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Lycopene has received a lot of attention because of its benefits in various chronic diseases such as
cancer, cardiovascular, neurodegenerative, and metabolic diseases such as diabetes. Various studies
using cell culture, animals, and humans as subjects have proven the benefits of lycopene in diabetes,
but none have yet explained its molecular mechanism in detail. Therefore, this study aims to
summarize and describe the benefits of lycopene in diabetes mellitus and the potential underlying
mechanisms. This study is a literature review that uses articles obtained from the PubMed and Google
Scholar databases by entering the keywords lycopene, diabetes, oxidative stress, inflammation,
apoptosis, and autophagy either separately or in combination to obtain a logical concept. There are 33
main articles summarized and discussed in this study. Lycopene shows potential use in the therapy and
prevention of diabetes complications, particularly through its antioxidant and anti-inflammatory
activities. Lycopene also increases insulin signaling activity via the PISBK/AKT pathway. Moreover,
lycopene supplementation contributes to decrease apoptosis in brain cells and weakens apoptosis in
podocytes through the autophagy process. Knowing these benefits, lycopene supplementation in
diabetics needs to be considered, but further research is needed in the form of large clinical trials to
prove the benefits of lycopene in diabetes and the optimal dosage required.
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Introduction

Diabetes mellitus (DM) is a chronic and progressive
metabolic disease characterized by symptoms of hyperglycemia, an
increase in blood sugar levels, the progression of which can cause
complications in internal organs, especially the nerves and blood
vessels. The International Diabetes Federation in 2019 stated that
around 463 million people (8.3% of the world's population) at the age
of 2079 years suffer from diabetes. If these trends continue, by 2045,
this will rise to 700 million (9.6%). During the past decades, the
prevalence of DM has risen significantly, this is mainly due to the
continued rise in the incidence of type 2 DM.2 Thus, DM is a very
common disease and may be considered a growing epidemic and
important public health issue.>* Globally, it is recognized as one of the
most common chronic diseases associated with premature death and
disability due to its long term complications. The progression of DM
due to uncontrolled hyperglycemia can cause complications, such as
cardiac, cerebral, and vascular diseases (macrovascular complications)
as well as neuropathy, nephropathy, and retinopathy (microvascular
complications).*® DM is a progressive disease. Although insulin and
anti-diabetic drugs are usually effective, most therapies fail to control
long-term hyperglycemia.® This can actually be overcome by
increasing the dose of the drug, but the risk of side effects will also
increase, especially in patients with impaired kidney function, it may
cause problems.ﬁ’8 In addition, it can also be treated with combination
therapy, either with conventional anti-diabetic drugs from different
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groups or with natural bioactive compounds.®™ One of the natural
bioactive compounds that has received much attention because it has
great potential in the treatment and prevention of chronic diseases is
lycopene."? Lycopene is a phytochemical from the carotenoid group
that is Iipoghilic and is found naturally, especially in red plants such as
tomatoes.™® Among carotenoids, lycopene is the most potent
antioxidant after astaxanthin.™ Lycopene is able to neutralize reactive
oxygen species (ROS) through scavenging and quenching activities.
Lycopene is also very potent in targeting radical molecules that
contain oxygen such as hydroxyl and nitrogen dioxide as well as thiyl
radicals.’® In removing singlet oxygen, lycopene is twice as good as p-
carotene and much better than a-tocopherol (10 times more
effective).”® The large number of conjugated double bonds that
lycopene has is the basis of its antioxidant properties.””** Moreover,
lycopene also has anti-inflammatory effects. Many studies have shown
that lycopene shows potential beneficial effects in cancer and lifelong
diseases, such as cardiovascular, neurodegenerative, and metabolic
diseases which includes diabetes.”®? In vitro and in vivo studies show
that lycopene has potential in diabetes therapy and prevention of
disease progression associated with diabetes complications but have
not yet explained its molecular mechanism in detail. Therefore, this
literature review was made to summarize the results of studies (see
Tables 1-4) related to the beneficial effect of lycopene in DM in the
last decade and highlight several important molecular pathways (see
Figure 1) involved such as oxidative stress, inflammation (nuclear
factor-kappa B [NF-kB]  pathway), insulin  signaling
(phosphatidylinositol 3-kinase [PISK]/AKT pathway), apoptosis, and
autophagy.

Materials and Methods

The research method used is a qualitative study with a literature study
approach or literature review. We collect articles using the PubMed
and Google Scholar search engines. The keywords used are
“lycopene,” “diabetes,” “oxidative stress,” “inflammation,”
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“apoptosis,” and “autophagy.” These keywords are used separately or
in combination so that a logical relationship between concepts is
obtained. The criteria for journals or articles are filtered based on
literature titles, abstracts, and keywords. The journals or articles are
then filtered again by looking at the entire text. The criteria for the
journal or article selected are limited to articles containing the same
keywords as the research topic, a full paper article in English
published from 2011 to 2020, and an experimental study, including
both in vivo and in vitro studies (not a review article).

Results and Discussion

We found 33 articles that match the keywords we used. Of the 33
articles, four were in vitro studies, one was a combination of in vitro
and in vivo, 26 were in vivo studies in animals, and two were in vivo
studies in humans. The results of the literature review are summarized
and presented in Tables 1-4.

Lycopene ameliorates oxidative stress in DM

Excess production of free radicals and lack of the body's antioxidant
system or what is known as oxidative stress can cause harmful
oxidative damage to cells and tissues.® Sustained hyperglycemia
causes an increase in free radical production (especially ROS) from
glucose autoxidation and protein glycosylation.”*?® The outcome of
oxidative stress is modification or alteration of biomolecules (DNA,
protein, lipid) structure and function leading to an alteration in cell
signaling, cell cycle control, impairment of cell transport mechanism,
and energy metabolism.?” The role of oxidative stress in diabetes does
not only promotes the onset of the disease but also exacerbates the
disease’s condition and associated complications.?

In DM, there is an increase of oxidative stress biomarkers
(malondialdehyde [MDA], oxidized low-density lipoprotein [ox-
LDL], and 8-hydroxydeoxyguanosine [8-OHdG]) with a decrease in
several key endogenous antioxidants (superoxide dismutase [SOD],
catalase [CAT], glutathione [GSH], glutathione peroxidase [GPx], and
glutathione reductase [GR]).** Due to the highly reactive nature of
ROS and its short half-life, it is easier to estimate oxidative stress in
DM by measuring its oxidation target products, such as lipid
peroxidation products (MDA, ox-LDL, and thiobarbituric acid
reactive substances [TBARS]), oxidized proteins (protein carbonyl),
and nucleic acid oxidation product (8-OHdG).* In a study conducted
by Zhu et al., administration of lycopene attenuates the increase in
MDA and a decrease of SOD activity in the aorta of diabetic rats
significantly and dose-dependently.® These results indicate that
oxidative stress in the aorta is reduced in presence of lycopene.
Oxidative stress in the aorta can cause endothelial dysfunction, an
initiator and contributing factor to cardiovascular complications of
diabetes.”® Decreased MDA and increased SOD by lycopene
treatment, as shown by Zhu et al., are also consistent with many other
studies™®#*#303240 A similar study conducted on patients with
diabetes showed that lycopene supplementation (4 mg once daily for
3 months) can reduce oxidative stress, as seen from a decrease in
MDA and xanthine oxidase levels and an increase in antioxidants such
as SOD, GSH, GPx, and GR.*

Lycopene has a good antioxidant activity, especially against oxygen-
derived radicals and has the highest singlet oxygen quenching
capability among all carotenoids in biological systems.'®?? The large
number of conjugated double bonds in lycopene makes it a potent
antioxidant because the delocalization of & electrons that occurs along
the double bond allows the neutralization reaction of molecules
containing unpaired electrons.’®* The radical neutralization reaction
of lycopene can occur in various ways, including adding radicals to
the polyene chain, electron transfer from lycopene to radicals, or
eliminating hydrogen atoms from lycopene.*! These three reactions are
explained in succession as follows: (i) adding radicals to the polyene
chain of lycopene: Lycopene + Re —R-Lycopenee, (ii) electron
transfer from lycopene to the radical: Lycopene + R+ —Lycopene™ +
R and (iii) hydrogen elimination from lycopene: Lycopene + Re —
Lycopenes + RH.?

Besides involving direct chain breaking®™, quenching'’, and
scavenging,’® the antioxidant activity of lycopene also involves
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activation of a transcriptional activator of antioxidant genes, nuclear
factor erythroid 2-related factor 2 (Nrf2).* Under normal conditions,
Nrf2 activity in the cytoplasm is suppressed by Kelch-like ECH-
associated protein 1 (Keapl).” However, under conditions of
oxidative stress, Nrf2 dissociates from its suppressor (Keapl) and
translocates to the nucleus where it binds to MAF protein and then
binds to antioxidant response elements (ARES) present in the promoter
regions of the antioxidant genes.**** The antioxidant genes activated
by Nrf2 is approximately 23 genes, one example is the heme
oxygenase 1 (HO-1) gene.*® Heme catabolism is regulated by the
heme oxygenase enzyme encoded by the HO-1 gene.*’ Free heme,
which has pro-oxidant properties, is converted into iron, carbon
monoxide (CO), and biliverdin by HO-1.** The physiological level of
HO-1 modulates 1L-10/1R pathway that has anti-inflammatory
characteristics. Decreased levels of HO-1 mRNA in mice with
streptozotocin-induced diabetic nephropathy (DN) can be increased
with lycopene administration.” Besides the HO-1 gene, the genes
coding for endogenous antioxidants such as SOD, CAT, GPX, GSH,
and GR are also activated by Nrf2.** The levels of these endogenous
antioxidants are reduced in DM; however, lycopene treatment can
increase the levels of these endogenous antioxidants, as has been
explained in the previous paragraph.

It has been reported that lycopene is one of the many health-promoting
factors that can raise Nrf2 activity, and is probably the most active
among carotenoids.*** In diabetes there is dysregulation of the Nrf2
pathway that results in reduced Nrf2 levels and impaired
translocation.***" Dysregulated Nrf2 accelerates the occurrence of
diabetic cardiomyopathy and nephropathy.** Although the direct effect
of lycopene on Nrf2 levels in diabetes has not been investigated, the
antioxidant activities of lycopene in diabetes possibly also involves
Nrf2 activation. The mechanism that shows how lycopene reduces
oxidative stress in diabetes is shown in Figure 1.

Lycopene ameliorates inflammation in DM

It is well known that the occurrence of insulin resistance in obesity
and type 2 diabetes involves inflammation and activation of the
immune system. Systemic inflammatory markers are closely related to
the occurrence of type 2 DM and its macrovascular complications.*®
There have been many studies showing that lycopene has anti-
inflammatory effects, this can be seen from the decreased levels of
TNF-0, IL-1pB, IL-6, CRP and decreased NF-xB activation. This
statement is based on many studies, one of which is a study conducted
by Zeng et al., which showed that lycopene decreased serum IL-1p,
TNF-a, and CRP elevations in HFD-treated mice and increased
mRNA expression of IL-18, TNFa, and CRP in the liver*. A recent
study also showed that lycopene decreases TNF-a and CRP in type 2
DM rats.*® A study conducted by Yin et al. found that lycopene
decreased pro-inflammatory cytokines, such as TNF-a and IL-1f, and
decreased NF-kB levels in the cerebral cortex and hippocampus of
fructose-drinking rats given lycopene compared with those of
fructose-drinking rats with insulin resistance.”® In mice with STZ-
induced DN, there was a significant increase in the expression of NF-
kB and TNF-a in renal tissue, which was reduced by lycopene
administration.*” Another study by Tabrez et al. showed that lycopene
inhibited NF-kB activation and MMP-2 production in HK2 cells.®
This study was originally based on some literature reporting that
ligand binding to RAGE triggers inflammation by activating MMP2
and NF-xB and the further production of cytokines that are regulated
by NF-kB.*" To confirm this assumption, ribosylation was performed
on HK2 cells to initiate inflammation via the formation of AGE and
RAGE expressions, and then the expression of NF-kB and MMP-2
was studied. The results showed that after 48 h of 20-mM ribose
administration, the expression of NF-xB and MMP-2 increased
significantly in HK2 cells, and 10 pM and 20uM of lycopene
administration was proven to reduce NF-kB and MMP2 dose-
dependently. These suggest that AGE-RAGE signaling activation that
contributes to inflammation in HK2 cells was inhibited by lycopene
treatment. Moreover, in this study, the administration of lycopene in
ribose-treated rats decreased TNF-o,, IL-1p, and IL-6 levels.® NF-xB
downregulation is also consistent with the research conducted by
Hussein et al.*? and Icel et al.* The inflammatory process is closely
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related to NF-kB activation which is a molecular protein that g)lays a
role in the regulation of functional DNA transcription.”® The
mechanism of lycopene to reduce inflammation in diabetes is shown
in Figure 1.

Lycopene improves insulin signaling in DM via the PI3K/AKT
pathway

Apart from being involved in cell proliferation and survival, the
PIBK/AKT signaling pathway also regulates cellular metabolic
functions, which include glucose and lipid metabolism and protein
synthesis.** PI3K is one of downstream signaling pathways activated
when insulin binds to the insulin receptor (IR).*® Meanwhile, the
primary downstream effector of the PI3K pathway is Akt (protein
kinase B).* In pathologic conditions, such as obesny and diabetes,
there is dysregulation of the PI3K/AKT pathway.>**’

The expression of IR, insulin-like growth factor 1 receptor, PI3K, and
phosphorylated AKT (p-AKT) proteins in the hippocampus and
cerebral cortex in the insulin-resistant fructose-drinking rats group was
significantly lower than in the same group given lycopene.*® These
findings suggest that lycopene improves insulin signaling via
upregulation of IR and the PI3K/AKT pathway. A recent study also
showed that in high glucose conditions, lycopene was able to increase
the expression of phosphorylated PI3K (p-PI3K) and p-AKT proteins
in MPC5 podocytes compared with the untreated high-glucose
group.®® Another study also showed a significant reduction in p-AKT
in untreated diabetic rats, which was increased by lycopene
administration.*® AKT as an important downstream effector of insulin
signaling has an important role in various cellular functions, including
glucose and lipid metabolism, cell hypertrophy, and cell proliferation,
as well as programmed cell death (apoptosis).*®>" In glucose
metabolism, AKT as a biological regulator of insulin is involved in the
translocation of glucose transporter type 4 (GLUT4) from the cytosol
to the plasma membrane which mediates glucose uptake.*® Activation
of the PIBK/AKT pathway leading to translocation of GLUT4 appears
to be one reason why lycopene, in several studies, exerts a
hypoglycemic effect in diabetes. The hypoglycemic effect of lycopene
is also related to its strong antioxidant properties and its effect that
stimulates insulin secretion, increases repair or proliferation of B cells,
liver glucokinase activity, and enhances insulin and adrenaline
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effects.’®*® The mechanism that shows how lycopene improves insulin
signaling via the PISK/AKT pathway in DM that leads to glucose
uptake via GLUT4 is shown in Figure 1.

The role of lycopene on apoptosis and autophagy in DM

Apoptosis and autophagy are found to be associated with DM.>*¢° The
relative insulin deficiency in type 2 DM may be mainly due to
apoptosis of pancreatic B cells secondary to increased glucotoxicity,
lipotoxicity, chronic inflammation, and oxidative stress.™”
Interestingly, a recent in vitro study showed that lycopene treatment
increased the proliferation of pancreatic B cells.*" In addition to
pancreatic B cells, apoptosis-associated DM also occurs in the
brain.®?®® Several studies have found the association between DM and
central nervous system (CNS) disorder.®**% |n DM, damage to CNS
can also occur due to oxidative processes that results in long-term
complications, morphological changes, and memory problems.®3%
The hippocampus as part of the CNS and plays a role in memory
function can be affected by DM.®® A study by Soleymaninejad et al.
found that there is higher neural cell death in the hippocampus of
untreated diabetic rats than in diabetic rats treated with insulin or
lycopene.®? In that study, lycopene administration decreases the
expression of the Bax gene that promotes apoptosis and increases the
upregulation of Bcl-2 and Bcl-xL, the anti-apoptotic genes. This study
suggested that lycopene can be used as a neuroprotective agent in the
prevention of neurological damage caused by oxidative stress in DM.
This findings are also consistent with the results obtained by
Malekiyan et al. who also found a decrease in the ag)optosw of nerve
cells in the hippocampus after lycopene treatment.”™ Apoptosis and
autophagic cell death share many of the regulator proteins and thus are
not entirely distinct and can occur in both physiologic and pathologic
conditions.*® To some extent, autophagy can be protective because it is
able to maintain cell integrity and intracellular homeostasis under
conditions of metabolic stress. However, if excessive, it can lead to
programmed cell death.®® Autophagy with higher levels occurs in
endothelial progenitor cells exposed to AGEs, however, giving
lycopene can reduce this autophagy process as shown by the decrease
in levels of autophagy-related proteins (LC3A/B, Beclin-1, PARP, and
caspase-3).%
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Figure 1: Proposed mechanism of how lycopene exerts beneficial effects on DM
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Table 1: Summary of results from in vitro studies

Author (Years) Purpose Research Method Main Findings Ref
To investigate the effects of .
Mononuclear cells isolated
lycopene (Lyc) on the .
o . from human peripheral blood
migration, adhesion, tube
. . 6 groups: normal control (only
formation capacity, and p38 ) ) )
. . oo M199 medium), mannitol (30 o 1 Proliferative capacity of EPCs & |
mitogen-activated protein kinase .
o mmol/L of mannitol and M199 apoptosis of EPC
(p38 MAPK) activity of . . o o
. . medium, osmotic control), HG o 1 The proliferation, migration, -
Zengetal. 2014  endothelial progenitor cells _ ) 22
. . group (33 mmol/L of glucose), adhesion, and vasculogenesis
(EPCs) cultivated with high ] .
and three Lyc groups according capacity of EPCs
glucose (HG) and as well as )
. . to dosage (each cultured with o | Phosphorylation of p38 MAPK.
explore the mechanism behind
. 33 mmol/L of glucose followed
the protective effects of
. by Lyc at doses of 10, 30, and
lycopene on peripheral blood ]
50 pg/mL in M199 medium).
EPCs.
e 1 Cell proliferation & increases the
S phase of the cell
EPCs from SD rats bone marrow cycle arrest
. . with T2DM e | AGEs-induced apoptosis of EPC
To investigate the molecular
. 7 groups: control, 200 pg/ml e | AGEs-induced autophagy flux in
mechanism of Lyc on EPCs o6
Zeng et al. 2017 AGEs, AGEs + 10 pg/ml Lyc, EPC (| PARP, Beclin-1, LC3A/B, tee]

exposed to advanced glycation
end products (AGEsS).

AGEs + 20 pg/ml Lyc, AGEs +
30 pg/ml Lyc, AGEs + 40 pg/ml
Lyc, AGEs + 50 pg/ml Lyc.

Caspase 3)

e | AGEs-induced ROS generation

and rescues mitochondrial

membrane potential (MMP) in

EPCs

oTC1 and BTC6 cells
Cells in a 6-well plate were

treated with various

e 1 Growth of B cells & the ratio of S

phase

. To study the effects of e | ROS levels and 1 the ATP levels -
Liu et al. 2020 . concentrations of Lyc ey
Lyc on pancreatic o and B cells of B cells
(0,2.5,5,7.5, 10 umol/L) and
. e 1 mRNA expression levels of TNF-
DMSO as vehicle control for 24
h a, TGF-B, and HIF-1a in B cells
e 1 Cell viability in high lyc group
(under HG condition)
e 1 Protein expression levels of
MPCS5 podocytes . .
nephrin and podocin (under HG
7 groups: normal (5.5 mM
. group ( condition)
To explore the protective effect glucose), hypertonic (5.5 mM
. e | Rate of apoptosis & | protein
of Lyc on high glucose (HG) glucose + 19.5 mM mannitol), .
Wang et al. . expression level of Bax & cleaved -
induced MPC5 podocyte HG (25 mM glucose), HG + 4
2020 caspase 3 and 1 Bcl-2

apoptosis and the underlying

mechanism

3.125 mM Lyc, HG + 12.5 mM
Lyc, low Lyc treatment group

(3.125 mM Lyc), and high Lyc
treatment group (12.5 mM Lyc).

e 1 Protein expression levels
p-PI3K and p-AKT
e 1 The expression levels of

autophagy-related proteins

of

(LC3II/LC3I and Beclin-1)
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Recent studies have shown that lycopene promotes autophagy to
attenuate high glucose-induced apoptosis in MPC5 podocytes.*® In that
study, there was a decrease in Bax protein and cleaved caspase-3 and
in contrast increases Bcl-2 protein. The underlying mechanism was
investigated by examine PI3K/AKT signaling pathway and the levels
of autophagy-related proteins (LC3II/LC3I and Beclin-1) by western
blotting. And the PI3K (LY294002 [LY]) and autophagy inhibitor (3-
methyladenine [3-MA]) were used to investigate the effects of
lycopene on the PIBK/AKT signaling pathway and autophagy. The
results showed that lycopene increases p-PI3K, p-AKT, LC3II/LC3I,
and Beclin-1 protein expression. Finally, this study concluded that
lycopene attenuates apoptosis in MPC5 podocytes due to high glucose
condition by promoting the occurrence of autophagy through the
activation of the PI3K/AKT signaling pathway.*® The mechanism of
how lycopene promotes autophagy and decreases apoptosis in DM is
shown in Figure 1 Lycopene reduces oxidative stress in two ways. The
first is through chemical reactions with free radicals involving direct
chain breaking, quenching, and scavenging activities. The second is by
activating Nrf2, which in turn will increase the body's endogenous
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antioxidants such as SOD, CAT, GPX, GR, GSH, and HO-1.
Lycopene reduces inflammation in DM by inhibiting the activity of
NF-kB and ultimately decreases proinflammatory cytokines (TNFa,
IL-1B, IL-6) in the liver, eye, brain, pancreas, kidney and blood
tissues. Inflammation contributes to insulin resistance and beta-cell
dysfunction in T2DM, beta-cell destruction in T1DM, and DM
complications. Lycopene upregulates insulin receptors and increases
the expression of PI3K and AKT proteins (in brain cells) which are
proteins involved in insulin signaling. The binding of insulin to its
receptors will activate the PISBK/AKT pathway. AKT is an effector in
translocating GLUT4 from the cytoplasm to the cell membrane.
GLUT4 expression in the cell membrane will facilitate the entry of
glucose into cells so that in turn, it can lower blood sugar. Lycopene
also activates the PIBK/AKT pathway which leads to autophagy and
decreased apoptosis in podocytes, which in turn, will inhibit the
development of diabetic nephropathy. A black arrow indicates
activation and a red line indicates inhibition. mTOR: mammalian
target of rapamycin; ULK1: Unc-51 like autophagy activating kinase
1;  MAF:. musculoaponeurotic  fibrosarcomaa  (Figure 1).

Table 2: Summary of results from combined in vitro and in vivo study

Author (Years) Purpose

Research Method

Main Findings Ref

o HK2 cells, a primary human
proximal tubular cell line and 40

e | AGEs & RAGE in HK2 cells &

renal tissue in rats

male Wistar rats (200-230 g)

o At 80% confluence, cells were
exposed to 20 mM D-ribose, 20
mM D-ribose + 10 pM and 20

e | NF-«B & matrix
metalloproteinase-2 (MMP-2)
expression in HK2 cells dose-
dependently

MM Lyc and 20 pM Lyc
separately for up to 48 h

Investigates the effect of Lyc in

downregulating the menace caused
Tabrez et al. 2015 . . . )
by ribose-induced glycation both in

+ normal

vitro and in vivo.

e 5 groups of rats: normal control

e | BW loss in rats
e | 24 h urine volume in rats 58]
e | %HbAlc in rats

e | BUN and creatinine and

saline i.p, ribose goup (3.2 g/kg)

normalized the GFR in rats

i.p. for 10 days, alloxan group

e 1 Serum SOD, GPx, CAT, and

(45 mg/kg), ribose-Lyc group

GSH

(ribose 3.2 g/kg i.p for 10 days

+ Lyc 10 mg/kg p.o for 5

e | Serum carbonyl content and
MDA

weeks), Lyc group (10 mg/kg)

for 5 weeks.

e | Serum TNF-a, IL-1P, and IL-6

RAGE: receptor for advanced glycation end products; BW: body weight; BUN: blood urea nitrogen; GFR: glomerular filtratio rate; IL-1p:

interleukin-14; IL-6: interleukin-6

Table 3: Summary of results from experimental animal studies

Author (Years) Purpose

Research Method

Main Findings Ref

e Eight-week-old male Wistar rats (190— o 1 Bodyweight

To investigate whether Lyc 220 9)

could lower oxidative stress e STZ 60 mg/kg i.p

Zhuetal. 2011 .
and attenuate endothelial

dysfunction in diabetic rats

e 6 groups: control, control high Lyc-
treated (60 mg/kg), diabetes mellitus
(DM), diabetic low Lyc-treated (DM +

e | Fasting blood glucose

e | Plasma ox-LDL levels (dose- [16]
dependent)

o Improved the ACh-induced

endothelium-dependent
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Lyc 10 mg/kg), diabetic medium Lyc-

treated (DM + Lyc 30 mg/kg), diabetic

high Lyc-treated (DM + Lyc 60 mg/kg)
¢ 30 days

vasorelaxation in the aortic rings
from diabetic rats

1 Aortic SOD activity

| Aortic MDA level

| The decreased NO levels and
cNOS activity in the aorta (dose-
dependent)

| the increased of iNOS activity

in aorta

Ozmutlu et al.
2012

Investigating the detection
of diabetes-related
complications, and to
determine the possible role
of Lyc in diabetes
complications regarding the
effects of ACE activity

o Wistar-Albino male rats weighing 200—
250 g

e STZ 45 mg/kg i.p

e 4 groups: control, diabetes, diabetes +
Lyc 10 mg/kg, Lyc only (10 mg/kg).

o 28 days

| Blood glucose
| HbAlc (2
| Blood ACE Activity

Aydin and Celik,
2012

To determine possible
therapeutic effects of oral
Lyc supplementation on
plasma insulin levels, lipid
peroxidation, blood glucose
levels, and the antioxidant
defense system of
streptozotocin (STZ)-
induced diabetic rats.

o Male Wistar rats, 2 months of age, and
weighing 150-250 g

e STZ 45 mg/kg i.p

e 4 groups: control, diabetic, Lyc-
supplemented diabetic (4 mg/kg BW),
and Lyc-supplemented control (4 mg/kg
BW)

o 8 weeks

| Blood glucose

1 Plasma insulin concentrations

| MDA level in brain tissue
samples

1 CAT enzyme activity in the red
blood cells

and brain tissue sample

1 Total SOD

activity in the brain tissue sample
and plasma (24]
| GSH levels in plasma and brain

tissue sample

1 GSH-Px activity in the

erythrocytes

and brain tissue sample

| Plasma NO level

Stopped & 1 the suppression of

SOD, CAT, and GSH-Px mRNA

transcription levels in brain tissue

Bayramoglu et al.
2013

To describe the effects of
Lyc on the symptoms of
STZ-induced diabetes in

rats

o Sprague—Dawley rats weighing 190—
210 g

e STZ 50 mg/kg i.p

o 3 groups: nondiabetic control, diabetic
control rats received vehicle
solution (olive oil 1 mL/kg BW); and
diabetic rats treated with Lyc 2.5
mg/kg BW in vehicle solution.

o 7 days

| Serum glucose

| Total cholesterol (TC) and
Total triglyceride (TG)

| AST and ALT

[17]

1 Serum insulin level

Yegin et al. 2013

Researching the effect of

o Wistar—Albino rats aged 7-8 weeks,

e 7 PON activity Bl
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lycopene application on
lipoprotein, paraoxonase
(PON), and cytokines that
are projected to be used in
the diagnosis and treatment
of diabetes by making
experimental diabetes.

weighing 300 -350 ¢

e STZ 45 mg/kg

e 4 groups: control, diabetes, Lyc,
diabetes-Lyc

o 4 weeks

| HbAlc

1 TG level

1 Cholesterol
1 VLDL
1LDL

| HDL

Yinetal. 2014

To investigate the effect of
Lyc on learning and
memory impairment and the
possible underlying
molecular events in
fructose-drinking insulin-
resistant rats

o Six-week-old male Wistar rats

e 6 groups: control (normal drinking
water), 10% fructose solution in
drinking water for 16 weeks to
develop insulin resistance, 10%
fructose solution in drinking water for
16 weeks, and Lyc (4 mg/kg) for the
last 10 weeks of the 16 weeks, Lyc
only (4 mg/kg).

| The levels of plasma insulin
and HOMA-IR

1 insulin receptor (IR), insulin-
like growth factor-1 receptor
(IGF-1R), PI3K, and p-AKT
protein expression in the
hippocampus and cerebral cortex
| ROS, LPO, and carbonyl in
both hippocampus and cerebral
cortex

| TNF-q, IL-1p and NF-kB in
both hippocampus and cerebral
coxtex

1 PPAR-y protein expression in
the hippocampus and cerebral
cortex

| AChE activity & 1 Ach in the

hippocampus and cerebral cortex.

[50]

Lietal. 2014

To study the effect of Lyc
on ameliorating renal
function of diabetic
nephropathy

o Sprague-Dawley rats weighing 220—
2609

e STZ 70 mg/kg

e 4 groups: normal untreated, normal +
Lyc 20 mg/kg per day, diabetes
untreated, and diabetes + Lyc 20
mag/kg per day

o 8 weeks

| BW loss in DM rats
| BUN, 24 h urea protein,
creatinine
| Serum TG, TC, LDL, and 1
HDL
| MDA & 1 SOD

in renal tissue
Improves kidney histology of
DM rats
1 p-Akt in renal tissue
| Connective tissue growth
factor (CTGF) in renal tissue

[36]

Guo et al. 2015

To highlight the therapeutic
prospect of Lyc against
STZ-induced kidney injury

in mice.

¢ Male Kunming (KM) mice, one-
month-age and weighing 18-20 g

e STZ 60 mg/kg

e 3 groups: (1) DN control, given the
vehicle composed of 25% cremophor
EL and 75% H202 emulsifier
solution; (2) Lyc intake groups, given
40 and 80 mg/kg Lyc (3) normal

| Blood glucose level

Prevent BW loss

| Proteinuria

| Serum LDL-C and 1t HDL-C

1 SOD and GSH-Px and | MDA
in kidney cells

| Cell damages, necrosis,
inflammatory infiltration, and

repair basement membrane

[37]
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control (non-diabetic mice) given an
equivalent volume of the vehicle.

8 weeks

Cytoarchitectural reinstatements,
including

augmented organelles and
mitochondria, replenished
endochylema, reduced collagen
and cytokine deposits

| NF-kB and TNF-a in kidney
tissue

1 Intrarenal HO-1 mRNA
expression

Assessed the effects of Lyc

on kidney antioxidant
Daniel et al. 2015  enzymes activities and
functions in STZ-induced

diabetic Wistar rats

Wistar rats

STZ 60 mg/kg

6 groups: normal control (olive oil 0.5
ml/kg BW), diabetic control (olive oil
0.5 ml/kg BW), diabetic + Lyc 10
mg/kg BW, diabetic + 20 mg/kg BW
of Lyc, diabetic + 40 mg/kg BW of
Lyc, diabetic +

glibenclamide 2 mg/kg BW

4 weeks

| Blood glucose

| MDA level and 1 SOD, CAT,

and GPx in kidney tissue.

1 Serum sodium ion and | 18]
serum urea level

Improves renal architecture as
reflected by reduced

glomerular and tubular necrosis

To investigate the

hypoglycaemic potential of
Eze et al. 2015 ypogy . p-

lycopene in STZ-induced

diabetic Wistar rats.

Wistar rats

STZ 60 mg/kg

6 groups: normal control + 0.5 mi/kg
BW of olive oil, diabetic control + 0.5
ml/kg BW of olive oil, diabetic + 10
mg/kg BW of Lyc, diabetic rats + 20
mg/kg BW of Lyc, diabetic rats + 40
mg/kg BW of Lyc, diabetic + 2
mg/kg BW of glibenclamide

4 weeks

| Fasting blood glucose
1 Serum insulin level [19]
1 The activity of hepatic

glucokinase

To evaluate the effects of
Ozmen et al. 2016  caffeine and lycopene on

STZ-induced DM in rats.

Sprague-Dawley rats weighing 125—
150 g and aged 2 months

STZ 50 mg/kg

6 groups: caffeine 10 mg/kg/d, caffeine
(10 mg/kg/d) + STZ on 31th day, Lyc
10 mg/kg/d, Lyc 10 mg/kg/d + STZ on
31th day, normal control, diabetic
(STZ) group

40 days

| Vacuolization in the pancreas
Prophylactic effects in

the insulin-secreting cells [
| Blood glucose levels

| Glycosuria

Investigating the
ameliorative effect of Lyc
on liver glucokinase and
Eze et al. 2016 .
enzymes activity in STZ-
induced diabetic Wistar

rats.

Adult albino wistar rats

STZ 60 mg/kg

6 groups: normal control (0.5 ml of
olive oil); diabetic control (0.5 mL of
olive oil); while group I11-VI received
(20, 20 and 40 mg/kg of Lyc and 2
mg/kg BW glibenclamide)

| Blood glucose level
1 The activity of liver (26]
glucokinase

| Serum AST & ALT
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respectively.

4 weeks

Ugar et al. 2017

To identify the effect of .
furan on the ovary of non-
diabetic and diabetic female e
rats, and to show whether

these adverse effects can be

cured by Lyc and on the

Female Wistar—Albino rats (300-320

9)

8 groups: control (1 mL of 0.9% NaCl .
saline), Lyc 4 mg/kg BW, furan 40 .
mg/kg BW, 40 mg/kg furan + 4 mg/kg .
BW of Lyc, diabetic control+ STZ,

| The ovarian tissue damage
| MDA level
1 CAT, SOD, GPx, and GST

enzymes activities in ovary

[39]

Zeng et al. 2017

tissue damage, whether the diabetic + Lyc 4 mg/kg BW, diabetic tissue
level of oxidative stress and (STZ) + furan 40 mg/kg BW, diabetic
DNA damage in the rat’ + furan 40 mg/kg + Lyc 4 mg/kg BW
ovary can be decreased e 28 days
e C57 mice (6-8 week old) high-fat diet e | FBG

Investigated the effect of
Lyc on insulin resistance .
and elucidated the possible

mechanisms.

(HFD)-fed mice .

Protocol 1: 4 groups: control normal
diet (10% of total calories from fat),
HFD (45% of total calories from fat),
L-Ly (HFD containing 0.05% Lyc), H-
Ly (HFD containing 0.1% Lyc).
Protocol 2: 3 groups: HFD (45% of
total calories from fat); H-Ly: HFD

containing 0.1% lycopene; H-Ly + .
STAT3: HFD containing 0.1% Lyc,
mice were injected with adenovirus .

carrying STATS3 through caudal vein
before the administration of HFD.

Mice in HFD and H-Ly were injected
with empty adenovirus.

| Plasma insulin elevation
Inhibit the decrease of hepatic
glycogen content

| Serum IL-1B, TNFa, and CRP
| Hepatic mRNA expression of
IL-1B, TNFa, and CRP

| Serum and hepatic levels of
TC, TG, LDL, and 1 HDL

| Srebp-1c mRNA and protein

[49]

expression in the liver

| mRNA levels of ACC-1 and
FAS in liver

| Protein expression and
phosphorylation of STAT3 in

the liver

Assis et al. 2017

To investigate the changes
promoted by the long-term
treatment of STZ-diabetic
rats with yogurt enriched
with curcumin, Lyc, or
bixin, individually, or as
mixtures, on various
biomarkers related to the
metabolic and oxidative
disturbances observed on
the experimental model of
type 1 DM

Streptozotocin (STZ)-diabetic rats
(T1DM model)

8 groups: normal rats + yoghurt,
diabetic rats + yoghurt, diabetic rats +
insulin, diabetic rats + curcumin,
diabetic rats + bixin, diabetic rats +
curcumin + bixin, diabetic rats + Lyc,
diabetic rats + curcumin + Lyc

50 days

| Plasma glucose level

| TG, TC, and T HDL levels

| Plasma ox-LDL and TBARS
1 Plasma PONI1 activity

| Hepatic level of TBARS and
PCO

1 Hepatic SOD, CAT, GPx, and
nonprotein sulfhydryl groups
(NPSH) levels

[40]

Soleymaninejad et
al. 2017

To evaluate the effects of .
antioxidants Lyc and insulin

on histological changesand o
expression of Bcl-2 family
genes in the hippocampus

of STZ-induced type 1

Male wistar rats weighing 200-250 g, .
aged 8-10 weeks old .
6 groups: untreated diabetic, diabetic + o
insulin + protamine (NPH), diabetic +
Lyc 4 mg/kg/BW, diabetic + insulin + .
Lyc, control, and Lyc control groups.

| Blood sugar

| BW loss

| Neuronal cell death in the 621
hippocampus

| Bax gene (mRNA) level in

hippocampus
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diabetic rats.

1 Bcel-2 and Bel-xL gene

(mRNA) levels in hippocampus

Hussein et al.
2018

To investigate the possible
beneficial effect of Lyc
against deleterious effect of
diabetic nephropathy
induced in male rats
through investigation of
blood glucose, kidney
functions, inflammatory and
oxidative stress biomarkers.

White male albino rats of 5-6 weeks
old and weighing 180-200 g

STZ 50 mg/kg BW i.p

4 groups: normal rats (buffer citrate),
DN rats, DN + insulin (2U/rat
/day/i.p), DN + Lyc 20 mg/kg BW/day
p.o).

| Serum glucose, urea,

creatinine and, kidney tissue L-

MDA concentrations

| NF-kB gene expression in
kidney tissue

1 SOD activity and GSH level
in kidney tissue

[32]

Eze et al. 2018

To evaluate the capacity of
Lyc against diabetes-
induced oxidative damage

in Wistar rats.

Wistar rats of both sexes (20 males and
10 females) weighing 150-200 g

STZ 60 mg/kg

6 groups: non-diabetic rats + 0.5 ml/kg
olive oil, diabetic rats + 0.45 ml/kg
olive oil, diabetic rats + 10 mg/kg of
Lyc, diabetic rats + 20 mg/kg of Lyc,
diabetic rats + 40 mg/kg of Lyc,
diabetic rats + glibenclamide 2 mg/kg.

4 weeks

| Blood glucose concentration
| Serum levels of cortisol and
MDA

1 Serum endogenous enzymes
(SOD, CAT, GPx)

[25]

Karahan et al.
2018

To determine the effects of
Lyc on oxidative DNA
damage levels in

experimental diabetic rats

Wistar-Albino male rats weighing
200-250 ¢

STZ 45 mg/kg

4 groups: control (physiological
serum), diabetes, diabetes + lyc 10
mg/kg/day, lyc 10 mg/kg/day

28 days

| Blood glucose and %HbA1c
| Blood 8-OHdG levels

[29]

Zheng et al. 2019

To study the antioxidative
and anti-inflammatory
effects of Lyc on type 2
diabetes mellitus (T2DM)
rats, anticipating a
complementary strategy for
the prevention of long-term

complications of T2DM

Sprague-Dawley rats (180- 220 g)
aged 6 weeks

5 groups: high fat (HF), DM, DM +5
mg/kg Lyc, DM + 10 mg/kg BW of
Lyc, and, DM + Lyc 15 mg/kg BW.

| FBG & HOMA-IR, 1 FINS

1 T-AOC, SOD, CAT, and GPx

in serum and pancreas

| MDA level in serum and
pancreas

| Serum GHb, Gly-LDL, and
ox-LDL.

| Serum TNF-a and CRP

[30]

Icel et al. 2019

To determine the effects of
Lyc treatment in the
prevention of diabetes-
associated inflammatory
response and oxidative
stress in an experimental

model.

Male albino Wistar rats (250280 g)
Alloxan 120 mg/kg i.p

3 groups: healthy, control group
(alloxan-induced diabetic rats), and,
Lyc group (alloxan-induced diabetic
rats + Lyc 4 mg/kg/d for 3 months).

| FBG

| MDA, TOS, OSI, NF-«B, and

TNF-a levels in eye tissue
1 tGSH &TAS in eye tissue
| Damage to the optic nerve

(histology)

[52]

Eze etal. 2019

To gain information on
basic changes in
hematological parameters as

Male Wistar weighing 150-200 g
STZ 60 mg/kg

6 groups: negative control (olive oil),

Improves hematological indices

(1 PCV, Hb, RBCs, MCV,
MCH, MCHC)

[13]
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markers for safety since
anemia as a complication in
diabetic chemotherapy has
been reported

diabetic rats + olive oil at 0.5 ml/kg,
comparative control (glibenclamide at
2 mg/kg), and three experimental
groups of Lyc at 10 mg/kg, 20 mg/kg
and 40 mg/kg per os

28 days.

e Improves immune status (1
WBCs and lymphocyte counts,
| neutrophils, | neutrophil-
lymphocyte ratio, and platelet
counts, T blood total protein and

globulin levels)

Yinetal. 2019

To explore the influence of
Lyc on the metabolism of
glycolipid in type 2
diabetes.

Male Sprague-Dawley rats (180-220
9

70 rats: 60 rats fed with HFD, 10 rats
normal feed (normal control)

50 rats in the HFD group were
randomly selected to be given 1% STZ
solution (pH 4.5, 25 mg/kg BW) i.p.
10 rats in HFD and normal control
group: citric acid buffer.

4 groups: control group (DM), high
dose (20 mg/kg Lyc) of intervention
group (DM+H), low dose (10 mg/kg)
of Lyc intervention group (DM + L),
high-fat control group (HF)

10 weeks

e | FBQG, lipid in blood and liver,
glycosylated Hb, HOMA-IR,
and 1 plasma insulin

e 7 SOD and GSH-Px and | MDA
in pancreatic tissue

e | BW loss

[33]

Saracoglu et al.
2019

To demonstrate the
cardioprotective and
antioxidative role of Lyc on
furan-caused cardiotoxicity

models in diabetic rats

Male Wistar albino rats (300-320 g),
aged 120 days.

STZ 55 mg/kg

5 groups: normal control + corn oil 1
ml/kg BW, diabetic control + corn oil
1 mL/kg BW/d, diabetic + Lyc 4
mg/kg BW, diabetic + furan 40 mg/kg
BW, diabetic + furan 40 mg/kg BW +
Lyc 4 mg/kg BW.

28 days

e 1 CAT, GPX, GST, SOD, and |
MDA level in the heart

e Improves histology (less edema
in connective tissue and
degenerative changes in cardiac
muscle cells).

[34]

Malekiyan et al.
2019

To investigate the effect of
Lyc, insulin, and their co-
treatment in preventing
apoptosis, on the levels of
total antioxidant capacity
(TAC) and MDA activity,
within the hippocampus of
STZ-induced diabetic rats

Adult male Wistar rats

STZ 60 mg/kg i.p

6 groups: non-diabetic (control),
control + Lyc 4 mg/kg/d, diabetic
control, diabetic + Lyc 4 mg/kg/d,
diabetic + insulin 1-2 U/d, diabetic +
Lyc 4 mg/kg/d + insulin 1-2 U/d

8 weeks

e 1 TAC inblood & | MDA in
the hippocampus

e AO & TUNNEL staining: | cell
apoptosis in the hippocampus

[63]

Figueiredo et al.
2020

To investigate the effects of
the treatments with Lyc or
metformin, alone or in
combination, on
glycoxidative stress
biomarkers and antioxidant

defenses in diabetic rats

Male Wistar rats (Rattus norvegicus)
STZ 40 mg/kg

6 groups: normal + yogurt, diabetic +
yogurt, diabetic + 250 mg/kg
metformin in yogurt, diabetic + 45
mg/kg Lyc in yogurt, diabetic + 250
mg/kg metformin +

Lyc alone:

e | Food intake, water intake, and
urinary volume

e | The weight loss of skeletal
muscle (soleus & EDL muscle)

e | Postprandial glycemia &
fasting glycemia

[6]
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45 mg/kg Lyc in yogurt, diabetic + 4U e | Plasma TG & TC

insulin.

o 35 days

e | Plasma level of PCO, AGEs, 1
the activity of PON1

e 1 The activity of SOD, CAT,
GSH-Px, GSH-Rd, NPSH in the
liver & kidney

e | PCO & AGEs in the liver, |
PCO, AGEs & TBARS in the
kidney

Lyc + Metformin: synergistic

effect (better outcome)

ACh: acetylcholine; AChE: acetylcholinesterase; NO: nitric oxide; NOS: nitric oxide synthase; cNO: constitutive nitric oxide synthase; iNOS: Inducible
nitric oxide synthase; ACE: angiotensin-converting enzyme; AST: aspartate amino transferase; ALT; alanine amino transferase; PON: paraoxonase;
PON-1: paraoxonase-1; LDL: low-density lipoprotein, VLDL: very low-density lipoprotein; HDL: high-density lipoprotein; HOMA-IR: homeostasis
model assessment insulin resistance; FINS: fasted Insulin; LPO: lipid peroxidation; PPAR-y: peroxisome proliferator-activated receptor gamma; GST:
glutathione S-transferase; FBG: fasting blood glucose; CRP: C reactive protein; Srebp-1c: sterol regulatory element-binding protein-1-c; STAT3: signal
transducer and activator of transcription 3; ACC-1: acetyl-CoA carboxylase; FAS: fatty acid synthase; PCO: protein carbonyl; NPSH: nonprotein
sulfhydryl; T-AOC: total antioxidant capacity; TAS: total antioxidant status; TOS: total oxidative stress; OSI: oxidative stress index; PCV: packed cell
volume; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration; Hb:

hemoglobin; RBCs: red blood cells; WBCs: white blood cells.

Table 4: Summary of results from human studies

Author (Years) Purpose

Research Method

Main Findings Ref

¢ 50 diabetic patients of both

sexes, age 35-55 years

To study the ameliorative

e 3 groups: normal healthy

. properties of Lyc in diabetic
Singh et al. 2012 . .
patients by measuring

patients, 4 mg Lyc ingested

oxidative stress biomarkers

subjects (control), diabetic levels

e | Serum MDA levels

e | Plasma XOD levels 1 SOD
[35]

e 1 Blood GSH, GR, and GPX

diabetic patients. levels

e 3 months

o Type 2 diabetic patients (n=48)

To investigate the effect of a

o 20 weeks (5 consecutive

high monounsaturated fatty

intervals): interval 1 (olive oil),

acid (MUFA) diet alone or

with combined vitamin E

interval 2 (olive oil + Vit E and

Badkook et al. 2012

1 Total plasma antioxidant status 23]

C), interval 3 (washout period,

and C, or Lyc intake on

only olive oil), interval 4 (40 g

oxidative stress in type 2
diabetes in Saudi Arabia

Lyc/day)

of tomato paste daily: 12 mg

Conclusion

Lycopene has beneficial effect in DM and has the potential to be used
as a therapy and prevention of DM complications through its
antioxidant and anti-inflammatory activity, activation of the
PISK/AKT pathway, anti-apoptotic effect, and its effect against
autophagy. Lycopene supplementation in diabetics needs to be
considered because of its broad benefits in DM. Further research is
needed in the form of large clinical trials to prove the beneficial
effects of lycopene in DM and the optimal dose needed.
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