.
There was negligible caspase-3 (Fig. 10A-i) and iNOS (Fig.
10A-ii) immunopositivity in the livers of vehicle-treated
mice. After treatment with LPS strong expression of cas-
pase-3 (Fig. 10B-i) and iNOS (Fig. 10B-ii) was observed
compared with the vehicle control group. In these sections,
caspase-3 and iNOS immunoreactivity was observed mainly
around central vein.

Caspase-3 and iNOS immunopositivity decreased in the
livers of LPS-intoxicated mice treated with 1 g/kg of citric
acid (Fig. 10C) and 2 g/kg of citric acid (Fig. 10D), re-
spectively. In contrast, citric acid in the high dose of 4 g/kg
was not effective in reducing caspase-3 (Fig. 10E-i) and
iNOS expression (Fig. 10E-ii).

DISCUSSION

In the present model of mild systemic inflammation
caused by a subseptic dose of LPS endotoxin and associated
with increased oxidative stress in brain and liver tissues,

FIG. 7. DNA fragmentation (%) in mice liver after LPS or LPS +
citric acid (1–4 g/kg, p.o.). *P< .05 versus saline control. +P< .05
versus LPS control group. #P < .05 versus LPS + 1 g/kg of citric acid.

FIG. 8. (A) Alanine aminotransfer-
ase (ALT) and (B) aspartate amino-
transferase (AST) activities in mice
liver after LPS or LPS + citric acid (1–
4 g/kg, p.o.). *P < .05 versus saline
control. +P < .05 versus LPS control
group. #P < .05 versus LPS + 1 g/kg of
citric acid.
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citric acid exerted important pharmacological effects. A
significant and marked decrease in lipid peroxidation
(measured as MDA) was observed in brain tissue after
treatment with citric acid, thereby suggesting decreased free
radical attack on polyunsaturated fatty acids. In contrast, no
significant effect on liver MDA has been observed after
treatment citric acid. In both the brain and liver, however,
citric acid displayed marked inhibitory effect on nitric ox-
ide. Under physiological conditions, this free radical gas
synthesized from the amino acid l-arginine by the enzyme
NOS is important in neurotransmission, maintaining vas-
cular tone, immune regulation, synaptic plasticity, and many
other functions.32,33 Increased levels of nitric oxide gener-
ated by glial cells, including astrocytes and microglia, due to
action of inducible NOS, however, contributes to neuronal
cell death in inflammatory, infectious, ischemic, and neu-
rodegenerative diseases.34 This is due to the ability of nitric
oxide to react with other free radicals, especially with the
oxygen radical superoxide (O2

- ), to form peroxynitrite
(ONOO - ), decomposing to form the powerful and cytotoxic
oxidants hydroxyl radical and nitrogen dioxide.35,36

In face of increased free radicals and reactive oxygen
species, cells are equipped with a number of antioxidant
mechanisms, such as catalases, GPxs, glutathione transferase,
superoxide dismutase, and GSH.3 The administration of LPS
was associated with an increase in lipid peroxidation and a
drop in GSH level and GPx activity in brain and liver tissues,
which indicates increased generation of free radicals. In LPS-
treated mice, brain and liver GSH were not altered by citric
acid. Meanwhile, treatment with citric acid at 1 g/kg was as-
sociated with increased GPx activities in brain and liver tis-
sues, possibly due to an antioxidant effect of citric acid. In the
current study, decreased brain and liver PON1 activity was
observed after the administration of LPS. PON1 enzyme that
plays an important role in the metabolism of many xenobiotic
compounds has recently drawn attention, for a possible role in
protecting cellular membranes against lipid peroxidation.25,26

In brain tissue, PON1 activity was improved by citric acid
given at 1 g/kg. PON1 activity in liver tissue, however, de-
creased following higher doses of citric acid, possibly re-
flecting consumption or inactivation of the enzyme by
increased free radicals with high concentration of citric acid.

FIG. 9. Hematoxylin and eosin (H&E)–
stained liver sections from mice treated with
(A) saline (control). (B) LPS: inflammatory
leukocytic cell infiltration around portal area
(long arrow), necrosis (arrow head), dilated
and congested blood sinusoids, and marinated
nuclear chromatin (star). (C) LPS: focal ne-
crotic area (arrow head), activated Kupffer
cells, dilated and congested blood sinusoids,
and pyknotic nuclei (star). (D) LPS + citric
acid 1 g/kg: congestion of central vein (long
arrow), dilated blood sinusoids, and few ne-
crotic cells (arrowhead). (E) LPS + citric acid
2 g/kg: normal central vein (long arrow),
minimally dilated blood sinusoids, and few
Kupffer cells. (F) LPS + 4 g/kg of citric acid:
congestion of central vein (long arrow), signs
of degeneration of hepatocytes, dilated con-
gested blood sinusoids, and few Kupffer cells
(H&E · 400). Color images available online
at www.liebertpub.com/jmf
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FIG. 10. The effect of LPS and citric
acid treatment on hepatic caspase-3 (i) and
inducible nitric oxide synthase (iNOS) (ii)
immunostaining: (A) control liver; (B)
LPS; (C) LPS + citric acid 1 g/kg; (D)
LPS + citric acid 2 g/kg; (E) citric acid
4 g/kg (caspase-3 and iNOS immunohisto-
chemistry, hematoxylin counterstain ·400).
Color images available online at www
.liebertpub.com/jmf
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One potent proinflammatory cytokine is TNF-a, which is
produced in the brain by glial cells in response to various
stimuli and induces astrocytes and microglial cells to se-
crete several inflammatory mediators, such as chemokines,
lipid mediators, nitric oxide, and other free radicals. TNF-a
has been demonstrated to play an important role in central
nervous system neuroinflammation-mediated cell death in
various neurodegenerative conditions.37,38 In the present
study, the cytokine was markedly increased in brain
tissue after LPS administration. Here we demonstrate
that citric acid treatment was associated with marked in-
hibitory effect on TNF-a production within brain tissue
after LPS challenge. This ability of citric acid to decrease
pathological TNF-a production in the brain might be of
value in relevance to neurodegenerative diseases. TNF-a
expression appears to be upregulated in several neurode-
generative disorders, such as Alzheimer’s disease, Par-
kinson’s disease, and amyotrophic lateral sclerosis, and
pharmacological manipulation of TNF-a within the brain
has been proposed as one potential target in the treatment
of these conditions and may represent a valuable target for
intervention.39–41

The present data indicate that citric acid can act directly
on brain cells to inhibit their production of TNF-a and ni-
trite. LPS acts on TLR4 receptors on macrophages, dendritic
cells, and other immune cells to release proinflammatory
cytokines, such as TNF-a and IL-1b, which might gain di-
rect access to the brain via the blood–brain barrier or signal
to the brain via the vagus nerve, the so-called gut–brain
immune communication.42,43 Thus it is also possible that the
effects of citric acid on brain are accounted for by modu-
lating the release of inflammatory mediators from leuco-
cytes in the periphery.

Differences in results for the same markers in liver and
brain tissues were observed. Thus, in contrast to the effects
of citric acid in decreasing lipid peroxidation in the brain, no
significant effect on liver MDA was observed. Moreover,
PON1 activity in liver tissue decreased following citric acid
at high doses. This might be due to the particular metabolic
pathway interrelationships within each so different organ.
Nevertheless, DNA fragmentation, serum transaminase el-
evations, caspase-3 and iNOS expression, and histological
damage were all attenuated by 1–2 g/kg of citric acid. These
data clearly indicated a protective effect for citric acid ad-
ministration within this dose range on hepatic damage
during endotoxemia. Citric acid intake, therefore, is likely to
have a beneficial effect on the liver under toxic and in-
flammatory conditions. Citric acid might prevent liver injury
through (1) reducing polymorphonuclear cell degranulation
and attenuating the release of myeloperoxidase, elastase, IL-
1b, and platelet factor; (2) stimulation of glycolysis and the
tricarboxylic acid cycle; (3) increased production of bicar-
bonate with improvement of tissue acidosis in inflammatory
conditions and therefore maintains tissue and cellular in-
tegrity; and (4) stimulation of vagal sensory afferents in-
volved in signaling hepatic protection.11–13,15,44,45

It should be noted, however, that some of the beneficial
effects observed for citric acid in brain and liver tissues were

only in the dose range of 1–2 g/kg. This protective effect is
lost when the dose is increased to 4 g/kg; for example, GPX
and PON1 activities were increased only with 1 g/kg and
TNF was decreased only by 1–2 g/kg of citric acid; the doses
that were most effective in inhibiting brain nitrite. The
protective effects on the liver were also lost with the higher
dose of 4 g/kg, which also increased liver DNA fragmen-
tation. Since citric acid is found in all animal tissues as an
intermediate in the Krebs cycle, no limit has been set on the
acceptable daily intake for humans for either the acid or
salt.46 It is possible, however, that at higher concentrations,
citric acid acts as a pro-oxidant. Several antioxidants show
pro-oxidant effects at higher doses/concentrations, for ex-
ample, carotenoids,47 vitamin E, and vitamin C.48,49 Natural
compounds also display double-edged effects on inflam-
matory reactions, depending potentially on their concen-
trations: physiologic doses leading to beneficial effects
whereas high doses may result in harmful effects.50

In summary, the present data suggest an antioxidant and
anti-inflammatory effect for orally given citric acid at 1–2 g/
kg in brain tissue. Citric acid also demonstrated a beneficial
hepatic protective effect at this dose range. Given that both
increased brain oxidative stress and chronic inflammation
have been linked to the development of neurodegenerative
diseases, citric acid might thus prove of clinical benefit in
such conditions. The present study suggests that citric acid
might find utility in treatment of toxic and inflammatory
conditions of the brain and liver tissues. This can take the
form of supplementation as nutraceutical citric acid.
Meanwhile, citric acid is naturally concentrated in citrus
fruits with lemon juice and lime juice being rich sources of
citric acid and intake of these has been suggested as an
effective means of treating oxalate stones.1,51,52 These
studies have addressed the utility of dietary intervention
with fruits and fruit juices with high citrate content (orange
juice and lemonade) as an alternative to potassium citrate in
increasing urinary pH and citrate, but the combination of
citrate supplementation and fruit juices was not evaluated.
This latter approach might prove a useful one combining the
advantages of both classes of food additives. The presence
of flavonoids and vitamin C in citrus fruits and juices makes
the latter option an attractive one.
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