
Determination and Occurrence of
Mineralocorticoids in Taihu Lake of
China
Li Zhao1, Hong Chang1*, Fuhong Sun2* and Hailei Su2*

1Beijing Key Lab for Source Control Technology of Water Pollution, College of Environmental Sciences and Engineering, Beijing
Forestry University, Beijing, China, 2State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research
Academy of Environmental Sciences, Beijing, China

We developed a sensitive method for monitoring six natural (aldosterone) and synthetic
mineralocorticoids (canrenone, spironolactone, 7β-spironolactone, 7α-thio
spironolactone, and 7α-thiomethyl spironolactone) in sediment and water using ultra-
performance liquid chromatography–electrospray tandem mass spectrometry, and then
30 water and 30 sediment samples were analyzed to reveal their occurrence and
distributions in Taihu Lake. All target six mineralocorticoids were detected in sediment
and water samples with the detection frequencies as high as 96–100%. The median
concentrations of mineralocorticoids ranged from 0.04 ng/L (7α-thiomethyl
spironolactone) to 14 ng/L (aldosterone) in water and 0.01 ng/g (7β-spironolactone and
canrenone) to 1.44 ng/g (aldosterone) in sediment in dry weight. Natural aldosterone was
the predominant mineralocorticoid detected in both water and sediment samples,
indicating the mineralocorticoid pollution in Taihu Lake was mainly derived from human
and/or animal excrement rather than pharmaceutical industry and usage. Two metabolites
7β-spironolactone and 7α-thio spironolactone were first found in this study. Low ratios of
metabolites to spironolactone were observed in sediment (0.05–0.75) in contrast to water
(0.12–2.26), indicating that spironolactone was prone to degradation in water phase
compared to sediment environment.
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INTRODUCTION

Over the past 2 decades, steroid hormones in aquatic environments have attracted widespread
attention due to their potential endocrine disrupting effects (Parks et al., 2001; Kolodziej et al.,
2003; Runnalls et al., 2013; Shen et al., 2020). Steroid hormones include estrogens, androgens,
progestogens, glucocorticoids, and mineralocorticoids, and all of them can be released into
environment and present a risk to aquatic organisms (Larsson et al., 2000; Orlando et al., 2004;
Sorensen et al., 2005; Zucchi et al., 2012; Zucchi et al., 2013 and; Zucchi et al., 2014; Liang et al.,
2015; Fent, 2015). Studies have revealed the environmental relevance of mineralocorticoid
spironolactone and its metabolite canrenone with the abnormal fishes downstream from
pharmaceutical manufacture discharge (Sanchez et al., 2011). In addition, androgenic
effects were observed on fish which were exposed to mineralocorticoid spironolactone
(Natasha, 2011; Raut et al., 2011; LaLone et al., 2013; LaLone et al., 2013; Davis et al.,
2017). However, in contrast to other classes, there are few reports about the occurrence
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and fate of mineralocorticoids in environment which is vital
to assess their potential health and ecological risks.

Natural mineralocorticoid, such as aldosterone, are excreted
by the adrenal cortex. They regulate water and salt metabolism
and blood pressure, and play an important role in maintaining
the constant environment in the body (Lifton et al., 2001; Kuhnle
et al., 2004). Such properties have led to the usage of synthetic
mineralocorticoids against a number of human diseases such as
inflammation, allergies, adrenal insufficiency, diabetes and other
related diseases (USEPA, 1997). Thus, a quantity of

mineralocorticoids can be released into the aquatic
environment via wastewater effluents of sewage treatment
plants (STPs), hospitals and pharmaceutical factories. Recently,
Weizel et al. (2018) reported the concentrations of spironolactone
metabolites (canrenone and 7α-thiomethyl spironolactone) up to
19 ng/L in STP effluents. Ammann et al. (2014) found that the
concentration of spironolactone in hospital wastewater was as
high as 130 ng/L. Creusot et al. (2014) revealed the concentrations
of spironolactone and canrenone up to 2.9 μg/L downstream of a
French pharmaceutical factory. It was reported that
spironolactone could be rapidly metabolized into canrenone,
7α-thiomethyl spironolactone and other metabolites in the
body (Sadee et al., 1973; Vlase et al., 2011) and could fast
degrade in contact with activated sludge and in aqueous
solutions (Sulaiman et al., 2015).

Thus, spironolactone metabolites may originate from the
biological metabolism in organisms, the degradation of
spironolactone in water treatment processes and/or the natural
environment, necessitating a systematic investigation of
metabolites together with spironolactone. To our knowledge,
only two studies have included metabolites canrenone and 7α-
thiomethyl spironolactone in the investigations (Creusot et al.,
2014; Weizel et al., 2018). Because spironolactone metabolites
may still have endocrine disrupting effects on organisms (Sanchez
et al., 2011; LaLone et al., 2013), it is essential to analyze as many
as natural, synthetic mineralocorticoids and metabolites to obtain
a more complete picture of the environmental contamination and
to further assess the environmental risks.

In this study, we developed a method that allows the
simultaneous analysis of six mineralocorticoids, including
aldosterone, canrenone, 7α-thio spironolactone, 7α-thiomethyl
spironolactone, spironolactone and 7β-spironolactone
(Figure 1). We then applied this method to investigate the
occurrence of each compound in sediment and water samples
from Taihu Lake, which is one of the key lakes of water pollution
control in China (Qin et al., 2007; Li et al., 2009).

FIGURE 1 | Chemical structures and corresponding Log Kow values (ACD/ChemSketch 10.0) of target mineralocorticoids.

FIGURE 2 | Map of sampling sites in Taihu Lake. Numbers 1–30
represent the sampling sites.
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MATERIALS AND METHODS

Chemicals and Materials
Six mineralocorticoids, aldosterone, canrenone, spironolactone, 7β-
spironolactone, 7α-thio spironolactone, and 7α-thiomethyl
spironolactone were purchased from Steraloids (Newport,
United States). Spironolactone-d6 was obtained from Toronto
Research Chemicals (Toronto, Canada). All reference materials
were of purity greater than 98%. HPLC grade ethyl acetate
(EtOAc), acetonitrile (ACN) and methanol were purchased from
Fisher Chemicals (Bridgewater, United States). HPLC grade formic
acidwas supplied byBeijingChemicals (Beijing, China).Milli-Qwater
was obtained fromMillipore (18.2 MΩ, Bedford, MA, United States).

Sample Collection
The sampling sites were shown in Figure 2. At each sampling
location, five independent water/sediment samples were collected
and pooled together to obtain one composite water/sediment
sample. Sediment samples (upper 20–30 cm) were collected using
a stainless grab sampler. A total of thirty pairs of composite water
and sediment samples were obtained from Taihu Lake in October
2019. The samples were sealed without a headspace and
transported to the laboratory within 6 h of collection. Water
samples were filtered and extracted immediately, and sediment
samples were stored at −20°C until further analyses. The detailed
characteristics of collected water samples at each sampling site
(pH, dissolved organic carbon (DOC) and temperature) are
provided in Supplementary Table S1.

Sample Preparation and Extraction
All water samples were filtered by glass fiber pads (GF/F, 0.45 μm,
Whatman, Maidstone, United Kingdom) to remove suspended
materials. Prior to extraction, isotope-labelled standard
(spironolactone-d6) was spiked into water sample at
concentrations of 100 ng/L as surrogate to compensate for losses
andmatrix effects. The water samples passed through the Oasis HLB
cartridges (500mg, 6 ml, Milford, MA, United States) at a flow rate
of 5–10ml/min, which were pre-activated with 6 ml of EtOAc, 6 ml
of ACN, and 12ml of ultrapure water. After water loading, the
cartridges were rinsed with 10ml ultrapure water and dried by
nitrogen. Then the cartridges were eluted with 6ml ethyl acetate/
acetonitrile (1:1, v/v). Subsequently, the extracts were evaporated
under a gentle stream of nitrogen to dryness and reconstituted with
200 μL methanol for UPLC-ESI-MS/MS analysis.

For sediment samples, they were freeze-dried and grinded to
pass through 80mesh sieve. Prior to extraction, sediment samples
were spiked with 20 ng of spironolactone-d6 and were
ultrasonically extracted with 20 ml of mixture of methanol and
ACN (1:1, v:v). The eluent was evaporated to dryness and
reconstituted with 200 ml of ultrapure water. The subsequent
purified steps followed the same procedure as for the water
samples described above. Each sample was analyzed in
duplicate by this method.

UPLC-ESI-MS/MS Analysis
The LC apparatus was an ACQUITY Ultra Performance LC
system (UPLC; Waters, Milford, MA, United States).

Separation was conducted using a UPLC HSS T3 column
(100 mm × 2.1 mm, 1.7 µm, Waters). Methanol (A) and 0.1%
formic acid in ultrapure water (B) were used as the mobile phases.
The gradient condition was as follows: the contribution from A
was linearly increased from 60 to 70% in 8 min, to 85% in 5 min,
to 100% in 1 min, and held for 3 min, followed by a decrease to
60% in 0.1 min, and held for 3 min to allow re-equilibration. The
flow rate was 0.3 ml/min. The column temperature was set to
40°C, and the injected volume of each sample was 2 μL.

Mass spectrometry was performed using a Waters Xevo TQ-S
Triple Quadrupole Mass Spectrometer equipped with an
electrospray ionization source (Waters, United States). The
mass spectrometer was operated in positive electrospray
ionization pattern using a multi-reaction monitoring (MRM)
mode. The optimal parameters adopted for the ESI source as
follows: capillary voltage was set to 3.0 kV, ion source
temperature was 150°C, the desolvation gas was set at 450°C
with desolvation gas flow of 900 L/h, and collision gas flow was
150 L/h.

Recovery Test
The recovery experiment was spiking the mixed standard
solution to the pooled samples (n � 5) from several water and
sediment samples of Taihu Lake before extraction. Analyte
addition was at least three times the original concentration,
and was 5 ng/L in filtered water (except for aldosterone at
100 ng/L) and 1 ng/g dry weight (dw; except for aldosterone at
20 ng/g dw) in sediment samples. The relative recoveries in the
spiked water and sediment samples were estimated by correcting
the absolute recoveries of target analytes to that of the surrogate.

RESULT AND DISCUSSION

Analytical Procedure and Method
Performance
The six natural and synthetic mineralocorticoids, including
aldosterone, canrenone, spironolactone, 7β-spironolactone, 7α-
thio spironolactone, and 7α-thiomethyl spironolactone, were
simultaneously analyzed by MS/MS in the MRM mode. The
two abundant MRM transitions, cone voltage and collision
energies, were optimized for each analyte by infusing the
standard solutions into the mass spectrometer (Table 1). All
of the precursor ions were protonated molecular ions ([M + H]+),
except for spironolactone and 7β-spironolactone ([M-
SOCH3+H]+) which readily lose the 7α-acetylthio group being
transformed to canrenone. The signals of canrenone,
spironolactone, and 7β-spironolactone can be easily
distinguished by their different retention times (Figure 3).
Under MS/MS conditions, natural aldosterone generated
abundant product ions at m/z 315 and 343, which can be
formed due to the lose sequences of H2O and COCH2OH at
C-17. For canrenone, spironolactone, and 7β-spironolactone, the
most abundant product ions were at m/z 107 and 187 due to the
cleavages in the A and B rings. For 7α-thiomethyl spironolactone,
the most abundant product ions were at m/z 341 and 323 due to
the sequential loss of SCH3 and H2O. The fragmentation of 7α-
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thio spironolactone showed a loss of 283 and 199 Da,
corresponding to the loss of SH and ester group and the
cleavage in the C ring.

The mineralocorticoids in the samples were identified by
comparing the retention time (within 2%) and the ratio (within
20%) of the two selected MRM ion transition with those of
standards. A recovery experiment was conducted to evaluate the
method accuracy by spiking at least three times the original

concentration of target analytes into water and sediment samples.
The recoveries of the present method were in the range of 72–108%
for water and 81–110% for sediment samples. Two procedural
blanks were carried out with each batch to check the interfering
peaks and potential background values, and no analytes were found
in the blank analysis. The limit of quantifications (LOQs) for each
analyte in the field samples were calculated based on the signal-to-
noise (S/N) ratio near the target peak. The LOQs (S/N � 10) of the
analytes were 0.002–0.02 ng/g dw in the sediment and 0.01–0.03 ng/
L in the water, respectively.

Concentrations of Mineralocorticoids
Six natural and synthetic mineralocorticoids were analyzed in the
water and sediment samples collected from Taihu Lake in 2019. As
shown in Figure 4, all six mineralocorticoids were detected in
sediment and water samples, with the detection frequencies as
high as 96–100%. In sediment samples, the detected
concentrations were 0.12–6.7 ng/g dry weight (dw) for
aldosterone, 0.004–0.43 ng/g dw for spironolactone,
0.002–0.02 ng/g dw for 7β-spironolactone, 0.002–0.03 ng/g dw for
canrenone, <LOQ–0.02 ng/g dw for 7α-thiomethyl spironolactone,
and 0.01–0.20 ng/g dw for 7α-thio spironolactone, with a median
value of 1.44, 0.10, 0.01, 0.01, 0.06, and 0.044 ng/g dw, respectively. In
water samples, the detected concentrations were 2.8–45 ng/L for
aldosterone, 0.02–1.0 ng/L for spironolactone, 0.04–0.38 ng/L for
7β-spironolactone, 0.02–0.60 ng/L for canrenone, <LOQ–0.08 ng/L
for 7α-thiomethyl spironolactone, and 0.08–3.3 ng/L for 7α-thio
spironolactone, with a median value of 14, 0.32, 0.15, 0.12, 0.04, and
0.78 ng/L, respectively. Of the six mineralocorticoids, endogenous
aldosterone was always the dominant compound, indicating the
mineralocorticoid pollution in Taihu Lake was mainly derived from
human and/or animal excrement rather than pharmaceutical
industry and usage. Spironolactone is a renal competitive
aldosterone antagonist in a class of pharmaceuticals called
potassium-sparing diuretics, used primarily to treat ascites in
patients with liver disease, low-renin hypertension, hypokalemia,
and Conn’s syndrome.

Canrenone, 7α-thiomethyl spironolactone, 7α-thio
spironolactone, and 7β-spironolactone were the metabolites of
spironolactone. In this study, the concentrations of spironolactone
and its four metabolites were relatively low, but their ubiquitous
present in water and sediment samples indicate that they should be

TABLE 1 | MRM transitions, cone and collision energy of target mineralocorticoids.

Analyte CAS number MW mass MRM transition Cone (V) CE (eV)

Aldosterone 52-39-1 360.4 361 > 315 20 15
361 > 343 20 13

Canrenone 976-71-6 340.5 341 > 107 35 25
341 > 187 35 20

Spironolactone 52-01-7 416.6 341 > 107 35 25
331 > 187 35 20

7β- spironolactone 33,784-05-3 416.6 341 > 107 35 25
341 > 187 35 20

7α-thio spironolactone 38,753-76-3 374.5 375 > 283 20 18
375 > 199 20 23

7α-thiomethyl spironolactone 38,753-77-4 388.6 389 > 323 20 15
389 > 341 20 15

FIGURE 3 | Typical UPLC-MS/MS chromatograms of the target
mineralocorticoid standards.
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included in further monitoring campaigns of steroid hormones. Few
studies have reported the concentrations of mineralocorticoids in
aquatic environments. To our knowledge, the present study is the first
one that reports 7α-thio spironolactone and 7β-spironolactone, the
two metabolites of spironolactone in aquatic environments. In
contrast to Taihu Lake in this study, Gong et al. (2019) reported
lower measured aldosterone concentrations of 1.1–9.6 ng/L in
Zhujiang River, and Ammann et al. (2014) found higher
spironolactone concentrations of 1–4 ng/L in Swedish and Czechic
rivers. It is interesting that two metabolites of canrenone (0.2–8.3 ng/
L) and 7α-thiomethyl spironolactone (0.05–1.3 ng/L) were detected
in the rivers and streams containing an elevated percentage of treated
wastewater (Weizel et al., 2018). In contrast to its metabolites,
spironolactone was not detected at all in that study. The
phenomenon could be explained that spironolactone could be
rapidly metabolized in humans to canrenone and 7α-thiomethyl
spironolactone (Vlase et al., 2011) and fast degrade in contact with
activated sludge and in aqueous solutions (Sulaiman et al., 2015). This
pattern is different from that found in the river waters downstream
from pharmaceutical manufacture discharges where spironolactone

(402–14,681 ng/L) was measured with detected with higher levels of
canrenone (226–7,336 ng/L) (Creusot et al., 2014). Thus, the frequent
detection of spironolactone in Taihu Lake in this study may suggest
the industrial discharge and/or the different degradation behaviors
although it was not a major pollution source to Taihu Lake.

The concentration variations of the six natural and synthetic
mineralocorticoids were investigated in water and sediment samples
collected from Taihu Lake. Their total concentrations were
3.7–48 ng/L in water and 0.22–6.9 ng/g dw in sediment, and had
similar spatial distributions for the targetmineralocorticoids in water
and sediment of Taihu Lake. The total concentrations of
mineralocorticoids in the eastern area (sites 22 and 25), Meiliang
Bay (site 2), Gonghu Bay (site 11), and Zhushan Bay (Site 13) were
relatively higher than those in other areas of Taihu Lake. In the
central part (sites 15–18), the concentrations of mineralocorticoids
showed a similar level. In the southwest area (sites 19, 21, and
27–30), relatively lower levels of mineralocorticoids were found. The
occurrence and distribution of mineralocorticoids in Taihu Lake
were influenced by human/animal wastewater discharges, lake
currents, inflow/outflow rivers, and sediment properties (Zhou

FIGURE 4 | Concentration distributions of the target mineralocorticoids detected in sediment (A) and water (B) samples from Taihu Lake. Error bars represent SD
values of two duplicate composite samples.

Frontiers in Environmental Science | www.frontiersin.org August 2021 | Volume 9 | Article 7276455

Zhao et al. Mineralocorticoids in Aquatic Environments

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


et al., 2016). Relatively high concentrations of mineralocorticoids in
the northwestern (Meiliang Bay, Gonghu Bay, and Zhushan Bay)
and eastern area were probably due to human/animal wastewater
discharges and fewer disturbances of lake currents in the areas. The

similar levels of mineralocorticoids in the central area might be
influenced by strong lake currents in the area.

Profiles of Mineralocorticoids
The compositions of each analyte relative to the total mean
concentrations were also investigated in the water and
sediment samples collected from Taihu Lake (Figure 5).
Natural aldosterone was the predominant mineralocorticoid
and accounted for 91 and 89% of the total concentrations in
the water and sediment samples. Synthetic spironolactone and its
metabolites only accounted for 9 and 11% in water and sediment.
It suggests that compared to pharmaceutical production and
usage, human/animal excrement probably the main source of
mineralocorticoid pollution in Taihu Lake.

Despite the relatively low levels of spironolactone in Taihu Lake,
the detection of its four metabolites, of which 7β-spironolactone and
7α-thio spironolactone were detected for the first time, afforded the
opportunity to assess the compound-specific transformation of the
important synthetic mineralocorticoid in the environment (Figure 6).
Canrenone and 7α-thiomethyl spironolactonewere reported to be two
metabolites of spironolactone in humans and also two degradation
products in contact with activated sludge and in aqueous solutions

FIGURE 5 | Profiles of the six mineralocorticoids in water and sediment
samples from Taihu Lake. Error bars represent SD values of two duplicate
composite samples.

FIGURE 6 | Concentration variations of spironolactone and its four metabolites in sediment (A) and water (B) samples from Taihu Lake. Error bars represent SD
values of two duplicate composite samples.
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(Vlase et al., 2011; Sulaiman et al., 2015), and their ratios relative to
spironolactone were 0.36 and 0.12 in water. Other twometabolites 7β-
spironolactone and 7α-thio spironolactone were first reported in this
study, and their ratios relative to spironolactone were 0.47 and 2.26
in water. The metabolite 7β-spironolactone is a 7β-isomer of
spironolactone, and it has been reported to be able to bind
effectively to human plasma proteins. In comparison, low
ratios of metabolites to spironolactone were observed in
sediment, and the ratios of canrenone/spironolactone, 7α-
thiomethyl spironolactone/spironolactone, 7β-spironolactone/
spironolactone, and 7α-thio spironolactone/spironolactone
were 0.10, 0.05, 0.14, and 0.75, respectively. The results
indicate that the mineralocorticoids are prone to degradation
in water phase compared to sediment environment.

CONCLUSION

An UPLC-MS/MS method with a high sensitivity was
established for simultaneous determination of six natural
and synthetic mineralocorticoids in water and sediment
matrices. All the target mineralocorticoids were widely
detected in Taihu Lake. Natural aldosterone was the
predominant mineralocorticoid detected in both water and
sediment samples, and thus human/animal excrement was
probably the main pollution source for Taihu Lake. Synthetic
spironolactone and its metabolites were also ubiquitous in
Taihu Lake despite lower concentrations compared to natural
aldosterone. Two metabolites 7β-spironolactone and 7α-thio
spironolactone were first found in this study. Low ratios
of metabolites to spironolactone were observed in sediment
in contrast to water, indicating the mineralocorticoids
prone to degradation in water phase compared to sediment
environment.
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