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Abstract
This review focuses on the role of reactive oxygen species (ROS) on the develop-
ment of type 1 and type 2 diabetes and its treatment with secoisolariciresinol 
diglucoside (SDG) isolated from flaxseed which is an antioxidant and suppresses 
phosphoenolpyruvate carboxykinase (PEPCK) gene expression, a rate- limiting 
enzyme in the gluconeogenesis in the liver. Role of ROS in the development of 
type 1 diabetes [diabetic prone Bio Breeding (BBdp) rats and streptozotocin-in-
duced diabetic (STZ) rats and type 2 diabetes (Zucker diabetic fatty female rats, 
ZDF rats)] has been discussed. Oxidative stress has been assessed by measuring 
serum and pancreatic malondialdehyde (MDA), pancreatic chemiluminescence 
(pancreatic-CL) and oxygen radical producing activity of white blood cells (WBC-
CL). Diagnosis of diabetes was made by hyperglycaemia and glucosuria. Inci-
dence of diabetes was 100 % in SDZ rats, 72 % in BBdp rats and 100 % in ZDF rats 
by the age of 72 days. Development of diabetes was associated with increases in 
the serum and pancreatic MDA, WBC-CL and pancreatic-CL and glycated haemo-
globin (HbA1c). SDG prevented the development of diabetes by 75 % in STZ rats, 
by 71 % in BBdp rats and by 20 % at 72 days of age in ZDF rats. However, 80 % of 
the rats which did not develop diabetes by 72 days of age, developed diabetes 
later on, suggesting that SDG treatment delays the development of diabetes in 
ZDF rats. Treatment with SDG decreased the levels of serum and pancreatic 
MDA, WBC-CL and pancreatic-CL. In conclusion, development of type 1 and type 
2 diabetes is mediated through oxidative stress and the prevention or delay in 
the development of diabetes with SDG could be due to its antioxidant activity and 
its suppressant effect on PEPCK enzyme. Lignan complex which contains 34 % to 
38 % of SDG is effective in lowering serum glucose and HbA1c in type 2 diabetes 
in humans.
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Introduction

Diabetes mellitus (DM) is a chronic metabolic dis-
order characterised by persistent hyperglycaemia 
caused by impaired insulin secretion and resis-
tant to peripheral insulin action or both. There 
are three types of DM: type 1 DM, type 2 DM and 
gestational DM. Type 1 DM is characterised by au-

toimmune destruction of β-cells in pancreas and 
accounts for 5 % to 10 % of DM. Type 1 DM is com-
monly observed in children and adolescents. It may 
occur in people with any age. Type 2 DM accounts 
for approximately 90 % of DM. In this type of DM 
there is a reduction in response to insulin. Ineffec-
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tiveness of insulin in the initial stage is countered 
by an increase in production of insulin, but later on 
there is a loss of production of insulin resulting in 
type 2 DM. Type 2 DM is mostly observed in peo-
ple older than 45 years of age. Gestational DM oc-
curs during pregnancy. The incidence of type 1 DM 
is 15 per 100,000 people and prevalence is 9.5 per 
10,000 in the world.1 The incidence and prevalence 
respectively are 20 per 100,000 and 12.2 per 10,000 
people in USA, 15 per 100,000 and 12.2 per 10,000 
people in Europe and 15 per 100,000 and 6.9 per 
10,000 people in Asia.1 The prevalence of type 2 DM 
globally is 6059/100,000 people and projected to be 
7079/100,000 people by 2030.2 There is equal dis-
tribution of type 2 DM in male and female and the 
incidence peaks at about at 55 years of age.2 Pres-
ently, the treatment of DM includes insulin, insulin 
secretagogues and insulin sensitising drugs, thi-
azolidinedione for glycaemic control. Direct and in-
direct cost of treatment of type 2 DM is very high.3, 4 

The discovery of cheap plant food or its constitutes 
would be helpful in the prevention and treatment 
of DM.

This review paper deals with the role of oxidative 
stress, defined as a shift in balance between re-
active oxygen species (ROS) and antioxidants in 
favour of ROS in the development of DM and use 
of secoisolariciresinol diglucoside (SDG) isolated 
from flaxseed in the prevention and treatment of 
type 1 DM and type 2 DM. Flaxseed and its compo-
nents and the mechanism of action of SDG is also 
described in detail.
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Flaxseed and Its Components

Reasons SDG Could be Effective 
in Prevention and Treatment of 
Diabetes Mellitus

Flaxseed contains 38 % to 45 % of its mass as oils 
of which 51 % to 55 % is α-linolenic acid.5, 6 The 
rest of flaxseed is called flax meal which contains 
approximately 16.4 mg/g of SDG.7 Most of the SDG 
is present in the seed coat.8 The amount of SDG in 
100 g of flaxseed is about 0.6 g to 6.0 g.9 Flaxseed 
is the richest source of plant SDG.10 The other 
components isolated from flaxseed are flax lig-
nan complex which contains 34 % to 38 % of SDG, 
15 % to 21 % of cinnamic acid glucoside and 9.6 % 
to 11.0 % of hydroxymethylglutaric acid.11 Pro-
tein content of flaxseed by weight is about 10.5 % 
to 31.0 % while the fibre content is about 25 % to 
28 % of which 25 % is in soluble form.12 

There are two reasons for which SDG could be ef-
fective in prevention and treatment of DM: anti-
oxidant activity and hypoglycaemic effect due to 
suppression of phosphoenolpyruvate carboxyki-
nase (PEPCK) gene expression. 

1. Antioxidant activity
ROS have been implicated in the development of 
DM and its complication.13, 14 Dimethylthiourea, 
a free radical scavenger protected the β-cells of 
pancreas.15 ROS may be involved in type 2 DM be-
cause plasma levels of free radicals are positive-
ly correlated with fasting plasma insulin16 and 

malondialdehyde (MDA), an indirect measure of 
ROS, is also elevated in type 2 DM.17 ROS have 
been suggested to be a pathogenic mechanism 
of insulin resistance and DM.18 Considering the 
above reports, antioxidants may be of value in the 
treatment of DM. The question arises, if SDG has 
antioxidant activity. Using high pressure liquid 
chromatography (HPLC), it has been shown that 
SDG scavenges hydroxyl radical (.OH) generated 
by photolysis of hydrogen peroxide (H2O2) with 
ultraviolet light and trapped with salicylic acid 
and this effect was concentration dependent.19 
This investigator also reported that SDG prevent-
ed the .OH-induced lipid peroxidation of liver ho-
mogenate in concentration dependent manner by 
measuring malondealdehide.19 The antioxidant 
activity of SDG and its metabolites was investigat-
ed using chemiluminescence (CL) of zymosan-ac-
tivated polymorphonuclear leukocytes (PMNLs) 
[PMNL-CL]. Activated PMNLs generate numerous 
oxygen radicals [superoxide anion, H2O2, .OH, sin-
glet (1O2)].20-22 There was a concentration-depen-
dent reduction in PMNL-CL with SDG suggesting 
that SDG has antioxidant activity which was 1.27 
times greater than vitamin E. The above data 
suggest that SDG has antioxidant activity.

2. Hypoglycaemic effect of SDG by
suppressing PEPCK gene expression
Increased glucose level in DM is due to increased 
hepatic neoglucogenesis.23, 24 PEPCK is a rate lim-
iting enzyme for gluconeogenesis in liver25 and 
is elevated in all types of DM.26-29 Regulation of 
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Reactive Oxygen Species 
(ROS) and Diabetes Mellitus

As mentioned earlier, ROS may be involved in the 
development and complication of DM.13, 14 The 
common pathway of cell destruction may be due 
to production of cytokines such as interleukin-1 
(IL-1), tumour necrosis factor-α (TNF-α) from 
activated macrophages. IL-1 and TNF-α activate 
macrophages34 and polymorphonuclear leuko-
cytes (PMNLs)35, 36 to generate ROS which would 
have lethal effect on islet cells. Cytotoxicity of ROS 
is due to peroxidation of unsaturated fatty acids 
in the membrane resulting in lipid peroxidation 
product MDA that produces a change in cell per-
meability, integrity and ultimate cell death.37, 38 
Pancreatic cell death would reduce insulin levels 
resulting in increased serum levels of glucose.39 

It has been reported that cytokines increase the 
MDA content of islet cells and islet cells necro-
sis and lazaroid U78518E, an inhibitor of lipid 
peroxidation, significantly decreased the cyto-
kine-induced increase in islet MDA and protected 
islet β-cells from destruction by the cytokines.40 
Considering the above data, SDG an antioxidant 
would prevent and/or delay the development of 
DM. 

A. Effects of SDG on animal model of type 
1 and type 2 diabetes mellitus
Beneficial effects of SDG in experimental type 1 
and type 2 diabetic animals have been reported 
by Prasad et al.41-43

1. Effects of SDG in animal model of type 1 
diabetes mellitus
Two models of type 1 DM have been used for 
this study: diabetic prone bio breeding diabet-
ic prone rats (BBdp rats) and streptozotocin 
(STZ)-induced DM. Effects of SDG on these two 
models of type 1 DM are discussed below.

a) Effects of SDG in BBdp rats
Genetic BBdp rats develop DM spontaneously44 

activity of PEPCK is controlled through gene ex-
pression.30 SDG has been reported to suppress 
the PEPCK gene expression.31 SDG could be a good 
antidiabetic agent. Troglitazone, a known antidi-
abetic agent suppresses PEPCK gene expression32 
and is an antioxidant.33

and is a model of human type 1 DM (insulin-de-
pendent DM). The incidence DM in in BBdp rats 
is 40 % to 70 %, more than 85 % develop DM 
by the age they reach 60-120 days. The objec-
tives of the investigator for this study were to 
determine if SDG prevents or reduces the de-
velopment of DM and if prevention /reduction 
in the development of DM is associated with re-
duction in serum glucose, serum and pancreatic 
MDA and antioxidant reserve of the pancreas.42 

SDG prevented the development of DM by about 
71 %. Serum glucose levels were higher in BBdp 
rats that developed DM than those that did not 
develop DM. Serum glucose levels were lower in 
SDG treated rat that did not develop DM. Serum 
and pancreatic levels of MDA were elevated in 
BBdp rats that developed DM. Pancreatic -CL 
activity (antioxidant reserve) levels in untreat-
ed BBdp rats were higher than that of control 
group suggesting that antioxidant reserve was 
lower in the diabetic rats. The pancreatic -CL 
activity in SDG treated BBdp rats was signifi-
cantly lower than that of untreated BBdp rats 
suggesting that antioxidant reserve was higher 
in SDG treated rats than untreated BBdp rats. 
The above data suggest that type 1 DM in BBdp 
rats is associated with increases in serum and 
pancreatic MDA and a decrease in the antiox-
idant reserve. Oxidative stress (levels of ROS) 
levels were higher in diabetic rats. These data 
also suggest that type 1 DM is associated with 
an increase in the lipid peroxidation product 
and a decrease in antioxidant reserve. Preven-
tion in development of DM with SDG was associ-
ated with a reduction in serum and pancreatic 
MDA and an increase in the antioxidant reserve. 
In summary, DM in BBdp rats is mediated 
through ROS and that SDG prevents the devel-
opment of DM through its antioxidant activity.19 
Decreased incidence of development of DM in 
BBdp rats with SDG could also be due to its in-
hibitory effect on PEPCK gene expression.31

b) Effects of SDG on streptozotocin-induced 
diabetes mellitus in rats
The purpose of this study was to investigate if 
streptozotocin (STZ)-induced DM is associat-
ed with increased oxidative stress (imbalance 
between oxidants and antioxidants in favour of 
oxidants)45 and if SDG reduces/prevents the de-
velopment of DM by reducing the levels of ROS.41 
Prasad et al41 investigated the effects of SDG 
on streptozotocin-induced changes in serum 
glucose, urinary glucose, serum and pancreat-
ic MDA, ROS producing activity of white blood 
cells (WBCs) chemiluminescence [WBC-CL) 
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The above data indicate that ROS are involved in 
development of type 1 and type 2 DM41-43 and that 
SDG isolated from flaxseed prevents the devel-
opment of type 1 DM41, 42 and delays the develop-
ment of type 2 DM43 in experimental model of DM. 

Increases in the serum levels of glucose could be 
due to decreases in the levels of insulin. It has 
been reported that insulin induces suppression of 
gluconeogenesis by inhibiting PEPCK enzyme.48 

ROS cause pancreatic β-cell dysfunction leading 
to reduction in insulin in the blood.49 Increased 
levels of ROS negatively affect β-cell function in-
cluding insulin secretion.50 Increase in the serum 
levels of glucose could also be due to increased 
expression of PEPCK gene.51, 52 PEPCK is a rate lim-
iting enzyme for gluconeogenesis in liver25 and is 
elevated in all types of DM.26-29 Decreases in se-
rum levels of  glucose with SDG could be due to its 
anti-oxidant activity9, 19, 20 and its inhibitory effect 
on PEPCK enzyme.31

Perspectives

and antioxidant reserve of pancreas (pancreat-
ic -CL) in Sprague Dawley rats. They reported 
that STZ-induced DM (increased serum levels 
of glucose) was associated with an increased 
levels of glucose in serum and urine, MDA in 
serum and pancreas, pancreatic antioxidant 
reserve (pancreatic-CL) and WBC-CL strepto-
zotocin produced in 100 % of rats. SDG treat-
ment prevented the development of DM by 75 
% and this was associated with decrease in the 
levels of glucose in urine and serum, serum and 
pancreatic MDA and WBC-CL and increase in 
pancreatic antioxidant reserve. The above data 
suggest STZ-induced DM is mediated through 
ROS and prevention of DM by SDG is because 
of its antioxidant property.19 The prevention of 
DM with SDG could also be due to suppression 
of PEPCK gene expression.31 

2. Effects of SDG on animal model of type 2 
diabetes mellitus
An extensive study on the effects of SDG in the 
prevention of development of type 2 DM in ex-
perimental animal have been carried out by 
Prasad.43 The main objectives of this study were 
if type 2 DM is associated with increases in ox-
idative stress, if SDG can prevent/reduce the 
development of type 2 DM and if prevention/re-
duction in the development of type 2 DM is as-
sociated with reduction in oxidative stress. The 
study was conducted on Zucker diabetic fatty 
(ZDF) /Gmi-fa/fa female rats, a model of human 
type 2 DM. DM was assessed by measuring glu-
cose in the urine. Glucosuria started develop-
ing at the age of 64 days and all rats developed 
glucosuria by 72 days of age. Incidence of DM 
in untreated rats was 100 %. Only 20 % of the 
SDG-treated rats developed DM by 72 days of 
age suggesting that SDG treatment delayed the 
development of DM in 80 % of the SDG-treated 
rats. Blood glucose levels at the age between 72 
and 101 days increased significantly compared 
to the levels at the age of 42 days in untreated 
and SDG treated ZDF rats that did develop DM, 
but the levels of blood glucose in SDG-treated 
rats (80 %) that did not develop DM, did not in-
crease. Glycated haemoglobin (HbA1c) was ele-
vated in untreated but not in SDG-treated ZDF 
rats. Serum MDA levels were elevated in un-
treated and SDG-treated rats with DM but were 
lower in SDG-treated ZDF rats at the age 70 
days that did not developed DM. The delaying 
of development of DM with SDG is due to its an-
tioxidant activity. The protective effect of SDG 
could also be due to its suppressive effect on 
PEPCK gene expression.31 There are no reports 
on the effects of SDG on DM in human.

The data suggest that type 2 DM is associated 
with increased oxidative stress and SDG delays 
the development of type 2 DM which is associ-
ated with decrease in oxidative stress. Also SDG 
delay the development of type 2 DM.

B. Flax lignan complex (FLC) on human 
type 2 diabetes mellitus
As mentioned above, effects of SDG in human in 
type 1 diabetic patients are not available in liter-
ature. However, the effects of flax lignan complex 
(FLC) on type 2 DM have been reported in litera-
ture. Pan et al46 have reported that FLC in a ran-
domised, double-blinded cross-over trial in type 
2 diabetic patients, FLC reduced HbA1c, fasting 
glucose, HbA1c and insulin levels during the lignan 
treatment phase. The reduction in HbA1c levels in 
serum was significant. It is to note that SDG con-
tent in FLC is only 34 %. It is possible that the poor 
effect of FLC on glucose and insulin was because 
of lower dose (360 mg daily) of FLC. In other dou-
ble-blinded, randomised, cross-over study, Barre 
et al47 have shown that FLC in the dose of 600 mg 
daily reduced the plasma glucose and HbA1c sig-
nificantly. In summary, flax lignan complex seems 
to reduce the serum/plasma levels of glucose and 
HbA1c in patients with type 2 DM.
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MDA is an indirect measure of levels of ROS. In-
creased levels of MDA could be due to increased 
production or reduced destruction of ROS. Glu-
cose increases the production of ROS through 
autooxidation and nonenzymatic glycation of 
protein.53. Several lipid soluble vitamins (Vitamin 
E, Vitamin A), glutathione peroxidase and gluta-
thione are antioxidants and protects the ROS-in-
duced tissue damage.41 Increased levels of MDA in 
serum and pancreatic tissue in experimental DM 
could be due to increased levels of ROS.54 Low lev-
els of serum and pancreatic MDA with SDG treat-
ment could be due to reduction in levels of ROS.

Pancreatic-CL measures the levels of antioxi-
dants, glutathione peroxidase and glutathione.47 
The levels of WBC-CL which measures the gener-
ation of ROS from WBCs are elevated in strepto-
zotocin induced DM and BBdp rats.41, 42 The levels 
of WBC-CL were reduced with SDG in the strepto-
zotocin and BBdp rats.41, 42 Serum glucose levels 
were elevated in both type 1 and type 2 DM and 
SDG treatment reduced the serum levels of glu-
cose.41-43 Increases in the levels of serum glucose 
in DM could be due to reduction in the insulin lev-
els because of destruction of pancreas with ROS. 

The available data suggest that type 1 DM is as-
sociated with increased generation of ROS by 
WBCs, decrease in the antioxidant reserve of 
pancreas (pancreatic-CL) and an increase in the 
lipid peroxidation products of pancreas (pancre-
atic-MDA).41, 42 Prevention/reduction in the de-
velopment of type 1 DM with SDG treatment was 
associated with reduction in WBC-CL, pancreat-
ic-CL and serum and pancreatic MDA.41, 42 Type 2 
DM was associated with increases in oxidative 
stress as suggested by increases in the serum 
MDA.43 The increases in the ROS could be due to 
a decreases in the levels of antioxidants. The ele-
vated levels of ROS might damage the pancreatic 
β-cells leading to hyperglycaemia and glycosuria. 
SDG treatment reduced the serum levels of glu-
cose and glycosuria. Hundred percent of untreat-
ed type 2 diabetic rats developed DM by the age 
of 72 days. Eighty percent of SDG treated type 2 
diabetic rats did not develop DM by the age of 72 
days suggesting that SDG prevented the develop-
ment of DM by the age of 72 days. However, the 
rats which did not develop DM by 72 days of age, 
developed DM by 101 days suggesting that SDG 
treatment delayed the development of DM. These 
effects of SDG may be due to its antioxidant activ-
ity and its suppressive effect on PEPCK enzyme 
expression.

SDG is first hydrolysed and then metabolised to 
secoisolaricinol (SECO), enterodiol (ED) and en-
terolactone (EL) by gut microflora enzymes.55, 

56 Two questions arise: if SDG does not enter the 
circulation then how SDG is antidiabetic through 
its antioxidant activity and how it inhibits the 
PEPCK gene expression. The antioxidant activity 
of SDG could be through its metabolic products 
(SECO, ED, EL). Prasad20 has reported that SECO, 
ED and EL are antioxidants. He also reported 
that antioxidant potency of SECO, ED and EL and 
SDG were 4.86, 5.02, 4.35 and 1.27, respectively 
compared to vitamin E. SECO, ED and EL were re-
spectively 3.82, 3.95 and 3.43 times more potent 
than SDG. The other question arises as to how 
SDG can affect the PEPCK gene expression in liv-
er and kidney if it cannot enter the circulation. 
Prasad31 has reported that SDG suppressed the 
PEPCK gene expression. In this study SDG was 
added in hepatic cell culture.57 This suggests that 
SDG can directly act on the PEPCK gene in liver. 
The effects of SDG metabolites on PEPCK gene 
expression are not available in literatures. The 
possibility exists that SDG supresses PEPCK gene 
expression.

Very limited studies are available in literature on 
the effects of FLC in type 2 DM in human. Studies 
of pure SDG on type 1 and type 2 DM in human are 
nil. A well-designed, randomised, placebo-con-
trolled, multicentre clinical trials are needed for 
evaluating the efficacy, long-term safety and op-
timal dose schedules of SDG and FLC in humans. 
The problem might arise because of the unavail-
ability of pure SDG.

Conclusion

In conclusion, oxidative stress is involved in 
the development of animal models of human 
type 1 and type 2 DM. SDG could prevent / re-
duce the development of type 1 DM and delay 
the development of type 2 DM. The reduction 
in the development of type 1 and type 2 DM 
could be due to the antioxidant and suppres-
sive effect on the PEPCK enzyme. Beneficial ef-
fects of FLC in type 2 DM may be due to the SDG 
content in FLC. FLC lowers the levels of serum 
glucose and HbA1c in type 2 DM in humans. 

Prasad and Bhanumathy. Scr Med 2023 Mar;54(1):87-93. 91



Conflict of interest

None.

Acknowledgements

None.

References

1. Mobasseri M, Shirmohammadi M, Amiri T, Vahed N, 
Hosseini Fard H, Ghojazadeh M. Prevalence and in-
cidence of type 1 diabetes in the world: a systematic 
review and meta-analysis. Health Promot Perspect 
2020;10:98-115.

2. Khan MAB, Hashim MJ, King JK, Govender RD, Mustafa 
H, Al Kaabi J. Epidemiology of type 2 diabetes - global 
burden of disease and forecasted trends. J Epidemiol 
Glob Health 2020 Mar;10(1):107-11.

3. Barrett AM, Lucero MA, Le T, Robinson RL, Dworkin 
RH, Chappell AS. Epidemiology, public health burden 
and treatment of diabetic peripheral neuropathic pain: 
a review. Pain Med 2007 Sep;8 Suppl 2:S50-62. 

4. Dugani SB, Mielke MM, Vella A. Burden and manage-
ment of type 2 diabetes in rural United States. Diabetes 
Metab Res Rev 2021;37:e3410. doi: 10.1002/dmrr.3410. 

5. Oomah B D, Mazza G. Flaxseed proteins: a review. Food 
Chem1993;48:109-14.

6. Hettiarachchy NS, Hareland GA, Ostenson A, Blad-
ner-Shank G. Chemical composition of flaxseed va-
rieties grown in North Dakota. Proc Flax Institute 
1990;53:36-50. 

7. Prasad K, Mantha SV, Muir AD, Westcott ND. Reduction 
of hypercholesterolemic atherosclerosis by CDC-flax-
seed with very low alpha-linolenic acid. Atherosclero-
sis 1998;136:367-75.

8. Hano C, Martin I, Fliniaux O. Pinoresinol-laricires-
inolreductase gene expression and secoisolaricires-
inoldiglucoside accumulation in developing flax (Li-
num usitatissimum) seeds. Planta 2006;224:1291-301.

9. Prasad K. Reduction of serum cholesterol and hyper-
cholesterolemic atherosclerosis in rabbits by secoiso-
lariciresinol diglucoside isolated from flaxseed. Circu-
lation 1999;99:1355-62.

10. Bakke JE, Klosterman JHJ.A new diglucoside from flax-
seed. Proc North Dakota Acad Sci1956;10:18-22.

11. Westcott ND, Paton D. Complex containing lignan, phe-
nolic and aliphatic substances from flax and process for 
preparing. US Patent 6, 334, 557. December 28, 2000.

12. Bernacchia R, Preti R, Vinci G. Chemical composition 
and health benefits of flaxseed. Austin J Nutri Food Sci 
2014;2:1045:1-9.

13. Robbins MJ, Sharp RA, Slonim AE, Burr IM. Protection 
against streptozotocin-induced diabetes by superox-
ide dismutase. Diabetologia 1980;18:55-8.

14. Wilson GL, Patton NJ, McCord JM, Mullins DW, Moss-
man BT. Mechanism of streptozotocin- and alloxan-in-
duceddamage in rat β-cells. Diabetologia 1984;27:587-
91.

15. Jennings PE, Jones AF, Florkowski CM, Lunec J, Barnett 
AH. Increased Diene conjugates in diabetic subjects 
with microangiography. Diabet Med 1987;4:452-6.

16. Paolisso G, Giugliano D. Oxidative stress and insulin ac-
tion: Is there a relationship? Diabetologia 1996;39:357-
63.

17. Nourooz-Zadeh J, Tajaddini-Sarmadi J, McCarthy S, Bet-
teridge DJ, Wolff SP. Elevated levels of authentic plasma 
hydroperoxides in NIDDM. Diabetes 1995;44:1054-8.

18. Ceriello A, Motz E. Is oxidative stress the pathogenic 
mechanism underlying insulin resistance, diabetes 
and cardiovascular disease? The common soil hypoth-
esis revisited. Arterioscler Thromb Vasc Biol 2004 
May;24(5):816-23.

19. Prasad K. Hydroxyl radical-scavenging property of se-
coisolariciresinol diglucoside (SDG) isolated from flax-
seed. Mol Cell Biochem 1997;168:1217-23.

20. Prasad K. Antioxidant activity of secoisolariciresinol 
diglucoside-derived metabolites, secoisolariciresi-
nol, enterodiol and enterolactone. Int J Angiol 2000 
Oct;9(4):220-5.

21. Babior BM. The respiratory burst of phagocytes. J Clin 
Invest 1984;73:599-601. 

22. Prasad K, Kalra J, Chaudhary AK, Debnath D. Effect 
of polymorphonuclear leukocyte-derived oxygen 
free radicals and hypochlorous acid on cardiac func-
tion and some biochemical parameters. Am Heart J 
1990;119:538-50.

23. Consoli A, Nurjhan N, Capani F, Gerich J. Predominant 
role of gluconeogenesis in increased hepatic glucose 
production in NIDDM. Diabetes 1989;38:550-7. 

24. Hatting M, Tavares CDJ, Sharabi K, Rines AK, Puigserv-
er P. Insulin regulation of gluconeogenesis. Ann NY 
Acad Sc 2018;1411:21-35.

25. Rognstad R. Rate-limiting steps in metabolic path-
ways. J Biol Chem 1979;254:1875-8.

26. Nandan SD, Beale EG Regulation of phosphoenolpyru-
vate carboxykinase mRNA in mouse liver, kidney and 
fat tissues by fasting, diabetes and insulin. Lab Anim 
Sci 1992;42:473-7.

27. Veneziale CM, Donofrio JC, Nishimura H. The concen-
tration of P-enolpyruvate carboxykinase protein in 
murine tissues in diabetes of chemical and genetic ori-
gin. J Biol Chem 1983;258:14257-62.

28. Chang AY, Schneider D. Abnormalities in hepatic en-
zyme activities during development of diabetes in db 
mice. Diabetologia 1970;6:274-8.

29. Shargo E, Lardy HA, Nordlie RC, Fraser DO. Metabol-
ic and hormonal control of phosphoenolpyruvate car-
boxykinase and malic enzyme in rat liver. J Biol Chem 
1963;238:3188-92.

30. Loose DS, Wynshaw-Boris A, Meisner HM, Dod Y, Han-
son RW. Hormonal regulation of phosphoenolpyruvate 
carboxykinase gene expression. In: Molecular basis of 
insulin action. Czech MP (ed.) Plenum:New York, 1985; 
pp. 347-368.

31. Prasad K. Suppression of phosphoenolpyruvate car-
boxykinase gene expression by secoisolariciresinol di-
glucoside (SDG), a new antidiabetic agent. Int J Angiol 
2002;1:107-9. 

32. Davies GF, Khandelwal RL, Wu L, Juurlink BHJ, Roesler 
WJ. Inhibition of phosphoenolpyruvate carboxykinase 
(PEPCK) gene expression by troglitazone: a peroxi-
some proliferator-activated receptor-γ (PPAR γ)-in-
dependent, antioxidant-related mechanism. Biochem 
Pharmacol 2001;62:1071-9.

33. Inoue I, Katayama S, Takahashi K, Negishi K, Miyazaki 

Prasad and Bhanumathy. Scr Med 2023 Mar;54(1):87-93.92



T, Sonoda M, et al. Troglitazone has a scavenging effect 
on reactive oxygen species. Biochem Biophys Res Com-
mun 1997 Jun 9;235(1):113-6.

34. Nathan CF, Tsunawaki S. Secretion of toxic oxygen 
products by macrophages: Regulatory cytokines and 
their effect on the oxidase. Ciba Foundation Sympo-
sium 1986;118:211-30. 

35. Braquet P, Hosfard D, Braquet M, Bourgain R, Bussoli-
no F. Role of cytokines and platelet activating factor in 
microvascular injury. Int Arch Allerg Appl Immunol 
1989;88:88-100.

36. Paubert-Braquet M, Longchamps MA, Kolz P. Tumor 
necrosis factor (TNF) primes human neutrophil (PMN) 
platelet-activating factor (PAF)-induced superoxide 
generation. Consequences in promoting PMN-medi-
ated endothelial cell (EC) damages. Prostaglandins 
1988;35:(abstr)803.

37. Meerson FZ, Kagan VE, Kozlov YP, Belkina LM, Arkh-
ipenko YV. The role of lipid peroxidation in pathogen-
esis of ischemic damage and antioxidant protection of 
the heart. Basic Res Cardiol 1982;77:465-8.

38. Sumoski W, Baquerizo H, Rabinovitch A. Oxygen rad-
ical scavengers protect rat islet cells from damage by 
cytokines. Diabetologia 1989;32:792-6.

39. Cerf ME. Beta cell dysfunction and insulin resistance. 
Front Endocrinol (Lausanne) 2013 Mar 27;4:37. doi: 
10.3389/fendo.2013.00037. 

40. Rabinovitch A, Suarez WL, Thomas PD, Strynadka K, 
Simpson I. Cytotoxic effects of cytokines on rat islets: 
Evidence for involvement of free radicals and lipid per-
oxidation. Diabetologia 1992;35:409-13.

41. Prasad K, Mantha SV, Muir AD, Westcott ND. Protective 
effect of secoisolariciresinol diglucoside against strep-
tozotocin-induced diabetes and its mechanism. Mol 
Cell Biochem 2000;206:141-9.

42. Prasad K. Oxidative stress as a mechanism of diabetes 
in diabetic BB prone rats: effect of secoisolariciresinol 
diglucoside (SDG). Mol Cell Biochem 2000;209:89-96.

43. Prasad K. Secoisolariciresinol diglucoside from flax-
seed delays the development of type 2 diabetes in 
Zucker rat. J Lab Clin Med 2001;138:32-9.

44. Mordes JP, Desemone J, Rossini AA. The BB rat. Diabe-
tes Metab Rev 1987;3:725-50.

45. Sies H. Oxidative stress: oxidants and antioxidants. 
Exp Physiol 1997; 82:291-5.

46. Pan A, Sun J, Chen Y, Ye X, Li H, Yu Z, et al. Effects of a 
flaxseed-derived lignan supplement in type 2 diabetic 
patients: a randomized, double-blind, cross-over trial. 
PLoS One 2007 Nov 7;2(11):e1148. doi: 10.1371/jour-
nal.pone.0001148. 

47. Barre DE, Mizier-Barre KA, Stelmach E, Hobson J, 
Griscti O, Rudiuk A, et al. Flaxseed lignan complex ad-
ministration in older human type 2 diabetics manages 
central obesity and prothrombosis-an invitation to fur-
ther investigation into polypharmacy reduction. J Nutr 
Metab 2012;2012:585170. doi: 10.1155/2012/585170. 

48. Hall RK, Wang XL, George L, Koch SR, Granner DK. In-
sulin represses phosphoenolpyruvate carboxykinase 
gene transcription by causing the rapid disruption of 
an active transcription complex: a potential epigenetic 
effect. Mol Endocrinol 2007 Feb;21(2):550-63.

49. Newsholme P, Keane KN, Carlessi R, Cruzat V. Oxidative 
stress pathways in pancreatic β-cells and insulin-sen-
sitive cells and tissues: importance to cell metabolism, 
function and dysfunction. Am J Physiol-Cell Physiol 
2019;317:C420-C433.

50. Kaneto H, Xu G, Fujii N, Kim S, Bonner-Weir S, Weir GC. 
Involvement of c-Jun N-terminal kinase in oxidative 
stress-mediated suppression of insulin gene expres-
sion. J Biol Chem 2002 Aug 16;277(33):30010-8.

51. She P, Shiota M, Shelton KD, Chalkley R, Postic C, Mag-
nuson MA. Phosphoenolpyruvate carboxykinase is 
necessary for the integration of hepatic energy metab-
olism. Mol Cell Biol 2000 Sep;20(17):6508-17. 

52. Shao J, Qiao L, Janssen RC, Pagliassotti M, Friedman JE. 
Chronic hyperglycemia enhances PEPCK gene expres-
sion and hepatocellular glucose production via elevat-
ed liver activating protein/liver inhibitory protein ra-
tio. Diabetes 2005 Apr;54(4):976-84.

53. Wolff SP, Dean RT. Glucose autoxidation and protein 
modification: the potential role of autoxidative glyco-
sylation in diabetes. J Biochem 1987;245:243-50. 

54. Prasad K, Gupta JB, Kalra J, Lee P, Mantha SV, Bharad-
waj B. Oxidative stress as a mechanism of cardiac fail-
ure in chronic volume overload in canine model. J Mol 
Cell Cardiol 1996 Feb;28(2):375-85. 

55. Setchell KD, Brown NM, Zimmer-Nechemias L, Wolfe 
B, Jha P, Heubi JE. Metabolism of secoisolariciresi-
nol-diglycoside the dietary precursor to the intestinal-
ly derived lignan enterolactone in humans. Food Funct 
2014;5:491-501. 

56. Carraro JCC, de Souza Dantas MI, Espeschit ACR, Mar-
tino HSD, Ribeiro SMR. Flaxseed and human health: 
reviewing benefits and adverse effects. Food Rev Int 
2012;28:203–30. 

57. Davies GF, Khandelwal RL, Roesler WJ. Troglitazone 
inhibits expression of phosphoenolpyruvate carboxy-
kinase gene by an insulin-independent mechanism. 
Biochem Biophys Acta 1999;1451:122–31.

Prasad and Bhanumathy. Scr Med 2023 Mar;54(1):87-93. 93


