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Background: Gestational diabetes mellitus (GDM) is the most common pregnant disorder worldwide. In this study, we aimed to
explore whether vitamin E (VE) treatment alone could protect against GDM in a mouse model.

Methods: 6-week-old C57BL/6J female mice were fed on high-fat diet for two weeks and continued with high-fat diet after
pregnancy to induce GDM. The pregnant mice were orally administrated with 2.5, 25 or 250 mg/kg VE twice per day during
pregnancy together with high-fat diet. Oral glucose tolerance test, insulin amounts, oxidative stress and inflammation were then
measured.

Results: Only 250 mg/kg VE could improve glucose tolerance and insulin level in pregnant mice. VE (250 mg/kg) effectively
inhibited GDM-induced hyperlipidemia, and secretion of inflammatory cytokines such as tumor necrosis factor-o and interleukin-6.
VE also significantly ameliorated maternal oxidative stress at the late stage of pregnancy, and also improved reproductive outcomes,
including increasing the litter size and birth weight in GDM mice. Moreover, VE also activated GDM-reduced nuclear factor-erythroid
factor 2-related factor 2 (Nrf2) / heme oxygenase-1 signaling pathway in the maternal liver tissues of GDM mice.

Conclusion: Our data clearly demonstrated that 250 mg/kg VE twice a day during pregnancy could significantly ameliorate the
symptoms of GDM by alleviating oxidative stress, inflammation, hyperglycemia, and hyperlipidemia through Nrf2/HO-1 signaling
pathway in GDM mice. Thus, additional VE supplement might be beneficial to GDM.
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Introduction
Gestational diabetes mellitus (GDM) is a medical condition occurring in the late stage of pregnancy, where placenta-
derived hormones prevent pregnant women from using insulin effectively and eventually lead to increased glucose in the
body and insulin resistance, making GDM the most common medical pregnant disorder throughout the world.'”
Incidence rate of GDM generally increases as a result of gradually increasing marriage age as the obesity epidemic
spreads. Therefore, GDM has become a major global health problem. Because it impairs both pregnant women and their
offspring, it has attracted increasing research attention. However, many questions remain unsolved for GDM
management.

Nutrition intervention for GDM patients has been considered the most common therapy.*> Nutritional quantity and
quality have a great effect on the growth of the fetus, thus medical nutrition therapy is the primary therapy for 30-89% of
GDM patients.®® Vitamin E is a well-known nutrition that usually serves as an antioxidant to prevent the formation of

reactive oxygen species (ROS). Due to its anti-oxidative activity, VE is recognized as a beneficial nutrient to human

. . . .- 9-11 . .

health, including cancer, aging, and arthritis.”'' VE also prevents platelet hyper-aggregation, which leads to
Diabetes, Metabolic Syndrome and Obesity 2023:16 565-574 565

Received: 11 November 2022 © 2023 Lin and Zhang. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
A Php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 14 February 2023
Published: 1 March 2023

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Lin and Zhang Dove

atherosclerosis.'? In addition, it also helps reduce the production of prostaglandins such as thromboxane, which causes
platelet clumping. Moreover, VE was reported to be associated with GDM."* GDM patients had a significantly lower
level of VE than normal pregnant women,'* which gave us a hint that low VE levels might be the key reason of
developing diabetes during pregnancy. Therefore, additional VE supplements might be beneficial to GDM patients.
However, current studies only indicated that the co-supplement of VE with another agent was helpful to GDM. For
example, co-supplement of VE and magnesium or zinc for 6 weeks alleviated fasting plasma glucose and reduced lipid
profile in GDM patients.'>'® Therefore, we aimed to investigate whether VE supplementation alone could exhibit
a protective effect against GDM.

Materials and Methods

Animal Procedure

The experimental design was shown in Figure 1. 6-week-old female C57BL/6J mice were on a high-fat diet (D12331,
58% kcal from fat; Research Diets, New Brunswick, NJ) for two weeks, then mated with background-matched male
mice. The day when a mucous vaginal plug was presented was regarded as gestation day (GD) 0. Pregnant mice were
orally treated with 2.5, 25, 250 mg/kg VE twice a day during pregnancy together with a high-fat diet. The mice fed on
a standard diet (D12329, 11% kcal) were defined as wild-type (WT) mice. At GD19, 6 mice per group were sacrificed
and their blood samples, visceral fat tissues, and liver tissues were collected for ELISA and Western blot analysis. After
delivery (GD22-25), the litter size and birth weight of the fetus in each group (10 pregnant mice for each group) were
counted and weighed. This study was performed in strict accordance with the NIH guidelines for the care and use of
laboratory animals (8th edition, NIH). All the animal procedures were approved by the Ethics Committee of Longyan
People’s Hospital (approval number #2020.b82).

Oral Glucose Tolerance Test (OGTT)

After fasting for 16 h, mice were orally administrated with 2 g/kg glucose. Then blood glucose levels were measured
using a glucometer (TERUMO, Tokyo, Japan) at indicated time points as previously described.'’

Western Blot

Visceral fat tissues and liver tissues were collected and lysed in RIPA buffer. Nuclear protein was extracted from the liver
tissues as previously described.'® Western blot was performed as previously described.'® B-actin was used as a loading
control (Sigma-Aldrich, St. Louis, MO, USA). The primary antibodies including interleukin-6 (IL-6), the cell-bound
precursor of tumor necrosis factor-a. (TNF-a), adiponectin, nuclear factor-erythroid factor 2-related factor 2 (Nrf2), and
heme oxygenase-1 (HO-1) were purchased from Abcam (Cambridge, MA). Histone-3 antibody was purchased from Cell
Signaling Technology (Danvers, MA).

Biochemical Indexes Analysis

Blood was collected from treated mice. Then serum was acquired after centrifugation of the blood at 1000 g for 10 min at
4°C, and all the biochemical indexes, including total cholesterol (TCh), triglyceride (TG), high-density lipoprotein
(HDL), and low-density lipoprotein (LDL) were measured using Total Cholesterol Assay Kit (STA-384, Cell Biolabs),
Serum Triglyceride Quantification Kit (STA-396, Cell Biolabs), HDL and LDL/VLDL Cholesterol Assay Kit (STA-391,
Cell Biolabs), respectively.'®

High-fat diet High-fat diet (every day) High-fat diet (every day)
(every day) Mating Oral VE (twice / day) Oral VE (twice / day)
= fetus for analysis
6-week-old 8-week-old GDO0-GD19 GD19-Delivery day
GDO l

GD19 mice for ELISA & Western blot

Figure | Schematic illustration of the experimental procedures.

566 https: Diabetes, Metabolic Syndrome and Obesity 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Lin and Zhang

Elisa

Insulin secretion in the serum was determined using the high-sensitivity PLUS insulin kit (Morinaga-Seikagaku Co. Ltd.,
Yokohama, Japan) according to the manufacturer’s instructions. The levels of oxidative stress markers, including
malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione (GSH), and catalase
(CAT) were measured using Lipid Peroxidation MDA Assay Kit (S0131), Total Superoxide Dismutase Assay Kit
(S0109), Total Glutathione Peroxidase Assay Kit (S0058), Glutathione Reductase Assay Kit (S0055), and Catalase
Assay Kit (S0051) (Beyotime Biotechnology, China), respectively.*

Statistical Analysis

The quantitative data were shown as means + standard deviation (SD). Differences among different groups were
calculated with ANOVA analysis followed with appropriate post hoc tests by GraphPad 7.0. P < 0.05 was regarded as
significant difference.

Results

VE Ameliorates Diabetes-Induced Glucose Intolerance in Pregnant Mice

First, to determine the effective dose of VE in pregnant mice, we treated pregnant mice with three different doses (2.5,
25, and 250 mg/kg). OGTT results demonstrated that, compared to WT mice, GDM mice displayed glucose intolerance
(Figure 2A and B). Neither 2.5 nor 25 mg/kg VE exerted any significant effect on glucose tolerance, whereas only
250 mg/kg VE significantly ameliorated glucose intolerance (Figure 2A and B). Compared with the control-treated GDM
mice, the total blood glucose in the VE administration group was significantly decreased. In GDM mice, the serum
insulin content was lower than that of WT, and serum insulin was also elevated after VE administration (Figure 2C).
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Figure 2 Vitamin E (VE) ameliorates diabetes-induced glucose and insulin intolerance in pregnant mice. (A) Blood glucose levels in pregnant wild-type (WT) and gestational
diabetes mellitus (GDM) mice treated water and VE in different concentrations (n=6 mice). (B) The area under the curve for blood glucose levels during the oral glucose
tolerance test (OGTT) (n=6 mice). (C) Serum insulin levels in pregnant WT and GDM mice from 0 to 30 minutes following OGTT (n = 6 mice). Values are expressed as
means % SD. *p < 0.05, ***p < 0.0001.

Abbreviation: ns, no significance.

Diabetes, Metabolic Syndrome and Obesity 2023:16 htps: 567

Dove:


https://www.dovepress.com
https://www.dovepress.com

Lin and Zhang Dove

These results demonstrated that 250 mg/kg VE significantly ameliorated GDM-induced glucose intolerance. Thus,
250 mg/kg was chosen for the following experiments.

VE Inhibits Dysfunction of Adipocytokine Expression and Hyperlipidemia in Pregnant
GDM Mice

GDM usually leads to hyperlipidemia, which was reflected by the low expression of adiponectin in visceral fat
(Figure 3A), elevated TCh (Figure 3B, WT+water: 68.83+4.35 mg/dl; WT+VE: 76.67+4.46 mg/dl; Diabetic
+water: 292.70+15.79 mg/dl), Triglyceride (TG) (Figure 3C, WT+water: 88.17+4.62 mg/dl; WT+VE: 85.67
+5.72 mg/dl; Diabetic+water: 316.30+11.00 mg/dl), LDL (Figure 3E, WT+water: 15.66+2.86 mg/dl; WT+VE:
19.50+4.03 mg/dl; Diabetic+water: 64.83+6.65 mg/dl) and atherogenic index (Figure 3F, WT+water: 1.75+0.66;
WT+VE: 2.66+£1.97; Diabetictwater: 13.58+2.80), as well as decreased HDL level (Figure 3D, WT+water: 30.67
+2.94 mg/dl; WT+VE: 28.33+£3.27 mg/dl; Diabetictwater: 18.33+5.28 mg/dl) in the serum of GDM mice. VE
administration remarkably reversed the abnormal expressions of these markers, which suggested that VE could
effectively ameliorate GDM-caused hyperlipidemia, as evidenced by decreased levels of TCh (Diabetic+VE: 67.17
+10.87 mg/dl), TG (DiabetictVE: 87.17+5.60 mg/dl), LDH (Diabetic+VE: 23.67+4.89 mg/dl), and atherogenic
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Figure 3 Vitamin E (VE) inhibits dysregulation of adipocytokine expression and hyperlipidemia in pregnant gestational diabetes mellitus (GDM) mice. (A) Immunoblot
analysis of adiponectin, interleukin (IL)-6, the cell-bound precursor of tumor necrosis factor (TNF)-a, and B-actin (loading control) in visceral fat tissue of pregnant wild-type
(WT) mice as well as that of GDM mice after the onset of oral administration of saline (ctrl) and 250 mg/kg VE. Total serum cholesterol (TCh) (B), serum triglyceride (TG)
(C), serum high-density lipoprotein (HDL) (D), serum low-density lipoprotein (LDL) (E), and atherogenic index (F) were examined among the indicated groups. All n=6
mice. Data are presented as mean + SD. ***p < 0.001, ****p < 0.0001.

Abbreviation: ns, no significance.
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index (Diabetic+VE: 2.50+£0.77), in addition with increased HDL level (DiabetictVE: 28.83+5.57 mg/dl)
(Figure 3A-F). Furthermore, compared to WT mice, GDM mice displayed activated inflammation, as evidenced
by the elevated expressions of inflammatory cytokines including TNF-o and IL-6 (Figure 3A). The activated
inflammation was partially reversed after VE treatment, as evidenced by the decreased expression of TNF-a and
IL-6 (Figure 3A). These data indicated that VE could ameliorate GDM-induced inflammation and hyperlipidemia.

VE Reduces Maternal Oxidative Stress in Pregnant GDM Mice at the Late Stage of
Pregnancy

GDM could cause oxidative stress in mice, so we evaluated the anti-oxidative effect of VE in GDM mice.
Consistently, GDM mice displayed severe oxidative stress, as reflected by the increased levels of serum MDA
(Figure 4A, WT+water: 11.65+£3.04 mM; WT+VE: 14.01+3.30 mM; Diabetict+water: 30.92+6.33 mM) and liver
MDA (Figure 4B, WT+water: 19.3346.83 nmol/mg protein; WT+VE: 18.82+3.19 nmol/mg protein; Diabetic+water:
34.00+3.74 nmol/mg protein), and reduced activities of SOD (Figure 4C, WT+water: 41.50+5.96 U/mg protein; WT
+VE: 40.174£5.12 U/mg protein; Diabetic+water: 18.08+6.39 U/mg protein), GPx (Figure 4D, WT+water: 23.92
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Figure 4 Vitamin E (VE) reduces maternal oxidative stress in pregnant gestational diabetes mellitus (GDM) mice at the late stage of pregnancy. The maternal serum and liver
tissue were harvested on GD19. The serum (A) and liver (B) malondialdehyde (MDA) contents were measured by ELISA. The serum MDA, superoxide dismutase (SOD)
(C), glutathione peroxidase (GPx) (D), glutathione (GSH) (E), and catalase (CAT) (F) in the liver were measured by ELISA. (n=6 mice). Data are presented as mean * SD.
*p < 0.0, ¥* p < 0.001, ¥*p < 0.0001.

Abbreviation: ns, no significance.
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Figure 5 Vitamin E (VE) alleviates gestational diabetes mellitus (GDM) reproductive outcomes. Litter size (A) and body weight at birth (B) of the pups in different
experimental groups. (n=10 pregnant mice). One data point in panel (B) represents the averaged birth weight of the pups in the litter from one mouse. Data are presented
as mean * SD. Data are presented as mean * SD. *¥p < 0.01, ***¥p < 0.0001, ns indicates no significance.

+2.20 mU/mg protein; WT+VE: 22.084+3.53 mU/mg protein; Diabetict+water: 13.50+2.59 mU/mg protein), GSH
(Figure 4E, WT+water: 32.25+2.75 nM/mg protein; WT+VE: 34.50+2.42 nM/mg protein; Diabetict+water: 23.58
+1.96 nM/mg protein) and CAT (Figure 4F, WT+water: 21.84+4.35 U/mg protein; WT+VE: 20.50+£2.88 U/mg
protein; Diabetic+water: 14.2542.04 U/mg protein) in the liver, in comparison with those in WT pregnant mice
(Figure 4A-F), while elevated oxidative stress was significantly decreased after VE administration in GDM mice, as
demonstrated by the decreased levels of serum MDA (Diabetic+VE: 16.67+£3.88 mM) and liver MDA (Diabetic+VE:
25.054+4.14 nmol/mg protein), and increased activities of SOD (Diabetic+VE: 41.25+5.71 U/mg protein), increased
GPx activity (DiabetictVE: 23.914+3.43 mU/mg protein), GSH (DiabetictVE: 30.8343.97 nM/mg protein), and CAT
(Diabetic+VE: 29.17+£3.52 U/mg protein) in the liver (Figure 4A-F). These data suggested that VE effectively
alleviated GDM-induced oxidative stress in GDM mice.

VE Alleviates GDM Reproductive Outcomes

Next, we evaluated the protective effect of VE treatment on reproductive outcomes in the GDM mice. GDM mice
delivered smaller litter size (Figure 5SA, WT+water: 8.30+1.42; WT+VE: 9.00+1.05; Diabetict+water: 6.20+1.14) and
heavier birth weight than those from the WT pregnant mice (Figure 5B, WT+water: 1.185+0.047 g; WT+VE: 1.143
+0.088 g; Diabetict+water: 1.363+£0.056 g). VE treatment could increase the litter size (Diabetic+VE: 8.10+£1.37) and
decrease the birth weight (Diabetic+VE: 1.231+0.059 g) (Figure 5A and B). However, VE administration showed no
effect on litter size and birth weight in WT pregnant mice.

Effects of VE on Nrf2 Activation and HO-| Expression in the Fetus of Pregnant GDM
Mice

We further explored the detailed mechanism of VE treatment on GDM by analyzing the Nrf2/HO-1 signaling pathway, which
regulates several crucial anti-oxidative genes and maintains redox homeostasis. Western blot results demonstrated that GDM
mice displayed lower expression levels of nuclear Nrf2 and HO-1 in the liver tissues of fetus from GDM mice, with no
change in total Nrf2 (Figure 6A and B), suggesting that the redox state was affected. Interestingly, VE treatment increased
their expression in the GDM mice, indicating that VE enhanced the resistance to oxidative stress in the fetus of GDM mice.
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Figure 6 Effects of vitamin E (VE) on nuclear factor-erythroid factor 2-related factor 2 (Nrf2) activation and heme oxygenase-1 (HO-1) expression. The maternal liver
tissues were harvested on birth. (A) Western blot analysis of total and nuclear protein levels of Nrf2. (B) Western blot analysis of HO-I protein level.

Discussion

GDM is the most common pregnant disorder that endangers both the pregnant women and their offspring without
timely and proper treatment, such as the increased risk of T2DM.?!"*? Therefore, proper management of GDM is
important to minimize maternal and neonatal complications. Current conventional treatments for GDM include
a special diet, daily exercise, and monitoring blood glucose. If special diet and exercise are not sufficient to control
blood glucose, some doctors prescribe oral medications for pregnant women to control their blood glucose, such as

2324 metformin,>>?° because oral anti-diabetic drugs are safe during pregnancy and less harmful to

sulfonylureas,
fetal development than poorly controlled diabetes. While others use insulin injections directly instead of oral
medication, because they believe more research is needed to show that oral medications are as safe and effective
as insulin injections for controlling GDM.?”*° Even using insulin also carries the risk of over-injection leading to
hypoglycemia.’**' Therefore, if special diet or exercise could well control blood glucose, neither oral anti-diabetic
drugs nor insulin-injection is needed.

VE is an essential nutrient that is widely used as an anti-oxidative agent to reduce body-generated excessive
free radicals.>® Endogenous or exogenous ROS could break the redox balance in the body, eventually contributing
to various diseases, hence VE supplement could effectively suppress lipoprotein oxidation and inhibit redox

. . . . . . 4—
imbalance-related diseases, such as Alzheimer’s disease,’® cardiovascular disease,**>° 37

neurologic disease.
A meta-analysis revealed that GDM patients showed a lower level of VE than healthy pregnant women,*®
which implied that VE might be involved in the development of GDM. Because previous publications indicated
that VE co-supplemented with other supplements, such as omega-3 fatty acid,>®**° magnesium *° or zinc,*!
ameliorated the symptoms and complications in GDM pregnant women and their offspring, VE was regarded as
the necessary supplement for the treatment of GDM.** Our data clearly demonstrated that VE supplement alone
could effectively alleviate the inflammation, oxidative stress, hyperglycemia, hyperlipidemia and reproductive
outcomes of GDM mice. It should be noted that low doses of VE (2.5 or 25 mg/kg) showed no effect on glucose
tolerance in GDM mice, and only a high dose of VE (250 mg/kg) significantly increased glucose tolerance and
insulin activity. Surprisingly, we found that 250 mg/kg VE also improved glucose tolerance and insulin activity in
WT pregnant mice, which suggested that VE might also improve glucose tolerance and insulin sensitivity not only
in pregnant mice with GDM but also in healthy pregnant mice. We speculated that the insulin amount and insulin
sensitivity were altered even in healthy pregnant women due to the hormones produced by the placenta, which
explained the effects of a high dose of VE on the glucose tolerance and insulin amount in non-glucose intolerant
pregnant women. Although previous publications indicated that VE had no effect on improving lipid profile in
Menopausal women,*® based on different mechanisms between Menopause and GDM, we strongly recommend the
effect of VE on GDM.

Diabetes, Metabolic Syndrome and Obesity 2023:16 htps: 571

Dove:


https://www.dovepress.com
https://www.dovepress.com

Lin and Zhang Dove

VE is a well-known anti-oxidant,** that can suppress oxidative stress to alleviate various diseases.*” Our data
also verified that VE could significantly decrease oxidative stress, leading to alleviated GDM symptoms. Current
results also demonstrated that although VE was supplemented throughout the entire pregnancy, its anti-oxidative
stress effect was only reflected in the late stage of pregnancy instead of early or middle stage, which is also the
period when GDM occurs.

Moreover, VE was reported to be the property against low-grade inflammation.***** Which was consistent with our
results showing that 250 mg/kg VE inhibited GDM-induced inflammation in GDM mice. Although one reviewer
indicated that VE might have an anti-oxidative effect on GDM,' its conclusion is still that VE concentration was
much lower in the serum of GDM patients than that of in healthy women, which also hints that support VE might also
have a protective effect on GDM patients.

The mechanism of VE-improved GDM might be complex. In the current study, we only explored the effects of
VE on the Nrf2 signaling pathway, because the most prominent protective effect of VE was to inhibit excessive
oxidative stress as an anti-oxidant. As expected, VE could effectively increase the nuclear translocation of Nrf2 to
initiate the Nrf2/HO-1 signaling pathway, which modulated some anti-oxidative genes at the transcriptional level
to maintain redox homeostasis.

The current work also has some limitations. First, other signaling pathways involved in oxidative stress and
inflammation could be examined for their participation in the protective effect of VE against GDM. Second, different
regimens of VE treatment could be considered in the future to reduce the dose of VE to a clinically acceptable dose by
repeated administration or increased treatment period.

Conclusion

Our data demonstrated that 250 mg/kg VE twice a day during pregnancy could significantly ameliorate the symptoms of
GDM in mice, by alleviating oxidative stress, inflammation hyperglycemia, and hyperlipidemia through the Nrf2
signaling pathway in GDM mice. In addition, VE showed protective effects on the offspring by increasing the litter

size and reducing the birth weight. The current study suggests that VE supplements might have a beneficial effect
on GDM.
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