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Abstract
Hyperglycemic exposure in diabetic pregnancy can lead to many developmental changes, 
such as delayed development, fetal malformations, and fetal/embryo death. These detri-
mental complications are collectively known as diabetic embryopathy or teratogenesis. 
The current study focuses to discover the therapeutic properties of the nigericin against 
the STZ-stimulated diabetic embryopathy via alleviation of maternal and embryonic oxi-
dative stress. The male and female rats at a 1:1 ratio were permitted to mate overnight to 
establish the course of pregnancy. The pregnant rats were distributed into four groups con-
trol, diabetic pregnant (via administering 40 mg/kg of STZ), and diabetic + 10 and 20 mg/
kg of nigericin-administered (via oral gavage from days 5 to 12) groups, respectively. The 
glucose level, urine output, diet intake, and body weight were determined carefully. The 
embryo and placenta weight and implantation rates were examined, and data were tabu-
lated. The total protein and lipid profiles were assessed using respective kits. The oxida-
tive stress markers and antioxidant enzymes were examined using respective assay kits. 
The 10 and 20 mg/kg of nigericin treatment decreased the glucose level and urine output 
and improved the diet intake and body weight gain in diabetic pregnant rats. The nigericin 
also decreased the total protein, cholesterol, triglycerides, and very-low-density lipopro-
tein (VLDL) and improved the high-density lipoprotein (HDL) in the serum of pregnant 
rats. The levels of malondialdehyde (MDA), reactive oxygen species (ROS), and protein 
carbonyls were decreased by the nigericin in both liver and embryos of the pregnant rats. 
The levels of glutathione (GSH), total thiols, and activities of catalase (CAT), glutathione 
reductase (GR), superoxide dismutase (SOD), glutathione peroxidase (GPX), and glu-
tathione S-transferase (GST) were improved by the nigericin in the diabetic pregnant rats. 
Altogether, these results provide evidence that nigericin treatment remarkably attenuates 
the diabetes-stimulated embryopathy in rats. The nigericin effectively decreased embryo 
lethality, reduced glucose and dyslipidemia, and relieves oxidative stress via upregulating 
the antioxidant enzyme activities. Hence, it can be a talented therapeutic agent to treat dia-
betic pregnancy-associated complications.
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Introduction

Diabetes mellitus is the most prevalent metabolic disease worldwide, which is predicted to 
affect around 650 million individuals by the year 2040 [1]. According to the World Health 
Organization (WHO) report, 74% of mortalities in 2019 are due to non-communicable 
diseases, which diabetes is reported to cause 1.6 million mortalities, hence becoming the 
ninth leading cause of mortality worldwide [2]. It seriously affects the socio-economic, 
medical, and physical status of the patients and become a major health problem worldwide 
[3, 4]. Chronic hyperglycemic exposure in diabetic pregnancy can lead to many develop-
mental changes, such as delayed development, fetal malformations, and fetal/embryo death. 
These detrimental complications are collectively known as diabetic embryopathy. Pre-
existent diabetes can cause these effects on the developing embryos [5]. During pregnancy, 
the maternal diabetic condition is a primary cause of higher risks of congenital malforma-
tions and embryonic damage [6]. Diabetic embryopathy stimulated congenital malforma-
tions, which can affect any tissues of the developing fetus [7]. The range of malformations 
associated with maternal diabetes is extensive, including the craniofacial structures, central 
nervous system, musculoskeletal system, urogenital and gastrointestinal systems, and car-
diac and outflow tracts [8].

During embryo development, several cellular and molecular pathways are altered in 
diabetic pregnancies. Hyperglycemia plays a major role in these changes; furthermore, 
elevation of intrauterine metabolic substrates leads to pro-oxidant conditions [9]. The 
growing embryo is highly vulnerable to the hyperglycemia-triggered pro-oxidant con-
dition during early organogenesis [10]. The elevated embryonic oxidative stresses are 
the critical player in hyperglycemia-stimulated teratogenicity, which further leads to 
the changes in fetal growth [11]. The placenta is highly vulnerable to the damages 
induced by the oxidants present in the maternal circulation. In normal physiological 
conditions, the antioxidant mechanisms of the placenta can protect against oxidative 
stress and ensure normal fetal growth [12]. Though the long-time exposure to oxida-
tive stress directly affects the fetal growth and development [13]. The placental oxida-
tive stress was reported to cause the dysfunction of the placenta and was connected 
with the early pregnancy failure and fetal malformations [14].

Oxidative stress has been associated with several pregnancy-related complications, 
from sub-fertility to miscarriage, maternal vascular disease, and premature birth [15]. 
Maternal oxidative stress leads to several complications for both mother and the devel-
oping fetus [16]. Particularly, during the initial stage of placental growth, the poor oxy-
gen level protects the early embryos from oxidative stress. Though, when the placental 
growth is completed, its oxygen level was augmented three times more than in the early 
stages to ensure a sufficient oxygen supply to the developing fetus [17]. A body’s anti-
oxidant mechanisms are also very essential for the stable maintenance of the placental 
oxygen level. The reduction of antioxidant mechanisms by the increased reactive oxygen 
species (ROS) or free radicals eventually makes the cells prone to oxidative stress [13, 
18]. It was well reported that oxidative stress performs a crucial role in hyperglycemia 
and its associated complications [19]. Hence, the pregnancy convoyed by hyperglycemia 
is connected with elevated oxidative stress than in normal healthy pregnancy. Certainly, 
overaccumulation of ROS and impairment of antioxidants are connected with the women 
with diabetic embryopathy [20]. The dysfunction of antioxidant mechanisms can result 
in fetal and embryonic exposure to the deleterious impacts of oxidative stress, which is 
also related to placental decidualization [21].
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The current therapies are effective in hyperglycemic control such as metformin, glita-
zones, and glinides. However, these medications are reported to develop many side effects 
including diarrhea, weight gain, bone fractures, water retention, and heart failure [22]. The 
maintenance of euglycemia and adequate levels of antioxidants seems to be a perfect strat-
egy to reduce the level of oxidative damage and thereby prevent initiation and progres-
sion of diabetes-associated complications [23]. Nigericin is a monocarboxylic polyether 
ionophore, which is secreted by several Streptomyces species [24, 25]. It was already been 
reported that nigericin demonstrated effective antimicrobial and antimalarial properties 
[26]. It acts as an inflammasome-stimulating agent [27], and it can inhibit the replication of 
human cytomegalovirus [28]. Nigericin can suppress the growth of colorectal cancer cells 
[29], prostate cancer [30], and nasopharyngeal carcinoma [31]. It can inhibit cancer stem 
cell growth [32, 33] and can obstruct the growth of multidrug-resistant lung cancer cells 
[34, 35]. However, the helpful properties of the nigericin against the streptozotocin (STZ)-
stimulated diabetic embryopathy were not explained yet. Hence, the current work focuses 
to discover the therapeutic properties of the nigericin against the STZ-stimulated diabetic 
embryopathy via alleviation of maternal and embryonic oxidative stress.

Materials and Methods

Chemicals

The major chemicals and reagents such as nigericin, citrate buffer (CB), and STZ were 
purchased from Sigma-Aldrich, USA. For biochemical examinations, the ELISA assay kits 
were purchased from the Thermo Fisher and R&D Systems, USA, respectively. All the 
chemicals and reagents were used in the analytical grade.

Experimental Rats and Care

The 10–12  weeks old healthy adult Wistar rats from both sexes were employed in this 
study, and the same was procured from the institutional animal house. Rats were accli-
matized for a week in infection-free polypropylene confines. Rats were housed under 
well-organized laboratory conditions such as the temperature of 25 ± 5  °C and moisture 
of 50 ± 5% with a 12/12 dark/light series. The standard pellet diet with 23% of protein, 
3% of fat, 7% of fiber, 8% of acid insoluble ash, 1–2.5% of calcium, 0.9% of phosphorus, 
0.5–1% of sodium, and 12% of moisture content was provided to the experimental rats with 
pure drinking water in throughout the experiments. The male and female rats at a 1:1 ratio 
were employed and permitted to mate overnight. The pregnancy was established by regular 
microscopic examination of vaginal smears for the occurrence of sperms. The gestation 
day (GD) 0 was designated on the day the smear was sperm positive. The rats that did not 
mate for more than 5 days were omitted from the further work.

Animal Treatments and Observations

The pregnant rats were distributed into six groups. Group I served as a control and received 
CB. Group II rats were administered with the STZ (40  mg/kg) via the intraperitoneal 
route on GD 4 [36]. The groups III and IV diabetic pregnant rats were treated with 10 and 
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20 mg/kg of nigericin by oral gavage from GD 5 to 12. Rats were administered with 5% 
glucose water for 48 h. The gain in body weight and food intake were frequently observed 
throughout the study. On the last 3 days before the sacrification, the urine output was deter-
mined. The three rats were sacrificed on GD 20 under diethyl ether anesthesia. The blood 
samples were gathered and employed for the determination of blood glucose levels. The 
uterine and liver samples were taken out and dipped in chilled saline solution. The placenta 
and embryos were removed using standard surgical procedures and then weighed properly. 
The maternal embryo, placenta, and liver tissues were preserved in cryo vials at − 80 °C for 
additional assessments.

Collection and Preparation of Tissue Homogenates

The maternal liver and embryo tissues were removed from rats, blotted properly to free 
the blood, rinsed with chilled saline, and then homogenized (10% w/v) using chilled saline 
solution. The tissue homogenates were centrifuged (Remi, RM-12C) for 5 min at 6000 rpm 
(4 °C), and then the supernatant was collected and utilized for additional studies. The frac-
tions of mitochondria were prepared according to the procedures of Trounce et al. (1996) 
[37]. The post-mitochondrial fractions were employed for the determination of oxidative 
stress and antioxidant status.

Measurement of Total Protein (TP) and Lipid Profiles

The TP, total cholesterol (CHO), triglycerides (TG), high-density lipoproteins (HDL), and 
VLDL status in the serum of experimental rats were examined using the marker-specific 
ELISA kits according to the descriptions provided by the manufacturer (Thermo Fisher 
Scientific, USA).

Assay of Oxidative Stress Biomarker Levels

The levels of malondialdehyde (MDA), ROS, protein carbonyls (PC), glutathione (GSH), 
and total thiols (TSH) in the liver tissues and embryos of experimental rats were deter-
mined by respective assay kits using the manufacturer’s descriptions (R&D Systems, 
USA).

Measurement of Antioxidant Enzyme Activities

The activities of catalase (CAT), glutathione reductase (GR), superoxide dismutase (SOD), 
glutathione peroxidase (GPX), and glutathione S-transferase (GST) in the liver tissues of 
the control and treated rats were determined using the marker-specific ELISA kits accord-
ing to the protocols of the manufacturer (Thermo Fisher Scientific, USA).

Statistical Analysis

All values were statistically evaluated by using GraphPad Prism software (version: 9.3. 1). 
The final values were depicted as a mean ± SD of three individual assessments, which were 
evaluated by the one-way ANOVA and Tukey’s post hoc assay. The significance was deter-
mined if “p-value” is less than 0.05.

804 Applied Biochemistry and Biotechnology (2023) 195:801–815



1 3

Results

Effect of Nigericin on the Serum Glucose, Diet Intake, Urine Output, and Body 
Weight on the Experimental Rats

The effect of nigericin treatment on the status of glucose, diet intake, urine output, and 
body weight gain in the STZ-stimulated diabetic pregnant rats was examined, and data 
were illustrated in Fig.  1. When compared to the control rats, the STZ-stimulated dia-
betic pregnant rats exhibited remarkably increased serum glucose and urine output and 
decreased levels of diet intake and body weight gain. However, the treatment with the 10 
and 20 mg/kg of nigericin appreciably decreased the serum glucose and urine output levels 
and also improved the diet intake and body weight of the STZ-stimulated diabetic pregnant 
rats (Fig. 1). These findings suggested that nigericin remarkably modulated the changes in 
diabetic pregnant rats.

Effect of Nigericin on the Embryo and Placental Weight and Total, Live, and Death 
Implantation in the Experimental Rats

Figure 2 summarizes the embryo and placental weight and total, live, and death implanta-
tion numbers in both the control and treated rats. The STZ-stimulated diabetic pregnant 
rats demonstrated a significant reduction in embryo weight and improvement in the pla-
cental weight when compared with the control. The STZ-stimulated diabetic pregnant rats 
also decreased the total and live implantation and increased the dead implantation than 

Fig. 1   Effect of nigericin on the serum glucose, diet intake, urine output, and body weight on the STZ-
stimulated diabetic pregnant rats. Values are illustrated as a mean ± SD of three individual assays and statis-
tically investigated by the one-way ANOVA and Tukey’s post hoc assay. Note: “#” symbolizes that values 
are significantly differ at p < 0.05 from the control, and “*” symbolizes that values are significantly differ at 
p < 0.01 from the diabetic pregnant group
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the control. Interestingly, the 10 and 20  mg/kg of nigericin administration remarkably 
improved the embryo weight and decreased the placental weight in the STZ-stimulated 
diabetic pregnant rats (Fig.  2). The total and live implantation was improved, and dead 
implantation was decreased in the nigericin treated STZ-stimulated diabetic pregnant rats.

Effect of Nigericin on the TP and Lipid Profiles in the Experimental Rats

The effect of nigericin treatment on the TP and lipid profiles such as HDL, LDL, VLDL, 
TG, and CHO in the serum of the control and treated rats was investigated, and out-
comes are illustrated in Fig.  3. The STZ-stimulated diabetic pregnant rats revealed a 
slight increase in the TP level than the control. The levels of TG, CHO, and VLDL were 
increased, and HDL was depleted in the serum of STZ-stimulated diabetic pregnant rats. 
However, the treatment with the 10 and 20 mg/kg of nigericin substantially decreased the 
CHO, TG, and VLDL levels and improved the HDL level in the STZ-stimulated diabetic 
pregnant rats (Fig. 3). The nigericin also decreased the TP level in the STZ-stimulated dia-
betic pregnant rats.

Effect of Nigericin on the Levels of Oxidative Stress Markers in the Liver Tissues 
of Experimental Rats

Figure 4 illustrates the levels of ROS, MDA, PC, GSH, and TSH in the liver tissues 
of the control and treated rats. The STZ-stimulated diabetic pregnant rats revealed a 

Fig. 2   Effect of nigericin on the embryo and placental weight and total, live, and death implantation in the 
STZ-stimulated diabetic pregnant rats. Values are illustrated as a mean ± SD of three individual assays and 
statistically investigated by the one-way ANOVA and Tukey’s post hoc assay. Note: “#” symbolizes that 
values are significantly differ at p < 0.05 from the control, and “*” symbolizes that values are significantly 
differ at p < 0.01 from the diabetic pregnant group
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remarkable improvement in the levels of ROS, MDA, and PC and reduced the contents 
of GSH and TSH in the liver tissues than the control. On the other hand, the admin-
istration of 10 and 20 mg/kg of nigericin substantially decreased the ROS, MDA, and 
PC levels and increased the GSH and TSH levels in the liver tissues of STZ-stimulated 
diabetic pregnant rats (Fig. 4). These findings witnessed that the nigericin decreased 
oxidative stress in the STZ-stimulated diabetic pregnant rats.

Fig. 3   Effect of nigericin on 
the TP and lipid profiles in the 
STZ-stimulated diabetic pregnant 
rats. Values are illustrated as a 
mean ± SD of three individual 
assays and statistically investi-
gated by the one-way ANOVA 
and Tukey’s post hoc assay. Note: 
“#” symbolizes that values are 
significantly differ at p < 0.05 
from the control, and “*” sym-
bolizes that values are signifi-
cantly differ at p < 0.01 from the 
diabetic pregnant group

Fig. 4   Effect of nigericin on the levels of oxidative stress biomarkers in the liver tissues of STZ-stimu-
lated diabetic pregnant rats. Values are illustrated as a mean ± SD of three individual assays and statisti-
cally investigated by the one-way ANOVA and Tukey’s post hoc assay. Note: “#” symbolizes that values 
are significantly differ at p < 0.05 from the control, and “*” symbolizes that values are significantly differ at 
p < 0.01 from the diabetic pregnant group

807Applied Biochemistry and Biotechnology (2023) 195:801–815



1 3

Effect of Nigericin on the Antioxidant Enzyme Activities in the Liver Tissues 
of Experimental Rats

Figure 5 demonstrates the activities of CAT, SOD, GR, GPX, and GST in the liver tissues 
of STZ-stimulated diabetic pregnant rats. When compared with the control, the STZ-stimu-
lated diabetic pregnant rats revealed a remarkable reduction in the activities of CAT, SOD, 
GR, GPX, and GST in the liver tissues. However, the 10 and 20 mg/kg of nigericin admin-
istered to diabetic pregnant rats demonstrated an appreciable improvement in the activities 
of CAT, SOD, GR, GPX, and GST in the liver tissues, which evidences the antioxidant 
potential of the nigericin (Fig. 5).

Effect of Nigericin on the Levels of Oxidative Markers in the Embryos 
of Experimental Rats

The effect of nigericin treatment on the status of ROS and MDA in the embryos of the 
STZ-stimulated diabetic pregnant rats was investigated, and the findings were depicted in 
Fig. 6. The status of MDA and ROS was increased in both cytosol and mitochondria of 
the embryos of the STZ-stimulated diabetic pregnant rats. However, the administration of 
10 and 20 mg/kg of nigericin substantially decreased the ROS and MDA contents in both 
cytosol and mitochondria of the embryos of STZ-stimulated diabetic pregnant rats when 
compared with STZ alone-administered diabetic rats (Fig. 6).

Effect of Nigericin on the Levels of PC, GSH, and TSH in the Embryos 
of the Experimental Rats

Figure 7 reveals the levels of PC, GSH, and TSH in the embryos of the control and treated 
pregnant rats. The cytosol and mitochondria of the STZ-stimulated diabetic pregnant rats 

Fig. 5   Effect of nigericin on the antioxidant enzyme activities in the liver tissues of STZ-stimulated diabetic 
pregnant rats. Values are illustrated as a mean ± SD of three individual assays and statistically investigated 
by the one-way ANOVA and Tukey’s post hoc assay. Note: “#” symbolizes that values are significantly dif-
fer at p < 0.05 from the control, and “*” symbolizes that values are significantly differ at p < 0.01 from the 
diabetic pregnant group
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revealed a remarkable increment in the contents of PC, GSH, and TSH when compared 
with the control. Fascinatingly, the treatment with 10 and 20 mg/kg of nigericin appreciably 
decreased the contents of PC, GSH, and TSH in both cytosol and mitochondria of the embryos 
of STZ-stimulated diabetic pregnant rats (Fig. 7).

Fig. 6   Effect of nigericin on the 
levels of oxidative markers in 
the embryos of STZ-stimulated 
diabetic pregnant rats. Values 
are illustrated as a mean ± SD of 
three individual assays and sta-
tistically investigated by the one-
way ANOVA and Tukey’s post 
hoc assay. Note: “#” symbolizes 
that values are significantly differ 
at p < 0.05 from the control, and 
“*” symbolizes that values are 
significantly differ at p < 0.01 
from the diabetic pregnant group

Fig. 7   Effect of nigericin on the 
levels of PC, GSH, and TSH in 
the embryos of the STZ-stimu-
lated diabetic pregnant rats. Val-
ues are illustrated as a mean ± SD 
of three individual assays and 
statistically investigated by the 
one-way ANOVA and Tukey’s 
post hoc assay. Note: “#” sym-
bolizes that values are signifi-
cantly differ at p < 0.05 from the 
control, and “*” symbolizes that 
values are significantly differ 
at p < 0.01 from the diabetic 
pregnant group
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Discussion

The exposure of the embryo and fetus to the hyperglycemic condition can lead to growth 
retardation and abnormalities of the cardiac, neural, skeletal, and renal systems, which is 
collectively known as diabetic embryopathy or teratogenesis [38]. The diabetes-induced 
changes in hyperglycemia were reported as harmful to the intrauterine fetal growth. A pre-
vious study revealed that the maternal diabetes-exposed fetus demonstrated septal hyper-
trophy in an animal model [39]. Furthermore, it was revealed that diabetic mothers are hav-
ing more chances to develop an infant with few congenital malformations than the normal 
healthy mothers [40]. The dysregulation of insulin-mediated glucose utilization can result 
in increased glucose metabolism by the embryos, which results in increased ROS accu-
mulation. The higher ROS reacts with fatty acids of embryonic membranes and leads to 
protein oxidation (protein carbonyls) and progenitor cell apoptosis, which affect the mor-
phogenesis [41]. Oxidative stress is connected with several deleterious outcomes during 
the process of placentation. Particularly, the dysfunction of antioxidant mechanisms during 
the placentation may result in augmented lipid peroxidation and subsequently damages the 
vascular endothelium [42]. The findings of the current study revealed that the nigericin 
treatment substantially decreased the maternal and embryonic oxidative stress in the STZ-
stimulated diabetic pregnant rats.

The oxidative stress-mediated damages mainly occur in the membrane proteins, lipids, 
and DNA. The MDA is an end product of lipid peroxidation, and its level in both plasma 
and tissues is often determined as a biomarker of oxidative stress and lipid peroxidation 
[43]. In diabetic pregnancy, the MDA status was found elevated in the placental tissues, 
umbilical cord, and maternal plasma of diabetic pregnant women than in those with a 
normal healthy pregnancy, which suggests the critical role of oxidative stress in diabetic 
embryopathy [44]. Feng et  al. (2016) [45] revealed that elevated MDA status could be 
related to the augmented accumulation of toxic lipid peroxides and participated in the pro-
gression of preeclampsia. Similar to this report, our findings also revealed an increased 
status of MDA in both liver tissues and embryos of the STZ-stimulated diabetic pregnant 
rats. Interestingly, the nigericin administration substantially decreased the MDA content in 
both liver and embryos of the diabetic pregnant rats.

In normal pregnancies, the generation and activities of antioxidants were increased in 
order to maintain the placental redox homeostasis. ROS is the most critical factor of oxi-
dative stress, which signifies the family of oxygen consisting molecules [46]. The over-
production of ROS can stimulate the dysfunction of the placenta by decreasing placental 
angiogenesis, stimulating of endothelial injury, and immune dysfunction [47, 48]. To main-
tain the normal cellular redox homeostasis, cells are fortified with both enzymatic and non-
enzymatic antioxidants, including GSH, CAT, SOD, GR, and GPX, which can eliminate 
the ROS and hinder the production of free radicals [49]. An earlier study mentioned that 
the status of GSH, CAT, and SOD was remarkably decreased in diabetic pregnant women 
than in normal healthy women, which reveals that the protective mechanisms of antioxi-
dants were reduced in diabetic pregnant women [50]. Also, the decreased activity of anti-
oxidants such as CAT, SOD, and GPX was reported in the placenta of diabetic pregnant 
women [51, 52]. In accordance with these statements, our findings of this study also wit-
nessed the increased ROS level and decreased antioxidant activities such as GSH, CAT, 
SOD, GR, and GPX in the STZ-stimulated pregnant rats. However, the administration of 
nigericin remarkably decreased the ROS status and enhanced the activities of GSH, CAT, 
SOD, GR, and GPX in the STZ-stimulated pregnant rats, which evidences the antioxidant 
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properties of the nigericin. The oxidative markers such as PC status were remarkably aug-
mented in the placenta of diabetic women than in healthy pregnant women [53]. Here, we 
also found that the nigericin administration also decreased the PC status in both liver and 
embryos of the STZ-stimulated diabetic pregnant rats.

The numerous vasoactive agents such as prostaglandins, cytokines, and nitric oxide 
interactions are involved in the implantation process. Certainly, those agents play an essen-
tial function in the decidualization and implantation of embryos that elevates vasodilation, 
vascular permeability, and uterus blood flow [54]. ROS plays a critical role in regulat-
ing the uterine endometrial homeostasis during implantation of the embryo, whereas the 
augmented superoxide levels are considered a critical player, which increases the vascu-
lar permeability during implantation [55]. The remarkably increased loss of implantation 
might reveal the decreased numbers of the fetus occurs in the diabetic group than in the 
control. These outcomes suggest that exposure to hyperglycemic conditions is connected 
with the loss of implantation [56]. However, embryo implantation failures may stimulate 
the morphological changes of the embryo, which ultimately restricts the implantation and 
enhances the embryo lethality [57]. These findings reveal the fact that diabetes in the first 
trimester of pregnancy is deleterious to the blastocysts and the development of the embryo. 
The loss of pre-implantation was remarkably reduced in nigericin-administered diabetic 
pregnant rats than in diabetic rats, which revealed that the nigericin has a significant effect 
in decreasing the loss of pre-implantation.

Dyslipidemia is another detrimental condition, which is connected with diabetes. The 
decreased levels of HDL and increased levels of LDL, TG, and VLDL mainly contribute 
to diabetes-associated complications [58]. During the exploration of effective anti-diabetic 
agents, the assessment of the efficiency of these agents to correct dyslipidemia is also 
considered an important step in order to develop them as a potential drug candidate [59, 
60]. A previous study has already reported that STZ-stimulated diabetes is likely to trig-
ger dyslipidemia, which further leads to other complications [61]. The elevated cholesterol 
in STZ-stimulated diabetic animals normally results from improved intestinal absorption 
and elevation in the synthesis of cholesterol [62]. In agreement with the previous litera-
ture, here, our findings also witnessed the increased TP, CHO, TG, and VLDL status and 
depleted HDL status in the serum of STZ-stimulated diabetic pregnant rats. Interestingly, 
the treatment with nigericin substantially decreased the TP, CHO, TG, and VLDL levels 
and improved the HDL level in the STZ-stimulated diabetic pregnant rats.

Conclusion

Altogether, these results provide evidence that nigericin administration remarkably attenu-
ates the diabetes-stimulated embryopathy in experimental rats. The nigericin adminis-
tration appreciably decreased embryo lethality, reduces serum glucose, modulated dys-
lipidemia, and improved maternal body weight gain. The nigericin treatment remarkably 
decreased the diabetes-related maternal and embryonic oxidative stress via upregulating 
the antioxidant enzyme activities. Though additional in-depth studies are still required 
in the future so as to ascertain the clear molecular mechanisms of therapeutic effects of 
nigericin in diabetic pregnancy.

Author Contribution  The authors contributed equally.

811Applied Biochemistry and Biotechnology (2023) 195:801–815



1 3

Data Availability  Not applicable.

Declarations 

Ethics Approval  All work has been done under the guidelines of the Institutional Ethics Committee.

Consent to Participate  All authors have their consent to participate.

Consent for Publication  All authors have their consent to publish their work.

Competing Interests  The authors declare no competing interests.

References

	 1.	 Sarfraz, M., Khaliq, T., Khan, J. A., & Aslam, B. (2017). Effect of aqueous extract of black pepper and 
ajwa seed on liver enzymes in alloxan-induced diabetic Wister albino rats. Saudi Pharmaceutical Jour-
nal, 25, 449–452.

	 2.	 WHO (World Health Organization) (2022) The top 10 causes of death Available from: http://​www.​
who.​int/​en/​news-​room/​fact-​sheets/​detail/​the-​top-​10-​causes-​of-​death Last accessed on 2022 Jan 09.

	 3.	 Rahimi-Madiseh, M., Heidarian, E., Kheiri, S., & Rafieian-Kopaei, M. (2017). Effect of hydroalco-
holic Allium ampeloprasum extract on oxidative stress, diabetes mellitus and dyslipidemia in alloxan-
induced diabetic rats. Biomedicine & Pharmacotherapy, 86, 363–367.

	 4.	 International Diabetes Federation (IDF) (2016) 7th Edition Atlas, IDF revision. http://​www.​idf.​org/​
diabe​tesat​las.​2016.

	 5.	 Chirino-Galindo, G., Lopez-Guintero, I. V., Ramirez-Dominguez, L. B., Cabrera-Najera, L. E., 
Estrella-Parra, E. A., Garcia-Bores, A. M., & Palomar-Morales, M. (2021). Verbascoside-enriched 
fraction from Buddleja cordata Kunth ameliorates the effects of diabetic embryopathy in an animal 
model. Birth Defects Research, 113(12), 981–994.

	 6.	 Tennant, P. W. G., Glinianaia, S. V., Bilous, R. W., Rankin, J., & Bell, R. (2014). Pre-existing diabetes, 
maternal glycated haemoglobin, and the risks of fetal and infant death: A population-based study. Dia-
betologia, 57, 285–294.

	 7.	 Simeone, R. M., Devine, O. J., Marcinkevage, J. A., Gilboa, S. M., Razzaghi, H., Bardenheier, B. H., 
Sharma, A. J., & Honein, M. A. (2015). Diabetes and congenital heart defects: A systematic review, 
meta-analysis, and modeling project. American Journal of Preventive Medicine, 48, 195–204.

	 8.	 Castori, M. (2013). Diabetic embryopathy: A developmental perspective from fertilization to adult-
hood. Molecular Syndromology, 4(1–2), 74–86.

	 9.	 Eriksson, U. J., & Wentzel, P. (2016). The status of diabetic embryopathy. Upsala Journal of Medical 
Sciences, 121, 96–112.

	10.	 Higa, R., & Jawerbaum, A. (2013). Intrauterine effects of impaired lipid homeostasis in pregnancy 
diseases. Current Medicinal Chemistry, 20, 2338–2350.

	11.	 Zhao, Z., & Reece, E. A. (2013). New concepts in diabetic embryopathy. Clinics in Laboratory Medi-
cine, 33, 207–233.

	12.	 Qanungo, S., & Mukherjea, M. (2000). Ontogenic profile of some antioxidants and lipid peroxidation 
in human placental and fetal tissues. Molecular and Cellular Biochemistry, 215, 11–19.

	13.	 Poston, L., Igosheva, N., Mistry, H. D., Seed, P. T., Shennan, A. H., Rana, S., Karumanchi, S. A., & 
Chappell, L. C. (2011). Role of oxidative stress and antioxidant supplementation in pregnancy disor-
ders. American Journal of Clinical Nutrition, 94, 1980s–1985s.

	14.	 Myatt, L. (2006). Placental adaptive responses and fetal programming. Journal of Physiology, 572(Pt 
1), 25–30.

	15.	 Aouache, R., Biquard, L., Vaiman, D., & Miralles, F. (2018). Oxidative stress in preeclampsia and pla-
cental diseases. International Journal of Molecular Sciences, 19, 1496.

	16.	 Stefanovic, V., Andersson, S., & Vento, M. (2019). Oxidative stress—Related spontaneous preterm 
delivery challenges in causality determination, prevention and novel strategies in reduction of the 
sequelae. Free Radical Biology & Medicine, 142, 52–60.

	17.	 Duhig, K., Chappell, L. C., & Shennan, A. H. (2016). Oxidative stress in pregnancy and reproduction. 
Obstetric Medicine., 9(3), 113–116.

812 Applied Biochemistry and Biotechnology (2023) 195:801–815

http://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://www.idf.org/diabetesatlas.2016
http://www.idf.org/diabetesatlas.2016


1 3

	18.	 Cetin, I., Berti, C., & Calabrese, S. (2010). Role of micronutrients in the periconceptional period. 
Human Reproduction Update, 16, 80–95.

	19.	 Di Fulvio, P., Pandolfi, A., Formoso, G., Di Silvestre, S., Di Tomo, P., Giardinelli, A., De Marco, 
A., Di Pietro, N., Taraborrelli, M., Sancilio, S., Di Pietro, R., Piantelli, M., & Consoli, A. (2014). 
Features of endothelial dysfunction in umbilical cord vessels of women with gestational diabetes. 
Nutrition, Metabolism, and Cardiovascular Diseases, 24, 1337–1345.

	20.	 Contreras-Duarte, S., Carvajal, L., Garchitorena, M. J., Subiabre, M., Fuenzalida, B., Cantin, C., 
Farías, M., & Leiva, A. (2020). Gestational diabetes mellitus treatment schemes modify maternal 
plasma cholesterol levels dependent to women’s weight: Possible impact on feto-placental vascular 
function. Nutrients, 12, 506.

	21.	 Oguntibeju, O. O. (2019). Type 2 diabetes mellitus, oxidative stress and inflammation: Examining 
the links. International Journal of Physiology Pathophysiology Pharmacology, 11, 45–63.

	22.	 Fullerton, B., Siebenhofer, A., Jeitler, K., Horvath, K., Semlitsch, T., Berghold, A., et al. (2018). 
Short-acting insulin analogues versus regular human insulin for adult non-pregnant persons with 
type 2 diabetes mellitus. Cochrane Database System Review, 12(12), 013228.

	23.	 den Hartog, G. J. M., Boots, A. W., Adam-Perrot, A., Brouns, F., Verkooijen, I. W. C. M., Weseler, 
A. R., Haenen, G. R. M. M., & Bast, A. (2010). Erythritol is a sweet antioxidant. Nutrition, 26, 
449–458.

	24.	 Harvey, M. B., Mironenko, T., Sun, Y., Hong, H., Deng, Z., Leadlay, F. P., Weissman, J. K., & Hay-
dock, S. F. (2007). Insights into polyether biosynthesis from analysis of the nigericin biosynthetic 
gene cluster in Streptomyces sp DSM 4137. Chemical Biology, 14, 703–714.

	25.	 Taechowisan, T., Chanaphat, S., Ruensamran, W., & Phutdhawong, W. S. (2013). Antibacterial 
activity of 1-methyl ester-nigericin from Streptomycxes hygroscopicus BR10: An endophyte in 
Alpinia galanga. Journal of Applied Pharmaceutical Science, 3, 104–109.

	26.	 Gumila, C., Ancelin, M. L., Delort, A. M., Jeminet, G., & Vialj, H. (1997). Characterization of the 
potent in vitro and in vivo antimalarial activities of ionophore compounds. Antimicrobial Agents 
and Chemotherapy, 41, 523–529.

	27.	 Bilen, S., Biswas, G., Otsuyama, S., Kono, T., Sakai, M., & Hikima, J. I. (2014). Inflammatory 
responses in the Japanese pufferfish (Takifugu rubripes) head kidney cells stimulated with an 
inflammasome-inducing agent, nigericin. Developmental and Comparative Immunology, 46, 
222–230.

	28.	 Kapoor, A., He, R., Venkatadri, R., Forman, M., & Arav-Boger, R. (2013). Wnt modulating agents 
inhibit human cytomegalovirus replication. Antimicrobial Agents and Chemotherapy, 57, 2761–2767.

	29.	 Zhou, H. M., Dong, T. T., Feng, L. L., Feng, B., Zhao, H. C., Fan, X. K., & Zheng, M. H. (2012). 
Suppression of colorectal cancer metastasis by nigericin through inhibition of epithelial-mesenchy-
mal transition. World Journal of Gastroenterology, 18, 2640–2648.

	30.	 Mashima, T., Okabe, S., & Seimiya, H. (2010). Pharmacological targeting of constitutively active 
truncated androgen receptor by nigericin and suppression of hormonerefractory prostate cancer cell 
growth. Molecular Pharmacology, 78, 846–854.

	31.	 Deng, C. C., Liang, Y., Wu, M. S., Feng, F. T., Hu, W. R., Chen, L. Z., Feng, Q. S., Bei, J. X., & 
Zeng, Y. X. (2013). Nigericin selectively targets cancer stem cells in nasopharyngeal carcinoma. 
International Journal of Biochemistry & Cell Biology, 45, 1997–2006.

	32.	 Liu, F., Li, W., Hua, S., Han, Y., Xu, Z., Wan, D., Wang, Y., Chen, W., Kuang, Y., Shi, J., & Zhi, 
Q. (2018). Nigericin exerts anticancer effects on human colorectal cancer cells by inhibiting wnt/β-
catenin signaling pathway. Molecular Cancer Therapeutics, 17, 952–965.

	33.	 Hegazy, A. M., Yamada, D., Kobayashi, M., Kohno, S., Ueno, M., Ali, M. A. E., Ohta, K., Tadokoro, 
Y., Ino, Y., Todo, T., et al. (2016). Therapeutic strategy for targeting aggressive malignant gliomas by 
disrupting their energy balance. Journal of Biological Chemistry, 291, 21496–21509.

	34.	 Boesch, M., Zeimet, A. G., Rumpold, H., Gastl, G., Sopper, S., & Wolf, D. (2015). Drug trans-
porter-mediated protection of cancer stem cells from ionophore antibiotics. Stem Cells Transla-
tional Medicine, 4, 1028–1032.

	35.	 Yakisich, J.S., Azad, N., Kaushik, V., O’Doherty, G.A., Iyer, A.K.V., (2017) Nigericin decreases 
viability of multidrug-resistant cancer cells and lung tumorspheres and potentiates the effects of 
cardiac glycosides. Tumor Biol. 39.

	36.	 Palomar-Morales, M., Baiza, L. A., Verdin-Teran, L., Roman-Ramos, R., Altamirano-Lozano, M., 
& Mendez, J. D. (1998). Fetal development in alloxan-treated rats. Reproductive Toxicology, 12, 
659–665.

	37.	 Trounce, I. A., Kim, Y. L., Jun, A. S., & Wallace, D. C. (1996). Assessment of mitochondrial oxi-
dative phosphorylation in patient muscle biopsies, lymphoblasts, and transmitochondrial cell lines. 
Methods in Enzymology, 264, 484–509.

813Applied Biochemistry and Biotechnology (2023) 195:801–815



1 3

	38.	 Herrera, E., & Ortega-Senovilla, H. (2010). Disturbances in lipid metabolism in diabetic pregnan-
cydare these the cause of the problem? Best Practice & Research Clinical Endocrinology & Metab-
olism, 24, 515–525.

	39.	 Gordon, E., Reinking, E., Hu, S., (2015) Maternal hyperglycemia directly and rapidly induced car-
diac septal overgrowth in fetal rats. J Diab Res. 2015. Article ID 479565, 11 pages.

	40.	 Correa, A., Gilboa, S. M., & Besser, L. M. (2008). Diabetes mellitus and birth defects. American 
Journal of Obstetrics and Gynecology, 199(3), 237 e1-237.e9.

	41.	 Lappas, M., Hiden, U., Desoye, G., Froehlich, J., Mouzon, S. H., & Jawerbaum, A. (2011). The role 
of oxidative stress in the pathophysiology of gestational diabetes mellitus. Antioxidants & Redox 
Signaling, 15, 3061–3100.

	42.	 Krishna Mohan, S., & Venkataramana, G. (2007). Status of lipid peroxidation, glutathione, ascor-
bic acid, vitamin E and antioxidant enzymes in patients with pregnancy–induced hypertension. 
Indian Journal of Physiology and Pharmacology, 51, 284–288.

	43.	 Del Rio, D., Stewart, A. J., & Pellegrini, N. (2005). A review of recent studies on malondialdehyde 
as toxic molecule and biological marker of oxidative stress. Nutrition, Metabolism and Cardiovas-
cular Diseases, 15(4), 316–328.

	44.	 Biri, A., Bozkurt, N., Turp, A., Kavutcu, M., Himmetoglu, O., & Durak, I. (2007). Role of oxi-
dative stress in intrauterine growth restriction. Gynecologic and Obstetrics Investigation, 64, 
187–192.

	45.	 Feng, Y., Xu, J., Zhou, Q., Wang, R., Liu, N., Wu, Y., Yuan, H., Chem H., (2016) “Alpha-1 antit-
rypsin prevents the development of preeclampsia through suppression of oxidative stress,” Fron-
tiers in Physiology 7, 2016.

	46.	 Gyuraszova, M., Kovalčíková, AG., Renczés, E., Kmetova, K., Celec, P., Babickova, J., (2019) 
“Oxidative stress in animal models of acute and chronic renal failure,” Disease Markers, vol. 2019, 
Article ID 869005, 10 pages

	47.	 Brownfoot, F. C., Hannan, N. J., Cannon, P., Nguyen, V., Hastie, R., Parry, L. J., Senadheera, 
S., Tuohey, L., Tong, S., & Kaitu’u-Lino, T. (2019). Sulfasalazine reduces placental secretion of 
antiangiogenic factors, upregulates the secretion of placental growth factor and rescues endothelial 
dysfunction. eBioMedicine, 41, 636–648.

	48.	 Tenorio, MB., Ferreira, RC., Moura, FA., Bueno, NB., de Oliveira, ACM., Goulart, MOF., (2019) 
“Cross-talk between oxidative stress and inflammation in preeclampsia,” Oxidative Medicine and 
Cellular Longevity, vol. 2019, Article ID 8238727, 26 pages, 2019.

	49.	 Jiang. L., Gong, Y., Hu, Y., You, Y., Wang, J, Zhang Z, Wei Z, Tang C. (2020) “Peroxiredoxin-1 
overexpression attenuates doxorubicin-induced cardiotoxicity by inhibiting oxidative stress and car-
diomyocyte apoptosis,” Oxidative Medicine and Cellular Longevity, vol. 2020, Article ID 2405135, 
11 pages, 2020.

	50.	 Ahmad, I. M., Zimmerman, M. C., & Moore, T. A. (2019). Oxidative stress in early pregnancy and 
the risk of preeclampsia. Pregnancy Hypertension, 18, 99–102.

	51.	 Biri, A., Onan, A., Devrim, E., Babacan, F., Kavutcu, M., & Durak, I. (2006). Oxidant status in 
maternal and cord plasma and placental tissue in gestational diabetes. Placenta, 27, 327–332.

	52.	 Pustovrh, M. C., Jawerbaum, A., Capobianco, E., White, V., Martínez, N., López-Costa, J. J., & 
González, E. (2005). Oxidative stress promotes the increase of matrix metalloproteinases-2 and -9 
activities in the feto-placental unit of diabetic rats. Free Radical Research, 39, 1285–1293.

	53.	 Coughlan, M. T., Vervaart, P. P., Permezel, M., Georgioua, H. M., & Rice, G. E. (2004). Altered 
placental oxidative stress status in gestational diabetes mellitus. Placenta, 25, 78–84.

	54.	 Suzuki, T., Nagamatsu, C., Kushima, T., Miyakoshi, R., Tanaka, K., Morita, H., Sakaue, M., & 
Takizawa, T. (2010). Apoptosis caused by an inhibitor of NO production in the decidua of rat from 
mid-gestation. Experimental Biology and Medicine (Maywood, N.J.), 235, 455–462.

	55.	 Agarwal, A., Gupta, S., & Sharma, R. K. (2005). Role of oxidative stress in female reproduction. 
Reproductive Biology and Endocrinology, 3, 28.

	56.	 Thompson, J., & Cadmium, B. J. (2008). Toxic effects on the reproductive system and the embryo. 
Reproductive Toxicology, 25(3), 304–315.

	57.	 Albaghdadi, A. J., & Kan, F. W. (2012). Endometrial receptivity defects and impaired implantation 
in diabetic NOD mice. Biology of Reproduction, 87(2), 1–16.

	58.	 Yuan, C., Lai, C.W.K., Chan, L.W.C., Chow, M., Law, H.K.W., Ying, M. (2014) Cumulative effects 
of hypertension, dyslipidemia, and chronic kidney disease on carotid atherosclerosis in Chinese 
patients with type 2 diabetes mellitus. Journal of Diabetes Research. 2014 https://​doi.​org/​10.​1155/​
2014/​179686.

	59.	 Diwan, V., Gobe, G., & Brown, L. (2014). Glibenclamide improves kidney and heart structure and 
function in the adenine-diet model of chronic kidney disease. Pharmacological Research, 79, 104–110.

814 Applied Biochemistry and Biotechnology (2023) 195:801–815

https://doi.org/10.1155/2014/179686
https://doi.org/10.1155/2014/179686


1 3

	60.	 Hong, J., Zhang, Y., Lai, S., Lv, A., Su, Q., Dong, Y., Zhou, Z., Tang, W., Zhao, J., & Cui, L. (2013). 
Effects of metformin versus glipizide on cardiovascular outcomes in patients with type 2 diabetes and 
coronary artery disease. Diabetes Care, 36, 1304–1311.

	61.	 Kim, A.-R., Jeong, S.-M., Kang, M.-J., Jang, Y.-H., Choi, H.-N., & Kim, J.-I. (2013). Lotus leaf allevi-
ates hyperglycemia and dyslipidemia in animal model of diabetes mellitus. Nursing Research & Prac-
tice, 7, 166–171.

	62.	 Raghunathan, S., Tank, P., Bhadada, S., & Patel, B. (2014). Evaluation of buspirone on streptozo-
tocin induced type 1 diabetes and its associated complications. BioMed Research International, 2014, 
948427.

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

Springer Nature or its licensor holds exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is 
solely governed by the terms of such publishing agreement and applicable law.

Authors and Affiliations

Huitao Guo1 · Qiuyan Zhang1 · Rui Li1 · Vidya Devanathadesikan Seshadri2

1	 Department of Obstetrics, Shanxi Children’s Hospital (Shanxi Maternal and Child Health 
Hospital), Taiyuan 030000, China

2	 Department of Pharmacology & Toxicology, College of Pharmacy, Prince Sattam Bin Abdul Aziz 
University, Al‑Kharj, Kingdom of Saudi Arabia

815Applied Biochemistry and Biotechnology (2023) 195:801–815


	Nigericin Abrogates Maternal and Embryonic Oxidative Stress in the Streptozotocin-Induced Diabetic Pregnant Rats
	Abstract
	Introduction
	Materials and Methods
	Chemicals
	Experimental Rats and Care
	Animal Treatments and Observations
	Collection and Preparation of Tissue Homogenates
	Measurement of Total Protein (TP) and Lipid Profiles
	Assay of Oxidative Stress Biomarker Levels
	Measurement of Antioxidant Enzyme Activities
	Statistical Analysis

	Results
	Effect of Nigericin on the Serum Glucose, Diet Intake, Urine Output, and Body Weight on the Experimental Rats
	Effect of Nigericin on the Embryo and Placental Weight and Total, Live, and Death Implantation in the Experimental Rats
	Effect of Nigericin on the TP and Lipid Profiles in the Experimental Rats
	Effect of Nigericin on the Levels of Oxidative Stress Markers in the Liver Tissues of Experimental Rats
	Effect of Nigericin on the Antioxidant Enzyme Activities in the Liver Tissues of Experimental Rats
	Effect of Nigericin on the Levels of Oxidative Markers in the Embryos of Experimental Rats
	Effect of Nigericin on the Levels of PC, GSH, and TSH in the Embryos of the Experimental Rats

	Discussion
	Conclusion
	References


