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Abstract: Gestational diabetes mellitus (GDM) refers to glucose intolerance of variable degree with onset or first recognition during pregnancy. It causes 
polyhydramnios, ketoacidosis, fetal macrosomia, and neonatal respiratory distress syndrome. The incidence of GDM has greatly increased, hence the search for 
new interventions that can effectively treat it. The present study investigated the protective effect of ferulic acid on islet β cells and placental tissues of rats with 
GDM. Female Sprague Dawley rats (n = 30) were used in this study. The rats were randomly assigned to three groups of 10 rats each: control group, GDM group 
and ferulic acid group. The rats were fed high-fat diet consecutively for 12 weeks, except those in control group. In addition, ferulic acid group rats received ferulic 
acid at a dose of 20 mg/kg body weight (bwt) intragastrically daily for 12 weeks. The expressions of insulin signal transduction proteins and inflammatory factors 
were determined in rat placental tissue. Apoptosis and levels of expression of apoptosis-related proteins were assessed in isolated islet β cells. The results showed 
that the expressions of p-IRS1, p-IRS2, p-PI3K, GLUT1, GLUT3, and GLUT4 were significantly reduced by GDM, but were significantly upregulated after treat-
ment with ferulic acid (p < 0.05). The levels of expression of NF-kB, ICAM-1, TNF-α and IL-β in placental tissues were significantly higher in GDM group than in 
control group, but were significantly reduced by ferulic acid treatment (p < 0.05). However, the protein expression of visfatin was significantly reduced by GDM, 
but was significantly increased by ferulic acid treatment (p < 0.05). Apoptosis was significantly promoted by GDM in islet β cells, but was significantly and concen-
tration-dependently reduced after treatment with ferulic acid (p < 0.05). Gestational diabetes mellitus (GDM) also significantly down-regulated the expression of 
bcl-2, but markedly upregulated the expressions of bax and caspase-3 (p < 0.05). However, treatment with ferulic acid significantly and concentration-dependently 
upregulated the expression of bcl-2, but down-regulated bax and caspase-3 protein expressions (p < 0.05). These results indicate that ferulic acid protects β cells 
from GDM-induced apoptosis and improves insulin signaling in placenta of female rats with GDM.
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Introduction

Gestational diabetes mellitus (GDM) refers to glu-
cose intolerance of variable degree with onset or first 
diagnosis during pregnancy (1). It is characterized by 
insulin resistance accompanied by the inability of islet 
β cells to secrete appropriate amount of insulin to meet 
cellular demand (2). The incidence of GDM has greatly 
increased, and adversely affects the quality of life of suf-
ferers. It predisposes pregnant women to type 2 diabetes 
mellitus (T2DM) (3). The pathogenesis of GDM has 
not been fully elucidated, although it has been reported 
that β cell damage plays a key role in the process (4). 
Oral hypoglycemic therapy remains the main treatment 
option for GDM. Oral hypoglycemics are antidiabetic 
drugs designed to help diabetic patients manage their 
condition (5).    

Ferulic acid, a hydroxycinnamic acid, is a pheno-
lic phytochemical found in plant cell walls, covalently 
bonded as side chains to biomolecules such as arabi-
noxylans. As a component of lignin, ferulic acid is a 
precursor in the biosynthesis of other aromatic com-
pounds. Plant-derived compounds such as black cohosh 
and ferulic acid are widely used in Traditional Chinese 
Medicine (TCM) to treat several ailments. They increase 

coronary blood flow, protect against myocardial ische-
mia, and prevent platelet aggregation (6, 7). Ferulic acid 
has been reported to confer protection on kidneys of rats 
with T2DM (8). However, its effect on GDM has not 
been reported. This study investigated the protective 
effect of ferulic acid on islet β cells and placental tissues 
of rats with GDM.

Materials and Methods

Materials
Ferulic acid (≥ 98 %), collagenase V cell separa-

Figure 1. Chemical structure of ferulic acid.
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tion solution (histopaque 1077) and fetal bovine serum 
(FBS) were purchased from Sigma-Aldrich (USA). 
High-fat feed (D12492) was obtained from Research 
Diet (USA). Insulin enzyme-linked immunosorbent 
assay (ELISA) kit was produced by Millipore (USA); 
RPMI-1640 medium was purchased from Gibco (USA), 
while phosphate-buffered saline (PBS) was product of 
Solarbio (China). The used antibodies for Bcl-2, Bax, 
Caspase 3 and β-actin were all purchased from Abcam 
(Cambridge, UK).

Establishment of rat model of GDM and grouping
Female Sprague Dawley rats used in this study were 

obtained from the Experimental Animal Department of 
Jilin University (No. 20190095). The rats were kept in 
metal cages in a well-ventilated room. Prior to the ini-
tiation of the study, the rats were acclimatized to the 
laboratory environment for one week under controlled 
conditions at a temperature of 23 ± 2 °C, humidity of 
55 – 65 %, and 12 h light/12 h dark cycle. They were 
allowed access to standard rat feed and clean drinking 
water. Rat model of GDM was established according to 
standard methods (9). The rats were randomly assigned 
to three groups of 10 rats each: control group, GDM 
group and ferulic acid group. Rats were fed high-fat 
diet consecutively for 12 weeks, except those in control 
group. In addition, ferulic acid group rats received 20 
mg/kg bwt ferulic acid intragastrically daily for 12 
weeks. At the end of the 12th week, the rats were ma-
ted with male rats, and the pessary was inserted. This 
was recorded as day 0 of pregnancy. The treatment then 
continued throughout the gestation period. 

Isolation of islet β cells
After modeling, the primary islet β cells of control 

and GDM groups were extracted and purified accor-
ding to standard methods (10). The rats were fasted 
overnight, and anaesthetized with intraperitoneal in-
jection of pentobarbital sodium. Rat abdominal wall 
was cut open under aseptic conditions. The liver was 
turned upside down, the duodenum was pulled down, 
the entrance to the common bile duct and duodenum 
was separated with a surgical line. The upper end of 
the common bile duct near hepatic hilum was ligated, 
and the middle of the common bile duct was inserted 
to the distal side using 4.5-gauge needle. After accurate 
insertion, a yellow-green bile reflux was observed, and 
the rats were sacrificed using cardiac puncture. Pre-coo-
led Hank solution was injected retrogradely through the 
common bile duct, and reperfused with 6 mL of 1 mg/
mL collagenase V solution. The inflated pancreas was 
rapidly cut after perfusion, and it was incubated in a 
water bath preheated at 37 °C and digested statically for 
12 min. The resultant product of pancreatic digestion 
was vigorously shaken, and the incompletely digested 
tissue was removed via filtration using 600 μm strainer. 
The digest was centrifuged at 1000 rpm for 2 min at 4 
°C. The islet digestion product was then mixed with 10 
mL of histopaque 1077 along the tube wall. This was 
followed by the addition of 10 mL cold Hank solution, 
and the purified islet cells were collected via gradient 
centrifugation. 

Cell culture
Islet cells (2 × 105/mL) were seeded into 6-well 

plates, and cultured in RPMI 1640 medium supple-
mented with 10 % FBS and 1 % penicillin/streptomycin 
at 37 °C in a humidified atmosphere of 5 % CO2 and 95 
% air. Cells in logarithmic growth phase were selected 
and used. 

Determination of levels of expression of insulin si-
gnal transduction proteins in placental tissue 

On the 20th day of pregnancy, the rats were eutha-
nized and their placentas were excised and dissected. 
The dissected tissue was trypsinized, and the resultant 
cell suspension was lysed using ice-cold radio-immu-
noprecipitation assay (RIPA) buffer. Protein expressions 
of p-IRS1, p-IRS2, p-PI3K, GLUT1, GLUT3, GLUT4, 
NF-kB, ICAM- 1, tumor necrosis factor α (TNF-α), 
interleukin β (IL-β) and visfatin were measured using 
their respective ELISA kits. 

Assessment of apoptosis in islet β cell
The islet β cells were seeded in 6-well plates at a 

density of 3 x 106 cells/well, and cultured for 24 h. 
Then, a range of concentrations of ferulic acid (up to 20 
μM) was added to the medium and incubated for ano-
ther 48 h at 37 °C. The cells were thereafter washed 
with PBS, and thoroughly mixed with 400 μL binding 
buffer. The cells were subsequently stained with 5 μL 
of Annexin V-fluorescein isothiocyanate and 10 μL of 
propidium iodide within 30 min at room temperature in 
the dark. Cell apoptosis was assessed using a flow cyto-
meter fitted with argon laser operated at 485 nm, and the 
apoptotic cell population was counted. 

Western blotting
The expressions of apoptosis-related proteins in islet 

β cells were assessed using Western blotting. The islet 
β cells (2 x 105 cells/well) were incubated with graded 
concentrations of ferulic acid (0 – 20 μM) for 72 h. The 
cells were then washed twice with PBS, and trypsinized 
and lysed with 250 μL of ice-cold RIPA buffer contai-
ning protease and phosphatase inhibitors for 1 h. The re-
sultant lysate was centrifuged at 12,000 rpm for 30 min 
at 4 °C, and the protein concentration of the supernatant 
was determined using Bradford assay. A portion of total 
cell protein (30 μg) from each sample was separated on 
12 % sodium dodecyl sulphate (SDS)-polyacrylamide 
gel electrophoresis and transferred to a fixed polyviny-
lidene fluoride membrane at 110 V and 90 °C for 120 
min. Subsequently, non-fat milk powder (5 %) in Tris-
buffered saline containing 0.2 % Tween-20 (TBS-T) 
was added with gentle shaking at 37 °C and incubated 
to block non-specific binding of the blot. Incubation of 
the blots was performed overnight at 4 °C with primary 
antibodies of rabbit polyclonal anti-bcl-2, bax, caspase 
3 and β-actin, each at a dilution of 1 to 1000. Then, the 
membrane was washed thrice with PBS and further 
incubated with horseradish peroxidase-conjugated goat 
anti-rabbit IgG secondary antibody for 1h at room tem-
perature. The blot was developed using an X-ray film. 
Grayscale analysis of the bands was performed using 
ECL. The respective protein expression levels were nor-
malized to that of β-actin which was used as a standard.  
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duction in the placenta. On phosphorylation, they pro-
mote the phosphorylation of downstream signal mole-
cule phosphoinositide 3-kinase (PI3K), which in turn 
activates GLUTs 1, 3, and 4 (15, 16). Glucose trans-
porter 1 (GLUT1) catalyzes the transport of glucose 
between the mother and fetus; GLUT3 aids glucose 
transport between the systemic circulation of the pla-
centa and umbilical cord blood, while GLUT4 catalyzes 
the transport and metabolism of glucose in placental 
villi (17).    

This study investigated the protective effect of fe-
rulic acid on islet β cells and placental tissues of rats 
with GDM. The results showed that the expressions of 
p-IRS1, p-IRS2, p-PI3K, GLUT1, GLUT3, and GLUT4 
were significantly reduced by GDM, but were signifi-

Statistical analysis
Data are expressed as mean ± SD, and statistical 

analysis was performed using Graph pad Prism (7.0). 
Groups were compared with Student t-test. Values of p 
< 0.05 were considered statistically significant.

Results

Expressions of insulin signal transduction proteins 
in placental tissue

The expressions of p-IRS1, p-IRS2, p-PI3K, 
GLUT1, GLUT3, and GLUT4 were significantly re-
duced by GDM, but were significantly upregulated after 
treatment with ferulic acid (p < 0.05). These results are 
shown in Figure 2.

Expressions of inflammatory factors in placental tis-
sue

The levels of expression of NF-kB, ICAM-1, TNF-α 
and IL-β in placental tissues were significantly higher 
in GDM group than in control group, but were signi-
ficantly reduced by ferulic acid treatment (p < 0.05). 
However, the protein expression of visfatin was signifi-
cantly reduced by GDM, but was significantly increased 
by ferulic acid treatment (p < 0.05; Figure 3).

Effect of ferulic acid on apoptosis of islet β cells 
As shown in Figure 4, apoptosis was significantly 

promoted by GDM in islet β cells, but was significantly 
and concentration-dependently reduced after treatment 
with ferulic acid (p < 0.05).

Effect of ferulic acid on the expressions of apoptosis-
related proteins in islet β cells  

Gestational diabetes mellitus significantly down-re-
gulated the expression of bcl-2, but significantly upre-
gulated the expressions of bax and caspase-3 (p < 0.05). 
However, treatment with ferulic acid significantly and 
concentration-dependently upregulated the expression 
of bcl-2, but down-regulated the expressions of bax and 
caspase-3 concentration-dependently (p < 0.05). These 
results are shown in Figure 5.

Discussion

Gestational diabetes mellitus (GDM) refers to glu-
cose intolerance of variable degree with onset or first 
diagnosis during pregnancy (1). Its pathological fea-
tures are similar to those of T2DM (11). In China, the 
incidence of GDM has greatly increased, and it serious-
ly threatens maternal and child health (12). Administra-
tion of insulin via subcutaneous route cannot effectively 
treat T2DM. Ferulic acid is a hydroxycinnamic acid iso-
lated from wild celery and Ligusticum striatum (13). It 
possesses sedative, analgesic, antibacterial, anti-inflam-
matory, antioxidant, thrombolytic, hypolipidemic, anti-
atherosclerotic, and antitumor properties (14). It also 
improves microcirculation.

The placenta is an important accessory organ during 
pregnancy. It provides oxygen and nutrients for the fe-
tus and removes waste products from the fetal blood. 
This organ is involved in insulin resistance that leads 
to GDM. Insulin receptor substrates 1 and 2 (IRS1 and 
IRS2) are important molecules in insulin signal trans-

Figure 2. Effect of ferulic acid on the expressions of insulin signal 
transduction proteins in placenta tissue. **p < 0.05; ***p < 0.01, 
when compared with GDM group.

Figure 3. Effect of ferulic acid on the levels of expression of in-
flammatory factors in rat placenta. **p < 0.05; ***p < 0.01, when 
compared with GDM group.

Figure 4. Measurement of apoptosis using flow cytometric analy-
sis. *p < 0.05, **p < 0.01; ***p < 0.001, when compared with GDM 
group.

Figure 5. Effect of ferulic acid on the expressions of bax, bcl-2 and 
caspase-3 in islet β cells. *p < 0.05, **p < 0.01; ***p < 0.001, when 
compared with GDM group.  
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cantly upregulated after treatment with ferulic acid. 
These results suggest that abnormal insulin signal trans-
duction mediated by IRS1 and IRS2 in the placenta may 
be responsible for the occurrence of GDM, and that 
ferulic acid may improve insulin signal transduction in 
placentas of rats with GDM. 

Nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB) is a key transcription factor in 
the regulation of inflammatory response. Under phy-
siological conditions, the inactive form of the protein 
binds the corresponding inhibitory protein. However, 
under pathophysiological conditions, NF-kB is acti-
vated and dissociates from the inhibitory protein, and 
is translocated into the nucleus where its initiates the 
transcription of genes of inflammatory cytokines (18). 
Intercellular adhesion molecule 1 (ICAM-1), TNF-α, 
and IL-β are inflammatory cytokines regulated by NF-
kB. The ICAM-1 mediates cell-to-cell adhesion and 
promotes the infiltration of inflammatory cells at the site 
of inflammation, thereby amplifying the inflammatory 
response (19). Tumor necrosis factor α (TNF- α) and 
IL-β directly mediate inflammatory response and inhibit 
the activation of IRS1 and IRS2, thereby repressing the 
transcription of genes of insulin signaling proteins (20, 
21). Visfatin, a cytokine with insulin sensitization do-
main, regulates the biosynthesis of NAD+ and increases 
the sensitivity of peripheral tissues to insulin (22). In 
this study, the levels of expression of NF-kB, ICAM-1, 
TNF-α and IL-β in placental tissues were significantly 
higher in GDM group than in control group, but were 
significantly reduced by ferulic acid treatment. Howe-
ver, the protein expression of visfatin was significantly 
reduced by GDM, but was significantly increased by fe-
rulic acid treatment. It is likely that ferulic acid inhibits 
the inflammatory response of the placenta in rats with 
GDM, thereby improving insulin resistance.

In GDM, persistent insulin resistance accompanied 
by compensatory enhancement of secretory function 
of β cells leads to β cell damage (23). The mitochon-
dria-dependent pathway of apoptosis is a key regulatory 
mechanism of β cell damage. Bax and bcl-2 are impor-
tant regulators of mitochondria-dependent apoptosis 
pathway. Both molecules are localized in mitochondrial 
membrane. While bax forms homodimer pores and 
promotes the release of cytochrome c into the cytosol 
where it activates caspase-3 via cascade reactions, Bcl-2 
forms a heterodimeric complex with bax, and suppress 
its action, thereby preventing the release of cytochrome 
c, thereby inhibiting apoptosis (24). In this study, the re-
sults of Western blotting showed that GDM significantly 
down-regulated the expression of bcl-2, but significant-
ly upregulated the expressions of bax and caspase-3. 
However, treatment with ferulic acid significantly and 
concentration-dependently upregulated the expression 
of bcl-2, but concentration-dependently down-regulated 
the expressions of bax and caspase-3. These results in-
dicate that ferulic acid may inhibit GDM-induced apop-
tosis in islet cells via the mitochondrial pathway.

Ferulic acid protects β cells from GDM-induced 
apoptosis and improves insulin signaling in placentas of 
female rats with GDM.

Acknowledgements
This paper was supported by Prediction of pregnancy 

outcome of threatened abortion by serum CA125 com-
bined with β-HCG (No. 2017117SF/YX011(1)).

Conflict of Interest
There are no conflicts of interest in this study.

Author’s contribution
All work was done by the author  s named in this article 
and the authors accept all liability resulting from claims 
which relate to this article and its contents. The study 
was conceived and designed by Jian Zhao; Jian Zhao, 
Jianrong Gao, Huan Li collected and analysed the data; 
Jian Zhao wrote the text and all authors have read and 
approved the text prior to publication.

References 

1. Poolsup N, Suksomboon N, Amin M. Effect of treatment of ges-
tational diabetes mellitus: a systematic review and meta-analysis. 
PLoS One 2014; 9: 92485.
2. Uebel K, Pusch K, Gedrich K, Schneider KTM, Hauner H, 
Bader BL. Effect of maternal obesity with and without gestational 
diabetes on offspring subcutaneous and preperitoneal adipose tis-
sue development from birth up to year-1. Tech Univ Mun Lehr Fur 
Ernah 2014; 14: 138.
3. Sokup A, Ruszkowska-Ciastek B, Walentowicz-Sadłecka M. 
Heterogeneity of cardiovascular risk factors profile in non-diabe-
tic women 2–24 months post gestational diabetes mellitus. Indian J 
Endocrinol Metab 2014; 18: 350-354.
4. Demirci C, Ernst S, Alvarez-Perez JC, Rosa T, Valle S, Shridhar 
V, et al. Loss of HGF/c-Met signaling in pancreatic β-cells leads to 
incomplete maternal β-cell adaptation and gestational diabetes mel-
litus. Diabetes 2012; 61: 1143-1152.
5. Kobori T, Harada S, Nakamoto K, Tokuyama S. Bulletin P. 
Functional alterations of intestinal P-glycoprotein under diabetic 
conditions. Biol Pharm Bull 2013; 36: 1381-1390.
6. Ambothi K, Prasad NR, Balupillai A. Toxicology C: Ferulic acid 
inhibits UVB-radiation induced photocarcinogenesis through modu-
lating inflammatory and apoptotic signaling in Swiss albino mice. 
Food Chem Toxicol 2015; 82: 72-78.
7. Alam MA, Sernia C, Brown L. Ferulic acid improves cardio-
vascular and kidney structure and function in hypertensive rats. J 
Cardiovasc Pharmacol 2013; 61: 240-249.
8. Choi R, Kim BH, Naowaboot J, Lee MY, Hyun MR, Cho EJ, et 
al. Effects of ferulic acid on diabetic nephropathy in a rat model of 
type 2 diabetes. Exp Mol Med 2011; 43: 676.
9. John C, Ramasamy R, Al Naqeeb G, Al-Nuaimi A, Adam A. 
Nicotinamide supplementation protects gestational diabetic rats by 
reducing oxidative stress and enhancing immune responses. Curr 
Med Chem 2012; 19: 5181-5186.
10. Ramenzoni LL, Zuellig RA, Hussain A, Lehmann R, Heumann 
C, Attin T, et al.  Biochemistry C: Bacterial supernatants elevate 
glucose-dependent insulin secretion in rat pancreatic INS-1 line and 
islet β-cells via PI3K/AKT signaling. Mol Cell Biochem 2019; 452: 
17-27.
11. Hedderson MM, Brown SD, Ehrlich SF, Tsai AL, Zhu Y, Que-
senberry CP, et al. A Tailored Letter Based on Electronic Health Re-
cord Data Improves Gestational Weight Gain Among Women With 
Gestational Diabetes Mellitus: The Gestational Diabetes’ Effects on 
Moms (GEM) Cluster-Randomized Controlled Trial. Diabetes Care 
2018; 41: 1370-1377.
12. Simeoni U, Barker DJ. Offspring of diabetic pregnancy: long-
term outcomes. In: Seminars in Fetal and Neonatal Medicine. Else-
vier 2009; 24: 119-124.



41

Ferulic acid confers protection in rats with gestational diabetes mellitus.

Cell Mol Biol (Noisy le Grand) 2020 | Volume 66 | Issue 1

Jian Zhao et al.

13. Ou S, Kwok KC. Agriculture: Ferulic acid: pharmaceutical func-
tions, preparation and applications in foods. J Sci Food Agric 2004; 
84: 1261-1269.
14. Srinivasan M, Sudheer AR, Menon VP. nutrition: Ferulic acid: 
therapeutic potential through its antioxidant property. J Clin Bio-
chem Nutr 2007; 40: 92-100.
15. Pérez-Pérez A, Guadix P, Maymó J, Dueñas JL, Varone C, Fer-
nández-Sánchez M, et al. Research M: Insulin and leptin signaling in 
placenta from gestational diabetic subjects. Horm Metab Res 2016; 
48: 62-69.
16. Zhang B, Jin Z, Sun L, Zheng Y, Jiang J, Feng C, et al. Expres-
sion and correlation of sex hormone-binding globulin and insulin 
signal transduction and glucose transporter proteins in gestational 
diabetes mellitus placental tissue. Diabetes Res Clin Pract 2016; 
119: 106-117.
17. Stanirowski PJ, Szukiewicz D, Pyzlak M, Abdalla N, Sawicki 
W, Cendrowski K. Analysis of correlations between the placental 
expression of glucose transporters GLUT-1, GLUT-4 and GLUT-9 
and selected maternal and fetal parameters in pregnancies compli-
cated by diabetes mellitus. J Matern Fetal Neonatal Med 2019; 32: 
650-659.
18. Feng H, Su R, Song Y, Wang C, Lin L, Ma J, et al. Positive cor-

relation between enhanced expression of TLR4/MyD88/NF-κB with 
insulin resistance in placentae of gestational diabetes mellitus. PLoS 
One 2016; 11: 0157185.
19. Díaz-Pérez FI, Hiden U, Gauster M, Lang I, Konya V, Heine-
mann A, et al. Post-transcriptional down regulation of ICAM-1 in 
feto-placental endothelium in GDM. Cell Adh Migr 2016; 10: 18-27.
20. Siwetz M, Blaschitz A, El-Heliebi A, Hiden U, Desoye G, Hup-
pertz B, et al. TNF-α alters the inflammatory secretion profile of 
human first trimester placenta. Lab Invest 2016; 96: 428.
21. Moreli JB, Corrêa-Silva S, Damasceno DC, Sinzato YK, Loren-
zon-Ojea AR, Borbely AU, et al. Changes in the TNF-alpha/IL-10 
ratio in hyperglycemia-associated pregnancies. Diabetes Res Clin 
Pract 2015; 107: 362-369.
22. Molęda P, Fronczyk A, Safranow K, Majkowska L. Adipokines 
and β-cell dysfunction in normoglycemic women with previous ges-
tational diabetes mellitus. Pol Arch Med Wemn 2015; 125: 641-648.
23. Maria Elizabeth MP, Clara OC, Del Carmen M. Pancreatic 
β-cells and type 2 diabetes development. Curr Diabetes Rev 2017; 
13: 108-121.
24. Liu LS, Bai XQ, Gao Y, Wu Q, Ren Z, Li Q, et al. PCSK9 pro-
motes oxLDL-induced PC12 cell apoptosis through the Bcl-2/Bax-
Caspase 9/3 signaling pathway. J Alzheimers Dis 2017; 57: 723-734.


