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Abstract: Copious fluid intake is the most essential nutritional measure in the treatment of urolithiasis,
and is suggested to be a protective factor in the primary prevention of urinary stone formation.
Although the intake of black tea contributes to daily fluid intake, the high oxalate content could
outweigh the beneficial effect of urine dilution. The present study investigated the effect of black
tea consumption on urinary risk factors for kidney stone formation. Ten healthy men received a
standardized diet for a period of ten days. Subjects consumed 1.5 L/day of fruit tea (0 mg/day
oxalate) during the 5-day control phase, which was replaced by 1.5 L/day of black tea (86 mg/day
oxalate) during the 5-day test phase. Fractional and 24-h urines were obtained. The intake of black
tea did not significantly alter 24-h urinary oxalate excretion. Urinary citrate, an important inhibitor
of calcium stone formation, increased significantly, while the relative supersaturation of calcium
oxalate, uric acid, and struvite remained unchanged. No significantly increased risk for kidney stone
formation could be derived from the ingestion of black tea in normal subjects. Further research is
needed to evaluate the impact of black tea consumption in kidney stone patients with intestinal
hyperabsorption of oxalate.

Keywords: tea; black tea; caffeine; oxalate; hyperoxaluria; urinary stone formation; urolithiasis;
kidney stone; nephrolithiasis

1. Introduction

Urinary stone disease is a significant economic burden on healthcare systems, which is
likely to increase with time [1–3]. The prevalence and incidence of urolithiasis has increased
globally over the last several decades [4]. The prevalence of urinary stones was reported to
be 5% in Germany and 10% in the United States [5,6]. The stone recurrence rate, which was
estimated to be around 50% after 10 years, is alarmingly high [7,8]. Low urine volume is a
major risk factor for kidney stone formation [9]. Copious fluid intake is the most essential
nutritional measure in the treatment of urolithiasis, regardless of stone type and specific
risk factors for stone formation [9–11]. Moreover, increased fluid intake was found to be
associated with a reduced risk of incident nephrolithiasis in both women and men [12–16].

Tea is among the most widely consumed beverages worldwide, and contributes to
daily fluid intake. Several systematic reviews assumed a potentially protective effect of
tea against urinary stone formation [17–19]. The beneficial effects of tea were attributed
primarily to the diuretic action from the intake of substantial amounts of caffeine [17,18].
Further explanations for the preventive role of tea consumption in these studies were the
antioxidant capacity related to the polyphenol content of tea, and the addition to the daily
fluid intake [18,19].

A limitation of these epidemiological studies is that no distinction was made be-
tween different tea types, particularly black and green tea, which both originate from
Camellia sinensis, and herbal tea. Moreover, tea consumption patterns that may affect
intestinal oxalate absorption were not considered—that is, if regular tea was consumed
with calcium-rich meals or contained added milk. In general, different teas contain varying
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concentrations of oxalate. While the oxalate content of herbal and fruit tea was reported to
be low, green and black tea were found to have the highest amounts of oxalate [20–22]. In-
creased urinary oxalate excretion following high dietary ingestion and/or hyperabsorption
of oxalate is a major lithogenic risk factor. It is suggested that dietary oxalate considerably
contributes to urinary oxalate excretion, even in healthy subjects without oxalate hyperab-
sorption [23,24]. Black tea, a popular beverage and an important source of dietary oxalate,
could be a relevant dietary risk factor for calcium oxalate stone formation.

However, previous studies that addressed the effect of the ingestion of brewed black
tea without milk on urinary oxalate excretion in healthy subjects have yielded incon-
sistent results. While Finch et al. [25] reported a rise in urinary oxalate excretion of
0.130 mmol/24 h after the consumption of 1.0 L of tea containing 48–55 mg oxalate, Brink-
ley et al. [26] found an increase in urinary oxalate excretion of only 0.013 mmol over an
8-h period after ingestion of 0.5 L of brewed black tea without milk. Apart from urinary
oxalate and calcium excretion, data on the impact of black tea ingestion on further urinary
promoters and inhibitors of lithogenesis are lacking. Therefore, the present study inves-
tigated the effect of brewed black tea consumption on the urinary risk profile for kidney
stone formation in normal subjects under controlled standardized conditions.

2. Materials and Methods
2.1. Study Subjects

Ten healthy men were recruited for the study. Only men were included in order to
ensure a homogenous group. Study exclusion criteria comprised a history of kidney stone
formation or any other disease. Each study participant had a normal medical examination,
normal findings from urine dipstick (Combur 9 test; Roche Diagnostics GmbH, Mannheim,
Germany), and two 24-h urine analyses prior to the start of the study. Subjects took no
medications or dietary supplements during the study. The study was approved by the
Ethics Committee of the Medical Faculty of the University of Bonn (01790), and informed
consent was obtained.

2.2. Study Procedure

Participants received a standardized diet during the whole study period of ten days.
The standardized diet was calculated using PRODI 5.3 (Nutri-Science, Freiburg, Germany).
The standardized diet corresponded to a balanced mixed diet and provided a constant total
fluid intake with beverages of 2.5 L/day. After a few days of adaptation, the standardized
dietary regimen (i.e., the constant daily intake of prescribed foods and fluids) leads to a
steady state of metabolism so that constant urinary values are achieved [27].

The study lasted ten days and comprised two phases, a 5-day control phase and a
5-day test phase. During the test phase, 1.5 L/day of fruit tea (0 mg/day oxalate) was
replaced by 1.5 L/day of brewed black tea (86 mg/day oxalate). The fruit tea was prepared
by steeping 6 tea bags, each containing 3 g, corresponding to a total of 18 g of tea, in 1.5 L
70 ◦C water for 5 min. For black tea, 12 tea bags, each containing 1.75 g, corresponding to
a total of 21 g tea leaves, were infused in 1.5 L 70 ◦C water for 5 min. Except for oxalate
(0 mg/L vs. 57.5 mg/L), the concentrations of sodium (23 mg/L vs. 23 mg/L), potassium
(117 mg/L vs. 156 mg/L), calcium (75 mg/L vs. 39 mg/L), and magnesium (28 mg/L vs.
22 mg/L) were similar in fruit tea and black tea.

During the study period, participants collected daily 24-h urine. On day 5 of the
control and test phases, fractional urine was collected to determine the circadian excretion
of urinary parameters. Subjects were instructed to drink 300 mL of the fruit tea (control
phase) and the black tea (test phase) at fixed times (7.00, 10.00, 13.00, 16.00, and 19.00 h).
Urine was collected at five 3-h intervals during the daytime (7.00–22.00 h) and in one 9-h
interval during the night (22.00–7.00 h). All parameters were determined in each urine
fraction and the resulting 24-h urine.



Nutrients 2021, 13, 4434 3 of 9

2.3. Urinary Parameters

Urine volume, density, pH (potentiometry), urinary sodium and potassium (flame
emission spectrophotometry), magnesium and calcium (atomic absorption spectroscopy),
ammonium (ion selective electrode), chloride (coulomb metric titration), inorganic sulfate
(nephelometry), inorganic phosphate (phosphate molybdate reaction), creatinine (Jaffé
reaction), uric acid (enzymatically, uricase), citrate (enzymatically, citrate lyase), and oxalate
(ion chromatography) were analyzed [28]. Laboratory quality certification was available
for each parameter. The risk of stone formation, computed as relative supersaturation
of calcium oxalate, uric acid, and struvite, was calculated using the computer program
EQUIL2 (University of Florida, Gainesville, FL, USA) [29].

2.4. Statistical Analysis

A statistical comparison of differences between the urinary parameters of the control
phase and the test phase within the study group was performed using the nonparametric
Wilcoxon matched-pairs signed-rank test. Data are presented as mean ± standard deviation
(SD). The last day of each phase served as control and test days, respectively, since steady-
state conditions were then attained. The significance level was considered as p < 0.05.
All statistical tests were two-sided. Statistical analysis was performed using SPSS® for
Windows version 27.0 (IBM, Armonk, New York, NY, USA).

3. Results

Ten men with a mean age of 26.3 ± 3.3 years (range: 20–31 years) were included in the
study. The mean body weight, height, and body mass index of the study participants were
80.0 ± 11.1 kg, 178.7 ± 5.1 cm, and 25.1 ± 3.3 kg/m2, respectively.

The 24-h urine composition on the last day of the control and test phases is presented
in Table 1. Urinary excretion of citrate increased, while urinary oxalate excretion and the
relative supersaturation of calcium oxalate, uric acid, and struvite remained unchanged
after the intake of black tea. No change in any other 24-h urinary parameter was observed
following black tea consumption.

Table 1. Twenty-four-hour urine composition after the consumption of fruit tea (control day) and black tea (test day)
(n = 10).

Fruit Tea Black Tea
p-Value

Mean ± SD Mean ± SD

Volume (L/24 h) 2.477 ± 0.504 2.378 ± 0.420 0.684
Density (g/cm3) 1.008 ± 0.002 1.008 ± 0.001 0.813

pH 6.27 ± 0.29 6.28 ± 0.35 0.959
Sodium (mmol/24 h) 205 ± 47 206 ± 22 0.959

Potassium (mmol/24 h) 72 ± 18 68 ± 14 0.386
Calcium (mmol/24 h) 5.41 ± 1.81 5.40 ± 1.56 0.879

Magnesium (mmol/24 h) 5.11 ± 1.13 5.16 ± 0.86 0.647
Ammonium (mmol/24 h) 36.8 ± 6.6 38.6 ± 11.0 0.575

Chloride (mmol/24 h) 205 ± 49 204 ± 21 0.959
Phosphate (mmol/24 h) 31.1 ± 3.5 31.6 ± 5.1 0.799

Sulfate (mmol/24 h) 20.4 ± 4.4 17.6 ± 4.3 0.169
Creatinine (mmol/24 h) 18.20 ± 2.02 17.32 ± 1.58 0.203
Uric acid (mmol/24 h) 3.58 ± 0.53 3.40 ± 0.43 0.169
Oxalate (mmol/24 h) 0.309 ± 0.052 0.340 ± 0.032 0.139
Citrate (mmol/24 h) 2.793 ± 0.664 3.387 ± 0.789 0.002
RS Calcium oxalate 3.117 ± 1.032 3.514 ± 1.249 0.386

RS Uric acid 0.741 ± 0.519 0.760 ± 0.692 0.799
RS Struvite 0.065 ± 0.069 0.082 ± 0.083 0.285

Abbreviations: RS, relative supersaturation; SD, standard deviation.
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Figure 1 compares fractional and 24-h urine oxalate excretion, citrate excretion, relative
supersaturation of calcium oxalate, and relative supersaturation of uric acid on the control
day and the test day. Except for a significantly higher excretion in the fourth urine fraction,
no difference in urinary oxalate excretion was observed in any other urine fraction or 24-h
urine on the black tea loading (Figure 1a). Urinary citrate excretion was significantly higher
in the fourth urine fraction and in 24-h urine during black tea consumption (Figure 1b). No
significant change in the relative supersaturation of calcium oxalate (Figure 1c) and uric
acid (Figure 1d) occurred, neither in any urine fraction nor in 24-h urine, after the ingestion
of black tea.
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supersaturation of calcium oxalate; (d) relative supersaturation of uric acid. Abbreviation: RS, relative supersaturation.
* Wilcoxon test within groups: <0.05.

The circadian course of urinary parameters is presented in Table 2. After the intake of
black tea, urine volume and urinary excretion of sodium, chloride, calcium, magnesium,
uric acid, oxalate, and citrate were significantly higher in the fourth urine fraction on the
test day compared to the control day. No change in the relative supersaturation of calcium
oxalate, uric acid, and struvite occurred in any urine fraction during the consumption of
black tea.
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Table 2. Fractional urine composition after the consumption of fruit tea (control day) and black tea (test day) (n = 10).

Fruit Tea Black Tea

Interval of Urine Collection (Hours) Interval of Urine Collection (Hours)
7–10 10–13 13–16 16–19 19–22 22–7 7–10 10–13 13–16 16–19 19–22 22–7

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Volume (L/h) 0.080 ± 0.041 0.219 ± 0.108 0.154 ± 0.082 0.113 ± 0.041 0.085 ± 0.036 0.058 ± 0.025 0.064 ± 0.026 0.158 ± 0.079 * 0.145 ± 0.067 0.172 ± 0.056 * 0.107 ± 0.046 0.049 ± 0.016
Density (g/cm3) 1.012 ± 0.005 1.005 ± 0.002 1.008 ± 0.005 1.007 ± 0.005 1.011 ± 0.006 1.015 ± 0.005 1.013 ± 0.006 1.006 ± 0.004 1.008 ± 0.004 1.007 ± 0.004 1.010 ± 0.004 1.014 ± 0.004

pH 6.03 ± 0.47 6.47 ± 0.53 6.46 ± 0.58 6.20 ± 0.40 6.08 ± 0.35 5.83 ± 0.32 5.84 ± 0.25 6.63 ± 0.46 6.59 ± 0.36 6.33 ± 0.70 5.98 ± 0.58 5.83 ± 0.41
Sodium (mmol/h) 7.75 ± 2.73 12.51 ± 7.82 12.72 ± 6.10 7.74 ± 2.76 8.68 ± 3.98 6.34 ± 1.60 6.49 ± 3.76 11.17 ± 3.75 11.88 ± 4.70 12.08 ± 3.64 * 10.63 ± 6.47 5.48 ± 1.50

Potassium (mmol/h) 3.08 ± 1.39 4.37 ± 1.96 4.87 ±1.49 2.45 ± 1.12 2.88 ± 1.52 2.12 ± 0.64 2.99 ± 1.51 4.91 ± 1.89 4.41 ± 2.45 2.83 ± 0.80 2.51 ± 1.18 1.65 ± 0.49 *
Calcium (mmol/h) 0.270 ± 0.120 0.377 ± 0.241 0.290 ± 0.139 0.243 ± 0.118 0.217 ± 0.134 0.135 ± 0.053 0.259 ± 0.145 0.286 ± 0.121 0.271 ± 0.124 0.333 ± 0.122 * 0.270 ± 0.122 0.127 ± 0.048

Magnesium (mmol/h) 0.228 ± 0.073 0.253 ± 0.121 0.212 ± 0.056 0.213 ± 0.081 0.218 ± 0.115 0.194 ± 0.053 0.224 ± 0.073 0.195 ± 0.06 0.208 ± 0.09 0.301 ± 0.09 * 0.249 ± 0.09 0.181 ± 0.068
Ammonium (mmol/h) 1.78 ± 0.53 1.81 ± 0.53 1.29 ± 0.52 1.49 ± 0.54 1.30 ± 0.46 1.54 ± 0.43 1.80 ± 0.60 1.39 ± 0.71 1.39 ± 0.86 2.07 ± 1.02 1.76 ± 0.41 * 1.48 ± 0.66

Chloride (mmol/h) 8.97 ± 2.69 14.40 ± 7.83 13.04 ± 5.53 7.54 ± 2.42 7.87 ± 3.79 5.51 ± 1.51 8.29 ± 4.24 13.55 ± 3.97 12.18 ± 5.20 10.82 ± 3.43 * 9.53 ± 5.37 4.49 ± 1.33
Phosphate (mmol/h) 0.87 ± 0.44 0.89 ± 0.38 1.30 ± 0.53 1.28 ± 0.33 1.63 ± 0.53 1.47 ± 0.21 0.81 ± 0.34 0.67 ± 0.39 1.32 ± 0.50 1.75 ± 0.82 1.79 ± 0.61 1.39 ± 0.41

Sulfate (mmol/h) 0.77 ± 0.33 0.75 ± 0.35 0.85 ± 0.27 0.89 ± 0.33 0.97 ± 0.44 0.86 ± 0.15 0.71 ± 0.37 0.63 ± 0.24 0.75 ± 0.33 0.95 ± 0.38 0.83 ± 0.40 0.66 ± 0.21 *
Creatinine (mmol/h) 0.759 ± 0.199 0.674 ± 0.163 0.752 ± 0.172 0.718 ± 0.211 0.716 ± 0.278 0.815 ± 0.122 0.801 ± 0.278 0.691 ± 0.296 0.669 ± 0.274 0.840 ± 0.239 0.751 ± 0.191 0.673 ± 0.210 *
Uric acid (mmol/h) 0.155 ± 0.066 0.181 ± 0.063 0.177 ± 0.047 0.140 ± 0.039 0.133 ± 0.054 0.136 ± 0.031 0.144 ± 0.058 0.165 ± 0.058 0.163 ± 0.062 0.194 ± 0.064 * 0.128 ± 0.034 0.113 ± 0.038 *
Oxalate (mmol/h) 0.012 ± 0.004 0.012 ± 0.005 0.012 ± 0.005 0.011 ± 0.003 0.012 ± 0.005 0.014 ± 0.004 0.012 ± 0.003 0.013 ± 0.005 0.015 ± 0.006 0.017 ± 0.004 * 0.017 ± 0.005 0.014 ± 0.003
Citrate (mmol/h) 0.012 ± 0.038 0.139 ± 0.044 0.154 ± 0.073 0.121 ± 0.048 0.115 ± 0.052 0.094 ± 0.026 0.129 ± 0.058 0.161 ± 0.065 0.177 ± 0.071 0.190 ± 0.046 * 0.156 ± 0.056 0.105 ± 0.042

RS Calcium oxalate 5.378 ± 3.340 1.747 ± 0.946 2.504 ± 2.123 2.724 ± 1.165 3.419 ± 1.878 5.079 ± 2.243 6.151 ± 2.842 2.860 ± 2.471 2.956 ± 2.802 3.044 ± 2.467 4.345 ± 2.253 5.332 ± 1.946
RS Uric acid 1.757 ± 1.477 0.441 ± 0.549 0.923 ± 1.095 0.813 ± 0.710 1.368 ± 1.276 2.509 ± 1.339 2.419 ± 1.840 0.337 ± 0.433 0.412 ± 0.448 1.144 ± 1.851 1.493 ± 1.595 2.491 ± 1.543
RS Struvite 0.064 ± 0.070 0.026 ± 0.025 0.042 ± 0.038 0.095 ± 0.186 0.066 ± 0.088 0.073 ± 0.068 0.048 ± 0.059 0.051 ± 0.053 0.062 ± 0.061 0.056 ± 0.051 0.061 ± 0.090 0.122 ± 0.221

Abbreviations: RS, relative supersaturation; SD, standard deviation. * Wilcoxon test within groups: <0.05.
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4. Discussion

Black tea, prepared from the leaves of Camellia sinensis, is a rich source of polyphenols,
particularly theaflavins and thearubigins, which exhibit antioxidant activity in vitro and
in vivo [30,31]. Tea is increasingly being studied for its beneficial effects against several
chronic diseases, including cardiovascular diseases and cancer [30,31]. Furthermore, several
systematic reviews have suggested a protective role of tea intake on the development of
kidney stones [17–19]. Despite the potentially preventive effect of black tea on urinary
stone formation, a high content of the anti-nutrient oxalate could negate the favorable effect
of urine dilution.

The oxalate content of black tea that was examined in the present study amounted to
57.5 mg/L oxalate, which is within the range of oxalate concentrations previously reported
for black tea [21,22,32,33]. A total of 1.5 L/day of black tea containing 86 mg/day soluble
oxalate was administered to evaluate the effect of a high tea load on urinary risk factors for
kidney stone formation, particularly on urinary oxalate excretion and the risk of calcium
oxalate stone formation. Following the intake of 1.5 L/day of black tea, urinary oxalate
excretion increased by 0.031 mmol/day on average, although not significantly. Assuming
that oxalate from a specific foodstuff is not significantly metabolized after absorption, its
excretion after the intake of a known amount estimates bioavailability [34]. Using this
approach, the bioavailability of oxalate from black tea amounted to only 3.2%.

Previous studies that assessed the bioavailability of oxalate from black tea without
milk in normal subjects have yielded a wide range. The oxalate bioavailability was reported
to be only 0.08% over an 8-h period after the consumption of 500 mL of brewed black
tea [26], whereas oxalate absorption from two brands of black tea (60.4 and 62.4 mg oxalate)
ranged from 1.9 to 4.7% over a 6-h urine collection period [35]. Liebman et al. [36] observed
a mean oxalate absorption rate of 2.4% during a 6-h period after the administration of
25 mg of 13C2-oxalate provided in conjunction with the ingestion of 600 mL of black tea
containing 40 mg oxalate. However, it should be noted that oxalate bioavailability in these
studies is an underestimate of true absorption because additional oxalate would have been
recovered if the urine collection period had been extended to 24 h. The research group
yielded an extrapolated estimate of 2.9% absorption of oxalate if urine had been collected
over a 24-h period [36]. Therefore, the results of the present study are in accordance with
the previously reported bioavailability of oxalate from brewed black tea [35,36]. In contrast,
an earlier study found a 22% absorption rate of oxalate over a 24-h urine collection period
after the consumption of black tea [25]. However, due to the small sample size of only three
participants and the substantial intersubject variability, the validity of this observation is
limited.

As opposed to healthy subjects, intestinal oxalate absorption was reported to be
significantly higher in urinary stone patients [37]. Using the standardized 13C2-oxalate
absorption test, oxalate absorption greater than 10% was found in 46% of idiopathic
calcium oxalate stone formers as opposed to 28% of healthy subjects [37]. Considering this
finding, there is overall support for the recommendation that calcium oxalate stone patients,
particularly those with intestinal hyperabsorption of oxalate, limit their consumption of
black tea. In a recent case–control study, a high consumption of tea was associated with an
increased risk of calcium oxalate stone formation [38]. In contrast to black tea, the fruit tea
used as a control in the present study is derived from completely different plants (i.e., a
mixture of berries, dried fruits, leaves, flowers, and citrus peels). Due to the composition of
the fruit tea, the oxalate content was below the detection limit. In general, herbal and fruit
teas have been recommended as an alternative to teas from Camellia sinensis as they have
much lower oxalate concentrations [11,21,22,34].

Although it is assumed that soluble oxalate in black tea binds to calcium in the
intestinal tract, thereby reducing calcium absorption and excretion, no change in 24-h
urinary calcium excretion was observed after the consumption of black tea in the present
study. Therefore, it is reasonable to suggest that the absorption of calcium was not affected
by the oxalate content of black tea, which could be explained by the timing of tea ingestion.
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The study participants were instructed to consume the tea between meals in order to
avoid any interaction between components of the tea and their diet. Because intestinal
oxalate absorption depends strongly on dietary calcium intake [39], it is suggested that the
ingestion of black tea with milk or with calcium-containing meals could reduce the highly
bioavailable soluble oxalate for absorption. A previous study in healthy subjects found
that urinary oxalate excretion was significantly lower when black tea was consumed with
milk [35].

Interestingly, the consumption of 1.5 L/day of black tea resulted in a significant in-
crease in urinary citrate excretion by 21% over the 24-h urine collection period. Urinary
citrate is an important inhibitor of calcium stone formation. Citrate inhibits stone formation
by complexing with calcium in the urine, inhibiting spontaneous nucleation, and prevent-
ing the growth and agglomeration of crystals [40]. Urinary citrate excretion is mainly
influenced by the rate of citrate absorption from the glomerular filtrate and metabolism
by the proximal tubule cell [41]. Changes in acid–base homeostasis are the predominant
physiological determinant of proximal tubule reabsorption and urinary excretion of cit-
rate [42,43]. In the present study, urinary citrate excretion increased with the ingestion
of black tea, apparently in the absence of a change in urinary pH or potassium excretion.
One hypothesis could be that other modulators of citrate metabolism (e.g., organic anions)
may have caused an increase in citrate excretion in the urine by competing at the trans-
porter [42,43]. However, studies on the effect of major organic acids of black tea infusions,
other than oxalic acid (e.g., citric, malic, quinic, or succinic acid) are lacking.

Alongside coffee, tea is also a prominent source of caffeine in the diet. Caffeine intake
has been reported to be associated with a lower risk of incident kidney stones [44]. The
caffeine content of black tea infusion was reported to be approximately 220 mg/L in [45].
The European Food Safety Authority considers the habitual caffeine consumption of up to
400 mg/day an amount at which non-pregnant healthy adults are not at risk of potential
adverse effects [46]. The diuretic effect of caffeine is well established, and can be explained
by an interaction with the adenosine receptor A1 in the renal proximal tubule, leading to
inhibition of renal reabsorption and causing diuresis and natriuresis [46,47]. Moreover,
caffeine has been reported to increase the urinary excretion of calcium, magnesium, potas-
sium, and chloride [48]. In the present study, the significantly higher urine volume, sodium,
chloride, calcium, and magnesium excretion in the fourth urine fraction on the test day
could be attributed to the cumulated intake of substantial quantities of caffeine. Because
the diuretic action of caffeine and the elevated urinary citrate excretion offset the increased
calcium excretion, the relative supersaturation of calcium oxalate remained unchanged
in the fourth urine fraction after the ingestion of black tea. Moreover, the caffeine intake
with black tea did not lead to significant changes in 24-h urine volume, specific gravity, or
mineral excretion compared to the control. Further research is required to clarify the role of
caffeine intake in urinary uric acid excretion.

The comprehensive analysis of all relevant urinary risk factors for stone formation
enabled the assessment of the effect of black tea consumption on the risk of forming specific
types of stones, computed as the relative supersaturation of the stone-forming components.
No change in the risk of stone formation for calcium oxalate, uric acid, or struvite was
observed, neither in any urine fraction nor in 24-h urine. Although urinary oxalate, calcium,
and uric acid excretion were significantly higher in the fourth fraction of urine collection
after the ingestion of black tea compared to the control phase, the relative supersaturation
of calcium oxalate and uric acid did not change due to the significantly higher urine volume
and citrate excretion.

A limitation of our study is the relatively small number of participants. As the study
was conducted under strictly controlled conditions, a steady state of metabolism can be
assumed [27]. Further research is required to evaluate the impact of habitual black tea
consumption on the risk of stone formation, particularly in calcium oxalate stone patients
with intestinal hyperabsorption of oxalate.
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5. Conclusions

To our knowledge, this is the first study to evaluate the impact of black tea consump-
tion on all relevant urinary promoters and inhibitors of lithogenesis, in addition to urinary
calcium and oxalate excretion. Interestingly, urinary citrate excretion—an important in-
hibitor of calcium stone formation—increased significantly after the ingestion of black
tea. In contrast, the consumption of the oxalate-rich black tea did not significantly alter
24-h urinary oxalate excretion. Urine volume, sodium, chloride, calcium, and magnesium
excretion were significantly higher in the fourth urine fraction after the ingestion of black
tea, which could be attributed to the cumulated intake of substantial quantities of caffeine.
However, the diuretic action of caffeine intake with black tea did not lead to significant
changes in 24-h urine volume, specific gravity, or mineral excretion compared to the con-
trol. No significantly increased risk of kidney stone formation could be derived from the
ingestion of black tea in normal subjects. Further research is needed to evaluate the impact
of habitual black tea consumption in kidney stone formers with intestinal hyperabsorption
of oxalate.

Author Contributions: Conceptualization, R.S. and A.H.; methodology, R.S. and A.H.; formal
analysis, R.S.; investigation, R.S.; writing—original draft preparation, R.S.; writing—review and
editing, R.S. and A.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by the Ethics Committee of the Medical Faculty of the
University of Bonn (committee’s reference number 01790).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data are available on request.

Acknowledgments: We thank Ursula-Ingrid Beyl for her technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pearle, M.S.; Calhoun, E.A.; Curhan, G.C. Urologic diseases in America project: Urolithiasis. J. Urol. 2005, 173, 848–857. [CrossRef]

[PubMed]
2. Strohmaier, W.L. Economics of stone disease/treatment. Arab. J. Urol. 2012, 10, 273–278. [CrossRef] [PubMed]
3. Ziemba, J.B.; Matlaga, B.R. Epidemiology and economics of nephrolithiasis. Investig. Clin. Urol. 2017, 58, 299–306. [CrossRef]
4. Romero, V.; Akpinar, H.; Assimos, D.G. Kidney stones: A global picture of prevalence, incidence, and associated risk factors. Rev.

Urol. 2010, 12, e86–e96.
5. Hesse, A.; Brändle, E.; Wilbert, D.; Köhrmann, K.U.; Alken, P. Study on the prevalence and incidence of urolithiasis in Germany

comparing the years 1979 vs. 2000. Eur. Urol. 2003, 44, 709–713. [CrossRef]
6. Chewcharat, A.; Curhan, G. Trends in the prevalence of kidney stones in the United States from 2007 to 2016. Urolithiasis 2021, 49,

27–39. [CrossRef]
7. Uribarri, J.; Oh, M.S.; Carroll, H.J. The first kidney stone. Ann. Intern. Med. 1989, 111, 1006–1009. [CrossRef]
8. Tiselius, H.G. Metabolic risk-evaluation and prevention of recurrence in stone disease: Does it make sense? Urolithiasis 2016, 44,

91–100. [CrossRef]
9. Siener, R.; Hesse, A. Fluid intake and epidemiology of urolithiasis. Eur. J. Clin. Nutr. 2003, 57 (Suppl. 2), S47–S51. [CrossRef]
10. Borghi, L.; Meschi, T.; Amato, F.; Briganti, A.; Novarini, A.; Giannini, A. Urinary volume, water and recurrences in idiopathic

calcium nephrolithiasis: A 5-year randomized prospective study. J. Urol. 1996, 155, 839–843. [CrossRef]
11. Siener, R. Nutrition and kidney stone disease. Nutrients 2021, 13, 1917. [CrossRef] [PubMed]
12. Curhan, G.C.; Willett, W.C.; Rimm, E.B.; Spiegelman, D.; Stampfer, M.J. Prospective study of beverage use and the risk of kidney

stones. Am. J. Epidemiol. 1996, 143, 240–247. [CrossRef]
13. Curhan, G.C.; Willett, W.C.; Speizer, F.E.; Stampfer, M.J. Beverage use and risk for kidney stones in women. Ann. Intern. Med.

1998, 128, 534–540. [CrossRef] [PubMed]
14. Curhan, G.C.; Willett, W.C.; Knight, E.L.; Stampfer, M.J. Dietary factors and the risk of incident kidney stones in younger women:

Nurses’ Health Study II. Arch. Intern. Med. 2004, 164, 885–891. [CrossRef] [PubMed]

http://doi.org/10.1097/01.ju.0000152082.14384.d7
http://www.ncbi.nlm.nih.gov/pubmed/15711292
http://doi.org/10.1016/j.aju.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/26558036
http://doi.org/10.4111/icu.2017.58.5.299
http://doi.org/10.1016/S0302-2838(03)00415-9
http://doi.org/10.1007/s00240-020-01210-w
http://doi.org/10.7326/0003-4819-111-12-1006
http://doi.org/10.1007/s00240-015-0840-y
http://doi.org/10.1038/sj.ejcn.1601901
http://doi.org/10.1016/S0022-5347(01)66321-3
http://doi.org/10.3390/nu13061917
http://www.ncbi.nlm.nih.gov/pubmed/34204863
http://doi.org/10.1093/oxfordjournals.aje.a008734
http://doi.org/10.7326/0003-4819-128-7-199804010-00003
http://www.ncbi.nlm.nih.gov/pubmed/9518397
http://doi.org/10.1001/archinte.164.8.885
http://www.ncbi.nlm.nih.gov/pubmed/15111375


Nutrients 2021, 13, 4434 9 of 9

15. Taylor, E.N.; Stampfer, M.J.; Curhan, G.C. Dietary factors and the risk of incident kidney stones in men: New insights after
14 years of follow-up. J. Am. Soc. Nephrol. 2004, 15, 3225–3232. [CrossRef]

16. Ferraro, P.M.; Taylor, E.N.; Gambaro, G.; Curhan, G.C. Dietary and lifestyle risk factors associated with incident kidney stones in
men and women. J. Urol. 2017, 198, 858–863. [CrossRef]

17. Lin, B.B.; Lin, M.E.; Huang, R.H.; Hong, Y.K.; Lin, B.L.; He, X.J. Dietary and lifestyle factors for primary prevention of
nephrolithiasis: A systematic review and meta-analysis. BMC Nephrol. 2020, 21, 267. [CrossRef]

18. Barghouthy, Y.; Corrales, M.; Doizi, S.; Somani, B.K.; Traxer, O. Tea and coffee consumption and pathophysiology related to
kidney stone formation: A systematic review. World J. Urol. 2021, 39, 2417–2426. [CrossRef]

19. Barghouthy, Y.; Corrales, M.; Doizi, S.; Somani, B.K.; Traxer, O. Tea and coffee consumption and the risk of urinary stones—A
systematic review of the epidemiological data. World J. Urol. 2021, 39, 2895–2901. [CrossRef]

20. Hönow, R.; Gu, K.L.R.; Hesse, A.; Siener, R. Oxalate content of green tea of different origin, quality, preparation and time of
harvest. Urol. Res. 2010, 38, 377–381. [CrossRef] [PubMed]

21. Siener, R.; Seidler, A.; Voss, S.; Hesse, A. Oxalate content of beverages. J. Food Compos. Anal. 2017, 63, 184–188. [CrossRef]
22. McKay, D.W.; Seviour, J.P.; Comerford, A.; Vasdev, S.; Massey, L.K. Herbal tea: An alternative to regular tea for those who form

calcium oxalate stones. J. Am. Diet. Assoc. 1995, 95, 360–361. [CrossRef]
23. Holmes, R.P.; Goodman, H.O.; Assimos, D.G. Contribution of dietary oxalate to urinary oxalate excretion. Kidney Int. 2001, 59,

270–276. [CrossRef]
24. Siener, R.; Bade, D.J.; Hesse, A.; Hoppe, B. Dietary hyperoxaluria is not reduced by treatment with lactic acid bacteria. J. Transl.

Med. 2013, 11, 306. [CrossRef] [PubMed]
25. Finch, A.M.; Kasidas, G.P.; Rose, G.A. Urine composition in normal subjects after oral ingestion of oxalate-rich foods. Clin. Sci.

1981, 60, 411–418. [CrossRef]
26. Brinkley, L.J.; Gregory, J.; Pak, C.Y.C. A further study of oxalate bioavailability in foods. J. Urol. 1990, 144, 94–96. [CrossRef]
27. Siener, R.; Bitterlich, N.; Birwé, H.; Hesse, A. The impact of diet on urinary risk factors for cystine stone formation. Nutrients 2021,

13, 528. [CrossRef] [PubMed]
28. Siener, R.; Struwe, F.; Hesse, A. Effect of L-methionine on the risk of phosphate stone formation. Urology 2016, 98, 39–43. [CrossRef]
29. Werness, P.G.; Brown, C.M.; Smith, L.H.; Finlayson, B. EQUIL2: A basic computer program for the calculation of urinary

saturation. J. Urol. 1985, 134, 1242–1244. [CrossRef]
30. McKay, D.L.; Blumberg, J.B. The role of tea in human health: An update. J. Am. Coll. Nutr. 2002, 21, 1–13. [CrossRef]
31. Cleverdon, R.; Elhalaby, Y.; McAlpine, M.D.; Gittings, W.; Ward, W.E. Total polyphenol content and antioxidant capacity of tea bags:

Comparison of black, green, red rooibos, chamomile and peppermint over different steep times. Beverages 2018, 4, 15. [CrossRef]
32. Charrier, M.J.S.; Savage, G.P.; Vanhanen, L. Oxalate content and calcium binding capacity of tea and herbal teas. Asia Pac. J. Clin.

Nutr. 2002, 11, 298–301. [CrossRef] [PubMed]
33. Hönow, R.; Hesse, A. Comparison of extraction methods for the determination of soluble and total oxalate in foods by HPLC-

enzyme-reactor. Food Chem. 2002, 78, 511–521. [CrossRef]
34. Massey, L.K. Tea oxalate. Nutr. Rev. 2000, 58, 88–89. [CrossRef]
35. Savage, G.P.; Charrier, M.J.S.; Vanhanen, L. Bioavailability of soluble oxalate from tea and the effect of consuming milk with the

tea. Eur. J. Clin. Nutr. 2003, 57, 415–419. [CrossRef]
36. Liebman, M.; Murphy, S. Low oxalate bioavailability from black tea. Nutr. Res. 2007, 27, 273–278. [CrossRef]
37. Voss, S.; Hesse, A.; Zimmermann, D.J.; Sauerbruch, T.; von Unruh, G.E. Intestinal oxalate absorption is higher in idiopathic

calcium oxalate stone formers than in healthy controls: Measurements with the [13C2]oxalate absorption test. J. Urol. 2006, 175,
1711–1715. [CrossRef]

38. Haghighatdoost, F.; Sadeghian, R.; Abbasi, B. The associations between tea and coffee drinking and risk of calcium-oxalate renal
stones. Plant Foods Hum. Nutr. 2021, 76, 516–522. [CrossRef] [PubMed]

39. Von Unruh, G.E.; Voss, S.; Sauerbruch, T.; Hesse, A. Dependence of oxalate absorption on the daily calcium intake. J. Am. Soc.
Nephrol. 2004, 15, 1567–1573. [CrossRef]

40. Zuckerman, J.M.; Assimos, D.G. Hypocitraturia: Pathophysiology and medical management. Rev. Urol. 2009, 11, 134–144.
41. Zacchia, M.; Preisig, P. Low urinary citrate: An overview. J. Nephrol. 2010, 23, S49–S56. [PubMed]
42. Hamm, L.L.; Hering-Smith, K.S. Pathophysiology of hypocitraturic nephrolithiasis. Endocrinol. Metab. Clin. N. Am. 2002, 31,

885–893. [CrossRef]
43. Simpson, D.P. Citrate excretion: A window on renal metabolism. Am. J. Physiol. 1983, 244, F223–F234. [CrossRef]
44. Ferraro, P.M.; Taylor, E.N.; Gambaro, G.; Curhan, G.C. Caffeine intake and the risk of kidney stones. Am. J. Clin. Nutr. 2014, 100,

1596–1603. [CrossRef] [PubMed]
45. Fitt, E.; Pell, D.; Cole, D. Assessing caffeine intake in the United Kingdom diet. Food Chem. 2013, 140, 421–426. [CrossRef]
46. European Food Safety Authority (EFSA) Panel on Dietetic Products, Nutrition and Allergies. Scientific Opinion on the Safety of

Caffeine. EFSA J. 2015, 13, 4102. [CrossRef]
47. Rieg, T.; Steigele, H.; Schnermann, J.; Richter, K.; Osswald, H.; Vallon, V. Requirement of intact adenosine A1 receptors for the diuretic

and natriuretic action of the methylxanthines theophylline and caffeine. J. Pharmacol. Exp. Ther. 2005, 313, 403–409. [CrossRef]
48. Massey, L.K.; Wise, K.J. Impact of gender and age on urinary water and mineral excretion responses to acute caffeine doses. Nutr.

Res. 1992, 12, 605–612. [CrossRef]

http://doi.org/10.1097/01.ASN.0000146012.44570.20
http://doi.org/10.1016/j.juro.2017.03.124
http://doi.org/10.1186/s12882-020-01925-3
http://doi.org/10.1007/s00345-020-03466-8
http://doi.org/10.1007/s00345-020-03561-w
http://doi.org/10.1007/s00240-009-0245-x
http://www.ncbi.nlm.nih.gov/pubmed/20204342
http://doi.org/10.1016/j.jfca.2017.08.005
http://doi.org/10.1016/S0002-8223(95)00093-3
http://doi.org/10.1046/j.1523-1755.2001.00488.x
http://doi.org/10.1186/1479-5876-11-306
http://www.ncbi.nlm.nih.gov/pubmed/24330782
http://doi.org/10.1042/cs0600411
http://doi.org/10.1016/S0022-5347(17)39377-1
http://doi.org/10.3390/nu13020528
http://www.ncbi.nlm.nih.gov/pubmed/33561968
http://doi.org/10.1016/j.urology.2016.08.007
http://doi.org/10.1016/S0022-5347(17)47703-2
http://doi.org/10.1080/07315724.2002.10719187
http://doi.org/10.3390/beverages4010015
http://doi.org/10.1046/j.1440-6047.2002.00294.x
http://www.ncbi.nlm.nih.gov/pubmed/12495262
http://doi.org/10.1016/S0308-8146(02)00212-1
http://doi.org/10.1111/j.1753-4887.2000.tb01845.x
http://doi.org/10.1038/sj.ejcn.1601572
http://doi.org/10.1016/j.nutres.2007.04.004
http://doi.org/10.1016/S0022-5347(05)01001-3
http://doi.org/10.1007/s11130-021-00933-4
http://www.ncbi.nlm.nih.gov/pubmed/34735676
http://doi.org/10.1097/01.ASN.0000127864.26968.7F
http://www.ncbi.nlm.nih.gov/pubmed/21170889
http://doi.org/10.1016/S0889-8529(02)00031-2
http://doi.org/10.1152/ajprenal.1983.244.3.F223
http://doi.org/10.3945/ajcn.114.089987
http://www.ncbi.nlm.nih.gov/pubmed/25411295
http://doi.org/10.1016/j.foodchem.2012.07.092
http://doi.org/10.2903/j.efsa.2015.4102
http://doi.org/10.1124/jpet.104.080432
http://doi.org/10.1016/S0271-5317(05)80030-2

	Introduction 
	Materials and Methods 
	Study Subjects 
	Study Procedure 
	Urinary Parameters 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

