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Serum progesterone sulfates were evaluated in the eti-
ology of gestational diabetes mellitus (GDM). Serum
progesterone sulfates were measured using ultra-per-
formance liquid chromatography–tandem mass spec-
trometry in four patient cohorts: 1) the Hyperglycemia
and Adverse Pregnancy Outcomes study; 2) London-
based women of mixed ancestry and 3) U.K.-based
women of European ancestry with or without GDM; and
4) 11–13 weeks pregnant women with BMI #25 or BMI
$35 kg/m2 with subsequent uncomplicated pregnan-
cies or GDM. Glucose-stimulated insulin secretion (GSIS)
was evaluated in response to progesterone sulfates in
mouse islets and human islets. Calcium fluorescence was
measured in HEK293 cells expressing transient receptor
potential cation channel subfamily M member 3 (TRPM3).
Computer modeling using Molecular Operating Environ-
ment generated three-dimensional structures of TRPM3.
Epiallopregnanolone sulfate (PM5S) concentrations were
reduced in GDM (P < 0.05), in women with higher fasting
plasma glucose (P < 0.010), and in early pregnancy sam-
ples from women who subsequently developed GDMwith
BMI $35 kg/m2 (P < 0.05). In islets, 50 lmol/L PM5S

increased GSIS by at least twofold (P < 0.001); isosakura-
netin (TRPM3 inhibitor) abolished this effect. PM5S
increased calcium influx in TRPM3-expressing HEK293
cells. Computer modeling and docking showed identical
positioning of PM5S to the natural ligand in TRPM3. PM5S
increases GSIS and is reduced in GDM serum. The activa-
tion of GSIS by PM5S is mediated by TRPM3 in both
mouse and human islets.

Gestational diabetes mellitus (GDM) is characterized by
hyperglycemia first occurring or diagnosed during preg-
nancy. GDM is increasingly prevalent, affecting up to 15%
of pregnancies worldwide, with higher rates in Asia (1,2).
The pathogenesis of GDM is not fully understood. In addi-
tion to maternal hyperglycemia, GDM is also associated
with dyslipidemia (3,4) preeclampsia (5), and increased peri-
natal risks, including large-for-gestational-age infants, birth-
related injuries, and neonatal hypoglycemia (6,7). Long-term
risks associated with GDM include an increased risk of
developing type 2 diabetes and other obesity-related disor-
ders in both mother and offspring (8,9).
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Serum concentrations of sulfated progesterone metab-
olites are increased �100-fold in the serum of pregnant
women compared with nonpregnant women; progester-
one sulfates normally circulate at very low concentrations
in nonpregnant women and men (10). Some progesterone
sulfates bind receptors that influence lipid, glucose, and
bile acid metabolism. The progesterone sulfate 5b-preg-
nan-3a-20a-diol-sulfate (pregnanediol sulfate [PM3S]) acti-
vates the G-protein–coupled bile acid receptor 1 (GPBAR1,
or TGR5) (11), and 5a-pregnan-3b-ol-20-one-sulfate (epial-
lopregnanolone sulfate [PM5S]) is a partial agonist for the
bile acid receptor farnesoid X receptor (FXR) (10); this may
be of relevance to the etiology of GDM, as Fxr�/� and
Tgr5�/� mice have impaired glucose tolerance in pregnancy
(12). Another cholesterol-based sulfated endogenous neu-
rosteroid, 5-pregnen-3b-ol-20-one-sulfate (pregnenolone
sulfate [PMD5S]), is a well-established modulator of recep-
tors and channels such as transient receptor potential cat-
ion channel subfamily M member 3 (TRPM3). PMD5S has
been reported to increase neurotransmitter release and
affect synaptic transmission, and, when TRPM3 is acti-
vated by PMD5S in islets, there is calcium influx and insu-
lin secretion (13–15).

Progesterone sulfates primarily differ between the ori-
entation of the sulfate group on carbon 3 and hydrogen
on carbon 5, whether there is a hydroxyl or keto group at
carbon 20 position, and whether one or two hydroxyl
groups are sulfated. These structural differences alter the
predicted conformation of the different progesterone sul-
fates and are expected to determine their ability to bind
to different receptors. Thus, determining whether there
are differences in specific progesterone sulfate metabolites
between GDM and healthy pregnancy and establishing
which receptors these metabolites activate are key to
understanding whether progesterone sulfates play a role in
the development or progression of GDM.

We hypothesized that specific progesterone sulfates are
altered in GDM, and this in turn alters signaling through
its receptors, leading to changes in glucose tolerance.

RESEARCH DESIGN AND METHODS

Human Serum Sample Studies
Progesterone sulfates were measured in serum from four
separate patient cohorts (Fig. 1 and Table 1).

Cohort 1 comprised 187 fasting samples from the Hyper-
glycemia and Adverse Pregnancy Outcomes (HAPO) study
archive (Belfast, U.K.); progesterone sulfate concentrations
were assayed in samples from women in the quartiles with
the lowest fasting plasma glucose (FPG) (<4.3 mmol/L; 94
samples) or highest FPG (5.1–6.6 mmol/L; 93 samples)
using current International Association of Diabetes and
Pregnancy Study Groups criteria. These samples were col-
lected between 2000 and 2006 from women between 24
and 32 weeks’ gestation at the Royal Victoria Hospital (Bel-
fast, U.K.). Participants gave written informed consent, with
ethical approval obtained from the Northern Ireland

Regional Ethics Committee (RO1-HD34242, RO1-HD34243,
and RD04/0002756). Methods have been previously pub-
lished (7).

Cohort 2 comprised samples from Bowe et al. (16)
described previously (Research Ethics Committee [REC]
number: 13/LO/0539). Due to the availability of the sam-
ples, we analyzed fasting serum progesterone sulfate con-
centrations from 25 women with GDM and 64 without
GDM between 26 and 34 weeks’ gestation. GDM was
diagnosed according to the International Association of
Diabetes and Pregnancy Study Groups criteria. Other
medical conditions of note that the women had were: in
those without GDM, polycystic ovary syndrome (PCOS)
(2), hypothyroidism (1), hypertension (1), and asthma
(4); and in GDM, PCOS (1) and asthma (4).

Cohort 3 comprised samples collected from the micro-
nutrients in the Pregnancy as a Risk Factor for gestational
Diabetes and Effects on mother and baby (PRiDE) study,
carried out in 10 sites (Midlands, Leeds, and York, U.K.),
methods previously published (REC number 12/WM/
0010) (17). We used fasting samples of European origin
only, collected from 2013–2018, and with a diagnosis of
GDM using a modified National Institute for Health and
Care Excellence 2015 criteria (FPG $5.6 mmol/L and/or
2-h plasma glucose $7.8 mmol/L). Samples were further
split by BMI, being classified as normal BMI (<25 kg/m2)
or obese BMI (>30 kg/m2).

Cohort 4 comprised samples collected at 11–13 weeks’
gestation, between 2010 and 2015 at King’s College Hospi-
tal (London, U.K.). Invited participants gave written
informed consent; the study was approved by the National
REC (REC number 02–03–033). Serum samples were col-
lected in women attending for their routine first trimester
ultrasound scan and stored at �80�C for subsequent bio-
chemical analysis. Screening for GDM in the hospital was
based on a two-step approach. A random plasma glucose
was measured in all women at 24–28 weeks’ gestation. If
the concentration of glucose was $6.7mmol/L, an oral glu-
cose tolerance test was performed within the subsequent 2
weeks. Diagnosis of GDM was made if FPG level was $6
mmol/L or $7.8 mmol/L after 2 h. Progesterone sulfate
concentrations were measured in 11–13 weeks’ serum sam-
ples from 100 women who subsequently developed GDM
and 100 women who had an uncomplicated pregnancy,
defined as pregnancies occurring without complications
that resulted in live birth after 37 weeks’ gestation of phe-
notypically normal neonates. GDM samples were selected
according to maternal BMI at 11–13 weeks’ gestation; 50
samples per group from women with BMI #25 kg/m2 or
with BMI $35 kg/m2. Each GDM sample was matched to
one uncomplicated pregnancy sample for the BMI group,
with samples taken on the same or next day. Other medi-
cal conditions of note that the women had were: in those
without GDM, PCOS (4), hypothyroidism (3), hyperthy-
roidism (1), hypertension (2), and asthma (6); and in
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GDM, PCOS (5), hypothyroidism (3), hyperthyroidism (1),
hypertension (3), and asthma (4).

No participants in any cohort had a diagnosis of intra-
hepatic cholestasis of pregnancy, a condition known to
be associated with elevated serum progesterone sulfate
concentrations.

Serum Progesterone Sulfate Analysis by Ultra-
Performance Liquid Chromatography–Tandem Mass
Spectrometry
Serum samples were analyzed for progesterone sulfates in
all four cohorts by ultra-performance liquid chromatogra-
phy–tandem mass spectrometry (UPLC-MS/MS) as previ-
ously described (11). It was not possible to assay PMD5S
in the HAPO samples, as these samples were analyzed
before the D4-labeled internal standard for unsaturated
progesterone metabolites became available in 2018. Assays
were performed in the Department of Laboratory Medi-
cine, Karolinska Institute (Stockholm, Sweden).

Animals
Female 8–10-week-old virgin C57Bl/6J wild-type (WT)
mice purchased from Charles River Laboratories (Tranent,
U.K.) were used for islet studies. Fxr�/� and Tgr5�/�

female 8–10-week-old virgin mice used for islet studies
were maintained on a C57BL/6J background and have

been previously described in detail (18,19). Mice were
housed in stable conditions with a 12-h light/dark cycle.

Islet Studies
Female mouse islets were isolated by collagenase digestion
(1 mg/mL) of the pancreas and separated from exocrine
pancreatic tissue on a Histopaque gradient. Islets were
incubated at 37�C in RPMI 1640 (10% FBS, 2 mmol/L glu-
tamine, 100 units/mL penicillin/0.1 mg/mL streptomycin,
and 11 mmol/L glucose) overnight before experiments were
performed.

Human islets were isolated from female organ donors
at the King’s College Hospital Islet Transplantation unit,
as previously described (20). Consent for using islets for
research has been obtained and studies approved by the
Ethical committee of King’s College Hospital (REC num-
ber: LREC 01–082). Islets were isolated between 2018 and
2019. Islets isolated from four donor pancreases were
received within 48 h of pancreas harvest. Supplementary
Table 1 details the age, sex, and BMI of each organ donor.

Glucose-stimulated insulin secretion (GSIS) from islets
was assessed in static incubations. Islets were preincubated
in 2 mmol/L glucose RPMI. Groups of five size-matched
islets were then incubated for 1 h at 37�C in a bicarbonate-
buffered physiological salt solution, supplemented with 2
mmol/L CaCl2, 0.5 mg/mL BSA, and either low glucose
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Figure 1—Flow chart detailing each of the cohorts of the study.
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(2 or 3 mmol/L) or high glucose (20mmol/L), with the
agents of interest. Incubation medium was collected and
stored at �20�C until assayed. Insulin content from the
collected medium from all static incubations was deter-
mined using an in-house radioimmunoassay as described
previously (21), apart from Fxr�/� islet experiments, which
were determined by ELISA (62IN2PEG; Cisbio, Bedford,
MA).

Cell Culture
HEK293 cells (RRID: CVCL_U427; Thermo Fisher Scien-
tific, Horsham, U.K.) stably expressing TRPM3a2 plasmid
(pcDNA3.1) DNA (provided by Dr. Stephan Philipp, Uni-
versity of Saarland, Homburg, Germany) were grown in
DMEM AQ supplemented with penicillin (100 U/ml),
streptomycin (100 mg/mL), FBS (10%), and G418 (0.5
mg/mL).

Ninety-Six–Well Plate Intracellular Calcium
Concentration Assays
HEK293 cells expressing TRPM3 were plated in poly-D-
lysine–coated 96-well black-walled plates (Costar; Corning,
Corning, NY) 1 day before experimentation. Cells were
loaded with 2.5 mmol/L Fura-2 AM (Invitrogen, Paisley,
U.K.) in the presence of 1 mmol/L of probenecid (Tocris
Bioscience, Bristol, U.K.) for �1 h. Dye loading and all
experiments were performed in a physiological saline
solution containing 140 mmol/L NaCl, 5 mmol/L KCl, 10
mmol/L glucose, 10 mmol/L HEPES, 2 mmol/L CaCl2,
and 1 mmol/L MgCl2, buffered to pH 7.4 (NaOH). Proges-
terone sulfate solutions were injected and responses read
using the FlexStation 3 Multi-Mode Microplate Reader
(Molecular Devices) at 37�C. Basal emission ratios (340
nm/380 nm) were measured and then changes in dye
emission ratio determined at various times after com-
pound addition. Experiments were performed in triplicate
wells.

Homology Modeling and Ligand Binding Modeling
Molecular Operating Environment (MOE) version 2019.01
was used to visualize the binding sites and superimpose
and dock the structures of PMD5S and PM5S.

The model of human TRPM3 was built through the
“Homology model” program of the “Protein” module of the
MOE by Chemical Computing Group ULC (https://www.
chemcomp.com).

UniProt was used to retrieve the primary structure of
human TRPM3 and to run a protein BLAST search of the
Protein Data Bank database to identify a suitable homolo-
gous template. Mouse TRPM7 (Protein Data Bank identi-
fication number 5ZX5) (22) was identified as the top-
scoring template for comparative modeling.

Human TRPM3 and mouse TRPM7 primary structures
were globally aligned with the “Align/Superpose” program of
the MOE “Protein” module and manually improved, taking
into account also the alignment produced by Schr€odinger
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(https://schrodinger.com) BioLuminate alignment tools con-
tained in the “Multiple Sequence View/Editor.”

Ten different intermediate models were produced, and
the top-scoring one, according to the electrostatic solvation
energy, calculated used a Generalized Born/Volume Inte-
gral (GB/VI) methodology (23), was selected and energy-
minimized.

Since mouse TRPM7 was cocrystallized and solved with
several cholesterol hemisuccinate molecules that share
the same cyclopentanoperhydrophenanthrene scaffold of
our investigated ligands, we transferred them in our final
human TRPM3 model, using the MOE “Homology model”
option “Used as environment.”

Molecular docking was carried out on the refined
human TRPM7 using the MOE “Dock” program of the
“Compute” module, testing a database containing the pro-
gesterone sulfates PMD5S and PM5S. The three different
cholesterol hemisuccinate binding sites were sequentially
tested, with the following settings: placement “Triangle
Matcher,” score “London DG,” number of retained poses
per ligand “30,” refinement “Rigid Receptor,” score “GB/
VI/WSA DG,” and number of retained poses per ligand
“5.” Both of the empirical scoring functions, the London
DG and the GB/VI/WSA DG (24), used for scoring the
produced docking poses are expressed as kilocalories per
mole and estimated an approximate binding free energy
value for each generated complex.

Three-Dimensional Structures of Progesterone
Sulfates
MM2 energy minimization modeling using ChemDraw 3D
(PerkinElmer) was used to create the three-dimensional
(3D) structures of progesterone sulfates.

Materials
All drugs and reagents were purchased from Sigma-Aldrich
(Gillingham, U.K.) unless otherwise stated. The source of
progesterone sulfates was Steraloids (Newport, RI); isosa-
kuranetin (ISO) was purchased from Extrasynthese (Genay,
France).

Statistical Analysis
Data are expressed as mean ± SEM. Normality of data
was tested using the Shapiro-Wilk test; if not normally
distributed, the data were transformed using the logarith-
mic function. Where two groups were being compared,
Student t test or a Mann-Whitney test was used. When
three or more groups were compared, a one-way ANOVA
was used followed by Tukey post hoc analysis or a Krus-
kal-Wallis test followed by a Dunn post hoc test. Spear-
man rank correlation coefficient was used to evaluate the
strength of two variables in the data. A P value of <0.05
was considered significant. All statistical analyses were
made using Prism version 8.4.2 (GraphPad Software).
Logistic regressions were performed using Stata 16.

Data and Resource Availability
All data generated or analyzed during this study are
included in the published article (and its Supplementary
Material).

RESULTS

Progesterone Sulfates Are Reduced in GDM
We studied women with FPG concentrations in the highest
and lowest quartiles from the HAPO study (cohort 1).
Women with higher FPG (5.1–6.6 mmol/L) had signifi-
cantly lower serum concentrations of PM3S (P = 0.0268),
pregnanediol disulfate (P = 0.0186), PM5S (P = 0.0012),
and allopregnanolone sulfate (PM4S) (P = 0.0051) in com-
parison with the women with lower FPG levels (#4.3
mmol/L) (Fig. 2A). We then screened serum samples from
London-based women of mixed ancestry with GDM com-
pared with those with normal glucose tolerance (cohort 2)
and demonstrated a 1.6- (P = 0.0475) and 1.35-fold (P =
0.0104) decrease in PM5S and PMD5S, respectively, in the
serum from women with GDM (Fig. 2B), consistent with
the findings of low serum concentrations of progesterone
sulfates in fasted serum from women in cohort 1. There
was a negative correlation between maternal BMI and con-
centrations of PM5S (r �0.26; P = 0.017), PM4S (r �0.27;
P = 0.011), PMD5S (r �0.22; P = 0.041), and PM3S
(r �0.42; P = 0.002) in women from this cohort
(Supplementary Table 2).

Following the observation of an inverse correlation
with BMI, we analyzed serum progesterone sulfates in
a second GDM study (PRiDE study, cohort 3), that was
collected from U.K.-based women of European ancestry
in the third trimester with either obese (>30 kg/m2) or
normal (<25 kg/m2) BMI. Women with both obese and
normal BMI with GDM showed a 1.4- (P = 0.0258) and
1.7-fold (P = 0.0004) decrease in PM5S, respectively,
compared with women without GDM (Fig. 2C and D).
Obese women with GDM also demonstrated a 1.3-fold
(P = 0.0241) decrease in PM3S compared with obese
women without GDM (Fig. 2D). FPG concentrations
showed significant negative correlations with PM3S
(�0.254, P < 0.0001), PM5S (�0.333; P < 0.0001), and
PM4S (�0.239; P < 0.0001) in cohort 3 when analyzing
the whole cohort (i.e., women of European ancestry with
and without GDM). However, when the comparison was
performed using only data from women with GDM, no sig-
nificance was seen (Supplementary Table 3). This may relate
to a continuum of risk for elevated FPG related to reduced
progesterone sulfate concentrations in women with GDM of
European ancestry.

To establish whether progesterone sulfate concentra-
tions are also reduced in early pregnancy in women who
subsequently develop GDM and whether BMI influences
this reduction, we studied early pregnancy samples from
women who attended for serum screening at 11–13
weeks’ gestation (cohort 4), segregating samples from
women with lower or higher BMI. Women with a normal
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Figure 2—Progesterone sulfates are reduced in GDM. Serum samples from four patient cohorts were assayed using UPLC-MS/MS for
abundances of different progesterone sulfates: PM3S, pregnanediol disulfate (PM3DiS), allopregnanediol disulfate (PM2DiS), PM5S,
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BMI who went on to develop GDM showed no difference
in progesterone sulfate levels compared with women with
a comparable BMI who had uncomplicated pregnancies
(Fig. 2E). In the high BMI group, however, PM5S was
reduced in early pregnancy in women who subsequently
developed GDM compared with those who did not (P =
0.0340) (Fig. 2F). Thus, high BMI in early pregnancy is
associated with reduced serum PM5S in women who sub-
sequently develop GDM, and this lower serum PM5S

concentration is maintained in late pregnancy, alongside
a decrease in serum PMD5S.

Logistic regression was performed to determine whether
PM3S or PM5S could predict GDM using the data from
cohort 4. While we found a significant difference in PM5S
concentrations in the high BMI group, the area under the
receiver operating characteristic curve was 0.6, suggesting
that it is not a strong predictive biomarker for GDM
(Supplementary Table 4).

PM4S, and PMD5S. A: Serum samples from the HAPO study show reduced progesterone sulfate concentrations (in mmol/L) in women
with high FPG (n = 93) compared to low FPG (n = 94). B: Serum samples from London-based, mixed-ethnicity women with GDM (n = 25)
and control subjects (n = 64). A second U.K. third trimester cohort with GDM (PRiDE study) was examined from women of European
ancestry with a normal BMI <25 kg/m2 without GDM (n = 72) and with GDM (n = 34) (C) and with an obese BMI >30 kg/m2 without GDM
and with GDM (n = 80) (D). The early pregnancy cohort comprised 11–13-week serum samples separated according to whether they sub-
sequently developed GDM or had uncomplicated pregnancies: women with BMI #25 kg/m2 (E) and women with BMI $35 kg/m2 (F) (n =
50/group). Significant differences are indicated by: *P < 0.05, ***P < 0.001, as determined by multiple t tests; if data were not normally
distributed, Mann-Whitney U tests were performed. Data are expressed as mean ± SD.

Figure 3—PM5S increases GSIS in murine and human islets via TRPM3. Insulin secretion in response to incubation with PM5S was
assessed in islets from mice or humans at low (2 mmol/L) and high (20 mmol/L) concentrations of glucose. A: WT mouse islets were incu-
bated with the TRPM3 antagonist ISO and/or PM5S. B: Human islets were similarly incubated with ISO and/or PM5S at high glucose con-
centrations. C: WT mouse islets were incubated with either PM3S or PM4S at low and high glucose concentrations. D: HEK cells
transfected with TRPM3 were loaded with Fura-2 to measure changes in intracellular calcium concentration. Increasing concentrations of
progesterone sulfates were given. Curves are representative examples of each data set. Unless indicated differences between groups
were not significant, significance differences are indicated by: **P < 0.01, ***P < 0.001, as determined by one-way ANOVA followed by
Tukey multiple-comparisons test or Kruskal-Wallis test followed by Dunn multiple-comparisons test. Data expressed as mean ± SEM; for
each graph, n = 3–6 independent experiments, and each group contained five size-matched islets.
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PM5S Increases GSIS in Murine and Human Islets via
TRPM3
Since serum PM5S concentrations are significantly reduced
in both early pregnancy prior to GDM diagnosis of women
with high BMI and women in late pregnancy who had
GDM, we investigated whether PM5S altered islet insulin
secretion.

Challenging WT mouse islets with high glucose (20
mmol/L) increased GSIS by 4.2-fold (Fig. 3A). While addi-
tion of 50 mmol/L PM5S did not affect GSIS under low
glucose (2 mmol/L) concentrations, there was a 2.6-fold
increase in GSIS when combined with high glucose com-
pared with high glucose concentrations alone, suggesting
that PM5S augments insulin release in response to ele-
vated glucose concentrations. The bile acid receptors
TGR5 and FXR can bind progesterone sulfates (10,11),
and both are expressed in pancreatic b-cells (25). How-
ever, when islets from WT, Tgr5�/�, and Fxr�/� were
treated with PM5S, no differences in GSIS were observed
compared with WT islets (Supplementary Fig. 1).

The ion channel TRPM3 is activated by the progester-
one sulfate PMD5S (13). As PM5S has similar key orienta-
tions and 3D structure to PMD5S with a similar 3D
structure, we investigated whether PM5S binding to
TRPM3 was responsible for increasing GSIS at high glu-
cose concentrations. Mouse and human female islets were
coincubated with PM5S with or without the TRPM3
receptor antagonist ISO. Incubation of mouse islets with
5 mmol/L ISO did not alter GSIS at low glucose concentra-
tions, but blunted GSIS in response to high glucose con-
centrations. Coincubation of ISO with PM5S abolished
the previously observed PM5S-augmented GSIS at high
glucose concentrations (Fig. 3A). In human islets, a two-
fold elevation in GSIS was observed at high glucose con-
centrations compared with low glucose, which was further
increased by 2.2-fold with PM5S incubation. ISO alone

did not alter GSIS at high glucose concentrations but
abolished the PM5S-induced increase in GSIS (Fig. 3B).
Thus, inhibition of the TRPM3 channel by ISO prevents
PM5S-stimulated increase in GSIS in response to high glu-
cose levels in both mouse and human female islets.

WT mouse islets were challenged with PM3S and
PM4S to determine if these progesterone sulfates changed
GSIS. While a 20 mmol/L high glucose challenge increased
GSIS by fivefold compared with 2 mmol/L glucose, addi-
tion of either 50 mmol/L PM3S or PM4S did not augment
GSIS compared with 20 mmol/L glucose alone (Fig. 3C).

Cellular Ca2+ Concentration Is Increased by Specific
Progesterone Sulfates
TRPM3 is a calcium ion channel, and therefore, we assessed
changes in intracellular calcium concentrations in response
to different progesterone sulfate metabolites using TRPM3-
expressing HEK293 cells loaded with the fluorescent calcium
indicator dye Fura-2. Addition of PMD5S, which is reduced
in the serum of women with GDM (Fig. 2B) and is an estab-
lished agonist of TRPM3 (14), caused a concentration-
dependent increase of intracellular calcium that began to
plateau at 20 mmol/L (half-maximal effective concentration
[EC50] value = 6.2 mmol/L; Bmax = 3.9 DF [Bmax is the maxi-
mum specific binding capacity, in the same units as the
y-axis]) (Fig. 3D, Table 2, and Supplementary Fig. 2A). PM5S
caused a similar concentration-dependent increase of cal-
cium, with a comparable concentration-response curve
(EC50 = 7.8 mmol/L; Bmax = 3.3 DF [Bmax is the maximum
specific binding capacity, in the same units as the y-axis]),
which reached maximal effect at 20 mmol/L (Fig. 3D, Table
2, and Supplementary Fig. 2B). When cells were incubated
with PM3S, no increase in calcium concentrations were seen
at any concentration (Fig. 3D and Supplementary Fig. 2C).
PM4S showed partial agonism, with an approximate EC50
value of 11.7 mmol/L (Fig. 3D and Supplementary Fig. 2D)

Table 2—Names, structures, and approximate calcium responses of each progesterone sulfate investigated

Progesterone sulfate
Ref. for

structure*
EC50

(lmol/L)
Bmax
(DF)

Average
maximal

response (DF)

Predictive
response in normal
pregnancy (DF)

Predictive
response in GDM
pregnancy (DF)

PMD5S, Pregnenolone sulfate, 5-
pregnen-3b-ol-20-one-sulfate 13, 15 6.2 3.9 3.5 1.5 0.8

PM5S, epiallopregnanolone
sulfate, 5a-pregnan-3b-ol-20-
one-sulfate 10 7.8 3.3 3.2 1.1–1.6 0.6–1.0

PM4S, allopregnanolone sulfate,
5a-pregnan-3a-ol-20-one-
sulfate 10 11.7 — 2.0 0.7–0.9 0.4–0.7

PM3S, pregnanediol sulfate, 5b-
pregnan-3a,-20a-diol-3-sulfate 11 — — — — —

*Structure of PMD5S can be found in Drews et al. (13) and Theil et al. (15); PM5S and PM4S can be found in Abu-Hayyeh et al.
(10); PM3S can be found in Abu-Hayyeh et al. (11). Predictive responses refer to the DF values obtained according to the mean
concentrations in Fig. 2. Orientation of sulfate group and of the hydrogen group on carbon number 5 in the first carbon ring affects
the 3D orientation of each progesterone sulfate. PM4S are approximate values, as a full dose response could not be determined.
— indicates that no response values could be obtained from the experiments.
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and an average maximal DF value at 100 mmol/L of 2 (Table
2). PM4S began to increase intracellular calcium concentra-
tion at �10 mmol/L but did not evoke the same magnitude
of calcium response as seen with PM5S or PMD5S (Fig. 3D).

Table 2 displays the structural differences between each
of the progesterone sulfates tested. PMD5S and PM5S had
similar agonistic properties and activated TRPM3 to the
greatest degree. Structurally, they are similar in shape and
are likely to bind to TRPM3 in similar ways. PM4S has
some structural similarities to PM5S and PMD5S; the car-
bon 5 has the same orientation as PM5S, although the sul-
fate group is orientated in the a position (i.e., opposite to
PMD5S and PM5S). The PM3S sulfate group is orientated
in the a-direction compared with the b-orientation in
PMD5S and PM5S. It is likely that the orientation of the
carbon 5 and sulfate group is important for determining
which progesterone sulfates can bind and activate TRPM3.

Computational Structure of TRPM3 and Modeling of
Ligand Binding
Given the predicted 3D conformational differences between
the different progesterone sulfates, we investigated how
these differences affected binding to the TRPM3 receptor
using computational modeling.

The final quality of the tetra-protomeric model of human
TRPM3 (Supplementary Fig. 3), built through comparative
modeling on the crystallographic solved structure of the
mouse TRPM7 homolog (22), was carefully checked with the
“Protein Geometry” program of the MOE “Protein” module.
The Ramachandran plot of the final model showed a very
good distribution of the u and c angles, as reported in
Supplementary Fig. 4.

Molecular docking results, shown in Supplementary Table
5, list the approximate binding free energy, expressed in kil-
ocalories per mole, for all of the tested ligands on the three
TRPM7 putative binding sites identified by cholesterol hemi-
succinate in the study by Duan et al. (22). Our tested
ligands, such as the progesterone sulfates PMD5S and
PM5S, share the same cyclopentanoperhydrophenanthrene
template scaffold of cholesterol, so structural data obtained
from mouse TRPM7 are exploitable for our purposes. A
detailed analysis of the docking poses generated in the three
human TRPM3 binding sites allowed us to disregard poses
that do not share the same binding mode of cholesterol
hemisuccinate, scoring the remaining ones according to their
binding free energy values.

Figure 4 depicts cholesterol hemisuccinate binding
modes at its three binding sites; Fig. 5 shows how choles-
terol hemisuccinate interacts with the amino acid residues
on TRPM7 at each of its sites. Fig. 6 displays cholesterol
hemisuccinate superimposed on PM5S at all three sites.
The first two sites, displayed in Fig. 6A and B, show the
similar binding position both ligands can achieve. How-
ever, Fig. 6C shows that site 3 has no suitable position
for superimposition. Supplementary Figure 5 shows that
progesterone sulfates share a very similar binding mode

to cholesterol hemisuccinate when docked in two of the
three available binding sites. However, for the third site,
progesterone sulfate does not show the same binding
mode when compared with the arrangement of choles-
terol hemisuccinate. Supplementary Figure 6 displays the
similarities in progesterone sulfate interactions to both of
its two identified binding sites. Cholesterol hemisuccinate,
PMD5S, and PM5S have similar amino acid residue inter-
actions at both sites. The most notable shared amino acid
interactions at site 1 were methionine, lysine, and tyro-
sine, with a set of hydrogen bonds formed between
ligands and the active sites; in contrast, asparagine and
tryptophan are the most notable shared amino acid inter-
actions at site 2. Supplementary Table 5 suggests that
PM3S has a very low binding affinity and binding mode
for all of the three tested sites. This result corroborates
our observation that PM3S is unable to stimulate calcium
release in TRPM3-expressing HEK293 cells. The confor-
mation of PMD5S and PM5S superimposes well on that
of cholesterol hemisuccinate, and our data suggest that
they will bind at two out of three sites on our compara-
tive model of TRPM3, supporting our observation that
PMD5S and PM5S stimulate TRPM3-mediated calcium
release.

DISCUSSION

We have shown that serum concentrations of the sulfated
progesterone metabolites PM5S, PM3S, and PMD5S are
lowered in the third trimester of pregnancy in women
with GDM and that PM3S is reduced in women of Euro-
pean ancestry with GDM and a BMI >30 kg/m2. PM5S
was also decreased in first trimester serum samples from
women with BMI $35 kg/m2 and no previously known
impairment in glucose tolerance who were diagnosed with
GDM in later pregnancy. PM5S, consistently lowered in
each cohort, was demonstrated to augment GSIS in both
mouse and human islets at high glucose concentrations.
This effect was abolished using the well-established
TRPM3 antagonist ISO (26), but not in Tgr5�/� or Fxr�/�

mouse islets, suggesting the PM5S-associated increase in
GSIS is mediated through TRPM3. PM5S administration
also caused concentration-dependent increases in intracel-
lular calcium concentration in TRPM3-transfected HEK cells,
similar to PMD5S, a known agonist of TRPM3 (14) that is
also reduced in the serum of women with GDM. Thus, lower
levels of serum PM5S may contribute to impaired glucose
homeostasis in women with GDM.

To date, no research has been conducted on serum con-
centrations of progesterone sulfates in GDM pregnancies.
Of note, in the first trimester only, women with a BMI
$35 kg/m2 who subsequently developed GDM had lower
serum concentrations of PM5S. BMI has been used as a
predictor for GDM, with higher BMI associated with
increased susceptibility to developing GDM (27–29). Examin-
ing progesterone sulfates in different BMI ranges could also
show differences in concentrations and possibly be used as an
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Figure 4—Cholesterol hemisuccinate binding. Cholesterol hemisuccinate binding to three sites on TRPM3. The 3D structure of choles-
terol hemisuccinate binding at the first site (white circles indicate the key amino acid residues interacting with the ligand according to Fig.
5) (A), at the second site (blue circles indicate key amino acid residues interacting with the ligand according to Fig. 5) (B), and at the third
site (C).
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Figure 5—Amino acid–ligand binding site interaction. Cholesterol hemisuccinate showing the amino acid interactions at site 1 (A), site 2
(B), and site 3 (C).
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Figure 6—Ligand superimposition at each binding site. PM5S (shown in gray) showing good superimposition in A and B on top of the
cholesterol hemisuccinate ligand (shown in green) binding displayed at sites 1 and 2, respectively. C shows cholesterol hemisuccinate
(shown in gray), with no suitable pose for superimposition of PM5S (shown in green) at site 3. Blue circles indicate key interactions of the
ligand binding to amino acids according to Fig. 5.
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indicator of the concentration range in women with GDM.
Cohort 3 demonstrated some differences between obese and
normal BMI in the third trimester. Women with an obese
BMI had a significant difference in PM3S concentrations
between women without GDM and with GDM, which was
not seen in women with a normal BMI. Future GDM studies
examining progesterone sulfates should differentiate patient
cohorts by BMI to ensure differences are related to GDM sta-
tus and not BMI. Cohort 1 had significant differences in mul-
tiple progesterone sulfate concentrations that were not seen
in the other cohorts. We speculate this may be due to ethnic-
ity differences, and the differences with cohort 4 may be due
to samples in this cohort being from the first trimester,
whereas the other cohorts used samples that were taken at a
later stage of pregnancy. It will be of interest for future stud-
ies to compare women of different ethnicities with GDM.

We next investigated how progesterone sulfates inter-
act with the islets of Langerhans to modulate glucose
homeostasis. Our results suggest that PM5S plays a role
in the increased GSIS that occurs during normal preg-
nancy. Lower levels of PM5S in pre-GDM and GDM preg-
nancies might contribute to the reduction of insulin
secretion in GDM (30), and decreased PM5S in the first
trimester may similarly promote GDM development by
reduced insulin secretion.

Previous work has established that islets express TRPM3
and that activation by the progesterone sulfate PMD5S
causes insulin secretion (14,15). We have extended this
observation to demonstrate that progesterone metabolites
with a sulfate group at the carbon-3 of the steroid ring in
the b-position are able to activate TRPM3 and induce GSIS
in islets. Structurally, PMD5S and PM5S are very similar,
and PM5S meets most of the reported structural require-
ments to activate TRPM3 as established previously (13,31).
The TRPM3 antagonist ISO abolished the PM5S-induced
increase in GSIS, consistent with PM5S acting via TRPM3;
this was further supported by the increase in intracellular
calcium in TRPM3-expressing HEK293 cells incubated with
PM5S. This was similar to a study that demonstrated a sin-
gle concentration (50 mmol/L) of PM5S or PMD5S almost
equally activated TRPM3-transfected HEK293 cells (13),
consistent with our findings of PM5S-induced GSIS in islets.
Furthermore, a recent study using the insulin-releasing cell
line INS-1 showed that PMD5S (100 mmol/L) can activate
TRPM3, increasing GSIS and allowing calcium entry into the
cell. TRPM3-deficient INS-1 cells also had reduced PMD5S-
induced GSIS as well as lacking PMD5S-induced calcium sig-
nals (32), further supporting our results. It is intriguing that
a previous study of pregnant Tgr5�/� and Fxr�/� mice dem-
onstrated impaired insulin release in vivo, whereas the ex
vivo islet studies reported in this article did not show
impaired insulin secretion (12). It is possible that there are
whole-body differences and compensatory mechanisms in
the Tgr5�/� and Fxr�/� mice that are not replicated using
direct islet stimulations. Also, as islets from nonpregnant
female mice were studied, we could not establish whether

islets isolated from pregnant mice would respond differently
to progesterone sulfates compared to islets from nonpreg-
nant female mice.

Currently, no high-resolution 3D crystal structure of
TRPM3 has been solved. Our homology model of TRPM3
was computed to help predict how and where progesterone
sulfate derivatives bind to the channel. This reveals further
information on potential TRPM3 regulation mechanisms
occurring at the cellular membrane and gives a molecular
representation of how progesterone sulfate metabolites
could bind TRPM3.

Since our template is based on mouse TRPM7, we used
ligand binding models of cholesterol hemisuccinate to
TRPM7 to predict how progesterone sulfates would bind
to the active site of human TRPM3. TRPM3 channels
have some similarities to TRPM7 (e.g., both are highly
permeable to calcium ions) (33). The biophysical proper-
ties of TRPM3 and TRPM7 are similar, and their primary
structures show high similarity level and well-conserved
secondary structure features (34). Deciphering the TRPM3
ligand binding mode is important to further understand
the function of this channel. Our results suggest that,
among the tested ligands, similar amino acid interactions
are involved in two out of three of the investigated binding
sites and are therefore likely to operate this target in a sim-
ilar way. Few studies have investigated TRPM3 ligand bind-
ing complexes. A recent study constructed crystal structures
of Gbg-proteins complexed with TRPM3 and confirmed the
Gbg-protein binding with the specific exon 17–encoded pep-
tide in TRPM3 through mutagenesis experiments (35). Our
structural bioinformatics approach can help predict the
affinity and the binding modes when ligands are complexed
to their receptor. Knowing how progesterone sulfates can
specifically interact with TRPM3 is a key step in understand-
ing the multifaceted biological activities of these molecules.

Progesterone sulfates could have nonislet targets. Pre-
vious work has shown that these steroid molecules are
ligands for the bile acid receptors FXR and TGR5 and that
molecules with different sulfated moieties signal with var-
iable potency (10,11). The impact of progesterone sulfate
signaling in hepatocytes, enterocytes, L-cells, and adipo-
cytes would be a valuable focus for future studies. Like
bile acids, progesterone sulfates may be generated and
modified in the hepatocyte and small intestine (36). The
sulfation process is normally a detoxification and regula-
tion pathway and has been assumed to eliminate the active
form of progesterone. It is noteworthy that PM3S and
PM4S did not enhance GSIS from islets, and they did not
evoke the same magnitude of calcium response as seen
with PM5S or PMD5S in TRPM3-transfected HEK293T
cells. Thus, the orientation of the sulfate moieties in differ-
ent progesterone sulfates may influence their roles in glu-
cose and lipid homeostasis and could play a role in
susceptibility to other gestational diseases. For exam-
ple, higher concentrations of PM5S have been found in
women diagnosed with intrahepatic cholestasis of
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pregnancy (10). It will be of interest for future studies
to focus on the site and regulation of sulfation of spe-
cific progesterone metabolites.

Progesterone can influence insulin resistance (37), so it
is possible sulfated progesterone metabolites have a simi-
lar effect. At present, there are conflicting reports about
serum progesterone concentrations in GDM, with some
studies reporting higher concentrations (37–39) and pro-
gesterone being noted to inhibit insulin secretion (40).
However, others report no difference compared with
uncomplicated pregnancy (41–43).

In this study, we have identified reduced serum proges-
terone sulfates in pregnancies complicated by GDM and
have shown that serum PM5S concentrations are already
reduced in the first trimester prior to GDM onset in
women with a high BMI. PM5S is a strong activator of
TRPM3 and augmented GSIS in both mouse and human
islets. Lower serum concentrations of progesterone sul-
fates in pregnancies with GDM could reduce the level of
insulin released in response to high serum glucose and
therefore contribute to glucose intolerance during preg-
nancy. Together, these results indicate a link among pro-
gesterone sulfates, insulin secretion, and the development
of GDM, particularly in women of European ancestry.
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