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Abstract

With the increase in populations with suboptimal health and chronic diseases, consumer demands for health 
foods, especially food products with health functions. The flaxseed was a complex mixture mainly consisting of 
flaxseed oil, flaxseed protein, dietary fibre (including cellulose and flaxseed gum), carbohydrates and secoisolari-
ciresinol diglucoside (SDG). To investigate the effects of expanded flaxseed meal (EFM) intervention on the hypo-
glycaemic and lipid-lowering functions of rats on a high-fat, high-sugar (HFHS) diet, EFM was fed to six groups  
(z = 8) of Sprague–Dawley (SD) rats: normal control, HFHS model, positive treatment control, and low-, medium-, 
and high-dose EFM (5%, 10% and 20% mass fraction EFM, respectively) groups. The results (8 weeks later) were 
as follows: (1) medium- and high-dose EFM achieved similar inhibitive effects on blood glucose levels compared 
with positive treatment (5.94±0.32 mmol/L); (2) all EFM doses significantly reduced total cholesterol, triglyceride 
and low-density lipoprotein cholesterol levels in the blood plasma of SD rats and (3) EFM significantly increased 
glutathione peroxidase, superoxide dismutase and catalase activities, increased glutathione levels, and reduced 
the malondialdehyde content in the plasma of SD rats (P < 0.05). Therefore, EFM mitigated the adverse effects 
produced by HFHS diet on physiological functions, effectively regulated blood glucose and lipid metabolism, en-
hanced plasma antioxidant capacity and alleviated oxidative stress in SD rats with a certain dose–effect relation-
ship among the EFM dose groups. Hepatic histological morphologies indicated that EFM also improved the size 
and density of lipid droplets in the liver of the rats and inhibited the onset of fatty liver. These results suggest that 
EFM is a potentially useful raw material in the development of blood glucose and lipid-lowering food products.

Keywords: expanded flaxseed meal, SD rats, hypoglycaemic activity, hypolipidemic activity, oxidative stress, hepatic 
histological morphology
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1. Introduction

Noteworthily, an increasing amount of attention has 
been diverted to the utilisation of ‘medicine-food ho-
mology’ foods (medicine-food homology refers to 
the concept that foods are drugs and there is no ab-
solute demarcation between them) (Chu et al., 2016; 
Song and Jiang, 2017). Flaxseed mainly consists of 
fat, protein and dietary fibre, but also contains other 

components, such as carbohydrates, flaxseed gum 
and flax lignans (Bekhit et al., 2018). According to the 
health-based guidance values (HBGVs) for cyanides 
established by the Joint FAO/WHO Expert Commit-
tee on Food Additives (JECFA), the risk of cyanides 
originating from cooked flaxseed to human health is 
extremely low (Cressey and Reeve, 2019). Processing 
methods, such as heating, microwaving and cooking, 
can reduce cyanogenic glycoside contents in flaxseed 
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and its products, and enhance the safety of flaxseed 
(Cao et al., 2016; Yang et al., 2008; Zhao et al., 2019). 
In certain regions of China, such as Gansu, Inner Mon-
golia and Ningxia, flaxseed (meal) is used as an ingre-
dient in processed flour products or as a condiment for 
dipping after grinding and flavouring with salt (Edro-
solam and Shand, 2014; Ganorkar et al., 2016). 

Studies and clinical trials have proven that flaxseed 
has several beneficial effects, including cholesterol 
 reduction, lowering of cardiac load and promotion of 
cellular health and brain development (Chirino-Galindo 
et al., 2017; Han et al., 2015; Liu and Ma, 2014). Han et 
al. (2018) demonstrated that the partial replacement of 
lard with flaxseed oil significantly improved atheroscle-
rosis, dyslipidaemia, oxidative stress and inflammation 
in mice, indicating that flaxseed oil plays an important 
role in the improvement of cardiovascular health and is 
a promising functional food. Wang et al. (2015) showed 
that secoisolariciresinol diglucoside (SDG), a lignan 
abundant in flaxseed, could reduce the fasting blood 
glucose, insulin and free fatty acid levels in mice on a 
high-fat diet by feeding obese mice with SDG solutions 
of different concentrations. In addition, it was deduced 
that SDG may increase the ability of diet-induced obese 
mice to control blood glucose levels within a certain 
range by enhancing insulin signal transduction and sen-
sitivity. Luo et al. (2018) investigated the blood glucose 
control and anti-obesity effects of flaxseed gum and its 
influence on gut microbiota by feeding mice with dif-
ferent doses of flaxseed gum, measuring biochemical 
indicators, such as body fat content and short-chain 
fatty acid content, and analysing metagenome of the gut 
microbiota. Their results indicated that a flaxseed gum 
diet provided multiple beneficial effects, including the 
reduction of body weight, lowering of body fat content 
and total triglycerides, and reconstitution of the cecal 
microbiota of rats.

Under the influence of traditional eating habits and 
cultures, cooked flaxseed with highly concentrated fra-
grances is more favoured by consumers (Alberdicedeño 
et al., 2017). Notably, the pre-treatment processes cur-
rently used in the production of cooked flaxseed lead to 
a number of disadvantages, including the loss of micro-
nutrient components, food safety risk indices that exceed 
the limitation standards and poor fragrances. Steam 
explosion technology is a physicochemical pre-treatment 
method that transforms thermal energy into mechan-
ical energy and achieves the separation and structural 
changes of macromolecule substances in components 
through instantaneous pressure release and expansion 
under a high temperature and pressure environment 
(Li et al., 2019; Shi et al., 2019; Zhang et al., 2019). To 
date, studies of steam explosion technology to pre-treat 

fresh flaxseed and its effect on the nutritional and vol-
atile components of flaxseed oil are researched in our 
laboratory. Compared with traditional high-temperature 
roasting and popular microwave pre-treatment tech-
niques, steam explosion-pre-treated flaxseed shows such 
many unique advantages as high-quality concentrated 
fragrance characteristics, better taste and so on (dates 
are not shown). However, studies on the influence of the 
addition of expanded flaxseed meal (EFM) to the diet on 
body functions have rarely been reported. Therefore, in 
this study, EFM was fed to rats on a high-fat, high-sugar 
(HFHS) diet, and the physiological and biochemical indi-
cators of the rats were measured. The influence of EFM 
on the blood glucose and lipid levels, and hepatic histo-
logical morphologies of the experimental animals, was 
evaluated, so as to determine if EFM possesses regulatory 
effects on certain aspects of suboptimal health and pro-
vide supporting fundamental data for the use of EFM in 
the development of medicine-food homology products.

2. Materials and methods

Experimental materials

All experimental protocols were approved by the Eth-
ical Committee of the Faculty of Veterinary Medicine, 
Huazhong Agricultural University (permit number: 
SYXK-ER-2013-0044). The study was performed in strict 
accordance with the recommendations of the Guide for 
the Care and Use of Laboratory Animals in China. A 
total of 48 specific pathogen-free grade male Sprague–
Dawley (SD) rats weighing 180–220 g were purchased 
from the Hubei Provincial Center of Disease Control and 
Prevention (Wuhan, China) and maintained in an iso-
lated specific pathogen free (SPF) room with a constantly 
regulated temperature (22±2 °C) under a 12:12-h light/
dark cycle. Yellow flaxseed with a large seed size was 
purchased from Jinchang City, Gansu Province, China; 
lard was prepared in our laboratory; AIN-93M feed (all 
percentages by weight: 62% corn starch, 14% casein, 10% 
cane sugar, 5% cellulose, 4% soybean oil, 3.5% multiple 
salts, 1% multiple vitamins, 0.3% DL-methionine, 0.2% 
choline chloride) was purchased from Medisciences 
Ltd. (Jiangsu, China); white sugar was purchased from 
Shanghai Sugar, Cigarette & Wine (Group) Co., Ltd. 
(Shanghai, China); acarbose tablets were purchased from 
Bayer Health Care LLC. (Beijing, China); low-density li-
poprotein cholesterol (LDL-C), high-density lipoprotein 
cholesterol (HDL-C), total triglyceride (TG), total choles-
terol (TC) and glycated haemoglobin (HbA1c) assay kits 
were purchased from Beijing Leadman Biochemistry Co., 
Ltd. (China); hepatic glycogen assay kits were purchased 
from Nanjing Jiancheng Bioengineering Institute (Nan-
jing, China); and blood glucose test strips were purchased 
from Roche Pharmaceuticals.
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Experimental methods

EFM preparation

EFM was obtained after subjecting flaxseed to steam 
explosion pre-treatment and grinding which were, 
respectively, carried out on an XSS-QPD multifunc-
tional air expander (KINHE Food Machinery Co., Ltd., 
Wuhan, China) and FW80 high-speed grinder (Taisite 
Instrument Co., Ltd., Tianjin, China). An appropriate 
amount of fresh flaxseed was weighed, and water was 
added for tempering to maintain the moisture content 
at ~8%. After moisture equilibration had been achieved, 
the flaxseed was placed in the chamber of an airflow 
puffing machine equipped with a thermostat. When the 
temperature had stabilised (~220 °C) and the set pres-
sure (1.2 MPa) had been attained within the chamber, 
the system was explosively depressurised to normal 
pressure within an extremely short period of time (Li 
et al., 2019). Subsequently, the pre-treated flaxseed was 
ground in a mill and sieved through a 60-mesh screen. A 
sample of the EFM was removed for component testing, 
and the remaining EFM was sealed and stored at 4 °C 
before further use.

Grouping and processing of experimental animals

Six groups were established, based on the diets indicated 
in parentheses (all percentages by weight): (1) normal 
control (AIN-93M feed); (2) HFHS model (65.5% AIN-
93M feed, 12% lard, 20% white sugar, 2% cholesterol, 0.5% 
sodium cholate); (3) low-dose EFM (95% HFHS feed, 
5% EFM); (4) medium-dose EFM (90% HFHS feed, 10% 
EFM); (5) high-dose EFM (80% HFHS feed, 20% EFM) 
and (6) Positive control (0.15 g acarbose tablet per kg of 
feed) groups.

After acclimatisation with normal feed for 3 days, the 
SD rats were randomised into the six groups stated 
above (eight rats per group), and subjected to exper-
imental feeding. Food intake was recorded daily and 
the rats were weighed twice weekly. After 8 weeks of 
experimental feeding, the rats were fasted overnight 
with normal access to water for 12 h and subsequently 
anaesthetised with 3% phenobarbital. Blood samples 
were withdrawn by orbital puncture, set aside for 1 h 
in Eppendorf tubes, and centrifuged for 10 min at 4000 
r/min for separation of the serum. After blood sample 
collection, the liver, kidney and spleen were removed 
from each rat, washed with chilled saline, patted dry 
with filter paper and weighed using an electronic bal-
ance to determine the wet weights of the organs. The 
separated serum and organs were stored at -80 °C prior 
to further testing.

Measurement and calculation of physicochemical 
indicators and the physiological and biochemical 
indicators of experimental animals

Main components of EFM

The moisture, ash, protein, fat, dietary fibre and cyanide 
contents of EFM were measured in accordance with the 
Chinese standards, GB 5009.3-2016, GB 5009.4-2016, GB 
5009.5-2016, GB 5009.6-2016, GB 5009.88-2014 and GB 
5009.36-2016, respectively. SDG content was measured in 
accordance with the method reported by Zang et al. (2017).

Rate of body weight gain

=
−

×Y
X X
X

100%2 1

1
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where Y is the rate of body weight gain of an SD rat, and 
X

1
 and X

2
 are the initial and final body weights (g).

Organ coefficients

= ×Y
X
X

100%i

2

 (2)

where Y is the organ coefficient of an SD rat, Xi is the wet 
weight of its organ, i, (g), and X

2
 is its final body weight (g).

Blood glucose and blood lipid levels

Fasting blood glucose levels were measured using a blood 
glucose meter and blood glucose test strips blood glucose 
meter (Roche Pharmaceutical Co., Ltd., Shanghai, China).

HbA1c level, serum TC, TG, LDL-C, and HDL-C con-
centrations, the hepatic glycogen concentration in liver 
tissue and glutathione peroxidase (GSH-Px), superoxide 
dismutase (SOD), catalase (CAT), glutathione (GSH) and 
malondialdehyde (MDA) were measured in accordance 
with the instructions of the corresponding assay kits by 
using the automated HITACHI 3100 biochemical analy-
ser (Ogino Biotechnology Co., Ltd., Shanghai, China) and 
enSpire plate reader (PerkinElmer, USA).

Atherosclerosis-related indicators

= −AI TC HDLC
HDLC

 (3)

=AAI HDLC
TC

 (4)
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Table 1. Main components of expanded flaxseed meal.

Group Moisture
(%)

Total ash
(%)

Dietary fibre
 (%)

Fat 
(%)

Protein
(%)

SDG
(mg/g)

Cyanogenic 
glycosides

 (mg/kg)

EFM 1.9±0.0 2.9±0.1 29.4±0.2 40.7±0.6 23.1±0.5 32.8±0.3 Undetectable 

EFM, expanded flaxseed meal; SDG, secoisolariciresinol diglucoside.

Table 2. Body weight gain and organ coefficients of Sprague-Dawley rats.

Group No. of 
deaths

Body weight  
gain (g)

Rate of body 
weight gain (%)

Liver  
coefficient (%)

Kidney  
coefficient (%)

Spleen  
coefficient (%)

Normal control 0 295.8±12.58a 137.53±5.50a 3.39±0.27c 0.55±0.10a 0.16±0.05a

HFHS model 0 228.0±11.52b 102.93±5.20b 5.49±0.25a 0.57±0.08a 0.26±0.08a

Positive control 0 193.8±13.26c 89.14±6.09c 4.76±0.42b 0.60±0.15a 0.26±0.09a

Low-dose EFM 0 306.9±14.08a 135.71±6.22a 4.83±0.22ab 0.55±0.12a 0.15±0.05a

Medium-dose EFM 0 310.3±12.51a 138.02±5.65a 4.44±0.18b 0.54±0.12a 0.17±0.01a

High-dose EFM 0 321.8±15.58a 141.68±7.09a 4.31±0.33b 0.61±0.08a 0.19±0.08a

aDifferent letters mean significant difference at the 5% level.
bEFM, expanded flaxseed meal; HFHS, high-fat, high-sugar; SD, Sprague–Dawley. 

Paraffin embedding and haematoxylin and eosin staining of 
liver sections

Liver sections of the SD rats were subjected to paraffin 
embedding and haematoxylin and eosin (H&E) staining. 
Tissue sections were fixed in neutral formalin, dewatered, 
embedded in paraffin wax, sliced, stained with H&E and 
mounted in neutral balsam. The liver tissue structures 
of the various groups were observed and photographed 
under the Olympus BX43 Biological Microscope (Puhe 
International Trade Co., Ltd., Shanghai, China). An image 
analysis system was used to analyse the H&E staining re-
sults of the paraffin-embedded liver tissues, and changes 
in the size and density of lipid droplets in the tissue sec-
tions were observed microscopically.

Data analyses

Statistical analyses were performed using the SPSS pro-
gram (SPSS 23.0 for Windows, SPSS Inc., Chicago, IL, 
USA). Duncan’s test at the 5% significance level (P < 0.05) 
and one-way analysis of variance (ANOVA) were used to 
determine the significance differences.

3. Results and discussion

Main components of EFM

Component testing results indicated that EFM (expan-
sion ratio and water solubility index (%) were 1.62 and 
48.89, respectively) mainly consisted of the following  

(all percentages by weight): 1.9% moisture, 2.9% total 
ash, 29.4% dietary fibres, 40.7% fat, 23.1% protein, 32.8 
mg/g SDG and undetectable level of cyanogenic glyco-
sides. In addition, the mass percentage of dietary fibre, 
which is regarded as a substance that produces a feeling 
of fullness, boosts peristalsis and controls energy ab-
sorption despite being indigestible and non-absorbable 
from the gastrointestinal tract (Wang et al., 2018), was 
as high as 40.1% in EFM. It was also found that EFM 
contained 32.8 mg/g of SDG, which is a physiologically 
active component.

Body weight gain and organ coefficients of SD rats

Table 2 shows the body weight gain and organ coeffi-
cients of the SD rats after 8 weeks of experimental feed-
ing. The high-dose EFM group had the highest rate of 
body weight gain, followed by the medium-dose EFM 
and normal control groups, which had similar rates of 
body weight gain. A significantly lower rate of body 
weight gain was observed in the positive control group, 
which may be attributed to reduced food intake caused 
by the poor adaptation of experimental animals to the 
texture of the HFHS feed and the effects of acarbose 
(Wang et al., 2018). The addition of EFM significantly 
enhanced the palatability of the HFHS feed; conse-
quently, there were no significant differences in the rate 
of body weight gain of the normal control group and the 
various EFM dose groups (P > 0.05). From Table 2, it 
can be seen that rats on the HFHS diet had a signifi-
cantly higher liver coefficient compared with the normal 
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control group (P < 0.05). However, the liver coefficients 
of the medium- and high-dose EFM groups were signifi-
cantly lower than that of the HFHS model group (P < 
0.05). As the liver coefficient reflects the degree of liver 
enlargement to a certain extent, these results indicate 
that medium- and high-dose EFM intervention provides 
certain inhibitory effects on the development of fatty 
liver in the experimental animals. Differences in kidney 
and spleen coefficients among the various groups were 
not significant (P > 0.05).

Influence of EFM on fasting blood glucose and glucose 
tolerance levels of SD rats

The diagnostic criterion for diabetes in experimental 
animals is a fasting blood glucose level of >7.0 mmol/L 
(Yamanouchi et al., 2017). Figure 1 shows that the fast-
ing blood glucose level in the serum of rats belonging to 
the HFHS model group was 7.55±0.48 mmol/L, which 
was significantly higher than that of the normal con-
trol group (4.86±0.53 mmol/L). In addition, five out of 
eight rats of the HFHS model group had a fasting blood 
glucose level of >7.0 mmol/L, which indicates the suc-
cessful construction of the HFHS diet-induced animal 
model of diabetes. From the dynamic monitoring of 
the blood glucose levels of the rats through the col-
lection of tail vein blood samples at 0, 15, 30, 60 and  
120 min after the intraperitoneal injection of glucose, 
it can be seen that the fasting blood glucose level rap-
idly increased to a peak value 0–15 min after glucose 

injection and gradually decreased with time. In particu-
lar, the fasting blood glucose levels of the HFHS model 
group were always higher than that of other groups at 
all time points of the glucose tolerance experiment. A 
negative correlation existed between the fasting blood 
glucose level and EFM dose in the low-, medium- and 
high-dose EFM groups (P < 0.05). It was also observed 
that one rat in the low-dose EFM group had a fasting 
glucose level of >7.0 mmol/L. The experimental results 
indicated that EFM had a significant inhibitory effect 
on blood glucose elevation. However, as the activity of 
low-dose EFM in inhibiting blood glucose elevation was 
relatively low, an appropriate dose level is required to 
achieve sufficient inhibitory activity.

Influence of EFM on HbA1c levels and hepatic glycogen 
concentrations in the liver tissue of SD rats

HbA1c is formed through the linkage of haemoglobin 
in erythrocytes with glucose in the blood. Therefore, 
a higher HbA1c level corresponds to a greater amount 
of linkages between blood glucose and haemoglobin, 
and is indicative of a more severe diabetic condition 
(Yamane et al., 2019). HbA1c is of  great significance 
in the monitoring of diabetes as it is positively cor-
related to blood glucose elevation (Yamane et al., 
2019). Due to the slow formation process of HbA1c, 
temporary increases in blood glucose levels will not 
result in an elevated HbA1c level. However, as HbA1c 
does not degrade easily upon formation, the HbA1c 
level is unable to reflect short-term fluctuations in 
blood glucose levels, but provides a good indication of 
the adequacy of long-term blood glucose control and 
the average blood glucose level Yu (Koga et al., 2019). 
Figure 2 shows that the elevation of HbA1c concen-
tration was significantly inhibited in both the me-
dium- and high-dose EFM groups compared with the 
positive treatment control group (P < 0.05). The blood 
glucose level of an organism is maintained within a 
relatively stable range mainly through the regulatory 
effects of the nervous system, liver and hormones (Yu 
et al., 2019). As hepatic glycogen synthesis is one of 
the blood glucose consumption pathways, hepatic 
glycogen concentration is negatively correlated with 
blood glucose levels, that is, blood glucose levels de-
crease when hepatic glycogen concentrations increase 
and vice versa. In the present study, the HFHS model 
group had the lowest hepatic glycogen concentration 
of 11.82 mg/g liver tissue. Compared with the HFHS 
model group, the medium-dose EFM, high-dose EFM 
and positive control groups had significantly higher 
hepatic glycogen concentrations (P < 0.05). Therefore, 
it can be deduced that EFM possesses the ability to in-
crease hepatic glycogen synthesis and reduce hepatic 
glycogen degradation.

Figure 1. Influence of expanded flaxseed meal on the fast-
ing blood glucose and glucose tolerance levels of Sprague–
Dawley rats.
aNormal, HFHS, positive, low-dose, medium-dose, high-dose, re-
spectively, represented the tissues of the normal control, HFHS 
model, positive control, low-dose EFM, medium-dose EFM and 
high-dose EFM groups.
bDifferent letters mean significant difference at the 5% level.
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Table 3. Influence of expanded flaxseed meal on serum total triglyceride, total cholesterol, high-density lipoprotein cholesterol 
and low-density lipoprotein cholesterol concentrations, atherogenic index and anti–atherogenic index of Sprague–Dawley rats.

Group TG TC HDL-C LDL-C AI AAI

Normal control 1.10±0.05b 1.67±0.14b 0.78±0.06a 0.29±0.03c 1.25±0.12d 0.44±0.02a

HFHS model 1.81±0.10a 2.41±0.20a 0.58±0.04c 0.82±0.08a 3.15±0.18a 0.24±0.08d

Positive control 1.08±0.06b 1.98±0.08b 0.74±0.03ab 0.36±0.02c 1.66± 0.18c 0.38±0.03b

Low-dose EFM 1.28±0.07b 1.86±0.12b 0.68±0.06ab 0.56±0.05b 2.07± 0.38b 0.30±0.02c

Medium-dose EFM 1.22±0.08b 1.76±0.15b 0.62±0.05b 0.40±0.06c 1.75± 0.11bc 0.36±0.02b

High-dose EFM 1.17±0.08b 1.74±0.10b 0.70±0.03ab 0.33±0.02c 1.61± 0.09c 0.38±0.05b

aDifferent letters mean significant difference at the 5% level.
bEFM, expanded flaxseed meal; HFHS, high-fat, high-sugar; TG, total triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; 
LDL-C, low-density lipoprotein cholesterol; AI, atherogenic index; AAI, anti-atherogenic index.

Influence of EFM on serum TG, TC, HDL-C and LDL-C 
concentrations, atherogenic index and anti-atherogenic 
index of SD rats

From Table 3, it can be seen that a long-term HFHS diet 
led to lipid metabolism disorders in the experimental 
animals, which resulted in a significant increase in the 
serum TG and TC contents of the rats (P < 0.05). Com-
pared with the HFHS model group, EFM intervention 
in HFHS feed provided significant inhibitory effects 
on the elevation of blood lipid levels in the animals  
(P < 0.05). A dose–effect relationship was found between 

the EFM dosage and blood lipid levels, with higher EFM 
doses associated with lower plasma TG, TC and LDL-C 
concentrations, whereas the influence of EFM dosage on 
HDL-C concentration was not consistent. Clinical stud-
ies have shown that the atherogenic index (AI) is indica-
tive of the comprehensive effects of blood lipid levels on 
atherosclerosis (Fernández-Macías et al., 2019). In gen-
eral, a lower AI value represents a lower probability of 
the onset of atherosclerosis, while a higher AI value in-
dicates a higher LDL-C and lower HDL-C concentration 
in the blood, which increases the risk of atherosclerosis. 
From the experimental data, it can be seen that the an-
ti-atherogenic index (AAI) values of the positive treat-
ment control and EFM dose groups were higher than 
that of the HFHS model group (P < 0.05), with a dose–
effect relationship existing between the EFM dosage and 
AAI value; the AAI value of the low-dose EFM group 
was significantly different from that of the medium- and 
high-dose EFM groups (P < 0.05). Based on the results 
described above, it can be deduced that the intake of 
EFM at a certain dosage effectively inhibited the onset 
of atherosclerosis and reduced the risk of atherosclerosis 
brought about by calorie-rich diets.

The influence of EFM on plasma antioxidant status and 
lipid peroxidation in SD rats

SOD and GSH-Px are key antioxidant enzymes; SOD 
converts superoxide to hydrogen peroxide and GSH-Px 
metabolises the hydrogen peroxide converted by SOD 
into water (Bela et al., 2015; Sannasimuthu et al., 2018). 
GSH is a non-enzymatic antioxidant, which can directly 
react with free radicals or serve as an electron donor 
during the reduction of peroxides by GSH-Px (Min 
et  al., 2018). The EFM used in the present study con-
tained close to 40.7% of flaxseed oil, which is easily oxi-
dised. Therefore, besides possessing antioxidant activity, 
EFM may even result in lipid peroxidation. Hence, the 

Figure 2. Influence of expanded flaxseed meal on HbA1c 
levels and hepatic glycogen concentrations in liver tissue of 
Sprague-Dawley rats.
aNormal, HFHS, positive, low-dose, medium-dose, high-dose, re-
spectively, represented the tissues of the normal control, HFHS 
model, positive control, low-dose EFM, medium-dose EFM and 
high-dose EFM groups.
bHbA1c, glycated haemoglobin.
cDifferent letters mean significant difference at the 5% level.
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determination of the influence of EFM intake on plasma 
antioxidant status and lipid peroxidation in SD rats is 
of great significance. From Table 4, it can be seen that 
plasma antioxidant activity increased, and lipid perox-
idation reduced significantly (P < 0.05) in the various 
EFM dose groups compared with the HFHS model 
group. Compared with the positive control group, feed-
ing rats with feed containing a medium or high dose of 
EFM for 8 weeks also significantly increased the GSH-Px 
and GSH levels in the plasma (P > 0.05). In addition, 
dose–effect relationships of various degrees existed be-
tween EFM and the antioxidant status indicators (except 
for SOD). The MDA level is commonly used as a marker 
for the assessment of lipid peroxidation effects (Tsikas, 
2017). Compared with the positive treatment control 
group, MDA concentration decreased significantly in 
the medium- and high-dose EFM groups (P < 0.05). The 
indicator values obtained in this study suggest that the 
intake of EFM provided good antioxidant effects in the 
plasma of SD rats on a HFHS diet.

Influence of EFM on the hepatic and histological 
morphology of SD rats

The liver tissue sections of SD rats were subjected to 
paraffin embedding and H&E staining. Figure 3 shows 
the histological morphologies of the liver tissues of SD 
rats of the various experimental groups at 400× magni-
fication. As shown in Figure 3A and 3B, the hepatic cells 
of the normal control group exhibited a loose and uni-
form arrangement with relatively intact structures and 
small intercellular spaces, while the HFHS model group 
had a significantly enlarged liver with a disorderly ar-
rangement of hepatic cells and large lipid droplets that 
were densely accumulated into vacuoles of various sizes. 
With the aggravation of steatosis, these vacuoles may 
gradually expand and become distributed in the entire 
cytoplasm, thereby increasing hepatic damage (Baboota 
et al., 2018). Compared with the HFHS model group, the 

positive control, medium-dose EFM and high-dose EFM 
groups showed improvements in hepatic histological 
morphology, with the vacuoles and lipid droplets being 
significantly smaller and less densely arranged. These re-
sults indicate that EFM intake enabled an improvement 
in the size and density of lipid droplets in the liver tis-
sues of SD rats and inhibited the onset of high-fat di-
et-induced fatty liver.

4. Conclusions

In this study, expanded flaxseed meal (EFM) produced 
from the pre-treatment of flaxseed using the steam ex-
plosion technique was added to the feed of experimental 
animals. Normal growth and development were ob-
served in the animals, which demonstrates the safety of 
EFM within the dose range adopted in the study. The 
fasting blood glucose level and HbA1c concentration 
of the HFHS model group increased significantly com-
pared with the normal control group (P < 0.05), indicat-
ing the successful establishment of a HFHS diet-induced 
hyperglycaemic diabetes rat model. With the addition of 
EFM in the HFHS feed, the fasting blood glucose levels 
and HbA1c concentrations of the medium- and high-
dose EFM groups were significantly lower than that of 
the HFHS model group (P < 0.05). In addition, changes 
in the fasting blood glucose level and HbA1c concen-
tration across the various EFM dose groups indicated 
the existence of a dose–effect relationship between 
EFM and the inhibition of blood glucose elevation. 
The blood glucose levels and HbA1c concentrations of 
the medium- and high-dose EFM groups were not sig-
nificantly different from that of the positive treatment 
control group (P < 0.05), which had received acarbose, 
a commonly used medication for managing diabetes.  
The experimental results also showed that EFM, not 
only significantly reduced the blood lipid levels of SD 
rats on a HFHS diet, but also significantly increased the 
plasma antioxidant capability and reduced the level of 

Table 4. Influence of expanded flaxseed meal on plasma antioxidant status and lipid peroxidation in Sprague–Dawley rats.

Group GSH-Px (U/mL) SOD (U/mL) CAT (U/mL) GSH (mg/L) MDA (nmol/mL)

Normal control 1189.75±35.82a 102.24±1.25a 7.80±0.25a 12.88±0.49b 1.46±0.09c

HFHS model 810.30±25.48d 85.27±1.68b 3.48±0.24d 10.48±0.26c 3.33±0.15a

Positive control 1148.67±37.68ab 100.96±2.25a 4.69±0.19c 15.87±0.68a 2.16±0.12b

Low-dose EFM 897.46±26.36c 99.91±1.98a 4.88±0.17c 13.37±0.75b 2.04±0.16b

Medium-dose EFM 1087.29±40.25b 98.61±3.05a 5.19±0.25c 15.27±0.66a 1.65±0.08c

High-dose EFM 1169.22±42.28ab 100.70±1.29a 5.80±0.24b 15.67±0.55a 1.62±0.13c

aGSH-Px, SOD, CAT, GSH and MDA indicate the tissues of the glutathione peroxidase, superoxide dismutase, catalase, glutathione and malondial-
dehyde, respectively.
bDifferent letters mean significant difference at the 5% level.
EFM, expanded flaxseed meal; HFHS, high-fat, high-sugar; CSH, SOD, superoxide dismutase; CAT, catalase; GSH, glutathione; MDA, malondialdehyde
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lipid peroxidation products in the plasma. Furthermore, 
the hepatic histological morphologies of the various 
groups indicated that EFM enabled the improvement of 
the size and density of lipid droplets in the liver tissues 
of SD rats and inhibited the onset of high-fat diet-in-
duced fatty liver.
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