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Abstract: Background: The mechanisms underlying the effect of estradiol (E2) on low-density lipoprotein 

cholesterol (LDL-C) levels are not completely understood, although a role for proprotein convertase 

subtilisin/kexin type 9 (PCSK9) has been proposed. We aimed to investigate the association between levels of 

E2, PCSK9 and lipid parameters in premenopausal women undergoing in vitro fertilization (IVF). Methods: 

Healthy women undergoing IVF in the Department of Obstetrics and Gynecology of the University General 

Hospital of Ioannina were recruited. Levels of E2, proprotein convertase subtilisin/kexin type 9 (PCSK9), total 

cholesterol (TCHOL), high-density lipoprotein cholesterol (HDL-C), LDL-C, and triglycerides (TGs) were 

measured 10 days after ovarian depression (E2min) and 7 days after ovarian stimulation (E2max). Results: A 

total of 34 consecutive healthy women aged 38 (26-46) years old who underwent a full IVF cycle were included. 

E2 levels increased by 329.6% from E2min to E2max (108 [47-346] to 464 [241-2471] pg/mL, p<0.05). At the same 

time, serum PCSK9 levels significantly decreased by 30.8% (245 ± 80 to 170 ± 64 ng/mL, p<0.05). No significant 

changes in TCHOL, LDL-C, TGs and HDL-C were found (-0.4%, -3.8%, -2.2%, and +5.3%, p >0.05). Conclusions: 

The increase in endogenous E2 production during an IVF cycle was associated with a significant decrease in 

serum PCSK9 levels during a 7-day period.  

Keywords: estrogens; proprotein convertase subtilisin/kexin type 9; lipoprotein; low-density 

lipoprotein cholesterol; cholesterol; lipids; in vitro fertilization 

 

1. Introduction 

The epidemiology, pathophysiology, and outcomes of atherosclerotic cardiovascular disease 

(ASCVD) differ significantly between women and men [1]. This could be attributed to differences in 

gene expression and regulation of sex hormones resulting into different signaling pathways involved 

in atherosclerosis, including nitric oxide signaling, myocardial remodeling under stress, glucose 

regulation and lipid metabolism [1–3]. Indeed, premenopausal women have lower plasma low-

density lipoprotein cholesterol (LDL-C) compared with post-menopausal ones and men [4]. LDL 

particles are removed from the circulation mainly through hepatic uptake via the LDL receptor 

(LDLR) [5]. The expression of LDLR is regulated at the transcriptional level by the sterol regulatory 

element binding protein 2 (SREBP-2), and at the post-translational level mainly by proprotein 

convertase subtilisin/kexin-type 9 (PCSK9), an inducible degrader of the LDLR [5]. Circulating 
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PCSK9 binds to LDLR, leading to lysosomal degradation within cells, thus resulting in reduced LDLR 

expression on the cell membrane, decreased LDL catabolism, and increased plasma LDL-C levels [6].  

Estrogens increase LDLR expression through estrogen receptor a (ERa), which inhibits the 

negative feedback regulation of cholesterol synthesis by the SREBP-2 pathway [7–12]. Studies in rats 

and humans have shown that high levels of endogenous estrogens reduce serum PCSK9, suggesting 

that estrogens also increase the number of LDLRs on hepatic cells through a post-transcriptional 

mechanism [13–15]. Indeed, PCSK9 levels are lower in women than in men, and higher in 

postmenopausal compared with premenopausal women [16]. In experimental studies, high-dose 

ethinylestradiol induced a 4-fold increased LDLR gene expression combined with a 50% suppression 

of hepatic PCSK9 gene expression [14]. 

We aimed to investigate the short-term effect of endogenous estradiol (E2) increase on serum 

PCSK9 and lipid levels. To this end, we established a human model to determine the relationship 

between changes of E2 levels with those of PCSK9 and lipids following ovarian suppression and 

stimulation during an in-vitro fertilization (IVF) cycle.  

2. Materials and Methods 

2.1. Study design 

This was a prospective study of women who were scheduled for IVF at the Department of 

Assisted Reproduction at the University General Hospital of Ioannina, Ioannina, Greece. All subjects 

gave informed consent to participate, and the study protocol was approved by the Ethics Committee 

of the University General Hospital of Ioannina.  

To induce controlled ovarian stimulation, endogenous estrogens were first suppressed using the 

gonadotropin releasing hormone agonist, leuprolide acetate. Leuprolide acetate was administered 

subcutaneously at a dosage of 1 mg/day starting on the 21st day of the menstrual cycle. Fourteen days 

later an E2 measurement (E2min) was carried out to verify suppression. Subsequently, leuprolide 

acetate dose was decreased to 0.5 mg/day and ovarian stimulation was initiated by subcutaneous 

administration of recombinant human follicle-stimulating hormone, follitropin beta, at a dosage of 

250 IU/day. The response was followed up by an E2 measurement 7 days later (E2max) and by 

ultrasound scanning of the ovarian follicles 5, 8 and 10 days after the first follicle-stimulating 

hormone injection (Figure 1).  

 

Figure 1. Study design. Abbreviations: E2, estradiol; PCSK9, proprotein convertase subtilisin/kexin 

type 9; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density 

lipoprotein cholesterol; TGs, triglycerides. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 August 2023                   doi:10.20944/preprints202308.1602.v1

https://doi.org/10.20944/preprints202308.1602.v1


 3 

 

Serum levels of E2, PCSK9, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), 

LDL-C and triglycerides (TGs) were measured at 2 time points: E2min and E2max. 

2.2. Collection and analysis of blood samples 

Blood samples were collected in EDTA tubes and centrifuged for 15 minutes at 1000 x g within 

30 minutes of collection to separate the serum, which was stored at -80 °C.  All laboratory 

determinations were carried out after a 12-h overnight fast. 

Free E2 was measured using routine clinical assays (Estradiol Reagent Kit, Alinity, Abbott) 

(detection limit, 150 pg/mL). Apolipoprotein (ApoB)-depleted plasma was isolated after the 

sedimentation of all ApoB-containing lipoproteins with dextran sulfate-magnesium chloride as 

previously described and stored at -80 oC. TC and HDL-C were determined enzymatically in plasma 

and ΑpoB-depleted plasma, respectively, using commercially available kit (Human diagnostics, 

reference number 10028; Wiesbaden, Germany) according to the manufacturer’s instructions with 

slight modifications. Briefly, 5 μL total plasma samples or 10 μL ΑpoB-depleted plasma, and 

standards by varying volume (0-20 μL of 200 mg/dL cholesterol standard reagent) were added into 

each well of the microplate (Costar 3370, Corning, NY, USA) and mixed with working reagent 

(cholesterol enzyme and substrates mixture) in a 300 μL final volume. The reaction was performed 

for 10 min at 37 oC. The optical density of each well was measured at 510 nm using a microplate 

reader (Tecan infinite 200 PRO). Total plasma and ApoB-depleted plasma (HDL-rich content) 

cholesterol of the samples were calculated (mg/dL) using standard curve. Plasma TGs were 

determined using commercially available kit (Human diagnostics, reference number 10724; 

Wiesbaden, Germany) according to the manufacturer’s instructions with slight modifications. Briefly, 

5 μL total plasma samples, and standards by varying the volume (0-20 μL of 200 mg/dL TGs standard 

reagent) were added into each well of the microplate (Costar 3370 Corning, NY, USA) and mixed 

with working reagent at a 300 μL final volume. The reaction was performed for 10 min at 37 oC. The 

optical density of each well was measured at 510 nm using a microplate reader (Tecan infinite 200 

PRO). Plasma TGs (mg/dL) were calculated using standard curve. Samples and standards were 

assayed in duplicated. LDL-C was calculated by using the Friedewald formula (LDL-C=TC – TGs/5 

– HDL-C) [if TGs were <400 mg/dL (4.52 mmol/L)]. The Human PCSK9 Quantikine ELISA kit (R&D 

Systems, cat. no. DPC900, Minneapolis, MN) was used to measure PCSK9 according to 

manufacturer’s instructions. Briefly, a monoclonal antibody specific for human PCSK9 was pre-

coated on a microplate (ready to use). Fifty (50) μL of the standards and samples were pipetted into 

the wells and the plate was incubated for 2h at room temperature, where any PCSK9 present was 

bound to the immobilized antibody. Then, each well was aspirated and washed 3 times with cleaning 

buffer (400 μL/well). After washing away unbound conjugates, an enzyme-linked polyclonal 

antibody specific for human PCSK9 was added to the wells (200 μL per well) and the plate was 

incubated for 2h at room temperature. The plate was then washed to remove any unbound antibody-

enzyme reagent and 200 μL of substrate solution was added to the wells and incubated for 30 min at 

room temperature. The color develops in proportion to the amount of bound PCSK9 at the initial 

stage. Color development was stopped (blue) by adding 50 μL stop solution and the intensity of the 

yellow color was measured using a microplate reader set at 450 nm. A standard curve was created 

by plotting the mean absorbance for each standard concentration on the ordinate against. Data could 

be linearized by plotting the log of human PCSK9 concentrations against the log of optical density 

(OD) and the best fit could be determined by regression analysis. The minimum detectable dose 

(MDD) of human PCSK9 ranges from 0.030-0.219 ng/mL and the mean MDD is 0.096 ng/mL. Intra- 

and inter-test CVs are 6.1 and 5.9%, respectively. 

2.3. Statistical analysis 

Continuous numeric variables are expressed as mean ± standard deviation (SD) or median 

(interquartile: IQR) if Gaussian or non-Gaussian distributed, respectively. Correlations between 

parameters were evaluated using Pearson’s and Spearman’s correlation coefficients. Paired sample 

t-test (parametric and non-parametric) was performed to investigate the change in numeric variables 
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during follow-up. Two-tailed significance was defined as p<0.05. As this is a pilot study, no official 

power calculations were performed. The analyses were performed with the Statistical Package for 

Social Sciences (SPSS) v25.0 software (SPSS Statistics for Windows, Version 28.0. Armonk, New York, 

NY, USA: IBM Corp). 

3. Results 

Thirty-four consecutive healthy women aged 38 (26-46) years old with a median body-mass 

index 22.8 (19.1-26.7) kg/m2 were included in the present study. All women were non-smokers and 

not taking any medication. For all participants this was the first IVF cycle after a 12-month period of 

regular unprotected sexual intercourse not achieving pregnancy. All women were childless and had 

no miscarriages or abortions in the past. 

Table 1 shows the changes in E2, PCSK9 and lipid levels between E2min and E2max time points. 

Table 1. E2, PCSK9 and serum lipids levels of study participants (n=34) at ovarian depression (E2min) 

and ovarian stimulation (E2max). 

 E2min E2max Change, % 

E2, pg/mL 108 (47-346) 464 (241-2471) + 329.6* 

ΤC, mg/dL 164 ± 44 163 ± 42 - 0.4 

TGs, mg/dL 69 ± 36 67 ± 24 - 2.2 

LDL-C, mg/dL 108 ± 43 103 ± 42 - 3.8 

HDL-C, mg/dL 42 ±10 45 ± 14 + 5.3 

PCSK9, ng/mL 245 ± 80 170 ± 64 - 30.8* 

Abbreviations: E2; estradiol, TC; total cholesterol, TGs; triglycerides, LDL-C; low-density cholesterol, HDL-C; 

high-density cholesterol, PCSK9; Proprotein convertase subtilisin/kexin type 9. Values are expressed as median 

(interquartile range: IQR) or mean ± standard deviation (SD), *p <0.05 for comparison versus E2min group. 

As expected, E2 levels increased by almost 330% (p <0.05). PCSK9 levels were significantly 

reduced by 30.8% between these 2 time points (p<0.05). ΔPCSK9 was significantly correlated with 

ΔE2 (beta=-0.162, p=0.001).  No significant changes were noted in subjects’ lipid levels; TCHOL, TGs 

and LDL-C levels decreased by 0.4%, 2.2% and 3.8%, respectively, (p >0.05), whereas HDL-C levels 

increased by 5.3% (p= >0.05). No significant correlations were found between changes in E2, and TC, 

LDL-C, TGs and HDL-C levels. 

4. Discussion 

In this study we demonstrated that short-term (7 days) elevation of endogenous E2 during an 

IVF cycle was associated with a significant reduction in PCSK9 levels and non-significant alterations 

in lipid profile. 

Estrogen increases LDLR expression through nuclear receptor estrogen receptor-a (ERa) [7–12]. 

Li et al. by using HepG2 cells that express functional ERa and LDLR promoter constructs, have 

demonstrated that the complex of ERa with transcription factor Sp1 binds to the LDLR promoter, and 

induces LDLR transcription [12]. Emerging data suggest an additional effect of estrogens on lipid 

metabolism. Persson et al. showed that E2 decreases PCSK9 transcription, and thus contributes to 

elevated LDLR expression in rats [14]. It has also been shown that the G protein-coupled estrogen 

receptor (GPER) mediates the effect of estrogen on LDL-C via a non-genomic, post-transcriptional 

effect [17–19]. Of interest, estrogens upregulate LDLR levels mainly through GPER activation, which 

prevents PCSK9-dependent LDLR degradation in HepG2 cells [20]. In another study, Starr et al. 

showed that PCSK9 is required for post-transcriptional upregulation of LDLR by E2 in human hepatic 

HuH7 cells [21]. Furthermore, studies in rats and humans found that high levels of endogenous 

estrogens reduce serum PCSK9, suggesting that estrogens also increase the number of LDLRs on 

hepatic cells through a post-transcriptional mechanism [13–15]. Moreover, Persson et al. reported that 

high-dose treatment with ethinylestradiol reduced SREBP-2 mRNA levels by 55%, and PCSK9 

expression by half [14]. 
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A prolonged estrogen exposure may induce more pronounced effects οn lowering LDL-C levels, 

such as those demonstrated in studies with long-term estrogen replacement therapy (ERT) [22–26]. 

One study showed that a 2-month estrogen alone replacement therapy in postmenopausal women 

(n=184) was associated with a decrease in LDL-C by 8-9% and increase in HDL-C levels by 9% [27]. 

Another study of 90 hysterectomized and oophorectomized females, oral and transdermal ERT 

induced a decline in TC levels and LDL-C levels within 6 months, and an elevation in HDL-C and 

TGs [26]. 

In contrast to ours, a previous short-term study (6 days stimulation of estrogen synthesis) 

including 31 women who underwent IVF, showed that TCHOL, LDL-C and PCSK9 levels were 

significantly reduced by 14.0%, 20.2% and 14.0 %, respectively, while HDL-C levels remained 

unchanged [28]. This discrepancy could be due to the short duration and limited sample size of both 

studies. Of interest, E2 increase was lower in our study in comparison with that of Persson et al 

(+330% vs +3720%). This difference in endogenous E2 synthesis between two studies could be due to 

the use of gonadotropin nasal spray in Persson’s study instead of subcutaneous gonadotropin in our 

study [28]. 

Major limitations of this study are small sample, short-term duration and the lack of a control 

group.  

5. Conclusions 

Short-term increase of E2 during an IVF cycle is associated with a decrease of serum PCSK9 but 

no significant alteration in plasma lipids. Larger studies could elucidate this association and its 

clinical implication. T 
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