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Abstract
Background: Gestational diabetes mellitus has a long-term effect on pregnant women. Walnut (Juglans
regia L.) oil-derived polyunsaturated fatty acid (PUFA) possesses multifarious pharmacological activities.
This study investigated the bene�cial effects of walnut oil-derived PUFA on glucose metabolism disorder,
pregnancy outcomes, oxidative stress, and lipid metabolism disorder in gestational diabetes mellitus.

Methods: The GDM rat model was generated by intraperitoneal injection of streptozotocin (40 mg/kg) on
gestational day (GD) 6, GD7 and GD8. The differences between groups were estimated using one-way
ANOVA followed by the Tukey’s multiple comparison test for post-hoc analysis.

Results: The results indicated that PUFA could mitigate GDM in pregnant diabetic rats, as embodied by
the decrease of fasting blood glucose and the increase of plasma insulin and hepatic glycogen levels.
Also, PUFA could suppress oxidative stress in pregnant diabetic rats, as re�ected by the decrease of
malondialdehyde (MDA) content, an increase of superoxide dismutase (SOD), catalase (CAT) and
gutathione peroxidase (GSH-Px) activities. PUFA could also mitigate the abnormal changes of lipid
pro�les in plasma and hepatic tissue. Moreover, the relative mRNA expression of sterol regulatory
element-binding transcription factor-1 (SREBP-1), stearoyl-CoA desaturase-1 (SCD-1), fatty acid synthase
(FAS), and acetyl-coenzyme A carboxylase (ACC), was suppressed by PUFA in pregnant diabetic rats.

Conclusions: These results suggested that PUFA supplementation during the pregnancy is bene�cial in
preventing diabetic complications in pregnant rats.

Introduction
Gestational diabetes mellitus, a frequent metabolic disorder in pregnancy, being present in 1% to 18% of
all pregnancies [1]. It has been de�ned as gestational diabetes mellitus is characterized by hyperglycemia
or glucose intolerance with onset during pregnancy resulting from defects in insulin secretion or insulin
action [2]. The chronic hyperglycemia of pregnancies is associated with long-term dysfunction and
damage of different organs for the mother and offspring as well as a possibility of increased fetal-
maternal morbidity [3]. Also, the offspring of women with gestational diabetes mellitus are more likely to
develop obesity, impaired glucose tolerance and metabolic disorders in later life [4]. Previous study has
reported that the intrauterine oxidative stress environment contributed to adverse outcomes and
metabolic diseases in�uenced fetal programming in pregnancies [5]. Super�uous oxidative stress has
been implicated in the pathogenesis and development of gestational diabetes mellitus [6]. Although the
underlying molecular mechanisms of diabetes complications are complicated and remain unclear,
however preclinical and clinical researches indicated that gestational diabetes is related to oxidative
stress, leading to a decline in the antioxidant defense system and an increased production of reactive
oxygen species [7, 8]. Thus, it has been speculated that the usage of the antioxidant agent may exert a
protective effect against diabetes complications via suppression of reactive oxygen species. Therefore, it
is urgent to develop a novel treatment for gestational diabetes.
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The usage of traditional medicine and food derived from natural antioxidants is regarded as an
alternative therapy for improving oxidative stress in diabetes [9-11]. The green husks, leaves, and seeds of
the walnut (Juglans regia L.) are the main source of these functional ingredients which have been used
as folk medicine for the prevention and treatment of some diseases including anorexia, diabetes mellitus,
cancer, thyroid dysfunction and infectious diseases [12]. Polyunsaturated fatty acids (PUFA), phenolic
acids, and �avonoids are considered as major active compounds in Juglans regia L. seeds [12]. Recently,
clinical researches have indicated that the addition of walnut oil in the daily diet may serve as a helpful
remedy for patients with diabetes mellitus type 2 [13, 14]. However, whether walnut oil-derived PUFA
exhibited bene�cial effects against gestational diabetes mellitus is not yet clear.

In the present study, we aim to investigate the bene�cial effects of walnut oil-derived PUFA on glucose
metabolism disorder, pregnancy outcomes, oxidative stress, and lipid metabolism disorder in gestational
diabetes mellitus.

Materials And Methods
Plant material collection, samples preparation and analysis of PUFA

Walnut (Juglans regia L.) nuts were purchased from the local market in Shandong Province and
harvested in October 2019 from Nanshan District, Jinan City located in Shandong Province. Walnut oil
was extracted from Shandong walnuts according to the cold-press method with minor modi�cation [15].
The preparation process of PUFA is based on previous literature [16] and prepared by a professional
following a standard protocol. PUFA is stored at -20℃ to prevent oxidation and contamination. And free
fatty acids were separated and determined by HPLC-UV equipped with Lichrosorb RP-18 column (particle
size 5 µm; 150×4.6mm, Merck). The HPLC conditions were as follows: The column temperature was
maintained at 30 ˚C with a �ow rate of 0.9 mL/min, the UV absorption at a wavelength of 192 nm and the
mobile phase composition was water/acetonitrile (1:9) isocratic for 15 min. The free fatty acid peaks
were identi�ed by matching them with fatty acid standards (Sigma-Aldrich, USA). All other chemical
reagents were purchased from Aladdin Reagent Co. (Shanghai, China).

Animals

Animal procedures in this experiment were approved by the Animal Care and Use Committee of the
Central hospital of Linyi, by the guiding principles for the care and use of animals published by the
National Institute of Health. Wistar rats (10 weeks old female rats: 180–240g; adult male rats: 300–340g)
were purchased from the Experimental Animal Center of Shandong Province. All rats were housed in a
controlled room with a temperature of (22–24˚C), a relative humidity of (40–60%) with a light cycle
(12/12 h light/dark) and fed with a basic diet and water. After 7 days of adaptation, female rats and male
rats were permitted to mate. Pregnancy was con�rmed by the presence of a copulatory plug in the next
morning, and the day was de�ned as gestational day (GD) 0.

Experimental protocol
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The GDM rat model was induced by intraperitoneal injection of 40 mg/kg streptozotocin (dissolved in 0.1
mol/L citrate buffer, pH 4.5) on GD6, GD7, and GD8, respectively [17]. Non-diabetic control rats received
an equal volume of citrate buffer by intraperitoneal injection. The rats with a fasting blood glucose value
of more than 16.7 mmol/L were considered diabetic and used for further researches. The present study
was performed in �ve groups of eight pregnant rats each: Pregnant control group (PC), rats which
received the 1% carboxymethylcellulose sodium (CMC) solution by oral gavage. Gestational diabetes
mellitus group (GDM), GDM rats which received the 1% CMC solution by oral gavage. LPUFA group, GDM
rats which received a low dose of polyunsaturated fatty acids (225mg/kg body weight, LPUFA). MPUFA
group, GDM rats which received a middle dose of polyunsaturated fatty acids (450mg/kg body weight,
MPUFA). HPUFA group, GDM rats which received a high dose of polyunsaturated fatty acids (900mg/kg
body weight, HPUFA). PUFA was dissolved in 1% CMC solution and administered to rats by oral gavage
per day from GD 0 to GD 17. The doses of PUFA were selected according to previous study [18] and our
pilot study. The pilot study was performed and results indicated that 900 mg/kg could be the appropriate
dose to exert hypoglycemic effect in the present study.

Blood and tissue samples collection

On GD 18, rats were euthanized by light ether anesthesia after overnight fasting, the fetuses, placentas,
and liver tissues were immediately weighed and stored at -80˚C until further assay. Blood samples were
collected from the orbital venous plexus. The hemoglobin (Hb) and glycated hemoglobin (HbA1c) levels
were measured in whole blood sample. Plasma was immediately obtained from blood after
centrifugation at 10,000 rpm for 15 min at 4˚C and used for mesurment of plasma glucose, insulin,
triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C). The hepatic tissues were minced and homogenized in an ice-cold saline
solution. After that, the hepatic homogenates were centrifuged at 10,000 rpm for 20 min at 4˚C. The
supernatant was collected for further assays.

Determination of fasting insulin concentration, fasting blood glucose levels, Hb, and HbA1c

Body weight, serum glucose, and insulin levels were assayed on GD 0, GD 9, and GD 18. The blood
samples were obtained from the orbital venous plexus after overnight fasting. Plasma samples were
obtained from blood after centrifugation at 10,000 rpm for 15 min at 4˚C. Insulin concentration was
measured by a rat insulin enzyme-linked immunosorbent assay (ELISA) kit (Thermo Scienti�c). Blood
glucose, Hb, and HbA1c levels were measured using commercial kits obtained from Nanjing Jiancheng
Bioengineering Institute (Jiangsu, China) according to the supplier’s instructions. Measurement of
Homeostasis Model of Insulin Resistance (HOMA-IR) was assayed by the following formula: HOMA-IR =
(Fasting blood glucose × fasting insulin)/22.5

Oral glucose tolerance test (OGTT) and intraperitoneal insulin tolerance test (IPTT)

OGTT and IPTT were measured on GD 17. Before the measurement, all rats were fasted overnight. For
OGTT, rats were orally administered with glucose at 2 g/kg body weight. For IPTT, rats were
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intraperitoneally injected with insulin at 2 units/kg body weight. Blood glucose concentrations were
assayed from the orbital venous plexus at baseline and after the glucose and insulin loading (30, 60, 90,
and 120 min).

Estimation of hepatic glycogen levels and oxidative stress

Hepatic tissues were homogenized in an ice-cold saline solution. After that, the hepatic homogenates
were centrifuged at 10,000 rpm for 20 min at 4˚C. The supernatant was collected for further assays.
Hepatic glycogen levels were assayed with commercial kits obtained from Nanjing Jiancheng
Bioengineering Institute (Jiangsu, China) according to the supplier’s protocols. The oxidative stress was
also examined by the measurement of MDA level and SOD, GSH-Px and CAT activities using commercial
kits obtained from Nanjing Jiancheng Bioengineering Institute (Jiangsu, China).

Measurement of lipids parameters in plasma and liver

Plasma TG, TC, LDL-C, HDL-C, and hepatic levels of triglycerides (TG), cholesterol (TC), were measured,
respectively, using commercial kits obtained from Nanjing Jiancheng Bioengineering Institute (Jiangsu,
China) according to the supplier’s instructions.

RNA isolation and real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted from liver tissues using a commercial reagent (Invitrogen, CA, USA) according to
the manufacture’s protocol. The cDNA synthesis was performed by reverse transcription of 1µg total RNA
using Frist Strand cDNA Synthesis Kit (Thermo, USA). RT-PCR ampli�cation was carried out with an SYBR
Green qPCR Master Mix kit (Thermo, USA) according to the manufacturer’s protocol. The qPCR was
carried out in duplicate, the condition of RT-PCR ampli�cation reaction as follows: 45 cycles of 95°C for
10 s, 60°C for 30 s and 72°C for 30 s with the primer sequences (Table 1). The expression of target gene
transcripts was related to the reference gene (GAPDH). Results were expressed as folds of control.

The data statistical analysis

All experimental results were reported as the means ± SD. The differences between groups were
estimated using one-way ANOVA followed by the Tukey’s multiple comparison test for post-hoc analysis
using GraphPad Prism software (GraphPad software, Inc., La Jolla, USA); P < 0.05 was usually
considered as statistically signi�cant.

Results
Component analysis of PUFA in the walnut oil

The PUFA in walnut oil was quantitated by HPLC-UV and qualitative estimation of walnut oil indicated the
presence of PUFA about 90.64%. As showed in Table 2, the major fatty acids were linoleic acid (62.47%),
followed by oleic acid (15.36%) and linolenic acid (12.81%).
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PUFA improved gestational diabetes mellitus symptoms in pregnant rats

As shown in Figure 1A, the maternal body weight in GDM group was decreased compared with that in PC
group on GD 9 and GD 18 (P < 0.01). The maternal body weight was increased in HPUFA group compared
with GMD group (P < 0.05). As shown in Figure 1B, blood glucose level in PC group remained stable on
GD 0, GD 9, and GD 18, and the level of blood glucose in GDM group was increased compared with the
PC group on GD 9 and GD 18 (P < 0.01). However, the blood glucose level was decreased in HPUFA group
compared with GMD group (P < 0.05 and P < 0.01). Similar is shown in Figure 1C, the level of insulin in
GDM group was lower than the PC group on GD 9 and GD 18 (P < 0.01), which could be partly imporved
by HPUFA treatment (P < 0.01). STZ-induced GDM rats exhibited a obvious increase in HOMA-IR when
compared to the PC group. However, treatment of HPUFA reduced HOMA-IR index (Figure 1D).

PUFA improved glucose and insulin tolerance in pregnant rats with diabetes

The blood glucose levels in all groups were increased after orally administration of glucose. Besides, the
levels of blood glucose in the GDM group were always higher than that in the PC group throughout the
test (30, 60, 90, and 120 min). However, treatment of HPUFA reduced the glucose level in GDM group
(Figure 2A). Correspondingly, as shown in Figure 2B, we also observed that PUFA treatment improved
glucose tolerance in GDM group measured by glucose area under the curve (AUC) of OGTT (P < 0.01).
The blood glucose levels in all groups were decreased after injection of insulin. Besides, the levels of
blood glucose in the GDM group were always higher than that in the PC group throughout the test (30, 60,
90, and 120 min). However, treatment of HPUFA reduced the glucose level in GDM group (Figure 2C).
Correspondingly, as shown in Figure 2D, we also observed that PUFA treatment improved insulin
tolerance in GDM group measured by AUC of IPTT (P < 0.01). Therefore, our �ndings indicated that
treatment of PUFA improved glucose and insulin tolerance in pregnant rats with diabetes.

Effect of PUFA on the levels of Hb, HbA1c, and liver glycogen in pregnant rats with diabetes

As shown in Figure 3, on GD 18, Hb level and hepatic glycogen content of GDM decreased while HbA1c
level of GDM group increased in comparison with the PC group (P < 0.01). However, the administration of
MPUFA and HPUFA to pregnant diabetic rats inhibited the decline of Hb, and hepatic glycogen content
and increase of HbA1c level in GDM rats (P < 0.05, P < 0.01).

PUFA intervention ameliorates fetal growth restriction and reduces the incidence of embryo lethality under
gestational diabetes mellitus condition

As showed in Figure 4, compared with the PC group, GDM fetuses suffered an obvious decrease in fetal
body weight and increase in the placental weight. However, these characteristics mostly ameliorated by
the administration of HPUFA to pregnant diabetic rats (P < 0.05). As shown in Table 3, although the
incidence of embryo lethality was greater in the GDM group compared with the PC group (P < 0.01), PUFA
administration of diabetic rats reduced the incidence of dead fetuses (P < 0.05, P < 0.01).

PUFA intervention ameliorates hepatic oxidative stress under gestational diabetes condition
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As shown in Figure 5, hepatic SOD, GSH-Px, and CAT activities were signi�cantly decreased while MDA
content was increased in the GDM group compared to the PC group (P < 0.01). However, oxidative stress
ameliorated by the administration of MPUFA or HPUFA to pregnant diabetic rats (P < 0.05, P < 0.01).

PUFA intervention ameliorates lipids metabolism disorder under gestational diabetes condition

As shown in Figure 6A-D, plasma levels of TC, TG, and LDL-C were signi�cantly increased while HDL-C
was declined in the GDM group compared to the PC group (P < 0.01). However, the disorder of lipid
metabolism was ameliorated by the administration of MPUFA and HPUFA to pregnant diabetic rats (P <
0.05, P < 0.01). Besides, the hepatic levels of TC and TG were consistent with the trends in plasma (Figure
6E-F).

PUFA intervention suppresses SREBP-1 and its target gene expression under gestational diabetes
condition

As shown in Figure 7, mRNA expression of SREBP-1, SCD-1, ACC and FAS were increased in gestational
diabetes rats, compared with those of normal pregnant rats (P < 0.01). However, the administration of
MPUFA or HPUFA suppressed the increase of SREBP-1, SCD-1, ACC and FAS mRNA expression in
gestational diabetes rats of liver tissue (P < 0.05, P < 0.01).

Discussion
The use of traditional medicine and food derived from medical plants is increasing in the management of
multifarious diabetes-associated complications, largely because of the general notion that traditional
medicine and food are less adverse effects compared with synthetic drugs [19]. Recent studies have
indicated that a walnut oil-rich diet improved type 2 diabetes [13]. However, its protective effects in STZ-
induced diabetes rats during pregnancy have not been investigated so far. In the present study, the typical
symptoms of diabetes were induced by the administration of STZ to pregnant rats, such as
hyperglycemia and fetal growth restriction, which was consistent with previous studies [17, 20]. What is
more, our results indicated that PUFA attenuated gestational diabetes in STZ-induced diabetes rats, as
re�ected by the decline of fasting blood glucose and the increase of plasma insulin level and hepatic
glycogen content. This result was consistent with the previous study of the hypoglycemic effects of �ax
and sesame seed mixture in diabetic pregnant rats [21].

Previous literature has indicated that experimental induction of gestational diabetes was associated with
obvious increases in the incidence of embryo lethality [22, 23]. In the present study, the PUFA
administration afforded obvious protection against STZ-induced embryo lethality under gestation
diabetic conditions. As far as we know, for the �rst time, our study investigated the protective effect of
PUFA against STZ-induced embryopathy in pregnant rats. Besides, the obvious decline in fetal weight
was observed following the STZ-induced GDM. The previous study has reported similar results in STZ-
induced GDM, and more importantly, the improvement effects were achieved by the antioxidant Ipomoea
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Aquatica (whole leaf powder) supplementation [17]. This result indicated that the e�cacy of antioxidants
in ameliorating diabetic embryopathy.

Oxidative stress plays a vital role in the complications of GDM [7]. In the present study, the increased
levels of hepatic oxidative stress markers in diabetic rats were in agreement with a previous study [21].
Consistent to previous report [24], our results indicated that PUFA administration counteracted STZ-
induced oxidative stress in maternal liver tissue, clearly implying its antioxidative effect in vivo.

It has been reported that abnormal alterations of lipid metabolism were associated with the development
of GDM and oxidative stress [25, 26]. And PUFA possessed lipid-lowering activities under different
pathological conditions [27, 28]. Consistent with several previous studies [20, 21], our results also showed
that GDM induced abnormal changes in lipid metabolism both in plasma and in the liver. These results
were connected with an increase in hepatic cholesterol and triglyceride levels, possibly due to increased
secretion and synthesis of lipoprotein. In the present study, we observed walnut oil-derived PUFA
ameliorated the abnormal changes of lipid metabolism in pregnant rats, as evidenced by the increase of
HDL level and the decrease of TG, TC and LDL levels. These �ndings suggested that PUFA intervention
ameliorates lipids metabolism disorder under gestational diabetes condition.

To further investigate the underlying mechanism of PUFA lipid-lowering effect in GDM rats. The gene
expressions involved in the fatty acid metabolism in hepatic tissue were examined. SREBP-1 was a
nuclear transcription factor played an important role in the regulation of cholesterol, triglyceride, and fatty
acids biosynthesis by managing its target genes participated in fatty acid synthesis, including SDC-1,
ACC and FAS [29]. Besides, abnormal mRNA expression of SREBP-1 was in connection with the
pathogenesis of diabetes [30]. In the present study, we found that PUFA declined SREBP-1, SCD-1, ACC,
and FAS mRNA expression in STZ-induced GDM rats. This is attributed to the unsaturated long-chain
omega-3 FA and omega-6 could suppress hepatic lipogenesis and promote hepatic fatty acids oxidation,
which could improve hepatic insulin sensitivity [31]. Thus, our results showed that PUFA could affect anti-
oxidant enzymes activities, and lipid metabolism gene expression that contributes to its bene�cial effects
on glucose metabolism. The graphic abstract of PUFA prevented hyperlipidemia and oxidant status in
pregnant rats with diabetes is showing in Figure 8.

Although our �ndings indicated that the bene�cial effects of PUFA on GDM, however, there are several
limitations that need to be addressed in future investigation. Firstly, the related clinical trial of PUFA
safety is limited and although there is no serious side effect of PUFA obserived in pregnant rats model.
More safety experiments should be performed in future study. Secondly, only streptozotocin (STZ)-
induced GDM rats was used to study GDM. It would be necessary to investigate the bene�cial effects of
PUFA using other GDM models, such as high-fat diet model and C57BLKsJdb/+ mice model. Thirdly, the
PUFA is mixture, whether monomers of unsaturated fatty acids have the same hypoglycemic effect
remains to be further studied.

Conclusion
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Our results clearly stated that walnut oil-derived PUFA as a therapeutic agent to prevent GDM in pregnant
rats. Walnut oil-derived PUFA administration improves the disorders of glucose and lipid metabolism,
oxidative stress, and ameliorates insulin resistance in GDM rats, as well as decreased embryo lethality
and improved reproductive outcome. Although these �ndings implied that PUFA has potential become a
therapeutic agent for the prevention and treatment of GDM. However, this is a hypothesis-generating
study. More animal experiment studies and clearing of the limitations are required before human studies
begin.

Declarations
Authors’ contributions

BMS and HY were responsible for performing the experiments, collecting data, and preparing the
manuscript draft; CL, LLY, and FL were responsible for analyzing the data and editing the manuscript; LXZ
and XQH was responsible for conceiving the research goals, writing, and editing the manuscript. All
authors read and approved the �nal manuscript.

Availability of data and materials

The datasets used and/or analyzed during the current study are available from the corresponding author
on reasonable request.

Ethics approval and consent to participate

All the animal experiments in this study were by the ethics guidelines of institutional animal care and use
committee (IACUC) and were approved by IACUC of the Central hospital of Linyi.

Consent for publication

Not applicable.

Competing interests

The authors declare no con�ict of interest.

Funding

Not applicable.

Author Details

Department of Gynaecology and Obstetrics, Central hospital of Linyi, Shandong, 276400, China.

Acknowledgements



Page 10/19

Not applicable.

Abbreviations
polyunsaturated fatty acid (PUFA); gestational diabetes mellitus (GDM); gestational day (GD);
malondialdehyde (MDA); superoxide dismutase (SOD); catalase (CAT); gutathione peroxidase (GSH-Px);
sterol regulatory element-binding transcription factor-1 (SREBP-1); stearoyl-CoA desaturase-1 (SCD-1);
fatty acid synthase (FAS); and acetyl coenzyme A carboxylase (ACC); triglycerides (TG); total cholesterol
(TC); low density lipoprotein cholesterol (LDL-C); high density lipoprotein cholesterol (HDL-C).

References
1. Mulla W, Henry T, Homko C. Gestational diabetes screening after HAPO: has anything changed? Curr

Diab Rep. 2010; 10(3):224-228.

2. Diagnosis and Classi�cation of Diabetes Mellitus. Diabetes Care. 2014; 37(Supplement 1):S81-S90.

3. Damm P, Houshmand-Oeregaard A, Kelstrup L, Lauenborg J, Mathiesen ER, Clausen TD. Gestational
diabetes mellitus and long-term consequences for mother and offspring: a view from Denmark.
Diabetologia. 2016; 59(7):1396-1399.

4. Pereira T, Moyce B, Kereliuk S, Dolinsky V. In�uence of maternal overnutrition and gestational
diabetes on the programming of metabolic health outcomes in the offspring: experimental evidence.
Biochem Cell Biol. 2015; 93(5):438-451.

5. Ávila J, Echeverri I, de Plata C, Castillo A. Impact of oxidative stress during pregnancy on fetal
epigenetic patterns and early origin of vascular diseases. Nutr Rev. 2015; 73(1):12-21.

�. Bloch-Damti A, Bashan N. Proposed mechanisms for the induction of insulin resistance by oxidative
stress. Antioxid Redox Signal. 2005; 7(11-12):1553-1567.

7. Maged AM, Torky H, Fouad MA, GadAllah SH, Waked NM, Gayed AS, Salem AK. Role of antioxidants
in gestational diabetes mellitus and relation to fetal outcome: a randomized controlled trial. The
Journal of Maternal-Fetal & Neonatal Medicine. 2016; 29(24):4049-4054.

�. Oueslati N, Charradi K, Bedhia� T, Limam F, Aouani E. Protective effect of grape seed and skin extract
against diabetes-induced oxidative stress and renal dysfunction in virgin and pregnant rat.
Biomedicine & Pharmacotherapy. 2016; 83:584-592.

9. Makni M, Fetoui H, Gargouri NK, Garoui el M, Zeghal N. Antidiabetic effect of �ax and pumpkin seed
mixture powder: effect on hyperlipidemia and antioxidant status in alloxan diabetic rats. J Diabetes
Complications. 2011; 25(5):339-345.

10. Nguyen-Ngo C, Willcox JC, Lappas M. Anti-Diabetic, Anti-In�ammatory, and Anti-Oxidant Effects of
Naringenin in an In Vitro Human Model and an In Vivo Murine Model of Gestational Diabetes
Mellitus. Mol Nutr Food Res. 2019; 63(19):e1900224.

11. Sha H, Zeng H, Zhao J, Jin H. Mangiferin ameliorates gestational diabetes mellitus-induced placental
oxidative stress, in�ammation and endoplasmic reticulum stress and improves fetal outcomes in



Page 11/19

mice. Eur J Pharmacol. 2019; 859:172522.

12. Panth N, Paudel KR, Karki R. Phytochemical pro�le and biological activity of Juglans regia. Journal
of Integrative Medicine. 2016; 14(5):359-373.

13. Zibaeenezhad MJ, Farhadi P, Attar A, Mosleh A, Amirmoezi F, Azimi A. Effects of walnut oil on lipid
pro�les in hyperlipidemic type 2 diabetic patients: a randomized, double-blind, placebo-controlled
trial. Nutrition &Amp; Diabetes. 2017; 7:e259.

14. Zibaeenezhad M, Aghasadeghi K, Hakimi H, Yarmohammadi H, Nikaein F. The Effect of Walnut Oil
Consumption on Blood Sugar in Patients With Diabetes Mellitus Type 2. Int J Endocrinol Metab.
2016; 14(3):e34889.

15. Gharibzahedi SMT, Mousavi SM, Hamedi M, Rezaei K, Khodaiyan F. Evaluation of physicochemical
properties and antioxidant activities of Persian walnut oil obtained by several extraction methods.
Industrial Crops and Products. 2013; 45:133-140.

1�. Obert JC, Hughes D, Sorenson WR, McCann M, Ridley WP. A Quantitative Method for the
Determination of Cyclopropenoid Fatty Acids in Cottonseed, Cottonseed Meal, and Cottonseed Oil
(Gossypium hirsutum) by High-Performance Liquid Chromatography. Journal of Agricultural and
Food Chemistry. 2007; 55(6):2062-2067.

17. SHIVANANJAPPA MM, MURALIDHARA. Dietary supplementation with Ipomoea aquatica (whole leaf
powder) attenuates maternal and fetal oxidative stress in streptozotocin-diabetic rats. Journal of
Diabetes. 2013; 5(1):25-33.

1�. Soussi A, Gargouri M, El Feki A. Potential immunomodulatory and antioxidant effects of walnut
Juglans regia vegetable oil against lead-mediated hepatic damage and their interaction with lipase
activity in rats. Environmental Toxicology. 2018; 33(12):1261-1271.

19. Wang E, Wylie-Rosett J. Review of Selected Chinese Herbal Medicines in the Treatment of Type 2
Diabetes. The Diabetes Educator. 2008; 34(4):645-654.

20. Huang L, Yue P, Wu X, Yu T, Wang Y, Zhou J, Kong D, Chen K. Combined intervention of swimming
plus metformin ameliorates the insulin resistance and impaired lipid metabolism in murine
gestational diabetes mellitus. PLoS ONE. 2018; 13(4):e0195609.

21. Makni M, Se� M, Garoui EM, Fetoui H, Boudawara T, Zeghal N. Dietary polyunsaturated fatty acid
prevents hyperlipidemia and hepatic oxidant status in pregnant diabetic rats and their macrosomic
offspring. Journal of Diabetes and its Complications. 2011; 25(4):267-274.

22. Shivananjappa MM, Muralidhara. Taurine attenuates maternal and embryonic oxidative stress in a
streptozotocin-diabetic rat model. Reproductive BioMedicine Online. 2012; 24(5):558-566.

23. Shivananjappa MM, Muralidhara. Abrogation of maternal and fetal oxidative stress in the
streptozotocin-induced diabetic rat by dietary supplements of Tinospora cordifolia. Nutrition. 2012;
28(5):581-587.

24. Zhao H, Li J, Zhao J, Chen Y, Ren C, Chen Y. Antioxidant effects of compound walnut oil capsule in
mice aging model induced by D-galactose. Food Nutr Res. 2018; 62.



Page 12/19

25. Jin W-Y, Lin S-L, Hou R-L, Chen X-Y, Han T, Jin Y, Tang L, Zhu Z-W, Zhao Z-Y. Associations between
maternal lipid pro�le and pregnancy complications and perinatal outcomes: a population-based
study from China. BMC Pregnancy and Childbirth. 2016; 16(1):60.

2�. Siewert S, Gonzalez II, Lucero RO, Ojeda MS. Association of cholesteryl ester transfer protein
genotypes with paraoxonase-1 activity, lipid pro�le and oxidative stress in type 2 diabetes mellitus: A
study in San Luis, Argentina. Journal of Diabetes Investigation. 2015; 6(1):67-77.

27. Vikøren LA, Drotningsvik A, Bergseth MT, Mjøs SA, Austgulen MH, Mellgren G, Gudbrandsen OA.
Intake of Baked Cod Fillet Resulted in Lower Serum Cholesterol and Higher Long Chain n-3 PUFA
Concentrations in Serum and Tissues in Hypercholesterolemic Obese Zucker fa/fa Rats. Nutrients.
2018; 10(7):840.

2�. Shen T, Xing G, Zhu J, Zhang S, Cai Y, Li D, Xu G, Xing E, Rao J, Shi R. Effects of 12-week
supplementation of marine Omega-3 PUFA-based formulation Omega3Q10 in older adults with
prehypertension and/or elevated blood cholesterol. Lipids in Health and Disease. 2017; 16(1):253.

29. Li J, Ding L, Song B, Xiao X, Qi M, Yang Q, Yang Q, Tang X, Wang Z, Yang L. Emodin improves lipid
and glucose metabolism in high fat diet-induced obese mice through regulating SREBP pathway. Eur
J Pharmacol. 2016; 770:99-109.

30. Taskinen M-R. Diabetic dyslipidaemia: from basic research to clinical practice*. Diabetologia. 2003;
46(6):733-749.

31. Clarke SD. The multi-dimensional regulation of gene expression by fatty acids: polyunsaturated fats
as nutrient sensors. Curr Opin Lipidol. 2004; 15(1):13-18.

Tables

Table 1. Sequences of primers used quantitative real-time PCR.

Gene Forward primer Reverse primer

SCD-1 5’- TGCTGATCCCCACAATTCCC-

3’

5’- CTTTGACGGCTGGGTGTTTG-3’

SREBP-

1C

5’-CCCTGCGAAGTGCTCACAA-3’ 5’-GCGTTTCTACCACTTCAGGTTTCA-

3’

ACC 5’-ACACTGGCTGGCTGGACAG-3’ 5’-CACACAACTCCCAACATGGTG-3’

FAS 5’-GGCCACCTCAGTCCTGTTAT-3’ 5’-AGGGTCCAGCTGAGGGTACA-3’

GAPDH 5’-GAACGGGAAGCTCACTGGC-3’ 5’-GCATGTCAGATCCACAACGG-3’

 
Table 2. Composition of PUFA in the walnut oil.



Page 13/19

Component Percentage of total fatty acids (%)
Oleic acid (C18:1n9c) 15.36 ± 0.76

Linolenic acid (C18:3n3) 12.81 ± 0.56
Linoleic acid (C18:2n6c) 62.47 ± 1.06

 
 
Table 3. Effect of PUFA on the total number of fetuses, the number of live and dead fetuses,
and the percentage of dead fetuses in pregnant rats.

Group Total  Live  Dead % Dead fetuses
PC 104 101 3 2.88 

GDM 78 48 30 38.46# 
LPUFA 82 54 28 34.15 
MPUFA 86 62 24 27.91* 
HPUFA 91 72 19 20.88** 

The data are expressed as the mean ±  SD (n = 8/group). PC, pregnant control; GDM,
gestational diabetes model group. #, P < 0.01 (vs. the PC group); *, P < 0.05 (vs. the GDM
group); **, P < 0.01 (vs. the GDM group).
 

Figures
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Figure 1

Walnut oil-derived PUFA alleviates gestational diabetes symptoms in GDM rats. Maternal body weight (A),
blood glucose levels (B) and insulin levels (C) were measured on gestation day (GD) 0, 9, and 18 in
different groups. Homeostatic model assessment of insulin resistant (HOMA-IR) indexes in different
groups (D). Data are expressed as the mean ± SD (n =8/group). #P < 0.01 (vs the PC group), **P < 0.01
(vs the GDM group), *P < 0.05 (vs the GDM group).

Figure 2

Walnut oil-derived PUFA effectively improves glucose and insulin tolerance in pregnant rats with diabetes.
Oral glucose tolerance test (OGTT) and intraperitoneal insulin tolerance test (IPTT) were carried out on
gestation day (GD) 17. Effect of PUFA on glucose tolerance (A and B) and insulin tolerance (C and D) on
GD 17 in pregnant rats with diabetes. Data are expressed as the mean ± SD (n =8/group). #P < 0.01 (vs
the PC group), **P < 0.01 (vs the GDM group), *P < 0.05 (vs the GDM group).
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Figure 3

Effect of walnut oil-derived PUFA on the levels of Hb (A), HbA1c (B), and liver glycogen (C) in pregnant
rats with diabetes. Data are expressed as the mean ± SD (n =8/group). #P < 0.01 (vs the PC group), **P <
0.01 (vs the GDM group), *P < 0.05 (vs the GDM group).

Figure 4

Walnut oil-derived PUFA effectively improves the fetal growth restriction caused by GDM. Fetal body
weights (A) and placental weights (B) were recorded in pregnant rats. Data are expressed as the mean ±
SD (n =8/group). #P < 0.01 (vs the PC group), *P < 0.05 (vs the GDM group).
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Figure 5

Walnut oil-derived PUFA alleviates oxidative stress in GDM. Hepatic SOD (A), hepatic GSH-Px (B), hepatic
CAT (C), hepatic MDA (D) were measured in GD 18. Data are expressed as the mean ± SD (n =8/group).
#P < 0.01 (vs the PC group), **P < 0.01 (vs the GDM group), *P < 0.05 (vs the GDM group).
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Figure 6

Walnut oil-derived PUFA alleviates lipid metabolism in GDM. Plasma TC levels (A), plasma TG levels (B),
plasma LDL-C levels (C), plasma HDL-C levels (D), hepatic TC levels (E) and hepatic TG levels (F) were
measured in GD 18. Data are expressed as the mean ± SD (n =8/group). #P < 0.01 (vs the PC group), **P
< 0.01 (vs the GDM group), *P < 0.05 (vs the GDM group).
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Figure 7

Effect of walnut oil-derived PUFA on the mRNA expression of SREBP-1 and its target genes in pregnant
rats. The mRNA expression of SREBP-1 (A), SCD-1 (B), ACC (C) and FAS (D) were examined. Data are
expressed as the mean ± SD (n =8/group). #P < 0.01 (vs the PC group), **P < 0.01 (vs the GDM group), *P
< 0.05 (vs the GDM group).
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Figure 8

The graphic abstract of the present study. Abbreviations: polyunsaturated fatty acid (PUFA); gestational
diabetes mellitus (GDM); gestational day (GD); malondialdehyde (MDA); superoxide dismutase (SOD);
catalase (CAT); gutathione peroxidase (GSH-Px); sterol regulatory element-binding transcription factor-1
(SREBP-1); stearoyl-CoA desaturase-1 (SCD-1); streptozotocin (STZ); fatty acid synthase (FAS); and acetyl
coenzyme A carboxylase (ACC).


