
Biochemical and Biophysical Research Communications 393 (2010) 118–122
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Citric acid inhibits development of cataracts, proteinuria and ketosis
in streptozotocin (type 1) diabetic rats

Ryoji Nagai a,*, Mime Nagai a, Satoko Shimasaki a, John W. Baynes b, Yukio Fujiwara c

a Department of Food and Nutrition, Laboratory of Biochemistry & Nutritional Science, Japan Women’s University, Mejirodai 2-8-1, Bunkyo-ku, Tokyo 112-8681, Japan
b Department of Exercise Science, Arnold School of Public Health, University of South Carolina, Columbia, SC 29208, USA
c Department of Cell Pathology, Graduate School of Medical and Pharmaceutical Sciences, Kumamoto University, Honjo 1-1-1, Kumamoto 860-8556, Japan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 11 January 2010
Available online 1 February 2010

Keywords:
Advanced glycation end-product (AGEs)
Ne-(carboxyethyl)lysine (CEL)
Cataract
Diabetes
Ketosis
Nephropathy
0006-291X/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.bbrc.2010.01.095

Abbreviations: AGEs, advanced glycation end-p
ethyl)lysine; CML, Ne-(carboxymethyl)lysine; INS, ins

* Corresponding author. Fax: +81 3 5981 3430.
E-mail address: nagai-883@umin.ac.jp (R. Nagai).
Although many fruits such as lemon and orange contain citric acid, little is known about beneficial effects
of citric acid on health. Here we measured the effect of citric acid on the pathogenesis of diabetic
complications in streptozotocin-induced diabetic rats. Although oral administration of citric acid to diabetic
rats did not affect blood glucose concentration, it delayed the development of cataracts, inhibited
accumulation of advanced glycation end-products (AGEs) such as Ne-(carboxyethyl)lysine (CEL) and
Ne-(carboxymethyl)lysine (CML) in lens proteins, and protected against albuminuria and ketosis. We also
show that incubation of protein with acetol, a metabolite formed from acetone by acetone monooxygenase,
generate CEL, suggesting that inhibition of ketosis by citric acid may lead to the decrease in CEL in lens
proteins. These results demonstrate that the oral administration of citric acid ameliorates ketosis and
protects against the development of diabetic complications in an animal model of type 1 diabetes.

� 2010 Elsevier Inc. All rights reserved.
Introduction formation from glycation adducts. As we show here, citrate inhib-
A wide range of drugs is used for the treatment of diabetes and
its complications, including inhibitors of aldose reductase, protein
kinase C and glutamine fructose aminotransferase, inhibitors and
breakers of advanced glycation end-product (AGEs) [1], inhibitors
of angiotensin converting enzyme (ACE) inhibitors and angiotensin
receptor blockers (ARB) [2] and the chelator, trientine [3]. While
the therapeutic merits of chelators for treatment of diabetes are
not as well studied, there is evidence that AGE inhibitors and
breakers [4], as well as ACE inhibitors and ARBs [5,6], have strong
chelating activity. Other drugs used for treatment of diabetes have
amino, carboxyl and other nucleophilic functional groups and
probably also have mild chelating activity, which could contribute
to their effectiveness in treating diabetes and its complications.

In this study, we have explored the effects of citric acid on met-
abolic changes and development of complications in diabetes.
Citrate, a natural, dietary chelator found in citrus fruits [7], is
widely used in food products as a preservative and to enhance
tartness. We set out to examine the effects of dietary citrate on
formation of AGEs, especially glycoxidation products, such as
Ne-(carboxymethyl)lysine (CML) and Ne-(carboxyethyl)lysine
(CEL), which require metal-catalyzed oxidative reactions for their
ll rights reserved.

roducts; CEL, Ne-(carboxy-
ulin; CA, citric acid.
ited the development of cataracts and nephropathy and the forma-
tion of both CML and CEL in the lens of streptozotocin-induced
(type 1) diabetic rats. Because citrate was a slightly more effective
inhibitor of CEL formation, we examined the effects of citrate on
formation of CEL from two precursors, methylglyoxal, a degrada-
tion product of triose phosphates, and acetol, a metabolite of the
ketone body acetone. As shown below, we also observed that cit-
rate inhibited development of ketoacidosis in diabetic rats. Overall,
our observations suggest that citrate may contribute to the health
benefits of fresh fruits in the diet of diabetic patients and that cit-
rate supplementation may be helpful in the management of diabe-
tes and its complications.
Materials and methods

Chemicals. Fatty acid-free human serum albumin (HSA), glucose
test kit (Glucose CII-Test WAKO), citric acid monohydrate, acetoace-
tic acid, b-hydroxybutyric acid, acetone and acetol were purchased
from Wako Pure Chemical Inc. (Osaka, Japan). Streptozotocin (STZ)
was purchased from Sigma–Aldrich (St. Louis, MO). Horseradish per-
oxidase (HRP)-conjugated goat anti-mouse IgG antibody was pur-
chased from Kirkegaard Perry Laboratories (Gaithersburg, MD,
USA). All other chemicals were of the best grade available from
commercial sources.

Animal studies. The experimental protocol was approved by the
Ethics Review Committee of Kumamoto University for animal
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experimentation. Wistar rats were purchased from SLC (Shizuoka,
Japan). These rats were housed in a pathogen-free barrier facility
(12 h/12 h light/dark cycle) and were fed a normal rodent chow
diet (Clea, Japan). Diabetes was induced in 8-week-old male rats
(weight �225 g) by a single intravenous (tail vein) injection of
STZ (45 mg/kg body weight) in 200 lL of 0.05 M saline–citrate buf-
fer (pH 4.5). Age-matched control rats were given intravenous
injections of 200 lL of 0.05 M saline–citrate buffer (pH 4.5) alone.
One week after induction of diabetes (blood glucose P 250 mM),
rats were divided randomly into an untreated diabetic group
(n = 8) and two treated diabetic groups (n = 6), receiving citric acid
(2 g/L) in the drinking water, or insulin therapy. Insulin-treated
rats received 3 IU of neutral protamine Hagedorn (NPH) insulin
(Novo Nordisk Pharma, Tokyo, Japan) three times per week; this
was increased to 5 IU after week 15 to adjust for the increase in
body weight as described previously [8]. Fasting (12 h) blood sam-
ples were obtained from the tail vein 2 days after insulin injection
for measurement of blood glucose, HbA1c and ketone bodies. The
animals were killed under pentobarbital anesthesia at 27 weeks
after injection of STZ. Blood samples were analyzed for HbA1c by
Olympus AU600 automatic analyzer (Beckman Coulter Inc., CA,
USA) using monoclonal anti-hemoglobin A1c antibody (Kyowa
Medix Co. Ltd., Tokyo, Japan) and total ketone bodies, acetoacetic
acid and b-hydroxybutyric acid were measured on an JCA-BM
8000 automatic analyzer (Japan Electron Optics Laboratories, To-
kyo) using standard, NAD(H)-linked enzymatic methods. Progres-
sion of nephropathy was assessed by measurements of 24-h
urinary albumin and total protein excretion. For urine collections,
rats were housed in metabolic cages for 24 h. Urinary albumin
was quantified using the rat albumin ELISA quantitation kit (Bethyl
Laboratories, TX, USA). Total urinary protein was measured using
the microprotein-pyrogallol red kit (Sigma–Aldrich), as described
previously [8].

Evaluation of cataractogenesis and AGEs formation. Rat lenses
were removed and backscattering of light was evaluated on a grid
sheet, as described previously [9]. Each lens sample was homoge-
nized in 1 mL of 10 mM sodium phosphate buffered saline (PBS)
in the presence of 1 mM diethylaminetriaminepentaacetic acid
(DTPA) (Dojindo, Kumamoto, Japan), and protein concentration
was measured by the bicinchoninic acid (BCA) assay (Pierce, IL).

Measurement of AGEs by gas chromatography–mass spectrometry
(GC–MS) and amino acid analysis. The lens content of CML and CEL
was analyzed by GC–MS/MS on a TSQ 7000 instrument (Thermo-
Finnigan, Waltham, MA), as described previously [10]. Briefly,
following acid hydrolysis, amino acids were converted to their triflu-
oroacetyl methyl ester derivatives and analyzed by isotope dilution
GC–MS/MS using the following parent and daughter ion pairs:
180 > 69 (lysine), 188 > 69 (d8-lysine); 392 > 192 (CML), 396 > 196
(d4-CML); 379 > 206 (CEL); 387 > 214 (d8-CEL), as described previ-
ously [10]. CML and CEL were also measured in albumin incubated
with ketone bodies in vitro (see below) by amino acid analysis after
acid hydrolysis with 6 N HCl for 24 h at 110 �C, using a Hitachi
L-8500A amino acid analyzer Tokyo, Japan) equipped with cation
exchange column (#2622 SC, 4.6 � 80 mm, Hitachi), as described
previously [11].

Incubation of ketone bodies and acetol with HSA. Acetoacetic acid,
b-hydroxybutyric acid, acetone, acetol and methylglyoxal (each
100 mM) were incubated with HSA (2 mg/mL) in 200 mM sodium
phosphate buffer, pH 7.4, for 1 week at 37 �C. Each sample was dia-
lyzed against PBS at 4 �C for 12 h, then protein concentration was
measured by the BCA method. Formation of CEL in these samples
was determined by ELISA as described below.

Enzyme-linked immunosorbent assay (ELISA) for CEL. For non-
competitive ELISA [12], each well of a 96-well microtiter plate
was coated with 100 lL of the indicated concentration of samples
in PBS, and incubated for 2 h. The wells were washed three times
with PBS containing 0.05% Tween 20 (buffer A). The wells were
then blocked with 0.5% gelatin in PBS for 1 h. After triplicate wash-
ing with buffer A, the wells were incubated for 1 h with 100 lL of
anti-CEL antibody (CEL-SP) (1 lg/mL) [11]. After triplicate washing
with buffer A, the wells were incubated with horseradish peroxi-
dase (HRP)-conjugated anti-mouse IgG antibody (0.2 lg/mL), fol-
lowed by a reaction with 1,2-phenylenediamine dihydrochloride.
The reaction was terminated by sulfuric acid (1.0 M), and the
absorbance was read at 492 nm on a micro-ELISA plate reader.

Statistical analysis. All experimental data are expressed as
means ± SD. Differences between groups were examined for statis-
tical significance using the Student’s t-test or one-way analysis of
variance (ANOVA) with Newman–Keuls post-hoc test.

Results

Changes in body weight and fasting blood glucose concentrations

Normal rats increased from�200 to�600 g during the course of
the 27 week study, while diabetic rats grew to �400 g (Fig. 1A).
Neither CA nor insulin, at the doses administered, significantly af-
fected the weight gain of diabetic animals. In separate studies we
determined that although blood glucose concentration was de-
creased acutely by the administration of insulin, glucose concen-
tration returned to the levels observed in untreated diabetic
controls by 24 h after insulin injection. Thus, %HbA1c was not sig-
nificantly different between diabetic control and insulin-treated
animals. In contrast, both citric acid and insulin significantly re-
duced total ketone body concentration by �70% at 24 h after insu-
lin injection (Fig. 1B). The treatment of citric acid or insulin to
diabetic animals restored the total ketone body concentrations to
normal level, with no statistically significant differences between
the groups (P > 0.3 between groups).

Urinary protein and albumin

Urinary protein and albumin concentrations were used to eval-
uate effects on renal function. Total 24-h urinary protein and albu-
min concentrations at 27 weeks were approximately five and six
times higher, respectively, in diabetic control animals compared
with non-diabetic animals. Both citric acid and insulin therapy sig-
nificantly decreased urinary protein and albumin concentration at
27 weeks (Fig. 1C and D).

Cataractogenesis and AGEs accumulation in lens proteins

We next measured the effects of citric acid and insulin on cata-
ractogenesis. Cataracts were graded on a 0 to +3 scale, as described
previously [9]. Both insulin and citric acid significantly inhibited
the progression of cataracts (Fig. 2A and B). Since post-transla-
tional modification of crystallins by AGEs is thought to underlie
the crosslinking and insolubilization of lens protein and develop-
ment of cataracts, we next measured the effect of administration
of citric acid and insulin on AGE accumulation in lens proteins.
As shown in Fig. 2C, both citric acid and insulin significantly inhib-
ited the accumulation of CEL; similar results were observed for
CML, although insulin, at the dose used, was less effective
(P = 0.09 vs diabetic control) in inhibiting the accumulation of
CML (Fig. 2D).

Formation of CEL from the metabolite of ketone body

Because ketone bodies in blood, and CEL and CML in lens pro-
teins were decreased by administration of citric acid, we consid-
ered the possibility that ketone bodies or their metabolites might
generate these AGEs. As shown in Fig. 3A, although CML was not



Fig. 1. Changes in body weight and clinical parameters. Control and diabetic rats were maintained for 27 weeks. Body weight (A) of normal (closed circle), diabetic control
(DM) (open triangle), diabetic with insulin therapy (closed circle) and diabetic with citric acid (open circle) was measured continuously, and ketone bodies (B) were measured
at the end of the study. Progression of nephropathy was assessed by measurements of 24-h urinary total protein (C) and albumin (D) excretion at 27 weeks. Data are
means ± SD. *P < 0.05; **P < 0.01 vs diabetic control (DM) group.

Fig. 2. Cataractogenesis and AGEs accumulation in lens proteins. Rat lenses were removed from eye balls and backscattering of light was determined by putting the lenses on
a grid sheet (A), and the progression of cataract was compared in each group (B). The contents of CEL (C) and CML (D) in lenses were analyzed by GC–MS/MS as described in
Materials and methods. Data are means ± SD. *P < 0.05; **P < 0.01 vs diabetic control (DM) group.
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detectable, CEL was generated during incubation of HSA with ace-
tol, which is formed in vivo during acetone metabolism by acetone
monooxygenase; this reaction was inhibited by DTPA, indication a
requirement for oxidation (glycoxidation) during the reaction of
acetol with albumin to form CEL. In contrast, citrate did not inhibit
formation of CEL from acetol (Fig. 3A), suggesting that inhibition of
ketogenesis and ketonemia, rather than chelation of metal ions,
was the primary mechanism of inhibition of AGEs formation in
the lens. Amino acid analysis demonstrated that 3.8 mol CEL/HSA
was observed in acetol-modified HSA (Fig. 3B). In contrast, the pri-
mary ketone bodies, acetoacetic acid, b-hydroxybutyric acid and
acetone, failed to generate either CML of CEL (data not shown).

Discussion

Blood glucose concentration is elevated in both type 1 and type
2 diabetes, while ketone bodies, which are indicators of excessive
fat metabolism, are generally elevated only in poorly controlled



Fig. 3. Formation of CEL from the metabolite of ketone body. Formation of CEL during incubation of HSA with acetol was determined by ELISA (A) in the presence of DTPA
(open circle), citric acid (triangle) or absence of interventions (closed circle). CEL content was also measured by HPLC (B) as described in Materials and methods.
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type 1 diabetes. Under these circumstances, total ketone bodies
may exceed 10 mmol/L, while those of normal subjects are less
than 0.5 mmol/L [13]. Ketoacidosis is a major complication of type
I diabetes, and also enhances endogenous AGE formation by stim-
ulating nitric oxide (NO) release from vascular endothelial cells
[14], oxygen radical formation and lipid peroxidation [15]. Diabetic
patients with frequent episodes of ketoacidosis suffer from in-
creased incidences of vascular diseases, morbidity and mortality
[16].

In the present study, citrate was administered to type 1 diabetic
rats at a dose (2 g/L in drinking water), commonly used for AGE
inhibitors, such as aminoguanidine (AG) and pyridoxamine (PM)
[17]. Although we did not measure serum citrate concentration,
citrate is resorbed in the kidney [18], and thus the therapeutic
effects of citrate are likely to be prolonged, compared to AGE inhib-
itors. Like AG and PM [17], citrate inhibited development of
nephropathy (albuminuria) in the diabetic rat (Fig. 1C and D). Sim-
ilarly, as observed with AG [19] and PM [20], citrate delayed the
onset of cataracts (Fig. 2A and B) and also inhibited formation of
AGEs in the lens (Fig. 2C and D).

In addition to these effects, citrate significantly reduced ketone-
mia in the diabetic rat (Fig. 1B). This is not surprising since metab-
Fig. 4. Possible pathway of CEL formation d
olism of citrate produces oxaloacetate, which uses, rather than
produces, acetyl-CoA. The anti-ketotic effects of citrate (and oxa-
late) were reviewed by Krebs [21], and Fasella et al. [22] reported
that citrate, administered by intravenous injection to alloxan-dia-
betic rats, had a mild, but not statistically significant anti-ketotic
effect; while more significant effects were observed in diet-in-
duced ketonemia.

Since the administration of citric acid did not affect blood glu-
cose or HbA1c concentrations, but did decrease lens AGEs and plas-
ma ketone bodies, we examined the effects of citrate on formation
of CEL and CML in vitro. Although the ketone bodies, acetoacetic
acid, b-hydroxybutyric acid and acetone, did not generate CEL
(data not shown), acetol, a metabolite of both acetone and methyl-
glyoxal (Fig. 4) [23], reacted with protein to produce CEL (Fig. 3);
this reaction occurred only under oxidative conditions, i.e. it was
inhibited by DTPA, consistent with the mechanism proposed in
Fig. 4. Since citrate did not directly inhibit formation of CEL from
acetol (Fig. 3A), these results suggest that inhibition of CEL forma-
tion by citric acid may be secondary to the inhibition of ketogene-
sis. Our results demonstrate that acetol modifies proteins to form
CEL, and also indicate that citrate, which is an effective chelator
of calcium, copper and iron at physiological pH, does not inhibit
uring incubation of protein with acetol.
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this metal-catalyzed glycoxidation reactions. Further studies are
required to examine the effects of citrate on other glycoxidation
and lipoxidation reactions.

Since life-style related diseases such as atherosclerosis and dia-
betes progress gradually due to poor dietary habits, improvement
of daily nutrition is a recommended as a first line of defense
against the pathogenesis of these diseases. Our results suggest that
daily intake of citric acid from many fruits such as lemons, limes
and oranges, and possibly as a supplement, can thus play a benefi-
cial role in limiting ketosis and the progression of diabetic compli-
cations. Other diseases complicated by ketosis, such as ketotic
hypoglycemia of childhood, corticosteroid or growth hormone
deficiency, intoxication with alcohol or salicylates, and several in-
born errors of metabolism [24] may also benefit from diets rich in
citrus fruits or from citrate supplementation.
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