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Evidence for Indoxyl Sulfate as an Inducer of
Oxidative Stress in Patients With Diabetes
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Abstract. Background/Aim: Indoxyl sulfate is a metabolite
of tryptophan and its urinary level reflects the status of
bacterial flora in the intestine. Indoxyl sulfate possesses pro-
oxidant properties and is implicated in various diseases
including chronic kidney disease and cardiovascular diseases.
However, the relation of urinary indoxyl sulfate to oxidative
stress is not known. Patients and Methods: The association
of wurinary indoxyl sulfate levels with urinary levels of
oxidative stress markers, 15-isoprostane F,; and pteridine
derivatives, was investigated in 255 patients with type 2
diabetes. Indoxyl sulfate and pteridine derivatives were
measured by using spectrofluorometry. Results: Urinary
levels of indoxyl sulfate, pteridines, and 15-isoprostane
Fy, showed a normal distribution after logarithmic
transformation but not before it, and they were thus used for
parametric analysis after logarithmic transformation.
Urinary indoxyl sulfate levels were significantly correlated
(p<0.01) with urinary 15-isoprostane F,; and pteridine levels
[Pearson’s correlation coefficients: 0.503 (15-isoprostane
Fy,) and 0.562 (pteridines)]. These associations were also
found in multivariable analysis after adjusting for age, sex,
insulin therapy for diabetes, body mass index, mean arterial
pressure, hemoglobin A, estimated glomerular filtration
rate, urinary albumin, and histories of smoking and alcohol
drinking. Conclusion: Urinary indoxyl sulfate levels showed
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associations with urinary levels of oxidative stress markers,
and the associations were independent of age, sex, insulin
therapy for diabetes, body mass index, blood pressure,
glycemic status, renal function, smoking, and alcohol
drinking. Indoxyl sulfate appears to be an important
determinant of redox balance in patients with diabetes.

Indole is the main metabolite of dietary tryptophan produced
by gut bacteria via the action of tryptophanase. Indole is
absorbed in the intestine and undergoes detoxification to
indoxyl sulfate in the liver. Indoxyl sulfate mainly exists as
an albumin-bound form in the blood stream and is excreted
into urine through the renal proximal tubules. Indoxyl sulfate
is increased in the blood of patients with renal dysfunction.
It is a uremic toxin and has been shown to be involved in the
progression and complications of chronic kidney disease (1).
Moreover, increased levels of blood indoxyl sulfate have
been shown to be associated with cardiovascular mortality
(2) and severity of coronary atherosclerosis (3). Oxidative
stress and deterioration of cellular antioxidant defense
systems have been suggested as mechanisms of the toxic
action of indoxyl sulfate (4). Indoxyl sulfate has been shown
to increase oxidative stress in various cells including
vascular endothelial cells (5), smooth muscle cells (6),
mesangial cells (7), renal tubular cells (8), and blood
mononuclear cells (9).

Urinary indoxyl sulfate levels are increased when production
of indole from tryptophan is augmented by dysbiosis (10).
However, it remains to be clarified whether and how urinary
indoxyl sulfate level is related to a redox state in vivo. The
purpose of this concise study was therefore to investigate the
relations of urinary indoxyl sulfate levels to urinary oxidative
stress markers including 15-isoprostane F,, and pteridine
derivatives in patients with diabetes, where oxidative stress is
known to be increased and involved in the pathogenesis of
various complications including cardiovascular diseases (11).
Urinary pteridine level has recently been proposed as a new
oxidative stress biomarker in the general population (12) and
in patients with diabetes (13).
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Patients and Methods

Subjects. The subjects of this study were 255 outpatients (158 males
and 97 females) who had been diagnosed as having type 2 diabetes
mellitus. This study was approved by the ethics committees of Kobe
Tokushukai Hospital (number: TGE00313-014) and Hyogo College
of Medicine (number: 1766). Individual histories of medication,
cigarette smoking, and alcohol drinking were surveyed by
questionnaires. The subjects were divided by average alcohol
consumption into three groups (nondrinkers; occasional drinkers,
less than 2 days per week; regular drinkers, 2 days or more per
week). The subjects were also divided into three groups by average
cigarette consumption (nonsmokers; light smokers, 20 or less
cigarettes per day; heavy smokers, more than 20 cigarettes per day).

Measurements of urinary indoxyl sulfate, pteridine derivatives, and
15-isoprostane F,,. Levels of indoxyl sulfate and the oxidized-form
of pteridine derivatives in urine were estimated by using
spectrofluorometry as described previously (12, 14). The excitation
and emission wavelengths used were 280 nm and 390 nm,
respectively, for indoxyl sulfate and 360 nm and 450 nm,
respectively, for pteridine derivatives. Levels of 15-isoprostane F,,
were measured by an enzyme-linked immunoassay using a
commercial kit, Urinary Isoprostane EIA Kit (Oxford Biochemical
Research Inc., Oxford, MI, USA). Albumin concentrations in urine
were measured by immune-nephelometry using an auto-analyzer
(JCA-BMS8O000 series, JEOL Ltd., Tokyo, Japan).

Measurements of other variables. Height and body weight were
measured with each subject wearing light clothes. Body mass index
(BMI) was calculated as weight in kilograms divided by the square
of height in meters. Arterial pressure of the right brachial artery at
rest was recorded using VaSera VS-1500 (Fukuda Denshi, Tokyo,
Japan).

Fasting blood was collected from each patient in the morning, and
serum was separated by centrifugation and stored at —20°C until
measurements. Hemoglobin A, in the blood was measured by using
an automatic glycol-hemoglobin analyzer based on high-performance
liquid chromatography. Since the standards of hemoglobin A, used
for measurement are different in the National Glycohemoglobin
Standardization Program (NGSP) method and Japan Diabetes Society
(JDS) method, hemoglobin A, values were calibrated by using a
formula proposed by the JDS (15): hemoglobin A, . (NGSP) (%)=1.02
x hemoglobin A;. (JDS) (%) + 0.25%. Subjects with diabetes were
defined as those receiving drug therapy for diabetes and/or those
showing high hemoglobin A, levels (=6.5%), according to the
criteria for diagnosis of diabetes by the American Diabetes
Association (16). Serum creatinine was measured by an enzymatic
method using a commercial kit, CRE-CL (Serotec Co., Ltd., Sapporo,
Japan). Estimated glomerular filtration rate (¢GFR) was calculated by
using the following equation (Cre: serum creatinine) developed by
the Japanese Society of Nephrology (17): eGFR (ml/min/1.73
m2)=194x Cre (mg/dl)~1094x age (years)=0-287,

Statistical analysis. Statistical analyses were performed using a
computer software program (IBM SPSS Statistics for Windows,
Version 25.0., Armonk, NY, USA). Pearson’s correlation coefficients
(r) and standardized partial regression coefficients (f) were
calculated in univariable analysis and multivariable analysis,
respectively. Age, sex, insulin therapy, smoking, alcohol drinking,

BMI, mean arterial pressure, hemoglobin A;., eGFR, and urinary
albumin were adjusted in multivariable analysis. Probability (p)
values less than 0.05 were defined as significant.

Results

Characteristics of the subjects. The means with standard
deviations of age (years) and hemoglobin A;. (%) were
69.1+104 and 7.16+1.24, respectively. Thus, a large
proportion of the subjects were elderly patients and patients
with mild diabetes. About 30% and 45% of the subjects were
habitual smokers and drinkers, respectively. The percentage
of the subjects receiving insulin injection was 14.5%. The
means with standard deviations of BMI (kg/mz), mean
arterial pressure (mmHg), and eGFR (ml/min/1.73 mz) were
24.9+4.5, 104.3x13.1, and 77.9+28.7, respectively. The
medians with interquartile ranges of urinary indoxyl sulfate
(uM), 15-isoprostane F,, (ng/ml), pteridines (uM), and
albumin (mg/l) were 288.0 (174.7, 490.9), 1.38 (0.75, 2.43),
13.6 (8.8,21.3), and 19.0 (6.7, 69.1), respectively.

Distribution of urinary indoxyl sulfate levels. Figure 1A and
B show histograms of urinary indoxyl sulfate levels. Indoxyl
sulfate displayed a normal distribution after logarithmic
transformation with a base of 10 but not before it. Similarly,
levels of urinary pteridines and 15-isoprostane F,, showed a
normal distribution only after logarithmic transformation
(data not shown). Therefore, we used log-transformed levels
of these variables in parametric analysis such as linear
regression analysis.

Correlations of indoxyl sulfate levels with 15-isoprostane F,
and pteridine levels. Figure 1C and D show scatter plots of the
relationships of indoxyl sulfate levels with 15-isoprostane F,,
and pteridine levels. Indoxyl sulfate was significantly correlated
with 15-isoprostane F,, (r=0.503, p<0.01) and pteridines
(r=0.562, p<0.01). These correlations remained significant (15-
isoprostane F,: 3=0.503, p<0.01; pteridines: 3=0.523, p<0.01)
in multivariable linear regression analysis after adjustment for
age, sex, insulin therapy for diabetes, BMI, mean arterial
pressure, hemoglobin A, eGFR, urinary albumin, and histories
of smoking and alcohol drinking (Table I).

Discussion

Indoxyl sulfate in urine was moderately correlated with
urinary oxidative stress markers including 15-isoprostane F,,
and pteridines independently of various factors including age,
sex, BMI, blood pressure, glycemic status, renal function, and
smoking and alcohol drinking. Thus, the results suggest that
urinary indoxyl sulfate level reflects a redox status in vivo.
This is, to the best of our knowledge, the first study showing
the significance of urinary indoxyl sulfate level in relation to
oxidative stress in patients with diabetes. Our findings are
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Figure 1. Histograms of indoxyl sulfate before and after logarithmic transformation with a base of 10 (A, B) and scatter plots for relationships of
log-transformed indoxyl sulfate with log-transformed 15-isoprostane F,, (C) and log-transformed pteridines (D). Pearson’s correlation coefficients

(r) are shown in the figures.

reasonable since indoxyl sulfate has recently been reported to
cause the production of oxygen radicals in blood mononuclear
cells and in the vascular endothelium and kidney (5,7, 9) and
is thought to be involved in the pathogenesis of various
diseases including chronic kidney disease and cardiovascular
disease (1-3). Moreover, serum indoxyl sulfate levels in
patients receiving hemodialysis have been reported to show
significant correlations with serum carbonyl stress markers
including pentosidine and carboxymethyllysine, which are also
associated with oxidative stress (18). Thus, indoxyl sulfate

levels both in the blood and urine are associated with
oxidative stress.

Urinary levels of oxidative stress markers including 15-
isoprostane F,, and pteridines are thought to represent total
levels of oxidative stress in vivo (12, 19). Since indoxyl
sulfate is known to stimulate production of reactive oxygen
species and reduce antioxidant capacity (4), the associations
between urinary indoxyl sulfate and oxidative stress markers
suggest that indoxyl sulfate is considerably involved in redox
balance in the body. This hypothesis needs to be proven by
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Table 1. Correlations of indoxyl sulfate with 15-isoprostane F,, and
pteridines in multivariable linear regression analysis.

Log(15-isoprostane F,)  Log(pteridines)

Log(indoxyl sulfate) 0.503%* 0.523%*
Age —-0.102 -0.137*
Sex (female/male) -0.166* -0.034
Insulin therapy 0.031 0.033
Smoking 0.194%%* 0.257%%*
Alcohol drinking 0.077 -0.025
BMI 0.056 0.009
Mean arterial pressure —0.008 —0.043
Hemoglobin A, -0.024 0.002
eGFR 0.044 -0.161*
Urinary albumin 0.000 0.073

Shown are standardized partial regression coefficients of each variable
with 15-isoprostane F, and pteridines after logarithmic transformation
with a base of 10. Asterisks indicate significant correlation coefficients
(*p<0.05; **p<0.01).

further epidemiological and experimental studies. In the
present study, smoking also showed associations with 15-
isoprostane F,; and pteridines (Table I), which are reasonable
since smoking causes oxidative stress. Interestingly, the
correlations of indoxyl sulfate with these oxidative stress
markers were much stronger than the correlations of smoking
with them. This supports the above hypothesis of indoxyl
sulfate as an important determinant of the redox state.

Indoxyl sulfate is excreted from the blood to urine through
renal tubules and has been shown to be retained in the blood
as a nephrotoxin in patients with chronic kidney disease (1).
However, the associations between indoxyl sulfate and
oxidative stress markers were not confounded by renal
function (Table I). In this study, indoxyl sulfate level in urine
was measured by using spectrofluorometry, which is a
simple and economically beneficial method. A strong
correlation (r=0.987) was obtained between urinary levels of
indoxyl sulfate measured by using spectrofluorometry and
high-performance liquid chromatography (14). Therefore,
urinary indoxyl sulfate level is suggested to be a clinically
useful biomarker of the risk for vascular complications in
patients with diabetes.

There are limitations to this study. Blood indoxyl sulfate
levels were not available in this study, although the
associations of urinary indoxyl sulfate level with oxidative
stress markers were independent of renal function. The
subjects of this study were outpatients with type 2 diabetes,
and the significance of urinary indoxyl sulfate level in
relation to oxidative stress should be elucidated in the
general population. In addition, a large proportion of the
subjects were elderly patients and patients with mild
diabetes. There were no significant correlations between
urinary levels of indoxyl sulfate and renal function evaluated

by measuring eGFR and urinary albumin (data not shown).
Therefore, further studies using cohorts of younger subjects
and patients at a more progressed stage of diabetes are
needed to confirm the findings of the present study. Although
various factors were adjusted in multivariable analysis,
information on the status of intestinal flora, which potently
influences indoxyl sulfate level, was not available in this
study. In fact, urinary indoxyl sulfate was reported to be
increased in patients with diabetes and patients with diabetic
neuropathy manifested as steatorrhea (20).

Conclusion

Urinary indoxyl sulfate was associated with urinary levels of
oxidative stress markers including 15-isoprostane F,, and
pteridine derivatives, and these associations were
independent of age, sex, insulin therapy for diabetes, BMI,
blood pressure, glycemic status, renal function, smoking, and
alcohol drinking in patients with diabetes. Therefore, indoxyl
sulfate is thought to be an important factor to determine
redox state in vivo.
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