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Abstract

Background: This study aims to investigate the independent and combined effects of progesterone and suppressor
of cytokine signaling (SOCS)-3 DNA methylation on type 2 diabetes mellitus (T2DM) among men and postmenopausal
women in rural China.

Methods: A case—control study with 914 participants (329 T2DM, 585 controls) was conducted. Serum progesterone
was detected with liquid chromatography-tandem mass spectrometry. DNA methylation of SOCS3 was determined
by MethylTarget™. Linear regression was applied to evaluate the associations of progesterone and SOCS3 methylation
with marks of glucose metabolism. Logistic regression was employed to investigate the independent and combined
effects of progesterone and SOCS3 methylation with T2DM in men and postmenopausal women.

Results: After multiple adjustment, progesterone was positively associated with T2DM in both men (odds ratio (OR)

(95% confidence interval (Cl)): 2.77 (1.79, 4.29)) and postmenopausal women (OR (95% Cl): 1.85 (1.26, 2.72)). Methyla-

tion level of Chr17:76,356,190 or Chr17:76,356,199 (SOCS3) was negatively associated with T2DM in both men (OR (95%
C1):0.58 (0.39,0.86) or 0.27 (0.14,0.51)) and postmenopausal women (OR (95% Cl): 0.43 (0.29, 0.65) or 0.53 (0.28, 0.99)).
Subjects with high progesterone and low Chr17:76,356,190 or Chr17:76,356,199 methylation were more susceptible to
have a higher prevalence of T2DM (men: OR (95% Cl): 5.20 (2.49, 10.85) or 5.62 (2.74, 11.54); postmenopausal women:
OR (95% Cl): 3.66 (1.85, 7.26) or 3.27 (1.66, 6.45)).

Conclusions: The independent and combined effects of progesterone and SOCS3 methylation on T2DM were found
among men and postmenopausal women, suggesting that ensuring low levels of progesterone and high methyla-
tion of SOCS3 could reduce the prevalence of T2DM.

Trial registration The Chinese Clinical Trial registration: The Henan Rural Cohort Study, ChiCTR-OOC-15006699. Regis-
tered 06 July 2015, http://www.chictr.org.cn/showproj.aspx?proj=11375
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reached 463 million, and is estimated to reach 578 mil-
lion by 2030, and 700 million by 2045 [1]. Furthermore,
China has the largest number of diabetes patients, and
the majority are type 2 diabetes mellitus (T2DM) [1].
T2DM and its complications place a significant finan-
cial burden on individuals, families, and healthcare sys-
tems, especially in rural areas, in which income levels and
education attainment are low [2]. Therefore, it is urgent
to find out and control the related factors that lead to
hyperglycemia and T2DM.

In recent years, a growing number of researches have
reported that steroid hormones may influence the inci-
dence of diabetes [3]. Progesterone, a kind of steroid
hormones, plays an integral role in many physiological
systems, including reproduction [4] and neuroprotec-
tion [5]. However, an excess of progesterone has been
implicated in the pathogenesis of metabolic disorders
[6], such as diabetes, by affecting pancreatic -cell apop-
tosis and then causing impairment of insulin production
and secretion [7], or causing insulin resistance (IR) [8].
Experiments on animals have demonstrated that mice
knockout progesterone receptor (PR) has higher levels of
insulin and lower levels of fasting glucose than the con-
trols [9]. Furthermore, population-based studies have
reported that pregnancy and use of progestin-only con-
traception are linked with the risk of developing diabetes
in Hispanic women [10]. A recent cross-sectional study
drawn from the KORA F4/FF4 cohort study which were
followed up for approximately 6.4 years, reported an
inverse association of progesterone with fasting insulin,
and a positive association of progesterone with quanti-
tative insulin sensitivity check index (QUICKI) among
men. Additionally, our previous study found that high
levels of progesterone were correlated with a higher
chance of presenting T2DM among men and postmeno-
pausal women [11]. Nevertheless, a cross-sectional study
reported a decrease in progesterone levels among T2DM
patients compared with those in control group [12].
Taken together, there are few population studies on the
relationship between progesterone and T2DM, and the
results are inconsistent. Importantly, previous evidence
from pregnant population is much limited [13, 14], so
it is essential to explore the correlations among general
population.

There was evidence that epigenetic changes were
important in the development of T2DM [15, 16]. SOCS
family proteins form part of a classical negative feed-
back system that regulates cytokine signal transduction,
which includes SOCS1-7 as well as cytokine-inducible
SH2-containing protein (CIS). Among this protein fam-
ily, SOCS3 has received special attention in recent years,
and proposed that it could cause IR by interacting with
insulin receptors, inducing signaling protein degradation,
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or participating in the signaling of other cytokines [17],
thereby reduces the uptake and clearance of glucose by
insulin in the surrounding tissues. Additionally, some
studies found that SOCS3 could inhibit phosphatidylino-
sitol 3-kinase (PI3K)/Akt phosphorylation in insulin sign-
aling pathway to reduce hepatic insulin sensitivity [18,
19]. Meanwhile, progesterone could also suppress the
PI3K/Akt pathway and then lead to IR [20]. Moreover,
there was animal trail reported that SOCS3 mRNA level
that measured within the arcuate nucleus was signifi-
cantly reduced in the rats who were ovariectomized on
day 18 of pregnancy and treated with delayed progester-
one withdrawal, compared to those treated with normal
progesterone withdrawal [21]. In addition, our previous
study found a negative association of Chri7:76356190
and Chr17:76356199 (SOCS3) methylation with T2DM
[22]. Therefore, it is reasonable to assume that proges-
terone and SOCS3 methylation might have the combined
effects on T2DM.

Thus, using the data from the Henan Rural cohort,
the present research aimed to (1) assess the associations
of progesterone and methylation of Chri7:76356190
and Chri7:76356199 (SOCS3) with T2DM; and (2) fur-
ther examine the combined effects of progesterone and
SOCS3 methylation on T2DM.

Results

Basic characteristics

The basic characteristics of participants are summarized
in Table 1. Compared with control group, individuals
with T2DM were more likely to have higher body mass
index (BMI), pulse pressure (PP), triglyceride (TG), fast-
ing plasma glucose (FPG), insulin (INS), glycosylated
hemoglobin Alc (HbAlc), progesterone levels and lower
levels of Chr17:76356190 and Chr17:76356199 methyla-
tion, as well as had family history of T2DM (all P<0.05)
in both men and postmenopausal women. Furthermore,
T2DM patients tended to be smokers and drinkers in
men, and tended to have higher levels of total cholesterol
(TC) in postmenopausal women (all P<0.05).

The independent associations of progesterone

and methylation levels of Chr17:76356190

and Chr17:76356199 with T2DM

Table 2 shows the relationships of progester-
one and methylation levels of Chri7:76356190 and
Chr17:76356199 with T2DM. Overall, there was a
strongly positive association between progesterone
levels and T2DM before and after adjusting for con-
founds in men (OR (95% CI): 3.37 (2.34, 4.87) and 2.77
(1.79, 4.29), respectively) and postmenopausal women
(OR (95% CI): 2.40 (1.67, 3.44) and 1.85 (1.26, 2.72),
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Table 1 Basic characteristics of the study population among men and postmenopausal women
Variables Men Postmenopausal women

Control T2DM Control T2DM P
Subjects, n 286 157 299 172
Age (years) 61.00 (54.00,65.00)  61.00 (54.00, 65.00) 0.653 63.00 (58.00,66.00)  63.00 (58.00, 66.00) 0.845
Marital status, n (%) 0912 0.354
Married/cohabiting 256 (89.5) 140 (89.2) 259 (86.6) 154 (89.5)
Widowed/single/divorced/separation 30(10.5) 17 (10.8) 40 (134) 18 (10.5)
Smoking status, n (%) 0.019 1.000
Never smoking 102 (35.7) 53(33.8) 298 (99.7) 172 (100.0)
Give up smoking 44 (15.4) 41 (26.1) 0
Smoking now 140 (49.0) 63 (40.1) 1(0.3)
Drinking status, n (%) 0.005 1.000
Never drinking 170 (59.4) 70 (44.6) 292 (97.7) 168 (97.7)
Stop drinking 38(13.3) 22 (14.0) 0 0
Drinking now 78 (27.3) 65 (41.4) 7(23) 4(2.3)
More vegetable and fruit intake, n (%) 186 (65.0) 104 (66.2) 0.798 190 (63.5) 105 (61.0) 0.589
Physical activity, n (%) 0.664 0.121
Low 83(29.0) 52(33.1) 64 (21.4) 50(29.1)
Mediate 101 (35.3) 53(33.8) 161 (53.8) 89 (51.7)
High 102 (35.7) 52(33.1) 74(24.7) 33(19.2)
Level of education, n (%) 0.189 0.648
<Primary school 124 (434) 58 (36.9) 206 (68.9) 115 (66.9)
Junior secondary and above 162 (56.6) 99 (63.1) 93 (31.1) 57 (33.1)
Family history of T2DM, n (%) 5(1.7) 12 (7.6) 0.002 1(0.3) 10 (5.8) <0.001
BMI (kg/mz) 22.89(20.94,25.14)  25.83(23.51,29.16) <0.001 23.08 (21.30,25.45)  27.19(23.83,29.09) <0.001
PP (mmHg) 4450 (40.00,51.00)  47.00 (42.00, 55.00) 0.025 50.00 (42.00,57.00)  54.00 (46.00, 62.00) 0.001
TC (mmol/L) 444 (3.93,4.94) 4.53(4.00, 5.30) 0.184 4.85 (0.82) 5.05(1.02) 0.028
TG (mmol/L) 1.39(0.96,2.16) 1.71(1.19,2.89) <0.001 1.54(1.13,2.34) 1.97(1.42,291) <0.001
FPG (mmol/L) 5.01 (4.69, 5.40) 8.25(7.27,10.34) <0.001 5.17(0.58) 8.10(7.29,10.12) <0.001
INS (pmol/L) 82.09 (64.03,106.19) 92.65 (69.24,125.77) 0.001 85.42 (67.85,108.52) 10845 (83.51,147.30) <0.001
HbA1c (%) 5.50 (530, 5.80) 750 (6.60,9.10) <0.001 5.60 (5.30, 5.80) 7.60 (6.70,9.05) <0.001
Methylation level of SOCS3 0.99 (0.67, 1.60) 0.79 (0.61,1.03) <0.001 0.92(0.63, 1.55) 0.77 (0.54,1.05) <0.001
(Chr17:76356190) (%), mean & SD
Methylation level of SOCS3 0.98 (0.72,1.31) 0.82(0.58,1.03) <0.001 0.90(0.69, 1.17) 0.82 (0.66, 1.04) 0014
(Chr17:76356199) (%), mean 4= SD
Progesterone (ng/ml) 0.83 (0.56, 1.16) 1.29(0.82,1.77) <0.001 0.86(0.62,1.17) 1.16 (0.92, 1.64) <0.001

Values are presented as mean (standard deviation) or median (interquartile range) for continuous variables and number (percentage) for categorical variables

P values calculated using t tests or Mann-Whitney U tests and Chi-square tests

BMI, body mass index; FPG, fasting plasma glucose; HbA1¢, glycosylated hemoglobin A1c; INS, insulin; PP, pulse pressure; SD, standard deviations; SOCS3, suppressor
of cytokine signaling 3; TC, total cholesterol; TG, triglyceride; T2DM, type 2 diabetes mellitus

*P<0.05 compared with control

respectively). Furthermore, the prevalence of T2DM was
increased with the levels of progesterone increasing (P

for trend < 0.05).

After adjusting multiple confounds, Chr17:76356190
methylation was inversely associated with T2DM in
men (OR (95% CI): 0.58 (0.39, 0.86)), and the relation-
ship was slightly stronger in postmenopausal women

(OR (95% CI): 0.43 (0.29, 0.65)). Similarly, the inverse
relationship between Chri7:76356199 methylation

and T2DM was found both in men (OR (95% CI): 0.27

trend < 0.001).

(0.14, 0.51)) and postmenopausal women (OR (95%
CI): 0.53 (0.28, 0.99)). In addition, the risk of T2DM
was decreased with the levels of Chri7:76356190 and
Chr17:76356199 methylation increasing (both P for
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Table 2 Associations of progesterone and methylation level of SOCS3 (Chr17:76356190 and Chr17:76356199) with T2DM
Variables ORs (95% Cls)

Model 1 Model 2 Model 3
Progesterone
Men
Continuous 3.37(2.34,4.87)* 3.23(2.18,4.77)* 2.77(1.79,4.29)*
T1(<0.76) Reference Reference Reference
T2 (0.76-1.21) 156 (0.91,2.67) 144 (0.83,2.51) 1.50 (0.82,2.72)
T3 (>1.21) 5.39(3.21,9.05)* 5.08(2.94,8.78)* 3.88(2.11,7.15)*
P-trend <0.001 <0.001 <0.001
Postmenopausal women
Continuous 240 (1.67, 3.44)* 2.38(1.65,3.43)* 1.85(1.26,2.72)*
T1(<0.78) Reference Reference Reference
T2(0.78~1.17) 2.25(1.35,3.76)* 2.33(1.38,3.93)* 1.85(1.03,3.34)*
T3 (>1.17) 4.80 (2.90, 7.94)* 4.78(2.85,8.01)* 3.24(1.79,5.85)*
P-trend <0.001 <0.001 <0.001
Methylation of SOCS3 (Chr17:76356,190)
Men
Continuous 0.58 (0.41,0.82)* 0.62 (0.43,0.89)* 0.58 (0.39, 0.86)*
T1(<0.76) Reference Reference Reference
T2 (0.76-1.08) 1.01 (0.64, 1.60) 1.06 (0.66, 1.72) 1.05 (0.62, 1.78)
T3 (>1.08) 0.39(0.23, 0.64)* 0.41(0.25,0.70)* 0.39(0.22,0.70)*
P-trend <0.001 0.001 0.002
Postmenopausal women
Continuous 043 (0.30,0.63)* 042 (0.28,061)* 043 (0.29,0.65)*
T1(<0.75) Reference Reference Reference
T2 (0.75-1.04) 1.00 (0.64, 1.56) 0.98(0.62, 1.55) 1.17(0.69, 1.98)
T3 (>1.04) 046 (0.28,0.74)* 045 (0.27,0.74)* 0.51(0.29,0.89)*
P-trend 0.002 0.002 0.023
Methylation of SOCS3 (Chr17:76356199)
Men
Continuous 0.31(0.18,0.54)* 0.32(0.18,0.57)* 0.27(0.14,051)*
T1(<0.76) Reference Reference Reference
T2 (0.76-1.08) 0.62 (0.39,0.99)* 0.55(0.34, 0.90)* 0.49 (0.28, 0.84)*
T3 (>1.08) 043 (0.26, 0.69)* 042 (0.25,0.70)* 0.39(0.22,0.68)*
P-trend 0.001 0.001 0.001
Postmenopausal women
Continuous 046 (0.27,0.79)* 0.45 (0.26,0.80)* 0.53(0.28,0.99)*
T1(<0.75) Reference Reference Reference
T2 (0.75-1.04) 0.98 (0.63, 1.54) 1.03 (0.65, 1.62) 1.09 (0.65, 1.84)
T3 (>1.04) 0.54(0.33,0.86)* 0.51(0.31,0.82)* 0.60 (0.34, 1.04)
P-trend 0.011 0.008 0.081

Model 1: no adjust

Model 2: adjusted for age, smoking status, drinking status, physical activity, and family history of T2DM

Model 3: Model 2 +BMI, PP, TC, and TG

Cls, confidence intervals; ORs, odds ratios; SOCS3, suppressor of cytokine signaling 3; T2DM, type 2 diabetes mellitus; T: tertiles

*P<0.05
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Fig. 1 The {3 coefficients (95% Cls) in markers of glucose metabolism associated with serum progesterone concentrations and methylation levels
of SOCS3 (Chr17:76356190 and Chr17:76356199) in men and postmenopausal women. Adjusted for age, smoking status, drinking status, physical
activity, family history of T2DM, BMI, PP, TC, and TG. Cl, confidence interval; FPG, fasting plasma glucose; HbA1c, glycosylated hemoglobin Alc; Ln-:
natural log; HOMA: homeostasis model assessment; INS, insulin; IR: insulin resistance; SOCS, suppressor of cytokine signaling

Correlations of progesterone and methylation levels

of Chr17:76356190 and Chr17:76356199 with markers

of glucose metabolism

The relationships of progesterone and methylation lev-
els of Chr17:76356190 and Chr17:76356199 with glucose
metabolism markers are displayed in Fig. 1. After adjust-
ing multiple confounding factors, progesterone was posi-
tively associated with FPG, HbAlc, and Ln-HOMAZ2-IR,
whereas negatively associated with Ln-HOMA2-$ in
both men and postmenopausal women. On the contrary,
Chr17:76356190 methylation was negatively associ-
ated with HbAlc as well as Ln-HOMAZ2-IR among both
men and postmenopausal women, apart from, nega-
tively associated with FPG, and positively associated with
Ln-HOMAZ2-B among postmenopausal women. Mean-
while, Chr17:76356199 methylation was inversely cor-
related with FPG in men, as well as Ln-HOMA2-IR in
postmenopausal women.

Combination effects

The results of the combined effects of progesterone and
methylation level of Chr17:76356190 or Chr17:76356199
on T2DM are shown in Fig. 2. After adjusting for con-
founding factors, the combination effects of pro-
gesterone and Chrl7:76356190 or Chrl7:76356199
methylation on T2DM were observed among both men

and postmenopausal women, suggesting that individu-
als who exposed to high levels of progesterone and low
level of Chr17:76356190 or Chr17:76356199 methylation
had a greater risk of prevalence of T2DM than those who
exposed to low levels of serum progesterone and high
level of Chri17:76356190 or Chrl7:76356199 methyla-
tion (men: OR (95% CI): 5.20 (2.49, 10.85) or 5.62 (2.74,
11.54); postmenopausal women: OR (95% CI): 3.66 (1.85,
7.26) or 3.27 (1.66, 6.45)).

Interaction effects

As shown in Table 3, there was a strong or slightly
significant interaction between progesterone and
Chr17:76356199 or Chrl7: 76356190 methylation on
T2DM in postmenopausal women, respectively (P-inter-
action=0.029, and P-interaction=0.129). Meanwhile,
there were an apparent interaction trend in men.

Sensitivity analyses

As shown in Additional file 1: Tables S1 and S2, the
independent and combined effects of progesterone and
Chri7:76356190 or Chrl7:76356199 methylation on
T2DM did not change after excluding postmenopausal
women who had taken hormone replacement therapy.
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The results of sensitivity analyses by excluding patients
with anti-diabetic medication for two weeks are summa-
rized in Additional file 1: Tables S3 and S4. As Additional
file 1: Table S3 shows, the associations of progester-
one and Chr17:76356190 methylation with T2DM were
remained in men and postmenopausal women, after
excluding patients who had taken anti-diabetic medica-
tion for two weeks. However, the negative correlation
between Chr17:76356199 methylation and T2DM was
only observed in men. As Additional file 1: Table S4 dis-
plays, progesterone was positively correlated with FPG,
HbAlc, and negatively associated with Ln-HOMA2-3
in both men and postmenopausal women. Addition-
ally, positive association between progesterone and
Ln-HOMAZ2-IR was also found among postmenopau-
sal women. Chri7: 76356190 methylation was nega-
tively correlated with FPG, Ln-INS, and Ln-HOMA2-IR
in men; negatively correlated with FPG, HbAlc,
and Ln-HOMAZ2-IR, and positively associated with
Ln-HOMAZ2-$ in postmenopausal women. The inverse
relationship of Chrl17: 76356199 methylation with FPG
was also observed in men.

Discussion
In the present study, we investigated the independ-
ent and combined effects of progesterone and SOCS3
methylation on T2DM among men and postmenopau-
sal women in Henan rural areas, and discovered that
progesterone was associated with an increased risk of
T2DM; nevertheless, methylation of Chr17:76356190 or
Chr17:76356199 was associated with a decreased risk of
T2DM. Furthermore, the combined effects of progester-
one and Chri17:76356190 or Chrl7:76356199 methyla-
tion on T2DM were observed. Men and postmenopausal
women who exposed to high levels of progesterone and
low level of Chr17:76356190 or Chrl7:76356199 meth-
ylation had a greater risk of T2DM, compared with those
who exposed to low levels of progesterone and high level
of Chr17:76356190 or Chr17:76356199 methylation.
Research on the relationship between progesterone
and diabetes has emerged gradually in recent years.
For instance, studies based on animals discovered that
increased progesterone levels were associated with
hyperglycemic status in female mice [9], and rat treated
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with progesterone had declined insulin secretion com-
pared to control islets [23]. In the same way, surgical
postmenopausal monkeys that treated with medroxy-
progesterone acetate and estrogen had decreased insulin
sensitivity [24]. Furthermore, a population-based cohort
study found that oral contraceptive might increase
the risk of diabetes among women aged 40-70 years in
Shanghai [25]. Similarly, an longitudinal study followed
up 8 years in elderly opposite-sex twins reported that
the highest quartile of the serum progesterone distribu-
tion was correlated with an increased prevalence of dia-
betes [26]. Consistent with these results, this research
also found the positive association between progesterone
and T2DM. Thus, our study supported the existence of
relationship between progesterone and T2DM among
man and postmenopausal women. An explanation for
progesterone effect on T2DM is that progesterone affects
the apoptosis and function of pancreatic -cells by aug-
menting the generation of oxidative species or increasing
the activities of caspases 9, 12 and 3 in RINm5F insulin-
producing cells [7]. Moreover, it has been reported that
the activation of PI3K and subsequent activation of Akt
through the insulin receptor substrate (IRS) signaling
pathway are critical for insulin-stimulated GLUT4 trans-
location [27, 28], and Cb1/TC10 pathway also affects
GLUT4 translocation that is insulin-induced [29]. In
addition, progesterone can suppress the PI3K pathway
by promoting the degradation of IRS-1 and suppress the
subsequent Akt phosphorylation, and inhibit GLUT4
translocation and glucose uptake in a step distal to Akt
phosphorylation [20]. Thus, progesterone could affect the
apoptosis and function of pancreatic B-cells or lead to the
development of insulin resistance, consequently T2DM.
However, the exact biological mechanisms of progester-
one affecting the pathogenesis of T2DM are still unclear,
and we will further explore it in the following studies.
SOCS3 methylation was found to have a significantly
negative association with prevalence of T2DM in this
present study. Similar results were reported in previ-
ous studies [22, 30—34]. For example, available evidence
from a nested case—control study in Asians and Euro-
peans suggested that SOCS3 methylation was associ-
ated with future T2DM, and the relative risk was 0.94
(0.92-0.96) [30]. A recent study has demonstrated that
increased SOCS3 expression was correlated with IR in

(See figure on next page.)

Fig. 2 The combined effects of progesterone and SOCS3 methylation (Chr17:76356190 and Chr17:76356199) on T2DM in men and
postmenopausal women.“A” showed the combined effects of progesterone and Chr17:76356190 methylation on T2DM in men and
postmenopausal women;“B” showed the combined effects of progesterone and Chr17:76356199 methylation on T2DM in men and
postmenopausal women. The arrow indicates that the value in this direction is greater than the length of the line segment. Model 1: no adjust;
Model 2: adjusted for age, smoking status, drinking status, physical activity, and family history of T2DM; Model 3: Model 2 4 BMI, PP, TC, and TG. Cl,

confidence interval; OR, odds ratio; M, SOCS3 methylation; P, progesterone
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Fig. 2 (See legend on previous page.)
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Low M and Low P — B 2.51(1.27-4.97) —e— 1.68(0.90-3.13)
High M and High P —_— 3.60(1.83-7.08) —_— 2.54(1.37-4.69)
Low M and High P —_— 6.82(3.46-13.45) ——8—  6.28(3.40-11.60)
Model 3
High M and Low P E:l Ref. ¢| Ref.
Low M and Low P = 2.14(1.03-4.44) —.—a— 1.42(0.72-2.82)
High M and High P = 2.55(1.22-5.35) —.—e— 1.73(0.87-3.45)
Low M and High P SE— T 5.20(2.49-10.85) — 5 3.66(1.85-7.26)
1 2 4 1 2 4 8
B
Subgroup Men OR (95% CI) Postmenopausal women OR (95% CI)
Model 1
High Mand Low P @ Ref. o] Ref.
LowMandLowP | ——&—— 2.28(1.18-4.38) —_—— 1.72(0.94-3.16)
High M and High P S — 3.26(1.71-6.21) — 3.25(1.80-5.89)
Low M and High P | S 7.45(3.92-14.15) ; ——8——  5.00(2.78-8.99)
Model 2 E E
High M and Low P ljl] Ref. [i] Ref.
Low M and Low P E _ 2.28(1.16-4.48) E—E— 1.65(0.89-3.06)
High M and High P S S 3.08(1.58-6.01) _— 3.06(1.67-5.62)
Low Mand HighP ! — & 7.03361-1369) — 8. 493(2.71-896)
Model 3
High M and Low P ¢| Ref. [“;fj Ref.
Low M and Low P ~—e— 2.00(0.98-4.11) —.—e— 1.68(0.85-3.34)
High M and High P —e— 2.15(1.05-4.41) e — 2.36(1.18-4.72)
Low M and High P S 5.62(2.74-11.54) S T 3.27(1.66-6.45)
1 2 4 1 2 4 8
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Table 3 The multiplication interactive associations of progesterone and

Chr17:76356199) on T2DM
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methylation level of SOCS3 (Chr17:76356190 or

Variables ORs (95% Cls) P-interaction
Progesterone M_190 or M_199

Men

Progesterone 2.77 (1.79, 4.29)*

M_190 0.58(0.39,0.86)*

M_199 0.27 (0.14,0.51)*

Progesterone +M_190 2.83(1.82,4.40)* 0.55 (0.36,0.84)*

Progesterone +M_199 3.00(1.91,4.71)* 0.24 (0.12,0.46)*

Progesterone +M_190 + Progesterone x M_190 1.98 (0.82,4.79)* 0.37(0.14, 0.99)* 0.367

Progesterone +M_199 + Progesterone x M_199 2.28(0.70,7.44) 0.17 (0.04, 0.80) 0.625

Postmenopausal women

Progesterone 1.85(1.26,2.72)*

M_190 043 (0.29, 0.65)*

M_199 0.53(0.28,0.99)*

Progesterone +M_190 1.87 (1.27,2.77)* 0.41(0.26,0.62)*

Progesterone +M_19 90 (1.29, 2.81)* 0.47 (0.25, 091)*

Progesterone +M_ 190+Progesterone x M_190 346( 1,851)% 0.74(0.31,1.77) 0.129

Progesterone + M_199 + Progesterone x M_199 6.35(1.95, 20.67)* 1.85(047,7. 24) 0.029

Adjusted for age, smoking status, drinking status, physical activity, family history of T2DM, BMI, PP, TC, and TG
Cl, confidence interval; OR, odds ratio; M_190, methylation of Chr17:76,356,190; M_199, methylation of Chr17:76,356,199. *P < 0.05

obese individuals and attenuation of SOCS3 expression
could improve glucose tolerance and insulin sensitiv-
ity [31]. The same results were also observed in animal
trials [32]. Furthermore, therapies designed to suppress
SOCS3 in skeletal muscle might be effective in reversing
obesity-related glucose intolerance and IR [33]. Moreo-
ver, as known, methylation could silence genes and thus
suppress their expression [35]. Thereby, these results
indicated that SOCS3 methylation might alleviate IR by
reducing SOCS3 protein expression, which supported
the findings of this study to a certain extent. As for the
responsible mechanisms, it has been proposed that over-
expression of SOCS3 decreased IRS-1 and IRS-2 tyrosine
phosphorylation [36], promoted IRS protein degradation
[37, 38], and inhibited PI3K/Akt pathway [18, 19], thus
leading to IR and consequently causing T2DM.
Interestingly, this study found the combined effects
of progesterone and SOCS3 methylation on T2DM
among both men and postmenopausal women. Com-
pared to individuals with high level of Chr17:76356190
or Chr17:76356199 (SOCS3) methylation and low levels
of progesterone, those with low level of Chri7:76356190
or Chr17:76356199 (SOCS3) methylation and high levels
of progesterone had a greater risk of prevalent T2DM.
Taken together, a reasonable explanation for the com-
bined effect of progesterone and SOCS3 methylation on
T2DM was that low methylation of SOCS3 gene leads to
high expression of its protein, and SOCS3 protein and

progesterone result in IR though suppressing the PI3K/
Akt pathway, as Fig. 3 displays. However, the specific bio-
logical mechanism of the combined effects of progester-
one and SOCS3 methylation on T2DM remains unclear,
and prospective studies with more rigorous design are
needed.

The associations of progesterone or SOCS3 methyla-
tion with T2DM and glucose metabolism markers were
not completely consistent. This inconsistency might be
due to that the participants with T2DM in this study
were not all new cases, and some of the T2DM patients
were taking one or more than one medication or chang-
ing their lifestyles to control hyperglycemia, and maintain
glucose metabolism markers at relatively normal levels;
thus, the levels of glucose metabolism marker at the time
of detection cannot accurately reflect the levels at the
onset of the disease. Although the sensitivity analysis was
conducted by excluding patients with anti-diabetic medi-
cation for two weeks, it only controlled for the effect of
taking hypoglycemic drugs to a certain extent, and the
effect of lifestyle changes or other unadjusted confound-
ing factors on the results could not rule out. Therefore,
follow-up cohort studies are necessary to clearly explore
the associations of progesterone and SOCS3 methylation
levels with glucose metabolism indicators.

This study had some strengths: First of all, serum pro-
gesterone levels were determined with LC-MS/MS,
which minimized the potential for measurement bias.
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Moreover, to our known, this study was the first one
to explore the combined effects of progesterone and
SOCS3 methylation on T2DM to data. Nevertheless,
we acknowledge the following limitations of this study.
Firstly, it was case—control rather longitudinal design,
and thus reverse causality cannot be excluded. Secondly,
the SOCS3 gene methylation was detected with whole
blood, and it might vary between different leucocyte sub-
types. Thirdly, we only evaluated a subset of factors that
were known to be related to T2DM, and could not rule
out the influence of other factors. Fourthly, although we
controlled several factors related to high level of proges-
terone, there still exist unknown factors which are not in
our consideration influencing the relationship of proges-
terone with T2DM. Finally, the population of this study
were from rural areas of China; thus, it was limited to
extend to urban areas and other ethnic groups.

Conclusions

In conclusion, the high levels of serum progesterone
and low level of Chri7:76356199 or Chrl7:76356199
(SOCS3) methylation might contribute to the increased
risk of T2DM in Chinese rural population. Moreo-
ver, compared with those who exposed to low levels of

serum progesterone and high level of Chr17:76356190 or
Chri17:76356199 (SOCS3) methylation, individuals who
exposed to high levels of progesterone and low level of
Chr17:76356190 or Chrl7:76356199 (SOCS3) methyla-
tion had the highest risk of prevalent T2DM. Collectively,
ensuring low levels of progesterone and high methylation
of SOCS3 could reduce the prevalence of T2DM. More
importantly, this study laid the foundation for the study
of the mechanisms of progesterone and SOCS3 gene on
T2DM; however, further multicenter prospective stud-
ies are needed to determine the exact underlying mecha-
nisms of diabetes development.

Methods

Study population

Participants in this study were drawn from the
Henan Rural cohort (Registration Number: ChiCTR-
0O0C-15006699), which is an ongoing prospective
population study, and the details of this study have
been reported previously [39]. In brief, this cohort was
established in five rural regions (Suiping county, Xinxi-
ang county, Yuzhou county, Tongxu county, and Yima
county) of Henan province in China between July 2015
and September 2017, and a multistage, stratified cluster
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sampling method was applied to obtain samples in the
general population. The target population was adults
aged 18-79 years who were permanent residents and
available for completing follow-up studies of mortality
and morbidity. Ultimately, 39,259 adults aged 18-79 years
were recruited for the cohort study. In this case—control
study, a total of 378 T2DM patients and 679 controls
were selected randomly at first, whereas premenopausal
women and women without menopausal information
(n=109) were excluded, because of the significant effect
of the menstrual cycle on progesterone levels, moreover,
participants without information of progesterone (n=7)
or methylation level of SOCS3 gene (n=27) were also
excluded. Ultimately, a total of 914 men and postmeno-
pausal women were recruited, including 157 men with
T2DM, 286 men controls, 172 postmenopausal women
with T2DM, and 299 postmenopausal women controls.
The study was executed with the approval of the Life Sci-
ence Ethics Committee of Zhengzhou University (Code:
[2015] MEC (S128)), and in accordance with the Helsinki
Declaration. Moreover, written informed consent was
obtained from all participants.

Serum progesterone measurement

The venous blood samples from all participants were col-
lected after fasting for more than 8 h at night, and placed
at -80°C before analysis. Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) (Waters XEVO TQD
system (Waters, Milford, MA, USA)) was used to detect
the concentrations of serum progesterone. For the pur-
pose of quality control, 12 samples were tested for each
batch; in addition, 1 blank sample and 1 control sample
were tested before each batch. Moreover, the value of 1/2
limit of detection (LOD) was used for analysis when the
sample serum progesterone level was lower than limit of
quantitation (LOQ) [40]. Furthermore, the individuals of
the present study were divided into three groups accord-
ing to the tertile (T) of serum progesterone, and the low-
est level (T1) was deemed as reference.

DNA extraction and methylation analysis of SOCS3

The genomic DNA was evaluated using whole blood
of each individual using Whole Blood Genomic DNA
Extraction Kit III (Magnetic bead) (Bioteke Corpora-
tion, Beijing, China) following the instructions of man-
ufacturer. According to the criteria of length>200 bp,
percent C+ percent G>50.00%, and observed/expected
ration>0.60, two CpG regions were sequenced from
CpG islands of SOCS3 gene. Additionally, they were
length 314 (76354776-76355089) and length 1423
(76355093-76356515), respectively. Moreover, the
shorter CpG island was designed a pair of primers and
the longer CpG inland was designed two pairs of primers
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for detection. Since previous literature reported that the
Chr17:76354621 site (cg18181703) was significantly cor-
related with T2DM, primer was designed for nearby
sequences including this site. Thus, a total of 4 target
regions and 93 CpG sites were included in this study.

To detect the methylation of SOCS3 gene, first of all,
genomic DNA was subjected to sodium bisulfite treat-
ment using the EZ DNA Methylation-Gold Kit (ZYMO,
CA, USA) to convert the unmethylated C into U in the
sample. Then, optimized primers were mixed to form
multiplex PCR primer panel, and the multiplex PCR
technique was used to amplify genomic DNA. Each PCR
reaction mixture was 20 pl, and included 1 x reaction
buffer (Takara, Dalian, China), 2.0 mM Mg2+, 0.2 mM
dNTP, 0.1 uM of each primer, 1 U HotStarTaq polymer-
ase (Takara, Dalian, China), and 2.0 ul template DNA.
The cycling program was 95 °C for 2 min; 11 cycles of
94 °C for 20 s, 63 °C for 40 s with a decreasing tempera-
ture step of 0.5 °C per cycle, 72 °C for 1 min; then fol-
lowed by 24 cycles of 94 °C for 20 s, 65 °C for 30 s, 72 °C
for 1 min; 72 °C for 2 min. Then, 1 pl diluted PCR ampli-
cons were used for index PCR reaction in 20 pl mixture,
including 1 x reaction buffer, 0.3 mM dNTP, 0.25 uM F
primer, 0.25 uM index primer, 1 U Q5TM DNA polymer-
ase, and 1.0 pl template DNA. The cycling program was
98 °C for 30 s; 11 cycles of 98 °C for 10 s, 65 °C for 30 s,
and 72 °C for 30 s; 72 °C for 5 min. Afterwards, librar-
ies from different samples were quantified and pooled
together, followed by sequencing on the Illumina Hiseq
(Ilumina, San Diego, CA, USA) platform in according
with protocols of the manufacturer.

Further, the DNA methylation level of SOCS3 gene
(including 4 target regions and 93 CpG sites) was
assessed with MethylTarget’ (Genesky Corporation,
Shanghai, China) [22, 34].

Definition of T2DM

In accordance with the diagnostic criteria of Ameri-
can Diabetes Association (ADA) (2009) [41] and the
World Health Organization (WHO) (1999) [42], after
excluding type 1 diabetes mellitus and diabetes caused
by other reasons, those people who satisfy one of the
following criteria were deemed as T2DM patients: (1)
FPG >7.0 mmol/L; (2) HbAlc>6.5%; (3) having a self-
reported previous diagnosis of diabetes by a physician
and taking anti-glycemic agents in the last two weeks.

Definition of covariates

Information of the participants was collected with a
structured questionnaire, including sociodemographic
characteristics (age, level of education, and marital sta-
tus), lifestyles (physical activity, smoking and drinking
status, and vegetable and fruit intake), and history of
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disease. Briefly, the daily threshold for intaking more fruit
and vegetable was 500 g, according to the dietary guide-
lines for Chinese residents. Moreover, participants were
considered to have a family history of T2DM if they had a
parent with diabetes. For women, menopausal status was
asked additionally, and menopausal status was defined
as the cessation of menstrual bleeding for more than
12 months. The details have been previously reported
[22].

Moreover, anthropometric measurements were taken
in this study. In detail, BMI was calculated as the weight
(kg) divided by the square of height (m). PP was systemic
blood pressure (SBP) minus diastolic blood pressure
(DBP). The homeostasis model assessment (HOMA)2-IR
and HOMAZ2-f, which represented the degree of IR and
[B-cell function, were evaluated by the updated homeo-
stasis model assessment [43]. HbAlc was measured by
enzymatic hydrolysis with an automatic analyzer. INS
was determined by radioimmunoassay. FPG, TG, and
TC were detected with Roche Cobasc501 automatic bio-
chemical analyzer.

Statistical analysis

The characteristics of the participants were summarized
separately within each randomized group by using means
and corresponding standard deviations (SDs) (continuous
variables, normal distribution), medians and correspond-
ing interquartile ranges (IQRs) (continuous variables,
skewed distribution), or numbers and corresponding
percentages (categorical variables), respectively. Addi-
tionally, t tests, Mann—Whitney U tests, and Chi-square
tests were employed to compare the differences of nor-
mal continuous, skewed continuous, and categorized
variables between case and control groups, respectively.

Univariate logistic regression was utilized to inves-
tigate the associations of methylation of 4 gene regions
and 93 CpG sites of SOCS3 with T2DM, and a P<0.05/4
and P<0.05/93 in two sides were seen statistically sig-
nificant. Based on these, two gene sites of SOCS3
(Chr17:76356190 and Chrl7:76356199) were significant
correlated with T2DM, and the results had been reported
in our previous research [22].

Since the levels of progesterone vary between men and
postmenopausal women, logistic regression models were
used to examine the effects of progesterone and methyla-
tion levels of Chr17:76356190 and Chrl7:76356199 on
T2DM in men and postmenopausal women, respectively.
Odds ratios (ORs) and 95% confidence intervals (CIs) of
T2DM were reported. Furthermore, a P for trend was
calculated in logistic regression models by using the ordi-
nal scoring of the increasing exposure categories without
the reference category. Multivariable adjustment models
were performed:
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Model 1: no adjustment.

Model 2: adjusted for age, smoking status, drinking sta-
tus, physical activity, and family history of T2DM.

Model 3: Model 2+ BMI, PP, TC, and TG.

Since INS, HOMA2-, and HOMA2-IR were skewed
distribution, natural log (In-) conversions were per-
formed before the analysis. Then, linear regression was
performed to further explore the relationships of pro-
gesterone and methylation levels of Chrl7:76356190
and Chr17:76356199 on markers of glucose metab-
olism (FPG, HbAlc, Ln-INS, Ln-HOMAZ2-B, and
Ln-HOMAZ2-IR), after adjusting multiple confounding
factors.

Furthermore, progesterone and SOCS3 methylation
were dichotomized into high and low levels based on
a median split, to assess the combined effects of pro-
gesterone and methylation level of Chri17:76356190 or
Chr17:76356199 on T2DM with logistic regression in
model 3. Additionally, generalized linear model was uti-
lized to estimate the interactive effects of progesterone
and Chr17:76356190 or Chr17:76356199 methylation on
T2DM.

Considering that hormone replacement therapy might
affect serum progesterone levels among postmenopausal
women, sensitivity analyses were conducted by exclud-
ing participants taking hormone replacement to assess
the robustness of the effect estimations. Likewise, since
T2DM patients were taking one or more than one medi-
cation to control hyperglycemia, anti-diabetic medica-
tion might have effect on markers of glucose metabolism.
After excluding patients with anti-diabetic medication
for two weeks, we repeated analyses of the associations of
progesterone and Chr17:76356190 and Chr17:76356199
methylation with T2DM as well as glucose metabolism
markers with logistic regression and linear regression
models, respectively.

All statistical analyses were carried out with SPSS (ver-
sion 21.0) and R software (version 3.6.2), and the signifi-
cance level was set at P<0.05 (two-tailed).

Abbreviations

SOCS: Suppressor of cytokine signaling; T2DM: Type 2 diabetes mellitus; IR:
Insulin resistance; OR: Odds ratio; Cl: Confidence interval; CIS: Cytokine-induc-
ible SH2-containing protein; QUICKI: Quantitative insulin sensitivity check
index; PI3K: Phosphatidylinositol 3-kinase; LC-MS/MS: Liquid chromatography-
tandem mass spectrometry; Ln-: Natural log; LOD: Limit of detection; LOQ:
Limit of quantitation; T: Tertiles; BMI: Body mass index; PP: Pulse pressure; DBP:
Diastolic blood pressure; SBP: Systemic blood pressure; HOMA: Homeostasis
model assessment; HbA1c: Glycosylated hemoglobin Alc; INS: Insulin; FPG:
Fasting plasma glucose; TC: Total cholesterol; TG: Triglyceride; SD: Standard
deviations; IQR: Interquartile ranges; GLUT: Glucose transporter type; IRS:
Insulin receptor substrate.



Wang et al. Clin Epigenet ~ (2021) 13:181

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-021-01172-9.

Additional file 1. Table S1. Associations of progesterone and methyla-
tion level of SOCS3 with T2DM in postmenopausal women without taking
hormone replacement therapy. Table $2. The combined effects of proges-
terone and SOCS3 methylation (Chr17:76356190 and Chr17:76356199) on
T2DM in postmenopausal women without taking hormone replacement
therapy. Table S3. Associations of progesterone and methylation levels of
Chr17:76356190 and Chr17:76356199 with T2DM in participants without
taking anti-diabetic medication. Table S4. The 3 cofficients (95% Cls)

in markers of glucose metabolism associated with serum progesterone
concentrations and methylation level of SOCS3 (Chr17:76356190 and
Chr17:76356199) in participants without taking anti-diabetic medication.

Acknowledgements

We are grateful to the participants, coordinators, and administrators for their
supports, as well as the laboratory of School of Public Health, Zhengzhou
University, for providing facility support during the study.

Authors’ contributions

LW and ZM analyzed and interpreted the data, and were major contributors
in writing the manuscript; XL, DDW, PL, LN, KF, NK, YS, QX, JW, MW and WL
researched and interpreted the data; TJ and WL contributed to methodology,
analysis and interpretation of data, and critical revision for important intel-
lectual content; CW and WH contributed to conception, design and critical
revision for important intellectual content. All authors read and approved the
final manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China (Grant No: 21806146), the National Key Research and Development Pro-
gram of China (Grant Nos: 2016YFC0900803, 2019YFC1710002), the Postdoc-
toral Science Foundation of China (Grant Nos: 2016M602264, 2020T130604),
the Excellent Youth Development Foundation of Zhengzhou University (Grant
No: 2018ZDGGJS052), and the Science and Technique Foundation of Henan
Province (Grant No: 202102310074).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All human studies have been approved by the appropriate ethics committee
and have therefore been performed in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki and its later amendments. And

all persons gave their informed consent prior to their inclusion in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Epidemiology and Biostatistics, College of Public Health,
Zhengzhou University, Zhengzhou, Henan, People’s Republic of China.
’Department of Occupational and Environmental Health Sciences, Col-
lege of Public Health, Zhengzhou University, 100 Kexue Avenue, Zheng-
zhou 450001, Henan, People’s Republic of China. >Department of Nutrition
and Food Hygiene, College of Public Health, Zhengzhou University, Zheng-
zhou, Henan, People’s Republic of China. 4School of Public Health, Tongji
Medical College, Huazhong University of Science and Technology, Wuhan,
Hubei, People’s Republic of China.

Page 12 of 13

Received: 12 July 2021 Accepted: 14 September 2021
Published online: 26 September 2021

References

1.

Shankar A, Teppala S, Sabanayagam C. Urinary bisphenol a levels and
measures of obesity: results from the national health and nutrition
examination survey 2003-2008. ISRN Endocrinol. 2012;2012:965243.
Zhang H, Qi D, Gu H, Wang T, Wu Y, Li J, Ni J, Liu J, Tu J, Ning X, Wang J.
Trends in the prevalence, awareness, treatment and control of diabetes
in rural areas of northern China from 1992 to 2011. J Diabetes Investig.
2020;11:241-9.

Wang L, Liu X, Hou J, Wei D, Liu P, Fan K, Zhang L, Nie L, Li X, Huo W,

et al. Serum vitamin D affected type 2 diabetes though altering lipid
profile and modified the effects of testosterone on diabetes status.
Nutrients. 2020;13:90.

EPPPIC Group. Evaluating Progestogens for Preventing Preterm birth
International Collaborative (EPPPIC): meta-analysis of individual partici-
pant data from randomised controlled trials. Lancet 2021;397:1183-94.
Schumacher M, Guennoun R, Stein DG, De Nicola AF. Progesterone:
therapeutic opportunities for neuroprotection and myelin repair. Phar-
macol Ther. 2007;116:77-106.

Mattioli AV, Sciomer S, Moscucci F, Maiello M, Cugusi L, Gallina S, Dei

Cas A, Lombardi C, Pengo M, Parati G, et al. Cardiovascular prevention in
women: a narrative review from the Italian Society of Cardiology working
groups on “Cardiovascular Prevention, Hypertension and peripheral
circulation”and on “Women Disease” ) Cardiovasc Med (Hagerstown).
2019;20:575-83.

Nunes VA, Portioli-Sanches EP, Rosim MP, Araujo MS, Praxedes-Garcia P,
Valle MM, Roma LP, Hahn C, Gurgul-Convey E, Lenzen S, Azevedo-Martins
AK. Progesterone induces apoptosis of insulin-secreting cells: insights
into the molecular mechanism. J Endocrinol. 2014;221:273-84.

Leung KC, Xu A, Craig ME, Martin A, Lam KS, O'Sullivan AJ. Adiponectin
isoform distribution in women-relationship to female sex steroids and
insulin sensitivity. Metabolism. 2009;58:239-45.

Picard F, Wanatabe M, Schoonjans K, Lydon J, O'Malley BW, Auwerx

J. Progesterone receptor knockout mice have an improved glucose
homeostasis secondary to beta -cell proliferation. Proc Natl Acad Sci U S
A.2002;99:15644-8.

Xiang AH, Kjos SL, Takayanagi M, Trigo E, Buchanan TA. Detailed physi-
ological characterization of the development of type 2 diabetes in
Hispanic women with prior gestational diabetes mellitus. Diabetes.
2010;59:2625-30.

. Jiang J, Liu X, Liu X, Tian Z, Zhang H, Qian X, Luo Z, Wei D, Jin S, Wang C,

Mao Z.The effect of progesterone and pregnenolone on diabetes status
in Chinese rural population: a dose-response analysis from Henan Rural
Cohort. Eur J Endocrinol. 2019;181:603-14.

Wang X, Xian T, Jia X, Zhang L, Liu L, Man F, Zhang X, Zhang J, Pan Q, Guo
L. A cross-sectional study on the associations of insulin resistance with
sex hormone, abnormal lipid metabolism in T2DM and IGT patients.
Medicine (Baltimore). 2017;96:€7378.

Kampmann U, Knorr S, Fuglsang J, Ovesen P. Determinants of maternal
insulin resistance during pregnancy: an updated overview. J Diabetes
Res. 2019;2019:5320156.

Waters TP, Schultz BAH, Mercer BM, Catalano PM. Effect of 17alpha-
hydroxyprogesterone caproate on glucose intolerance in pregnancy.
Obstet Gynecol. 2009;114:45-9.

Kwak SH, Park KS. Recent progress in genetic and epigenetic research on
type 2 diabetes. Exp Mol Med. 2016;48:€220.

Sommese L, Zullo A, Mancini FP, Fabbricini R, Soricelli A, Napoli C. Clinical
relevance of epigenetics in the onset and management of type 2 diabe-
tes mellitus. Epigenetics. 2017;12:401-15.

Lebrun P, Van Obberghen E. SOCS proteins causing trouble in insulin
action. Acta Physiol (Oxf). 2008;192:29-36.

Wan J, Che Y, Kang N, Wu W. SOCS3 blocks HIF-Ta expression to inhibit
proliferation and angiogenesis of human small cell lung cancer by down-
regulating activation of Akt, but not STAT3. Mol Med Rep. 2015;12:83-92.
Xu L, LiY,YinL, QiY,Sun H, Sun P, Xu M, Tang Z, Peng J. miR-125a-5p
ameliorates hepatic glycolipid metabolism disorder in type 2 diabetes
mellitus through targeting of STAT3. Theranostics. 2018;8:5593-609.


https://doi.org/10.1186/s13148-021-01172-9
https://doi.org/10.1186/s13148-021-01172-9

Wang et al. Clin Epigenet ~ (2021) 13:181

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wada T, Hori S, Sugiyama M, Fujisawa E, Nakano T, Tsuneki H, Nagira K,
Saito S, Sasaoka T. Progesterone inhibits glucose uptake by affecting
diverse steps of insulin signaling in 3T3-L1 adipocytes. Am J Physiol Endo-
crinol Metab. 2010;298:E881-888.

Steyn FJ, Anderson GM, Grattan DR. Hormonal regulation of suppressors
of cytokine signaling (SOCS) messenger ribonucleic acid in the arcuate
nucleus during late pregnancy. Endocrinology. 2008;149:3206-14.

Wang L, Liu X, Wei D, Kang N, Nie L, Liu P, Fan K, Zhang L, Hou J, Li X, et al.
The mediation role of SOCS3 methylation in the effect of serum testoster-
one on type 2 diabetes. J Diabetes. 2021;13:701-12.

Sorenson RL, Brelje TC, Roth C. Effects of steroid and lactogenic
hormones on islets of Langerhans: a new hypothesis for the role of preg-
nancy steroids in the adaptation of islets to pregnancy. Endocrinology.
1993;133:2227-34.

Shadoan MK, Kavanagh K, Zhang L, Anthony MS, Wagner JD. Addition of
medroxyprogesterone acetate to conjugated equine estrogens results in
insulin resistance in adipose tissue. Metabolism. 2007,56:830-7.
Rosenthal AD, Shu XO, Jin F, Yang G, Elasy TA, Li Q, Xu HX, Gao YT, Zheng
W. Oral contraceptive use and risk of diabetes among Chinese women.
Contraception. 2004,69:251-7.

Nilsson SE, Fransson E, Brismar K. Relationship between serum progester-
one concentrations and cardiovascular disease, diabetes, and mortality in
elderly Swedish men and women: An 8-year prospective study. Gender
Med. 2009;6:433-43.

Titchenell PM, Lazar MA, Birnbaum MJ. Unraveling the regula-

tion of hepatic metabolism by insulin. Trends Endocrinol Metab.
2017,28:497-505.

Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose and
lipid metabolism. Nature. 2001;414:799-806.

Kanzaki M, Pessin JE. Insulin signaling: GLUT4 vesicles exit via the exocyst.
Curr Biol. 2003;13:R574-6.

Chambers JC, Loh M, Lehne B, Drong A, Kriebel J, Motta V, Wahl S, Elliott
HR, Rota F, Scott WR, et al. Epigenome-wide association of DNA methyla-
tion markers in peripheral blood from Indian Asians and Europeans with
incident type 2 diabetes: a nested case-control study. Lancet Diabetes
Endocrinol. 2015;3:526-34.

Pedroso JAB, Ramos-Lobo AM, Donato J Jr. SOCS3 as a future target to
treat metabolic disorders. Hormones (Athens). 2019;18:127-36.

Palanivel R, Fullerton MD, Galic S, Honeyman J, Hewitt KA, Jorgensen

SB, Steinberg GR. Reduced Socs3 expression in adipose tissue protects
female mice against obesity-induced insulin resistance. Diabetologia.
2012;55:3083-93.

Page 13 of 13

33. Jorgensen SB, O'Neill HM, Sylow L, Honeyman J, Hewitt KA, Palanivel R,
Fullerton MD, Oberg L, Balendran A, Galic S, et al. Deletion of skel-
etal muscle SOCS3 prevents insulin resistance in obesity. Diabetes.
2013;62:56-64.

34, Liu X, Qian X, Tu R, Mao Z, Huo W, Zhang H, Jiang J, Zhang X, Tian Z, Li
Y, Wang C. SOCS3 methylation mediated the effect of sedentary time
on type 2 diabetes mellitus: The Henan Rural Cohort study. Nutr Metab
Cardiovasc Dis. 2020;30:634-43.

35. Schultz MD, He Y, Whitaker JW, Hariharan M, Mukamel EA, Leung D, Raja-
gopal N, Nery JR, Urich MA, Chen H, et al. Human body epigenome maps
reveal noncanonical DNA methylation variation. Nature. 2015;523:212-6.

36. Ueki K, Kondo T, Kahn CR. Suppressor of cytokine signaling 1 (SOCS-1)
and SOCS-3 cause insulin resistance through inhibition of tyrosine phos-
phorylation of insulin receptor substrate proteins by discrete mecha-
nisms. Mol Cell Biol. 2004;24:5434-46.

37. RuiL, Yuan M, Frantz D, Shoelson S, White MF. SOCS-1 and SOCS-3 block
insulin signaling by ubiquitin-mediated degradation of IRS1 and IRS2. J
Biol Chem. 2002;277:42394-8.

38. XuT, Xul, Meng P, Ma X, Yang X, Zhou Y, Feng M. Angptl7 promotes
insulin resistance and type 2 diabetes mellitus by multiple mechanisms
including SOCS3-mediated IRS1 degradation. Faseb J. 2020;34:13548-60.

39. Liu X, Mao Z, LiY,WuW, Zhang X, HuoW,Yu S, Shen L, Li L, Tu R, et al.
Cohort Profile: The Henan Rural Cohort: a prospective study of chronic
non-communicable diseases. Int J Epidemiol. 2019;48:1756-1756.

40. Wang B, Li M, Zhao Z, Lu J, ChenY, Xu Y, Xu M, Wang W, Wang T, Bi Y, Ning
G. Urinary bisphenol A concentration and glucose homeostasis in non-
diabetic adults: a repeated-measures, longitudinal study. Diabetologia.
2019;62:1591-600.

41. Association AD. Diagnosis and classification of diabetes mellitus. Diabetes
Care. 2009;32(Suppl 1):562-7.

42. Alberti KGMM, Zimmet PZ. Definition, diagnosis and classification of dia-
betes mellitus and its complications part 1: diagnosis and classification of
diabetes mellitus provisional report of a WHO consultation. Diabet Med.
1998;15:539-53.

43. Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling.
Diabetes Care. 2004;27:1487-95.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Combined effects of progesterone and SOCS3 DNA methylation on T2DM: a case–control study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Results
	Basic characteristics
	The independent associations of progesterone and methylation levels of Chr17:76356190 and Chr17:76356199 with T2DM
	Correlations of progesterone and methylation levels of Chr17:76356190 and Chr17:76356199 with markers of glucose metabolism
	Combination effects
	Interaction effects
	Sensitivity analyses

	Discussion
	Conclusions
	Methods
	Study population
	Serum progesterone measurement
	DNA extraction and methylation analysis of SOCS3
	Definition of T2DM
	Definition of covariates
	Statistical analysis

	Acknowledgements
	References


