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Introduction

In a normal menstrual cycle, ovulation is believed to be 
triggered by the mid-cycle surge of gonadotropins (both 
luteinizing hormone [LH] and follicle-stimulating hor-
mone [FSH]). According to the current paradigm, “sus-
tained elevation of estradiol” culminates in the triggering 
surge of these two gonadotropins and, thereby, ovulation 
and the end of the follicular phase of the menstrual cycle 
[1]. However, other research showed that the pre-ovulatory 
LH surge is not triggered by the sustained elevated estradiol 
(E2), and it concluded the current role of E2 in ovulation 
is likely misinterpreted. One reason for this misinterpreta-
tion is the supra-physiological E2 level reached in early 
course ovarian stimulation without eliciting or triggering 
ovulation [2]. Moreover, well-documented research high-
lights that progesterone (P4) is the genuine physiological 
trigger of ovulation during a narrow window at the end 
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Abstract
Background  Ovarian advanced glycation end-products (AGEs) accumulation is associated with ovarian granulosa cells 
(GCs) dysfunction. Vitamin B6 derivatives positively affected reproduction. The current study was conducted to elucidate 
the AGEs effects on human luteinized mural GCs steroidogenesis in the presence or absence of pyridoxamine (PM).
Methods and results  Isolated GCs of 50 healthy women were divided into four parts and treated with media alone (Control), 
PM alone, or human glycated albumin (HGA) with/without PM. Main steroidogenic enzymes and hormones were assessed 
by qRT-PCR and ELISA. The AGE receptor (RAGE) protein was also determined using Western blotting. The non-toxic 
concentration of HGA increased the expression of RAGE, StAR, 3β-HSD, and 17β-HSD (P < 0.0001 for all) but decreased 
the expression of CYP19A1 at mRNA levels. The increased RAGE protein expression was also confirmed by western blot 
analysis. These effects resulted in declined estradiol (E2), slightly, and a sharp rise in progesterone (P4) and testosterone (T) 
levels, respectively. PM, on its own, ameliorated the HGA-altered enzyme expression and, thereby, corrected the aberrant 
levels of E2, P4, and T. These effects are likely mediated by regulating the RAGE gene and protein expression.
Conclusion  This study indicates that hormonal dysfunctions induced by the AGEs-RAGE axis in luteinized GCs are likely 
rectified by PM treatment. This effect is likely acquired by reduced expression of RAGE. A better understanding of how AGEs 
and PM interact in ovarian physiology and pathology may lead to more targeted therapy for treating ovarian dysfunction.
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of the follicular phase while knowing P4 blocks ovula-
tion when administered out of this narrow window, like in 
birth-control formulation [3, 4]. Envisaging this role of P4 
in eliciting the gonadotropin surge and state of luteiniza-
tion, therefore, prevention of premature LH-surge by GnRH 
agonist or antagonist has become part of the routine pro-
cess COS to improve oocyte quality and prevent premature 
ovulation [5]. However, whether increased P4 rise during 
follicular development leads to a higher rate of aneuploidy 
remains to be answered. It is also well known that prema-
ture P4 rise triggered advances in endometrial receptivity 
and asynchrony between embryo and endometrium, result-
ing in a freeze-all strategy in such a circumstance with its 
innate complications [6]. Therefore, a deeper understanding 
of factors or elements interfering or disturbing the process 
of steroidogenesis in follicular granulosa cells (GCs) may 
improve our general understanding of female reproductive 
physiology and factors affecting oocyte and embryo quality 
in the process of assisted reproductive techniques (ART).

Advanced glycation end products (AGEs) are a het-
erogeneous, complex group of compounds formed when 
reducing sugars react non-enzymatically with amino acids 
in proteins, lipids, or DNA in vivo and in vitro, especially 
during the browning process. This phenomenon is referred 
to as the Maillard reaction [7]. Research has suggested that 
AGEs are involved in the progression and pathogenesis of 
several diseases, including diabetes mellitus, cardiovascular 
disease, Alzheimer’s disease, as well as aging in general [8].

AGEs can cause tissue injury directly or indirectly 
through proteins crosslinking or binding to multi-ligand 
transmembrane receptors, known as RAGE (receptor for 
AGEs) [9]. Activation of RAGE has multiple intracellu-
lar downstream effects, including activation of oxidative 
stress and inflammation signaling pathways. The release 
of pro-inflammatory cytokines increases the expression of 
RAGE. This condition results in a vicious cycle of increased 
pro-inflammatory markers as well as oxidative stress and 
accounts for the etiology of many diseases, including poly-
cystic ovary syndrome (PCOS) [10–13].

Previous studies indicated that AGE accumulation and 
the AGEs/RAGE axis negatively impact ovarian function 
and aging [14, 15]. In GCs, AGEs alter glucose metabolism 
[16], steroidogenesis [17], and the production of inflamma-
tory cytokines [18], leading to ovarian complications and 
infertility-related disorders. Therefore, inhibition of AGEs 
formation appears to be a promising therapeutic approach 
for altering the pathogenesis and delaying the progression of 
reproductive-associated diseases. Several agents have been 
found to affect tissue and circulating AGEs levels, including 
aspirin, thiamine, and pyridoxamine [19].

Pyridoxamine dihydrochloride (PM) is a small molecule 
derived from pyridoxal phosphate with a distinct chemical 

structure that impedes the formation of AGEs [20]. It is also 
an essential element of one carbon cycle [21]. A number of 
pathogenic oxidative reactions that lead to AGEs formation 
can be inhibited by PM, including toxic carbonyls, reactive 
oxygen species (ROS), and glycosylated protein conversion 
to AGEs [20, 22].

A previous report indicated that adding pyridoxine (PN), 
another member of the vitamin B family, to the maturation 
medium significantly reduced the activity of cathepsin B, a 
member of the lysosomal cysteine protease family, in bovine 
cumulus cells and oocytes. Furthermore, PN improved both 
the blastocyst and hatched blastocyst rates. According to 
these results, PN is a promising tool for improving the devel-
opmental competence of bovine oocytes and subsequent 
embryo quality [23]. Metabolomic analysis identifying dif-
ferent metabolites in PCOS revealed that the vitamin B6 
metabolism pathway is critically impaired [24]. Therefore, 
it is not surprising that daily intake of folic acid or B-group 
vitamins effectively reduces elevated homocysteine levels 
in PCOS patients undergoing short-term metformin therapy 
[25]. In another work, there was a significant negative cor-
relation between the free androgen index (FAI) and vitamin 
B6 intake in women with PCOS [26].

Nevertheless, PM effects on the AGEs-RAGE axis have 
not been investigated in human luteinized GCs. Based on 
evidence that suggests PM has a beneficial impact on oocyte 
developmental competency and inhibits AGEs formation 
[20, 23], we hypothesized that this water-soluble pyridine 
compound might support human GCs function against 
adverse effects induced by AGEs. The present study was 
conducted to investigate the impact of AGEs on the expres-
sion of steroidogenic enzymes in human luteinized GCs in 
the presence or absence of PM.

Materials and methods

Subjects and controlled ovarian stimulation 
protocol

The current study was conducted in Shiraz Ghadir Mother 
and Child Hospital between May 2021 and June 2022 on 
ovarian mural GCs obtained from 50 women undergoing 
intracytoplasmic sperm injection (ICSI) treatment.

Inclusion criteria were 18–36 years old and a body mass 
index between 18.5 and 30  kg/m2. Moreover, this study 
included infertile couples diagnosed with male factor, tubal 
factor, as well as egg donors, and women with normal 
ovarian reserves. Cigarette smokers, alcohol consumers, 
and women with diabetes, endometriosis, chronic meta-
bolic syndrome, thyroid disorder, obesity, and PCOS were 
excluded from the present study.
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Assessments of the basal serum levels of follicle-stimu-
lating hormone (FSH), luteinizing hormone (LH), estradiol 
(E2), anti-müllerian hormone (AMH), and thyroid stimulat-
ing hormone (TSH) were performed on the third day of the 
menstrual cycle. Other blood tests, including fasting blood 
glucose (FBG), Na+, K+, and hemoglobin concentrations, 
as well as white blood cells (WBCs) and red blood cells 
(RBCs) counts, were also performed.

The ovarian stimulation procedure was carried out in 
all cases using an antagonist protocol. A daily subcutane-
ous injection of recombinant FSH (150–300 IU, Gonal-F, 
Merck-Serono, Germany) was initiated on the third day of 
the current menstrual cycle. Sequential ultrasound scans 
were conducted to monitor follicular growth. Human 
recombinant chorionic gonadotropin (hCG) (500 IU, Ovit-
relle, Merck-Serono) was administered intramuscularly to 
induce ovulation when at least three dominant follicles were 
between 17 and 18 mm in diameter. At this time, the cir-
culating E2 concentration was also determined. Thirty-six 
hours later, oocyte retrieval was carried out.

Human GCs purification method

Following the harvest of oocytes on the retrieval day, the 
remaining follicular aspirates were separately collected and 
transported to the laboratory and centrifuged for 10 min at 
4  °C at 1600  rpm. Following removal of the supernatant, 
the cell pellet was pipetted into cold RBCs lysis buffer (1x) 
containing ammonium chloride (Sigma, USA), vortexed for 
approximately 20 s, and then kept at room temperature for 
about 5 min. Then, the sample was centrifuged at 1600 rpm 
for 10 min at room temperature to remove the RBCs lysate. 
The cell pellet was then resuspended in 5 mL phosphate buf-
fer saline (PBS) and centrifuged (1200  rpm, 5  min). The 
process was repeated two more times.

For the purpose of counting the number of viable cells, 
GCs pellets were trypsinized (0.25% trypsin/EDTA solu-
tion) (Sigma) and resuspended in Dulbecco Modified Eagle 
medium (DMEM/F12) (Biosera, LM-D1220, Nuaille, 
France). The percentage of dead cells and cell counts were 
determined by staining cells with 0.4% Trypan blue (Sigma) 
and using a hemocytometer, respectively.

Flow cytometry was used to distinguish leukocytes from 
GCs using mouse anti-human CD45, conjugated with fluo-
rescein isothiocyanate (antiCD45-FITC) (SC-1178 FITC, 
Santa Cruz), which revealed that the purity of follicular 
cells exceeded 95%.

Cell culture and study design.
In the first step, MTT (3–4, 5-dimethylthiazol-2-yl-2, 

5-diphenyltetrazolium bromide) assay was used to deter-
mine percentage cell viability in HGA and PM-treated GCs 

relative to untreated ones. In order to calculate the percent-
age of cell viability, the following formula was used:

Cell viability (% of control) = (At - Ab) / (Ac- Ab) × 100
Where At is the absorbance of the test sample, Ac is the 

absorbance of the Control, and Ab is the absorbance of the 
blank.

The 400 µg/mL HGA concentrations were chosen based 
on the previous studies [17]. The PM concentration (50 µM) 
was determined based MTT test for 50, 100, and 200 µM 
PM.

Finally, 400 µg/mL HGA and 50 µM PM concentrations 
were chosen as the concentrations with no toxic effect for 
the continuation of this study.

The isolated GCs of each participant were divided into 
four parts and cultured in 6-well plates at a density of 2 × 106 
cells/well in DMEM/F12 media (3 mL/well) supplemented 
with 5% charcoal-stripped fetal bovine serum (FBS), 1% 
penicillin/streptomycin, and 1% L-glutamine and the cor-
responding treatments were performed for each group for 
48 h under standard culture conditions (37 ℃ and 5% CO2 
incubator). Then, the four studied groups were defined as: 
(1) Control or non-treated (DMSO only), (2) HGA that 
were treated with 400 µg/mL HGA (dissolved in media), (3) 
HGA + PM that were treated with 400 µg/mL HGA and 50 
µM PM (dissolved in DMSO), and (4) PM that were treated 
with 50 µM PM.

The final DMSO concentration in the culture medium 
was 0.5% [27].

Quantitative Real-time PCR (qRT-PCR) technique

To assess the expression of the steroidogenic acute regu-
latory protein (StAR), 3β-hydroxysteroid dehydrogenase 
(3β-HSD), 17β‐hydroxysteroid dehydrogenase (17β-HSD), 
cytochrome P450 aromatase (CYP19A1), and RAGE, total 
cellular RNA was extracted from GCs using RNXTM–
PLUS solution (Sinaclon, Karaj, Iran). The quality of 
RNA was evaluated using a Nanodrop spectrophotometer 
(ThermoFisher Scientific, USA). Extracted mRNAs were 
reversely transcribed into first-strand cDNA by applying a 
cDNA synthesis kit (Add Bio Co., South Korea) according 
to the manufacturer’s instructions. qRT-PCR was accom-
plished using the Applied Biosystems StepOne system with 
a high ROX SYBR Green PCR Master Mix (Add Bio Co., 
South Korea). Samples were quantified by the comparative 
2-ΔΔCt method with β-actin as an internal control. Experi-
ments were performed in triplicate. The oligonucleotide 
sequences of primers and reaction conditions used for this 
study are shown in Table 1.
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SC-516,102)] for 2  h at room temperature. Detection of 
protein bands was done using enhanced chemiluminescence 
(ECL) kit (Bio-Rad) and X-Ray film (n = 5). Images were 
analyzed and quantified with ImageJ software (NIH). The 
experiments were performed in duplicate.

Moreover, the following formula was used to calculate 
the percentage changes (gene, protein, and hormone assays) 
in treated samples over control samples:

Percentage change= (Control – Treated)/Control × 100

Statistical analysis

The Shapiro-Wilk test was performed to verify the data 
normality. Then, one-way ANOVA with post-hoc Tukey 
test was used to compare the statistical differences between 
experimental groups with normal data distributions. While 
in the case that the distribution of data was not normal, a 
Kruskal-Wallis test was performed. All results were pre-
sented as mean ± SEM. Statistical significance was deter-
mined at P < 0.05. All statistical analyses were performed 
using GraphPad Prism software (version 9.0, Inc. La Jolla, 
California, USA).

Results

Table 2 summarizes the demographic and clinical character-
istics of the studied participants. All participants in the pres-
ent study had acceptable serum TSH and FBG levels, and 
on the third day of the menstrual cycle, FSH, LH, E2, and 
AMH levels were also within the normal range, suggesting 

ELISA for E2, P4, and total T detection in cell culture 
media

Following 48  h of cell culture, the media were collected 
to determine the levels of E2, P4, and total testosterone 
(total T) released by isolated GCs. Assays were conducted 
using commercially available ELISA kits (DiaMetra, Italy) 
according to manufacturer recommendations using a micro-
plate reader (Epoch 2TM, BioTek Instruments, USA). The 
detection limits of E2, P4, and total T were 5 pg/mL, 0.05 
ng/mL, and 0.2 ng/mL, respectively. All assays were con-
ducted in duplicate.

Western Blot technique

The western blotting method was used to examine the 
RAGE expression level in human GCs. At the end of 48 h 
experimental period, the GCs were trypsinized and treated 
with cold-RIPA buffer containing protease inhibitors. Then, 
cell lysates centrifugation was performed at 7000 rpm for 
10 min at 4 °C. After that, supernatant protein concentration 
was determined by Lowry assay. The proteins were sepa-
rated by SDS-PAGE and transferred onto a polyvinylidene 
difluoride (PVDF) membrane (Bio-Rad, CA, USA). The 
membranes were blocked with skim milk in Tris-buffered 
saline supplemented with tween 20 for 120  min. Over-
night incubation with primary antibodies [Anti-GAPDH 
(GTX100118, as housekeeping protein) and anti-RAGE 
(SC-365,154)] was performed at 4 °C. The membrane was 
next incubated with HRP-conjugated secondary antibod-
ies [(anti-rabbit IgG, BA1054-2) and (anti-mouse IgG, 

Transcripts Primer Primer Sequences (5’-3’) Thermocycling 
Condition

PCR Mix

β-actin Forward GTGGGCATGGGTCAGAAG 95 °C/10 min, 40 cycles 
at 95 °C/15 s, 60 °C/1 
min, and 72 °C/30 s

SYBR 
green 
Master 
Mix 
(10 µl;2x 
concentra-
tion), 
Forward 
primers: 
0.8 µl and 
10 pmole, 
Reverse 
primers: 
0.8 µl and 
10 pmole, 
Nuclease-
free DEPS 
Water: 
6.4 µl, 
Template 
cDNA: 
2 µl

Reverse GGGTACTTCAGGGTGAGGA

StAR Forward GGAGCTCTCTACTCGGTTCT 95 °C/10 min, 40 cycles 
at 95 °C/15 s, 60 °C/1 
min, and 72 °C/30 s

Reverse TTGCTAAGGATGCCCAAGG

3β-HSD Forward GGAGGGCTTCTGGGTCAG 95 °C/10 min, 40 cycles 
at 95 °C/15 s, 60 °C/1 
min, and 72 °C/30 s

Reverse AGTCAGCTTGGTCCTGTTCT

17β-HSD Forward TCCCAGAGCTTCAAAGTGTATG 95 °C/10 min, 40 cycles 
at 95 °C/15 s, 60 °C/1 
min, and 72 °C/30 s

Reverse GTCCAGCTGCAACGTCTC

CYP19A1 Forward GTGGAATTATGAGGGCACATCC 95 °C/10 min, 40 cycles 
at 95 °C/15 s, 60 °C/1 
min, and 72 °C/30 s

Reverse CGGTTGTAGTAGTTGCAGGC

RAGE Forward GGCAGTAGTAGGTGCTCAAA 95 °C/10 min, 40 cycles 
at 95 °C/15 s, 60 °C/1 
min, and 72 °C/30 s

Reverse GCCTGTGTTCAGTTTCCATTC

Table 1  Studied genes primers 
sequences and set up of PCR 
conditions
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that women participating in this study were in a normal 
endocrine and metabolic state.

HGA and PM concentrations

The HGA concentration used in this study was 400 µg/mL 
based on previous reports (Merhi et al., 2018). MTT assay 
revealed that 400 µg/mL HGA insignificantly reduced cell 
viability compared to non-treated GCs (100% vs. 86.06%).

MTT assay was also used to determine the maximum PM 
concentration with no toxic effect. As shown in Figs. 1, 100 
and 200 µM PM significantly reduces GCs viability, while 
50 µM was non-toxic to these cells.

Effect of HGA in the presence or absence of PM 
on steroidogenic enzymes expression in human 
luteinized GCs

The other aspect of the current study was investigating the 
alteration in expression levels of genes involved in ste-
roidogenesis in all studied groups. Considering this aspect, 
the relative fold changes of StAR, 3β-HSD, 17β-HSD, and 
CYP19A1 genes were measured by quantitative RT-PCR. 
The relative expression levels of StAR, 3β-HSD, and 17β-
HSD were significantly enhanced, whereas the relative fold 
change of the CYP19A1 gene was reduced considerably 
under HGA treatment compared to controls. However, co-
treatment GCs with HGA and PM significantly downregu-
lated the expression of StAR, 3β-HSD, and 17β-HSD genes 
and upregulated the CYP19A1 expression levels compared 
to the HGA group (Fig. 2).

The relative expression levels of StAR and CYP19A1 
returned to normal values, while 3β-HSD and 17β-HSD gene 
expression showed significant differences in the HGA + PM 
group compared to the control group (Fig. 2).

The percent changes analysis showed that HGA treatment 
significantly amplified StAR (by 130.16%), 3β-HSD (by 
158.28%), and 17β-HSD (by 102.14%) mRNA expression 
levels, while it diminished CYP19A1 (by 72.11%) mRNA 
expression (P < 0.0001). The administration of PM along 
with HGA treatment diminished StAR (by 50.69%), 3β-
HSD (by 70.16%), and 17β-HSD (by 21.43%) mRNA levels 
but enhanced CYP19A1 (by 265.62%) mRNA expression 
(P < 0.0001). Moreover, PM treatment alone decreased the 
expression of StAR (by 31.46%), 3β-HSD (by 46.42%), and 
17β-HSD (by 29.13%) genes while it increased CYP19A1 
(by 19.98%) mRNA expression as compared to controls 
(Fig. 2).

Table 2  Demographic and clinical characteristics of studied partici-
pants

Women with healthy 
ovaries (n = 50)

Defined 
ranges

Age (years) 30.60 ± 0.56 —
BMI (kg/m2) 24.90 ± 0.39 18.5–30
Infertility period (years) 4.38 ± 0.45 —
No. of collected oocytes 11.64 ± 1.05 —
Menstrual cycle
Regular 43 (86.00) —
Oligomenorrhea 7 (14.00) —
FBS (mg/dL) 89.48 ± 1.11 70–110
TSH (mIU/L) 2.54 ± 0.14 0.4–4.2
FSH (mIU/mL) 6.41 ± 0.24 3–10
LH (mIU/mL) 6.26 ± 0.23 3–10
FSH/LH Ratio 1.03 ± 0.02 1–1.2
E2 (pg/mL) 34.08 ± 2.07 ≤ 50
AMH (ng/mL) 2.78 ± 0.17 2–6.8
Na+ (mEq/L) 138.10 ± 0.24 135–145
 K+ (mEq/L) 4.04 ± 0.04 3.5–5.0
WBC (cells/µL) 7602.00 ± 223.50 4500–

10,000
RBC (million cells/µL) 4.70 ± 0.05 4.2–5.4
Hb (g/dL) 13.14 ± 0.13 12.1–15.1

Fig. 1  Determination of the least toxic dose of PM on human lutein-
ized GCs, based on cell viability assay using MTT. The experiments 
were performed in duplicate, and data are expressed as mean ± SEM, 
n = 5. ****P < 0.0001 and **P < 0.01 represent significant differences 
between studied groups
Abbreviations: PM: pyridoxamine; GCs: granulosa cells; MTT: 3-4, 
5-dimethylthiazol-2-yl-2, 5-diphenyltetrazolium bromide
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reduced, but it is still within the normal range of ovulation 
time.

Moreover, Fig. 3C shows the concentration of total T in 
the media was significantly increased following HGA treat-
ment of the GCs, as compared to the other studied groups. 
Adding PM along with HGA to the GCs culture and PM 
treatment alone decreased the production of total T com-
pared to HGA treatment only; so, the amount of total T 
production was not significantly different from the control 
values.

Treatment of GCs with HGA significantly reduced E2 
release (by 60.60%) (P < 0.0001), enhanced considerably 
total T production (by 177.70%) (P < 0.01), and slightly 
raised P4 (by 39.07%) levels compared to controls during 
48 h culture time. Co-treatment of HGA and PM leads to 
hormone balance through increasing E2 level (by 39.93%) 

Effect of HGA in the presence or absence of PM on 
E2, P4, and total T production by human luteinized 
GCs

As shown in Fig. 3A, the concentration of E2 in the media 
was significantly reduced following HGA treatment of the 
GCs, as compared to the control group (P < 0.0001). Add-
ing PM along with HGA to the GCs culture resulted in an 
increase in the production of E2 compared to HGA treatment 
only; however, this difference is not statistically significant. 
In GCs treated with PM alone, the value of E2 production 
was approximately equivalent to normal levels.

Furthermore, Fig. 3B shows a slight increase in P4 pro-
duction in HGA-treated GCs compared to the control group. 
Administration of PM significantly decreased this undesir-
able higher P4 secretion in the HGA + PM. In GCs treated 
with PM alone, the value of P4 production was significantly 

Fig. 2  Effect of HGA (as a 
precursor for AGEs) (400 µg/mL) 
with or without PM (50 µM) on 
StAR (A), 3β-HSD (B), 17β-HSD 
(C), and CYP19A1 (D) gene 
expression in human luteinized 
GCs. Quantitative real-time PCR 
was done after 48 h incuba-
tion with HGA with or without 
PM. The experiments were 
performed in duplicate, and data 
are expressed as mean ± SEM, 
n = 8. *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001 
represent significant differences 
between studied groups
Abbreviations: HGA: human 
glycated albumin; AGEs: 
advanced glycation end-products; 
PM: pyridoxamine; StAR: ste-
roidogenic acute regulatory pro-
tein; 3β-HSD: 3β-hydroxysteroid 
dehydrogenase; 17β-HSD: 
17β-hydroxysteroid dehydro-
genase; CYP19A1: cytochrome 
P450 aromatase; GCs: granulosa 
cells
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and decreasing P4 (by 62.79%) and total T (by 58.46%) pro-
duction (Fig. 3).

Effect of HGA in the presence or absence of PM on 
Expression of RAGE mRNA and Protein in human 
luteinized GCs

The relative expression of RAGE mRNA and protein under 
treatment of HGA and PM are illustrated in Fig. 4. The high-
est RAGE mRNA expression and protein level were seen 
after HGA treatment. However, treating HGA-affected GCs 
with PM (HGA + PM group) could significantly downregu-
late RAGE expression. Likewise, the RAGE protein level 
reduced in the HGA + PM group compared to the HGA 
group. There were no significant differences in the RAGE 
protein levels between PM and controls.

Analysis of percentage change showed that HGA addi-
tion to the media significantly enhanced RAGE mRNA (by 
126.46%) and protein (by 231.61%) levels (P < 0.0001) 
compared to controls. Co-treatment of HGA and PM signifi-
cantly blocked the HGA-induced increase in RAGE mRNA 
(by 61.31%) and protein (by 41.31%) levels (P < 0.0001). 
These results suggested that PM plays a role in diminishing 
AGEs effects via RAGE signaling downregulation (Fig. 4).

Discussion

The current study used human luteinized GCs as a model to 
assess whether AGEs treatment alters steroidogenesis and 
whether the PM is able to neutralize the harmful effects of 
AGEs.

Our results showed that HGA significantly upregulates 
StAR, 3β-HSD, and 17β-HSD mRNA levels, whereas it 
downregulates CYP19A1 gene expression. Co-treatment 
of HGA and PM inhibited these expression changes in ste-
roidogenic enzymes. The HGA treatment also altered the 
release of E2, P4, and total T by GCs in culture media, 
whereas PM treatment regulated these unwanted changes. 
Moreover, PM downregulated RAGE mRNA and protein 
expression, suggesting that the mechanism of PM action 
involved preventing HGA-induced changes in the expres-
sion of steroidogenic enzymes (Fig. 5).

In the current work, we extracted GCs of normal ovula-
tory individuals in order to avoid the infliction of factors 
like exposure to high levels of AGEs reported in PCOS [28]. 
Moreover, in this study, we did not aim to use high concen-
trations of HGA, which could have a toxic effect on GCs, 
to mimic the state of follicular atresia. Therefore, 400 µg/
mL HGA used in this study was not toxic but was adequate 
to induce a hormonal imbalance, in which the E2 level is 

Fig. 3  Effect of HGA (as a precursor for AGEs) with or without PM 
on E2 (A), P4 (B), and total T (C) release by human luteinized GCs. 
Cells were treated with HGA (400 µg/mL) with or without PM (50 
µM) for 48 h; then, cell culture media was collected for E2, P4, and 
total T ELISA assay. The experiments were performed in duplicate, 
and data are expressed as mean ± SEM, n = 20. *P < 0.05, **P < 0.01 
and ****P < 0.0001 represent significant differences between studied 
groups
Abbreviations: HGA: human glycated albumin; AGEs: advanced gly-
cation end-products; PM: pyridoxamine; E2: estradiol; P4: progester-
one; total T: total testosterone; GCs: granulosa cells
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are involved in P4 and T production, are increased, while 
CYP19A1 expression, which converts androgens into estro-
gens, is decreased. This effect is likely due to the acquisition 
of increased RAGE mRNA and protein expression in GCs 
induced by HGA, which in turn mediates the toxic effect of 
HGA [36, 37].

The above findings are consistent with previous stud-
ies stating mice exposed to high-AGE diets prenatally 
have altered expression of steroidogenic enzymes, includ-
ing CYP19A1 [38]. AGEs/RAGE activation upregulates 
the expression of StAR, CYP17A1, 3β-HSD, and 17β-HSD, 
which may lead to increased P4 and T production and hyper-
androgenic state [15]. Moreover, other research showed that 
P4 is a physiological trigger of ovulation during a narrow 
window at the end of the follicular phase, while knowing 
P4 disturbs ovulation when administered out of this narrow 
window [3, 4]. Indeed, increased P4 level in the pre-ovula-
tory phase has been shown to impair embryonic develop-
ment, interrupt embryo-endometrial synchrony, and may 
account for reduced ART outcomes [6, 39].

On the other hand, interference of HGA with LH and 
FSH signaling in human granulosa KGN cells was also con-
firmed. Furthermore, the direct effect of AGEs on LH dis-
turbs its pathway and contributes to the pathophysiology of 
anovulation [40]. It suggested that exogenous AGEs could 
potentially alter follicular development.

Similarly, the results of a recent study indicated that treat-
ment of human cumulus GCs with HGA leads to an increased 
expression of StAR, CYP11A1, 3β-HSD, CYP17A1, and LHR 
genes. While HGA-treated cumulus GCs released higher E2 

lower, and P4 and T levels are higher than in non-PCOS 
individuals.

Several studies have shown that AGEs adversely affect 
ovarian tissues, particularly GCs function [16, 17, 28, 29]. 
As AGEs concentrations increase in the ovarian microen-
vironment, female reproductive tissues may become inef-
ficient, leading to PCO-like syndrome [28, 30] and ovarian 
aging [14, 31]. Due to their long half-life, AGEs could accu-
mulate in the ovary during reproductive life [32] and induce 
hormonal disturbance. As a result of this accumulation, 
hypoxia and decreased nutrient uptake by GCs may occur 
[33], and AGEs-induced NF-κB activation may trigger GCs 
apoptosis [34].

We have found that in vitro exposure to HGA signifi-
cantly diminished the release of E2 from GCs, slightly 
increased P4 secretion, and dramatically raised total T 
secretion. A negative correlation between E2 and follicular 
fluid/serum AGEs levels in infertile women has previously 
been demonstrated [35].

In luteinized GCs, the changes in hormone secretion pro-
files are probably in line with alterations in the expression 
of steroidogenic enzymes. Therefore, to improve our under-
standing of how AGEs lead to hormonal imbalance, we 
assessed the expression of major enzymes involved in the 
process of steroidogenesis using the advantage of human 
luteinized GCs as a model (Fig. 5). Our results showed that 
HGA significantly upregulates StAR, 3β-HSD, and 17β-HSD 
mRNA levels, whereas it downregulates CYP19A1 gene 
expression. As a result of GCs exposure to the HGA, the 
expression of StAR, 3β-HSD, and 17β-HSD genes, which 

Fig. 4  Effect of HGA (as a 
precursor for AGEs) (400 µg/mL) 
with or without PM (50 µM) on 
RAGE gene expression (A) and 
RAGE protein level (B) in human 
luteinized GCs. The western 
blotting assay was done after 
48 h incubation with HGA with 
or without PM. The experiments 
were performed in duplicate, 
and data are expressed as 
mean ± SEM, n = 5. **P < 0.01, 
***P < 0.001, and ****P < 0.0001 
represent significant differences 
between studied groups
Abbreviations: HGA: human 
glycated albumin; AGEs: 
advanced glycation end-products; 
PM= pyridoxamine; RAGE: 
receptor for advanced glycation 
end-products; GAPDH: glyceral-
dehyde 3-phosphate dehydroge-
nase; GCs: granulosa cells
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anti-oxidant capacity of PM as the AGEs/RAGE interaction 
induces ROS production [20]. An alternative possibility is 
that a shortage of vitamin B6 can lead to increased homo-
cysteine in the follicular fluid, resulting in the production of 
ROS and the formation of AGEs which might be related to 
poor oocyte quality [44].

Moreover, it is clear that vitamin Bs acts through a spe-
cific mechanism, modulation of transcriptional activation, 
to regulate the physiological actions of multiple members of 
the steroid hormone receptor superfamily [45]. Analysis of 
premenopausal women who took a multivitamin or nutrition 
supplements showed an inverse association between intakes 
of vitamins B2, B6, and B12 and the risk of ovulatory infer-
tility [46, 47]. Additionally, combined treatment of P4 and 
vitamin B resulted in lower levels of prolactin, increased 
FSH and E2, and normalized the menstrual cycle of patients 
with amenorrhea caused by antipsychotic drugs [48].

content in culture media, their CYP19A1 expression did not 
change [17]. The latter finding is contrary to the results of 
the present study. This contradiction is related to the fact that 
in the mentioned study, cumulus GCs were used, whereas, 
in our research, mural GCs were used. Overall, the level of 
E2 production in cumulus GCs is higher than in mural GCs, 
while the P4 release is not different. These differences are 
likely related to differences in the metabolomes of cumulus 
and mural GCs [41, 42].

It was interesting to note that PM, on its own, slightly 
but significantly downregulated the relative expression of 
StAR, 3β-HSD, and 17β-HSD and upregulates the relative 
expression of CYP19A1, which had an outstanding effect 
on E2 increase and P4 and total T decreases. This effect 
is related to the ability of PM to hamper the formation of 
AGEs from glycated proteins by scavenging the patho-
genic reactive carbonyl compounds, the intermediates of 
AGEs formation [43]. This property may account for the 

Fig. 5  Schematic diagram representing the relationship between PM 
and HGA (as a precursor for AGEs) in human luteinized GCs. AGEs 
affect steroidogenesis by upregulating steroidogenic acute regulatory 
protein (StAR), 3β-hydroxysteroid dehydrogenase (3β-HSD), and 
17β-hydroxysteroid dehydrogenase (17β-HSD) (upward red arrows), 
and downregulating cytochrome P450 aromatase (CYP19A1) (down-

ward red arrows). PM inhibits the expression of the RAGE gene and 
protein. Moreover, PM restores the effect of AGEs on StAR, 3β-HSD, 
17β-HSD, and CYP19A1 (green arrows)
Abbreviations: HGA: human glycated albumin; AGEs: advanced 
glycation end-products; RAGE: receptor for advanced glycation end-
products; PM: pyridoxamine; GCs: granulosa cells
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poor preconception vitamin B6 status was associated with 
an increased risk of early pregnancy loss and reduced prob-
abilities of conception and clinical pregnancy [57]. Similar 
studies also showed that lower plasma concentrations of 
vitamin B6 were associated with recurrent spontaneous and 
placental abruption or infarction [58, 59].

A recent clinical study discovered that a plasma PLP con-
centration in the range of 50–100 nmol/L seems to ensure 
an optimal vitamin B6 status for never-pregnant women, 
whereas a plasma PLP > 30 nmol/L in pregnancy week 28 
ensures an adequate vitamin B6 status during pregnancy 
and lactation [60]. These observations suggest that mater-
nal vitamin B6 status may influence reproductive events 
throughout the entire course of pregnancy, from the time of 
conception through delivery.

There are limitations in this current work. Three types 
of follicular cells, including cumulus GCs, mural GCs, and 
theca cells, participate in ovary steroidogenesis [47]. Our 
study focused on mural GCs that display different charac-
teristics from theca cells. Simultaneously analyzing these 
three types of human cells responsible for steroidogenesis 
in laboratory conditions is not easily possible.

In conclusion, due to the long in vivo half-life of AGEs, 
they become potential signaling molecules that can alter 
GCs function by accumulating in the ovary. It adversely 
affects oocyte competence and embryo development via 
alterations in the follicular microenvironment. Therefore, 
understanding the mechanisms behind ovarian dysfunction 
is especially important for women with elevated levels of 
AGEs, such as women with obesity or PCOS or those with 
unhealthy diets. As a result, AGEs inhibitors may be consid-
ered as new approaches for preserving regular reproductive 
function. PM (50 µM) reduces mRNA and protein levels 
of RAGE and protects against steroidogenesis alterations 
caused by HGA in the present study. Based on our results, 
the non-toxic properties of PM make it an important can-
didate as a natural drug for treating AGEs-induced ovarian 
dysfunction, such as infertile women with PCOS or diabetes 
or individuals with unhealthy lifestyles and disturbed men-
strual cycles aiming for pregnancy.

Furthermore, based on current study findings and other 
clinical aspects, there is a growing need to counsel pregnant 
women on the right diets to ensure adequate vitamin B6 is 
consumed. However, more studies are needed to clarify the 
molecular mechanism of PM actions in the ovary. To the 
best of our knowledge, there is no study about PM impacts 
on human female steroidogenesis affected by AGEs.
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Moreover, another study showed that compared to 
healthy women, women with PCOS had lower plasma con-
centrations of vitamin B6 [49], and their vitamin B6 metab-
olism pathway was critically impaired [24]. In this regard, 
it has been shown that daily intake of B-group vitamins 
effectively reduced elevated homocysteine levels in PCOS 
patients undergoing short-term metformin therapy [25]. 
Another role of vitamin B6 is the production of hydrogen 
sulfide (H2S), which can induce nuclear factor erythroid–
related factor 2 (Nrf2) production as a result of excess ROS 
production in “oxidative” or “reductive” stress conditions. 
Increased Nrf2 production led to the production of anti-oxi-
dant enzymes and higher GSH levels [50, 51]. Therefore, 
the positive effect of B6 could be accounted for by its effect 
on H2S/Nrf2 axis.

Moreover, supplementation of PN during in vitro matura-
tion improved the developmental competence and quality of 
the blastocysts [23, 52]. In addition, other work showed that 
PN inhibits cathepsin B activity (a member of the lysosomal 
cysteine proteases family) in bovine cumulus-oocyte com-
plexes (COCs) and oocytes [23]. This evidence confirms 
that PM has beneficial effects on the female reproductive 
system.

Co-treatment of HGA and PM completely ameliorated 
the effect of HGA on the relative expression of StAR and 
CYP19A1 and slightly but significantly decreased and 
increased the relative expression of 3β-HSD and 17β-HSD, 
respectively. These effects resulted in a slight but significant 
improvement in E2 and a significant reduction in P4 and 
total T. These effects are likely acquired through reduced 
expression RAGE.

Due to the protective effects of vitamin B6 on GCs func-
tion, especially steroidogenesis, it can be considered as a 
reason for its beneficial effects in past clinical studies and 
the importance of its adjustment in the preconception period.

Maternal vitamin status contributes to the probability of 
conception, clinical spontaneous abortion, subclinical early 
pregnancy loss, and other maternal and fetal health aspects. 
Pyridoxal 5´-phosphate (PLP) is the main form of vitamin 
B6 in humans and functions as a coenzyme for more than 
160 different enzymatic reactions and plays an important 
role in maternal health and fetal development [53].

Folate and vitamins B12 and B6 are required for DNA 
synthesis and cell growth and are involved in homocysteine 
metabolism. A clinical study suggested that low maternal 
RBC folate and high homocysteine values in mid-preg-
nancy are associated with subsequent reduced fetal growth 
[54]. Similarly, in another study, impaired vitamin B6 levels 
and folate status were associated with low birth weight [55]. 
The risk of preterm birth was 50% higher among Chinese 
women who were vitamin B6 deficient [56]. The results of a 
prospective cohort of young Chinese women indicated that 
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