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Abstract:
Objective: The menstrual cycle represents a continuous state of change in terms of
female sex steroid environment which are believed to affect fat storage and distribution in
women. Progesterone is linked to increased fat storage while estrogen exerts antilipogenic effects. In this study, we investigate variations in the potent lipogenic factor,
the acylation stimulating protein (ASP), and examine its association with hormonal
alterations across the menstrual cycle.
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Methods and design: Nineteen non-obese women with regular menstrual cycles were
investigated longitudinally during the follicular, ovulatory and mid-luteal phases of the

Re

cycle. ASP, LH, FSH, progesterone, estradiol, insulin, lipid profile and apoproteins were
measured and compared between different phases of the cycle.

vi

Results: Repeated measures analysis-of-varience showed that ASP levels changed

ew

significantly throughout the menstrual cycle. Interestingly, these changes followed a
similar pattern as variations in progesterone levels across the cycle as no significant

On

change in ASP levels was seen across the follicular phases of the cycle, followed by a
marked increase in the mid-luteal phase. Importantly, this increase in ASP levels

ly

correlated positively with progesterone levels normally elevated in the mid-luteal phase.
No significant association of ASP levels was seen with estrogen or any other measured
female hormone. Multiple regression analysis including BMI, age and lipid profile
measures showed that progesterone was the only significant predictor of ASP levels in
this study.
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Conclusion: Our findings suggest that ASP production is increased in the luteal phase
associated with high progesterone levels, which may contribute to enhanced fat storage in
women.
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Introduction:
Acylation stimulating protein (ASP) is an adipokine that was shown to affect lipid
metabolism in humans and mice (1). It is a 8.9 kDa autocrine hormone produced through
the alternate complement pathway by the interaction of complement factor C3 with factor B

and factor D (also called adipsin), which results in the formation of C3a-des-Arg, also
called ASP. In vitro, ASP increases triglyceride synthesis and storage in adipocytes
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through activation of diacylglycerol acyltransferase the rate limiting enzyme in
triglyceride synthesis and by stimulating glucose uptake (2, 3). The effect of ASP on fat
storage is supported by in vivo data showing that ASP administration increases

Re

triglyceride clearance in mice and that ASP-deficient (C3-/-) mice exhibit delayed
postprandial lipid clearance and reduced adipose tissue depots (4-7). In humans, ASP

vi

released from adipose tissue increased postprandially in coordination with triglyceride

ew

clearance (8, 9). ASP levels decreased during fasting and after weight loss (10, 11), and
increased in obesity (12) and dyslipidemic disorders (13, 14).
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It is well established that fat storage and lipid metabolism are affected by hormonal

ly

changes in humans (15). Substantial amount of evidence indicates that sex steroids play a
role in fat tissue regulation and distribution (15 -17). Differences in fat distribution and
lipid profile exist between males and females of reproductive age. In females, these
changes coincide with onset of ovarian production of estrogen and progesterone during
puberty (18- 20) and with cessation of hormone production during menopause (21-23).
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Premenopausal women typically demonstrate subcutaneous lower body fat (gynoid)
distribution. Marked changes in their lipid metabolism occur during pregnancy and in
reproductive disorders in response to hormonal changes (16, 17, 25).

The menstrual cycle represents a continuous state of change in terms of female sex
steroid environment. In an average “28 day” female cycle, day one indicates the start of
menstruation where estrogen and progesterone released by the female follicles remain

r
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low (the follicular phase) until day 12 when an estrogen surge (pre-ovulatory phase) is
followed by the release of lutinizing hormone (LH) from the pituitary gland. LH surge,

Re

along with release of follicular stimulating hormone (FSH) around day 14, mark the onset
of ovulation. Post ovulation (luteal phase), progesterone is secreted from the corpus

vi

luteum and starts to rise substantially in blood after day 14 and remains elevated along

ew

the luteal phase with moderate elevations in estrogen levels spanning the period of day 14
to day 28. The decline in progesterone levels causes the onset of menstruation marked as

On

day 1 of menses (26-27). Abundant in vitro and in vivo evidence show that progesterone
is mainly linked to increased fat storage and adipocyte differentiation (28-30). Estrogen

ly

on the other hand, exhibits antilipolytic effects such as inhibition of lipoprotein lipase
activity and reducing fat storage in adipocytes (31, 33).

The effects of menstrual cycle hormonal changes on factors linked to lipid metabolism
are continuously investigated. These include studies on insulin and adipokines such as
leptin and adiponectin. Leptin levels were shown to increase significantly during the
luteal phase of the menstrual cycle (34-36). Adiponectin levels showed no significant
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change during the menstrual cycle (37). Several studies showed no significant differences
in insulin levels between the different phases of the menstrual cycle and no correlations
were found between insulin and estradiol or progesterone levels in serum (38, 39).
Limited evidence is available considering sex hormone effects on ASP levels or function.
Some studies showed that ASP levels were higher in obese females compared to obese
males (12). It was found to bind with higher affinity to subcutaneous fat cells freshly

r
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prepared from females than male subcutaneous and omental fat cells (40). Recently, ASP
was found to markedly increase in pregnancy in association with high lipid levels (41),
and was found to increase in females with polycystic ovary syndrome associated with

Re

dyslipidemia, independent of obesity (42).

vi

In this study we aim to further investigate if female hormone changes in vivo are

ew

associated with changes in plasma ASP levels in women. For this purpose, we study the
variation in ASP levels and their correlation with hormonal changes during different

On

phases of the menstrual cycle including follicular, ovulatory and luteal phases. This is the
first study to investigate physiological variations in ASP levels with regards to major

ly

hormonal alterations in healthy women.

Materials and Methods:
Subjects
Nineteen women aged 20- 24 years old were enrolled in this longitudinal study. All of
them were single students and had regular menstrual cycles of an average of 28 days.
They were non-obese, never pregnant or have taken oral contraceptives. All participants
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were non smokers and non alcohol consumers. They were not receiving any medications
and had no disorders that may affect hormonal function such as polycystic ovary
syndrome. Women with menstrual abnormalities and abnormally low hormone levels that
suggest anovulatory cycles were removed from the study. The subjects for this study
come from a considerably homogeneous Omani population, which is characterized by
large tribes of extended families with similar lifestyles.
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The study was approved by the Sultan Qaboos University ethical committee. Informed
consent forms were filled out by all the women participating in the study.

Re

Blood collection:

vi

Fasting blood samples were collected by venipuncture at days 1, 7, 12, 14 and 21days.
These times were chosen to represent different phases of an average “28 day” menstrual

ew

cycle. Days 1 and 7 marked the early follicular (EF) and mid follicular (MF) phases
respectively. Day 12 marked the late follicular (LF) phase (i.e. pre-ovulatory phase). Day

On

14 marked the ovulatory (OV) phase. The mid-luteal phase (ML) was represented by Day
21. Female hormone levels of all samples were measured to verify the phase at which

ly

samples were taken.

Analysis:
Venous blood samples were collected in plain tubes with no anti-coagulant for serum lipid
and hormone measurements and EDTA tubes for ASP measurements. The samples were
put on ice and immediately centrifuged. The serum and plasma were stored at –80oC until
analysis.
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Lipid profile measurements
Samples were analyzed for the fasting lipid profile at different phases of the menstrual
cycle including: triglycerides (TG), total cholesterol (T-CHOL), low density lipoprotein
cholesterol (LDL-C) and high density lipoprotein cholesterol (HDL-C). Analysis was
performed using automated Roche Integra 800’s analyzer, Switzerland-Germany. ApoA1
and apoB were measured on the Beckman Coulter Immage 800 Immunochemistry System,
U.S.A in the central routine laboratory of the University hospital
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Hormone measurements:

Re

Hormone levels including estrogen, progesterone, lutinizing hormone (LH), follicular
stimulating hormone (FSH) and insulin were measured at different phases of the menstrual

vi

cycle using an automated clinical chemistry analyzer Beckman Coulter ACCESS 2

ew

Immunoassay System, analyzer , Chaska, Minnesota (U.S.A) in the central routine
laboratory of the University hospital

On

Sandwich ELISA for ASP determination:

ASP levels at the different phases of the menstrual cycle were measured using a

ly

sensitive in-house ELISA assay (8). The human plasma EDTA samples, controls, and
standard ASP were pretreated with polyethylene glycol PEG 8000 to precipitate C3 thus
preventing any artefactual generation of ASP as described in detail previously (8).
Statistical analysis:

Results were expressed as mean ± SEM (standard error of the mean) of variables at each
phase of the menstrual cycle. Within-group differences at different phases were assessed
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by one way repeated-measures analysis of variance (RM ANOVA). Once it was
determined that differences exist among the means, pair-wise comparisons were
performed by paired-T test to compare the means of variables at the different phases. The
Wilcoxon signed-rank test was performed for pair-wise comparisons of variables with
skewed distributions. Correlations between plasma ASP levels and the all measured
variables in the different phases of the cycle were examined by bivariate analysis using
Pearson coefficients. Spearman correlation coefficients were used for parameters with

r
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skewed distributions. Stepwise multiple linear regression analysis was performed to
determine the factors that significantly associated with variations in ASP levels.

Re

Logarithmic transformations were applied for parameters that did not follow a normal
distribution. Significance was set at p< 0.05. Analysis was computer assisted using SPSS

ew

Results:

vi

software.

The anthropometric measures for the women are shown in Table 1. Fasting ASP,

On

progesterone, estradiol, progesterone/estrogen ratio and insulin levels are shown in

ly

Figures 1 and 2. LH, FSH, insulin, TG, T-CHOL, LDL-C, HDL-C, apoA1 and apoB
levels are shown in Table 2. All parameters were measured at the early follicular (EF),
mid follicular (MF) late follicular (LF), ovulatory (OV) and mid-luteal (ML) phases.

Hormone level changes during the menstrual cycle
Figure 1 and Table 2 showed fluctuations in estradiol, progesterone, LH and FSH levels
as expected in a typical regular 28 day menstrual cycle of healthy women. Repeated
measures ANOVA showed a significant overall change during the menstrual cycle for
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LH, FSH, progesterone and estradiol (P< 0.0001). Pairwise comparisons showed a
significant surge in LH and FSH in the OV phase (day 14) (Table 2). Progesterone
remained low in the EF, MF, LF (days 1, 7 and 12) and OV (day 14) phases then
markedly increased (P< 0.0001) in the ML phase (Figure 1). Estradiol showed a preovulatory surge in the LF phase (pre-ovulatory) (day 12) (P< 0.0001) which slightly
decreased during the OV phase (P=NS) and continued to increase in the ML phase along
with the increase in progesterone levels.
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Plasma ASP and insulin level changes during the menstrual cycle

Re

Figure 2 shows that fasting ASP levels change significantly during the different phases

vi

of the menstrual cycle (RM ANOVA, P< 0.05). Pairwise comparisons showed that at the
onset of menses at day 1 (EF phase), ASP levels were (18.7 ± 1.9 nM). No significant

ew

change was seen in the MF (17.3 ± 1.8 nM) and LF (14.5 ± 1.5 nM) phases. A significant
increase from the LF phase occurred in the OV phase (18.6 ± 2.3 nM) (P< 0.05) followed

On

by a 2-fold increase during the ML phase (29.6 ± 6.6 nM) compared to the LF phase (P<
0.02). The luteal increase in plasma ASP levels coincided with the increase in

ly

progesterone levels and progesterone/estrogen ratio (P: E) in the luteal (ML) phase
Figure 2B.
In contrast, fasting insulin concentrations did not show any significant change during the
different phases (RM ANOVA, P= NS) and pairwise comparisons of insulin levels at
different phases of the cycle were all non significant (Figure 3).

Lipid profile and apoprotein levels during the menstrual cycle
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Table 2 shows the fluctuations in TG, T-CHOL, LDL-C, HDL-C, apoA and apoB during
the different phases of the menstrual cycle. Minor but significant changes were shown
during the different phases of the cycle. Significant overall changes during the cycle were
shown for LDL-C (RM-ANOVA, P< 0.001) and apoB levels (RM-ANOVA, P< 0.005).
Pairwise comparisons showed decreases in LDL-C and apoB levels at the LF and ML
phases compared to EF phase. TG and VLDL levels were shown to decrease during the
OV phase compared to the EF phase (Table 2). No significant change was seen for HDL-

r
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C or apoA1 levels throughout the different phases of the cycle.

Re

Correlation of ASP with hormones and lipids during the mid luteal phase (ML)
Increased ASP levels in the ML phase showed a significant positive correlation with

vi

progesterone levels (r = 0.562, P =0.012) and with the progesterone/estrogen ratio (r =

ew

0.600, P = 0.007). ASP also positively correlated with BMI (r = 0.471, P = 0.042). A
multiple regression model was set in order to determine factors that predicted ASP levels

On

in the ML phase. Plasma ASP (log transformed) was set as the dependent variable.
Hormone, lipid, and subject characteristics were entered into the model as predictors

ly

including progesterone, estradiol, LH, FSH, insulin, TG, LDL-C, HDL-C and VLDL-C
and apoproteins, in addition to BMI and age. The results showed that progesterone
significantly associated with ASP levels (ß= 0.516, P = 0.028) and entered this model as
the only significant predictor. BMI was excluded from the model as non-significant in the
presence of progesterone. Progesterone levels significantly accounted for 22 % variation
in fasting (as determined by adjusted R2). All other measured hormones, lipid parameters
and age were excluded from the model as non significant. This correlation was found in
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the ML phase and no correlation was found between ASP levels and corresponding
hormone and lipid parameters in other phases of the menstrual cycle.

In contrast, although insulin levels in ML phase correlated positively with BMI (r = 0.44,
P < 0.05), it showed no significant correlation with progesterone, estrogen levels or
progesterone/estrogen ratio throughout the menstrual cycle phases.
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Discussion

In this study we showed expected reproductive hormonal alterations during different

Re

phases of an average 28 day menstrual cycle.

vi

The key finding in this study was that ASP levels changed significantly across the phases

ew

of the menstrual cycle showing a similar pattern of change as progesterone levels and
(progesterone/estrogen ratio). ASP levels were low across the follicular phases and

On

increased significantly in the OV phase followed by a marked (2-fold) increase in the ML
phase. Importantly, this increase in ASP levels correlated positively with the normally

ly

elevated progesterone levels in the mid-luteal phase, whereas no significant association of
ASP was seen with estrogen levels or any other reproductive hormone. The correlation of
ASP levels with the progesterone/estrogen ratio was similar to the correlation of ASP
with progesterone levels alone further indicating that estrogen levels had no association
with plasma ASP levels. ASP levels correlated with BMI of the females in this study
which is consistent with previous findings in Omani women (41), however a stronger
correlation was found for ASP with progesterone levels. Multiple regression analysis
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including all measured variables in the study showed that progesterone was the only
significant predictor of ASP levels and excluded BMI as non significant from the
regression model. This may be due to the fact that all females included in this study were
non-obese, highlighting the association between ASP and progesterone levels
independent of weight gain. The rest of the female hormones, insulin and lipid
parameters measured in the study were also excluded as non-significant. Although
insulin, which is a major fat storage factor, correlated positively with BMI (P< 0.05), it

r
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did not show any significant changes during the cycle and did not correlate with
progesterone or any of the reproductive hormones in this study. This agrees with several

Re

findings in the literature where no significant changes in insulin levels were seen across
the cycle in healthy females (38, 39).

vi

Recent studies support our findings of increased ASP levels in the luteal phase of the

ew

menstrual cycle. These studies, although not in plasma, showed that C3 and factor B
(precursors of ASP) are produced in the human endometrium in a cyclic specific manner.

On

It was found that luteal phase endometrium synthesize complement C3 de novo, whereas
proliferative endometrium produces little or no C3. Likewise factor B, which is critical to

ly

the activation of the complement altenative pathway “which leads to ASP production”,
has been shown to be present only in the luteal phase endometrium and not in the
follicular phase. Also, factor B was found to be synthesized in the endometrial cells of
patients treated with exogenous progesterone therapy. Therefore, these precursors are
found in the presence of high progesterone/estrogen ratio characterizing the luteal phase
and not in the follicular phase which is marked with low progesterone and estrogen levels
(43, 44).
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Although progesterone is suggested exert lipogenic effects in females, controversy still
exists as to whether it mediates these effects directly or indirectly. Some studies
suggested direct anabolic effects or by effecting on insulin action, others suggest an
action through specific transcription factors (28-31, 45). This study is of particular
interest as it is the first study to show a link between levels of ASP, which is a potent fat
storage factor, and progesterone which is known for its lipogenic effects in females. The
significant positive association between luteal phase ASP and progesterone, as the main

r
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predictor of ASP levels in this study, may suggest a role for progesterone on ASP
production and its lipogenic effects in women.

Re

No correlation was seen between ASP levels and the lipid profile of these healthy

vi

women, however, small but highly significant decreases were seen in the second half of
the cycle which is consistent with previous studies that showed that lipid levels decrease

ew

during the luteal phase of the cycle suggesting to explain anti-atherogenic effects seen in
females of reproductive age (46-48). This may be associated with hormonal effects that

On

enhance fat clearance from the circulation during that phase.

ly

This is the first study showing variations in ASP levels during the menstrual cycle and its
correlation with progesterone levels, and may therefore contribute to further
understanding of the mechanism of ASP regulation regarding fat storage and distribution
in women. These findings also lend to the importance that menstrual cycle phases should
be taken into consideration when performing studies on ASP and lipid levels in women of
reproductive age.

eje@bioscientfica.com

14

Page 15 of 34

Manuscript submitted for review to European Journal of Endocrinology

r
Fo
ew

vi

Re
ly

On
eje@bioscientfica.com

15

Manuscript submitted for review to European Journal of Endocrinology

Page 16 of 34

r
Fo
ew

vi

Re
ly

On
eje@bioscientfica.com

16

Page 17 of 34

Manuscript submitted for review to European Journal of Endocrinology

Figure Legends:
Figure 1: (A) Progesterone and (B) Estradiol levels at the EF: early follicular, MF: mid
follicular, LF: late follicular, OV: ovulatory and ML: mid luteal phases. Data at each
phase is shown as the mean ± SEM (n=19). Pairwise comparisons of the means were
made by paired sample T-Test. The Wilcoxon signed-rank test was used when values of
progesterone were skewed in the EF and OV phases and estrogen in the EF phase.
Progesterone: *** P< 0.001: ML phase compared to all phases. ** P< 0.05: OV phase
compared to the EF phase. Estradiol: *** P< 0.001 in ML, OV and LF compared to EF
and MF phases. *P< 0.02 MF compared to the EF phase.
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Figure 2: (A) ASP levels at the EF: early follicular, MF: mid follicular, LF: late
follicular, OV: ovulatory and ML: mid luteal phases. Data at each point (phase) is shown
as mean ± SEM (n=19). Pairwise comparisons of the means were made by paired sample
T-Test. The Wilcoxon signed-rank test was used when ASP levels were skewed in the
ML phase.** P< 0.02: ML higher than LF and MF phases. * P< 0.05: LF lower than OV
phase (B) Corresponding levels of progesterone to estrogen ratio in the different phases
are shown. *** P< 0.001 ML phase compared to all phases. ** P < 0.05: LF compared to
EF and P< 0.001 compared to the MF phase, *P< 0.001: MF compared to EF phase.
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Figure 3: Insulin levels at different phases of the menstrual cycle: EF: early follicular,
MF: mid follicular, LF: late follicular, OV: ovulatory and ML: mid luteal. Data at each
point (phase) is shown as mean ± SEM (n=19). Pairwise comparisons of the means were
made by paired sample T-Test. No significant differences were found between any of the
means in the different phases of the cycle.
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Table 1: Anthropometric measures

Mean ± SEM

Age

BMI

(years)

Kg/m2

22.5 ± 0.56

21.5 ± 0.74

Waist/Hip ratio

Menstrual cycle length
days

0.74 ± 0.01
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Table2: Hormone and lipid profile levels shown at different phases of the menstrual
cycle of healthy women.
EF

MF

LF

OV

ML

LH (IU/L)

4.0 ± 0.4

6.0 ± 0.5

20.2 ± 4.6 1

23.9 ± 5.3 1

4.5 ± 0.69

FSH (IU/L)

7.0 ± 0.67

7.1 ± 0.4

7.3 ± 0.79

9.2 ± 0.73 2

3.5 ± 0.35

TG (mM)

0.85 ± 0.05

0.85 ± 0.07

0.76 ± 0.06 3

0.68 ± 0.044

0.75 ± 0.07

T-CHOL (mM)

5.2 ± 0.16

5.2 ± 0.15

4.9 ± 0.18

4.97 ±0.18

5.1 ± 0.13

3.3 ± 0.18

3.3 ± 0.18

3.0 ± 0.185

3.15± 0.17

2.98 ± 0.175

0.38 ± 0.02

0.38 ± 0.03

0.34 ± 0.03

0.31± 0.026

0.33 ± 0.03

Variable (n= 19)

VLDL-C (mM)

r
Fo

LDL-C (mM)

1.7 ± 0.08

1.8 ± 0.09

1.8 ± 0.09

1.8 ± 0.11

1.87 ± 0.1

apoAI (g/L)

1.56 ± 0.06

1.6 ± 0.07

1.57 ± 0.07

1.59 ± 0.07

1.58 ± 0.05

apoB (g/L)

0.94 ± 0.04

vi

Re

HDL-C (mM)

0.80 ± 0.037

0.88 ± 0.03

0.81 ± 0.038

0.9 ± 0.04

ew

1

LH: OV and LF higher than EF, MF and ML phases (P< 0.005).
2

ly

1

On

Results are shown as mean ± standard error of the mean. Abbreviations: LH: leutinizing hormone,
FSH: follicular stimulating hormone, TG: triglycerides, LDL: low density lipoprotein, VLDL: very
low density lipoprotein, HDL; high density lipoprotein, T-CHOL: total cholesterol, apoA: apoprotein
A, apoB: apoprotein B, GLU: glucose, EF: Early follicular, MF: Mid follicular, LF: Late follicular,
OV: Ovualtory, ML: mid luteal. Significance is indicated by superscript numbers as shown below:

FSH: OV higher than EF, MF (P< 0.02) and ML phases (P< 0.001).
3

TG: LF lower than MF (P< 0.05).
5

5

4

OV lower than EF (P< 0.01) and MF phases (P< 0.05).

LDL-C: LF and ML lower than EF (P< 0.02) and MF phases (P 0.01).
6

VLDL-C: OV lower than EF phase (P< 0.05).
7

8

apoB: LF lower than EF and MF phases (P< 0.05). ML lower than EF and MF phases (P< 0.01).
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Table 3 Bivariate correlation between ASP levels in the ML: mid-luteal phase with
anthropometric, hormone and lipid profile levels. (* P = Spearman correlation significant,
two tailed).
n=19

BMI

Sig (2-tailed)

r = 0.52 *

P = 0.019

r
Fo

Age

ASP

P= 0.98

r = 0.48 *

P= 0.029

Estradiol

r = 0.261

P= 0.25

P/E ratio

r = 0.49 *

P= 0.023

LH

r = -0.023

P= 0.92

FSH

r = -0.358

P= 0.11

Insulin

r = 0.038

P= 0.87

TG

r = -0.88

P= 0.71

T-CHOL

r = 0.27

P= 0.26

VLDL-C

r = -0.067

P= 0.77

LDL-C

r = 0.32

P= 0.16

HDL-C

r = 0.10

P= 0.66

apoB

r = 0.421

P= 0.58

apoA1

r = -0.03

P= 0.88

Progesterone

ew

vi

Re

r = -0.005

ly
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Figure 1
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Figure 2
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Figure 3
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